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ABSTRACT

‘The ULS. Depatment of Energy & sponsorig the FORGE
(anher Chservatory for Research in Geofhermal Enerpy)
mitiative to bring Pnhanced Geothenmal System (EGSY
development to commercial vishitity and wvisibility. The
project will ceate a confrolled eovironment where EGS
technolngies can'be developed and tasted.

“The [ftah FORGE site, one of two sites being considersd, i
located i central Uish, 350 ko south of Salt Eake City.
Since the 1973s, more than |00 wells, the despect t6 3.8 kon,
have bhesn drlled m the vicmity of the site. Well Jop,
detailed geologi: mapping, geophysical surveys and sefsmic
data provids information on temperatures, thermal pradionts,
rork tvpes, and m-siw stresses. High angle, norheast-
. trendine Bnelis that formed during esst-west extension offiet
tha alheviem, and secent smter depocts but these do mof
exend mio the FORGE sﬂe. Thaty years of moniforing
mdiezber that nabrral semicthy ding the FORGE site

e low, The data mdicets the sie i wodabin by lage

vohemes of Terfiary pramite and Precamsbrian, gosiss with
fenperabures from 175-233°C at depths of 3 fo 4 kan Fanlt
arientations, borehole breakouts, snd earthquike: solntions
indivabe the meoeimres horizontsl chess & NNE-SSW.

The project it being rondocted in monliinla phasas, Phases 1
and TA incluided project plavving and tevienr of pobeniial
anvironeental el sulbaral concbansts MNone that cooald
adversely affect the project were idenfified. Phase B
inchides drilling 2 2.1 lan deep well to defermime in-sifu
stregses, pamsability, lifhobpy and femperatare erithin the
tharmal veservolr. Prefiminary resulis from this well will be
ted. At the conciusion of Phase 18, 2 final site forthe
FORGE Izberatery will be seleciad. Inmbsequmt phases,
the supporting mfstuchore will be buil and wells for
miectine and production will ke drilled, stmoulated and

1 ENTREODUCTRON

The #ha=t Fohaneed Geothermal Systems (BGS)
demonetrafions were condurted at Fenton STl New Mexico
in the late 1970s and eardy 1980s. Alkough the Fenton Hilt
piisct demonstrated the poteniial of EGS development, no
EGS project has yet reached brge-scale commercial lavek
of production. The goal of the 115, Plepariment of
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{FORGE) program is to develop the tachniquas requirad for
ereating, sustaiming and mwcoiforing EGS reserveirs for
commercial development. .

The FORGE program consists of three phases. Phase 1
mvolved deskiop studies of extsting data at five sites. Aithe
woncknzion of Phaze 1, two siter were selectad, the University
of Uish's Miford, TAsh ste and Sandia Mational
Labomtories Fallon, Mevada sife, During Phase 2, 3 2134 m
well MU-ESW] will be drzliad at the Thah FORGE site to

. obitain direct s on bemperature, siress, rock type

amd pemaability m the pramtic reservnir rocks. Complimea
with the Nationst Fuviropmental Pelicy Ad will be
demonstrated anud 3 Seismie Hazsed Prograws will be
prepared. The U5, DOE will select a final site for FORGE
mmid-241 8. Essential Fhase 3 activities inehide the creation
mmd monftoring of the BGS reseruir, chamrterzation and
modeling of the heat exchanpe potentizl of the resenmir
through the stirmnlsted fizcture network, and monitermg of
mirroseinmicity. The nlmate goal of the FORGE project i
o demonsirats to the public, stakeholders and the snergy

indushry that BGS fechnologies bave the potentisl to
~ contibute signifirantly to power peneration in the e - - -

1. THE UTAH FORCE SITE

The Utak FORGE site & located 358 Jom south of Salt Lake
City and 16k north of Milferd, 2 smalt comemmmity with a
population oF 1460 {Fiz. 1). The FORGE aite it wnpopulated
and covers an area of about 5 kew?®. T s sttuated withm Tiak's
Revewsble Enerpy Comidor adjxcent to 2 306 Mds wind
farm, a 240 MWa solzr feld and PacifiCorp Fnergy’s 38
MWe Bhndell geothesmal plant at Roosevelt Hot Sprngs.
Cyrg Energy's H).5 MWe geothermas? fisld at Thenno and a
biogas facility are Jocated spproximately the saee distace
sondh of Milford.

&mﬂmbﬁmmmgmﬁmmﬂummm&em
Milford has miofel sccommodations, = supemmarket,
brdware siore, and & hospiial. Beaver, a bager popalation
center, s lorated 56 Jm from Mitford adiacent to 115, a
major mierstate. The Union Pacific Kailmad passesr fuough
Milford, offering the possibility of shipping heavy
equipment by 121 and then by track to the PORGE s#e, The
Milinrd Murieipal Abport, Iocated = few kilometers north af

Milford, has a 1524 m long sealed moway $hat con .

aceommndate piston or furhoprop, single- of twin-engine
platas,
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Figure 1: Location map,

The ares around the FORGE site has baen the forns of
Tumerons geoscentific studing over the bzt 40 yvears, starting
with intensive geoiiermal explnration futing the lafe 1970:
Fig. 3. Geologival mapping, gravity and magretvtelleric
surveys, aed e dellmg, logging, md sompling of 30
shallowe (2500 ) and 20 deep & 500 m) wells, mehdng
Hcond-1, a 3.8 km deep wellf in fhe middie of north Mifford
Valley, 3 kan west of the FORGE duill site, were conducted.
Weik 9-1 and 82-33 were drilled west and north of the
Foozvelt Hot Springs geothenmal system as part of the
geothermal development program.

Figure I: Geslegic map of the FORGE site and
surrounding ares, Milford, Uteh From Nlelzon of al,
1586, Far clarity, oaly a fer of the many wells 2re shown,
Abbreviations for map enits: Qa={uaternary allmviam;
Qevosderunry rhyolife; Tgd=Tertiary sranadiorite;
Te=Tertiary granite dike; Tr=Tertiary syenifey
Plz=Precombrion geiss,

The FORGE wall site & sitnated centrally between these
three, deep, non-productive wells, all of which disphy
conductive thermal mradisnts apd temperatuses of mons than
Y75°C at less than 3 kmn depéh, The data from these wells
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demonstrate the FORGE site s miﬂﬁﬁmbmdaxieaofmy
existing hydvothernal mystens and that the requived reservoi
ariferia of temperature {175°-225C), rock type (mystalline
rock) and dep#h (F.5-4 o} establiched by the U5 DOE exist
at the sife. The availshibity of non-potable water, the lack of
exviropmiental issmes, the local imfrastructurs, and the
extensive suite of existing scientific and well datz are
additional supperting considerations.

LECEOLOCY

The FORGE site s located on a gently shoping alhivial plne
or the west flank of the Mineral Mountains. The gealogy of
the Mineral Mountsins east of the FORGE sfte & shonm in
Figmre 2. Here the goology i1 composed of Pracambrizn
graizs, Tertiary plittons md Cuaternary dhyolite (Eichy, ot
al, 2012). Isotopic dating indicates metamerphism of the
Precambrian rocks ocourred ~1720 Mz (Alinikoff ot al,
BTy, .

The Tatiary phionic rocks mclnde dicrite, granodiorite,
gquarty; monsonte, syenite, and granite. Thelr subsurfive
dishipntion: =z Imown presrly fom  detailed
investigations of four wells, 142 5.2}, 9-1, and Acond-}
{Glex, and Hulen, 1978; Glenn ot ul, 1980; Swweemy, 1987,
Wekh, 1830; Nickon et 2, 1986; Colsman and Wilker,
1992; Coleman et al, 1997; Hm&eamiﬂans, 2003). U-Fb
reon defing ndioates devehpment of the pltonie complex
that began with the emplacement of (homblends) dinrite at
254 Mz {Alemikoff o 21, 1987); younger phatenic rocke
were emplaced 2t ~18 Ma and 11 to 8 Ma G¥ehon =f al,

1986; Coleman and Walker, 190%, Walker ot al, 1907,

‘The younpest ifrustons prodaced «% Mz shyolites that form
domes alowg the crest of the range. Tempesatures 2559 in
the Ronsevebt Hot Springs reservoir zud fo fhe west in A cord-
Fsuggest the prevence of 3 still cooling magma chamber
the shallow crust extending westorand from the crest of the
range.

The Testiary and Quuatercary basin fill in the Milford Vallay

--consists -dominantly of zllwcizl and-lacnsiine depostiz that

eontain interbedded sand, silt, pravel, and clay (Hinkze and
Diaves, 2003). In Acord-1, nearly 3 b of mecomsolidated
hasin £ was epcountersd shove the erystaliine bacement
probably Bliocene @ azs, are precent but have ot been
found in wells drlled at Roosevelt Hot Spring. At the
FORGE site, the basm fill iz 637 m #hick.

Falagzaic and Mesezoic sedimentary sequences ave exposed
at the worthem g southers parks of the Minars] Mowatains,
These sedimertary mocks ave majar componsnis of the
1egional stratipmaphy but were not ancountered in any of the
deep walls (Niclon et ab, 1986).

4. STRUCTURAL RELATIONSHEPS

The steacture] setting of the PORGE site reflacts the affiuis
of two distingt tecfonic svents; late Masozoic fo early
Cenozoi cnmassm&mgﬂm&vmmmgmyandm&d&
Tertizry to Recent axfension. The Setwmgmypm&ue&
larpe-seale lowrangle thrast fmls foumd in fha o

mounizin ranges {e.g, Hinize and Davis, 2003), but the
effacts of this orogeny near the FORGE sim are poorly
understond.

The younger faliing episode is related fo ongoing east-west
Basin and Range sxtennion, which dates back io af least ~17
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Wia This exbension has produced predomiantly north-south

ing foult zooes {eg, Hintze and Davis, 2003
Dickinson, 2006). The most prominent of the Basin and
Ranpgs shruchuwes shown i Figoe 2 s the Opal Mound
Fanlt), which dips stesply to the east and offsets swrficial
deposits of allivam: and silics sinter, with a total down-dip
dizplacement of at least 15m {Nislson et =L, 1986). This fankt
separates the convective thermal regime of the Roosevelt Hot
Springs peothermal sysien fom the conductive themal
rezame fo e west, beneath the FORGE site.

Soutk of the Gpal Mound Fault, north-couth trending fubs
form a series. of shorf, nanow grabens and horsts G¥iskson st
al, 1986}, These fmbs die out to the notth as the FORGE
sits 5 approeched.

Ths Nagro Mag faulf I another major steep by dippme Srult,
but # tends sast-want (Fip 2). The foult cuts across the
ineral Mowntaims for ~& km however the direckon and
amount of displacement sre unknowm due fo the sbsence of
markers withm fhe plutomies rocks {iekon of al., 1986). Ax
east-waest trending stroctuve, 2 ke south of Negmo Mag fiult,
wasthe site of sefemicity inthe Iate 1970 (Fandt efal 1982;
Migkon et al., 1986). Both the Megro Mag and Opsl Mound
- faults appear fo tepminate 3t their infersectinon. These east-
west fulls may reflect regional mr-puzllel struchires,
formed as Eocene-Oligacene magmation migrate southward
migrating andfnr Protemenis stuctoes in the deep-seated
tazement fe g, Dickinson, 2006; Wanramaker et a1, 2613}

“The ditection: of Shss I the vicimity of the Milfrd FORGE
{Fig. 3} sife 2 constmined by: 1) borehole breakonts m 52~
21; 2} image logz i 14-2 (Keys, 1979); 3) the attifudes of
joinis amd dikes {Ymaszndﬂmbn, 1975%; and 4} focal
mechanisms of seismic events; {(w.g, Whidden and Pankor,
2013y, These daim all mdicale a consisfent maximum
horirontal compressive stress, Siimey, primarily directed MN-5
{170-180%) 1o NNE-S5W {0357

Figure 3. Summary of Swea orientaton: based om
normmal faulé sesrps, borehole breakovis ard yooug dikes,
Sitress daty compiled by Dovatzez (2616, writien comm.}

WMechanical testiny of come samplas of Precambrias sneiss
from 52-2F imdicates the rock & very sireng with very low
pomaity and pamesbilidy. The compessive sirength was
measured at threa separate confining pressures, €, 2800, and
§000 pei, pivimgaverage vabues of 2.Bx10%, 6.0 x10%, and 2.0
MY pst, mespachively. The poresity is 0.13% and the
permeability wes meammed at 0.3 mismdarcies. These data
tmply that permesbiity enbeneement within the FORGE
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resenveir will rely pa hydroshearing of extsting fractzres and .

not the creation of new factures.

Detailed fractmre moppimng of e phitonic rocks in the
Minersl Mountans has identified fwee Sachere sets {Bartley,
2017, wriien comm.}: sieep E-W frochoes; genidy west
dipping fractores: and steep }-NE striking factures Divect
infrmation on the behavior of these frachwes will be
pbizmed affer MU-ESW]1 iz ) ik completed and a
minifac is conductad in the reservolr roeks.

£, THERMAL STRUCTURE

More then 160 shallow and desp wells provide temperates
data serounding the FORGE site. Wells located betwresn the
oentral Milford Valley and the Opal Mound £ shovw that
theheat flow renges Hom 1200 30 mWm?. In the vicmity
ofthe FORGE site (e.5. TPC-12 in Fip. 4}, the heat flaw &5
in the range 150+ 40 Whn®. To the sast; in - end §2-35,
the heat flows are significantly higher at depths less fhan
about 00 m, However, tempmatures in these wells at
shallow depths are affected by cutfiow fom the Roosevelt
Hot Springs geothermzl system Akhough near-smface
gradienis =xeeed 150°CAm and heat fows range from 300
g 1000 mWim?, (or example, well RES-235%; Fig 43
These fempersinre prydients capnot be axtrapelated much
batowr $00 m depth, and when RHS-333 & compared to -1,
the gradients aie claarly decreasing with meeasimg dapth
{Fig. 4).
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Figure 4. Temperature and pressure profifes in wells
surrovading the FORGE site. The dazhed rectangle
shows conditions reguired by the US, DOE. See Fizure I
for-vwell Tocafions, Productive wells tapping the Roosevelt
Hat Eprings gecthermal system display comvective
thermal gradients. These walls e east of the Opal Monad
fault The three deep wells surrounding the FORGE site,
Agord-l, 8§2-13 snd 9-1, display condactive grodients

East of the Opsl Mound fu¥, many of the challow
temperatme  profiles  exhibit boilmgpomt-for- depth
profies, indicative of hydrothermal upfome. Here, & contrast
o the conductive thermal gradients west of the Opal Mound
faolt, the thetmal pradients are comvmective and the
temparzture profiles ave contrelled by stezmv-orater saturatinn.

Iateprmtion of 3l temperatore gradient data shows that a large
areq of anomalonsly hish conductive hest finw, covering
sbout 100 kn?, swroumds the FORGE site (Fig. 5}, The total
volnne of crystaline basement vock having temperabires
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*}753C down fo 4 km depth & mare then 100 km®. The Opal
Idomd £l forms the eastern bovndary this thesmal regime
and, 2 discossed befow, mardks the omnifion o the
FRoosevelt Hot Sprites wherm convective heat Bow pravails
2nd eovers amuch soaliar of 1 km?,

Figure §. Contours of temperature ai 4 km depth derived
from ohservations in the deep wellz and geotherms Sited
to thermal gradient wells, The stipple area indicates
where the gronife is hotter than the mivimmm reservoir
temperature of 175°C, The red shading shovws fhe axtent
of the Rossevelt Hot Springs geothermal sysfem.

Prior to the stat of production at Roosevelt Hot Springs m.
1284, deep wells east ofthe Opal Moue® Smlt had 3 wriiform
presuse profile consistent with bot water having a dencity of
800 kgf® (Al and Laswen 2012; Fip. 6). The one desy
wull west of the Opal Mound fault, 82-33, had 2 pressure
pofile cousistent with cold waber with 2 density of 1040
Ez'm?, about 30 bars lower fizn wells o the saxt side

of the Opal Mound frult in the Roosewlt Hot Springs
peothermal system (Fauldaz, 1994). Gther wells west of the

Opal Mound nsk plof on the same presanre gradiont 25 82— -

33 Hhesewell data indicabe the exbstence of z major pressure

Ueeain oy

boundasy, which coicides with the Opal Mound fralt, Well
9-1 is located o $hat bonndary and i vopmodnefive_ and # is
uzed as a monitormg well. These data imply the presence of
tero distine yressure regimes across the Opal Mound fmlt
{AHis of 21, 3076), The FORGE stie lies to the west pfthis
bamier At adepth of 2.5km deptk, the prassure within the
FORGE reservoir is expected be at 228 bars (3360 pei).
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Figure. 6. Prersure profiles in wells sorrounding the
FORGE site. Wells within #he Roosevelt Hot Springs
geothermsl syztem display a hydroatutic pressure head
that iz 3¢ bars higher than wells on the west side of the
Upal Mound fazit.

6. CEOMFETRY OF THE BASEMENT ROUKS
Gty apd well dats constrain the depth tu the crystaliine
macks west of the Minsral Mounizins (Fig. 71, The central
part of the Milford Basin, bengath Acord-1, is steep wmllad
amd V-shaped The basin axi i= onented porth-south,
papendicnlsr to Basir snd Range sxtension. Ontward zmd
upwand, the basement contect fSattens to form a pentlyr
dipping surface that extends benoath the FORGE site, whera
the depth to the crystalline basement ranges from over 1000
m on the wastern sile to about 600 m o the mastere side.
Buriad frults near ibe deepest part of the basim are infened
from the gravily profile and westward thickening ofths basin
TRR{ATs e el 2036 Handenck et 3l 2018Y., T

Mireal &
Matintaing SE

T

Figure 7. Cross section A-4” from Figure ¥, showing tha top of fhe cxystalfine basement rocks in fhe S8ilford Basin i the

vicinity of the FORGE site. Precambrizn gneirz and Tertiary plutenic rocks mre vndiffersntinted. The Roocerelt Het Springz
bydrothermal systen les enst of the Opal Mound fanlt, Isotherms are inferpreted from well mensurements, The fgure shows
the propased FORGE injection s0d producHon wells and the vertical 2134 m deep et well currenity being drilled.
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7. MICROSEISMICITY

Selarnicity has been mondored W the arez around the
FORGE site since 1981 by the Usndversiy of 1dah
Seismepyaph Stations (UUBS) {(Pankow =t al, 2017}
Analyzisofthe UESS catalog shows that seismic events near
the Uizh FORGE site fend fo chister In Hiree syeas; one near
Mibford, the second 10%km sorthwest of Milford snd the third
northeast of Milford, east and southeast of the FORGE xite
{Fiz. §}. The events sorthwest of Milford pecar only during
daylight howas and are chamcterized by small mapnitedes
(=049 o 205}, shallow depths {zbove 2.5 km below sea
levely, and highly comelated wavefinms implying a stevilar
Ioeation and sovrce mechanizen, Thase events are interpreted
25 the result of guarry blezts, net tectonin savhanakes {(box
Iabeled Quury; Fig 9.

Seismic avents located near Malord (box kbeled Aot
Fig 8 ave not far from a 1205 M=24.1 event. The magnindes
of these fectonic events rengs fom 046 to. 3.87. Based on
the moment tensor o an M=3.§ earthquake (depth 6 ken},
the direction of mmimem horizontal stress {T-axin, or SHu)
= NW-SE (Whidden md Pankow, 2013), close to the
extension dinchion, mfewed for the Milford Bacin although
the focalmechamicm for fis event is shrile-slip,

Northeast of Milford, setomicity sooars primarily within the
box Bbeled Mineral Mountains (Fig. 8} exst of the FORGE
site. I Wovembar, 215, the seiwmie ustwork was upgraded
with the installation of five brozdband sef-mometers ¢ order
fo monior seizmivity under tha FORGE site These
sersmaonsetars allow detaction of sefnmic events with
magnifodes <l Significantly, no evidence of saismic activily
wnder the Utsh FORGE sits has bemdebeete&by the newly

mstalled nefremek

Figure 5 Locations of seismic events in the resion
surrounding the FORGE site {red cufline) (Fankow et al,,
1617} Black eircles are seismic events oceurring between
1981~ 2016, The red star mazks the location of the 1988
Af4.1 Milford enrthgnake, Brown dashed boxes chow the
Torations of selsmic scorce zones, The black square near
the 1808 seismic event iv the town of Miford. Purple
tringsles are selsmic sfafions, The Opat Mouod and
Kegro Mag faults are shonn in yellow. The blue polyson
is the nrea of the earthgnake svwarm defimed by Zandt¢ ef
al. (1382}
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Favits within the albevinn provide 2 record of seisnicty
during Quaternary {ime. Faulls are present i the aluvinm
south of the FORGE site but do not continue norfireard inte
the site. Although the deposits have not been dated dirertly,
the laast dissected allnvinm within fhe FORGE sile iz cut by
- the Pleistocene Lake Borneville shoreline, This suggests the
deposits are move than ~318,000 years old IKIE!:&' ef al,
2057

Pother et ul, (2017} examined the relstionship betwem
microselemicity and injection at the nexby Dhindalt
geudmmzlpewpimﬁhnfﬁomdm (Fig. 9% The lack of
Y hation. with injecti mgg&ﬁ injection at the
FORGE szite, into the same reservon rocks, will not lead fo
significant induced seismicity.

Seismicity apd Pumping History vs. Time

BURY
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i &
45803
A AT
3000
| 2000
o AR

Walume §

LoBE MEMF 1830 LS HNE 00E R 254
Salsmichy: 39892004 Pumping History; 1084-2014°

Figure 9. Time-magnitude hisforiss of selsmie events,
showe as blue civeles, located northenst of Mifford mnd
enst of the FORGE site. No ssismic events have been
Toented within the FORGE footprint, Green bars
represent the Blundell powsr plant injection history;
eross hatched regions eafenlated hased on the plamts
power production. Ne vizible correlatien is apparent
between the seizmic events and the volmme of fluids

. B.CONCLUSION _ __ .

TheMﬂM?ORGEsﬁemn&eaﬂymdﬁ:r&e
develipment and testing of technoiogies that can be used io
praste and costain BEGS reservoirs. The FORGE resarvorr
will be developed in weakly altered Tertiary granite and
Precambrizn prieiss af a depth helow abeout 1980 m. The
genlozy and thermal structure of the sagion surresndme the
stia 1z well charecterized 2z 3 sk of peologivel mappmz,
grophysical surveys and the drilling, logging, and sampling

. of nearly 100 walk, cce the 1970s. Additional desct

infarmation on Tock types, fracture abumdances and
onentztions, femperature, permeszbilify, and  stess
charactertsfics ot the =mite will be obtained Fom
messrements m & 2134 m vertical well currently being
dniliad,

The FORGE sife iz separzted from the neaby Roovevelt Hot
Springs gecthermal sysiem by the norf-soufh tending Opal
Mound Emdt that has formed m response to ongaing east-
west Basin and Runge extension Temperatures within tha
genthermis] sysfur e ologe o 250°C. Convaciive tharnns)
gradients chamnterize wells szst of the Opal Mound it
whereay ronduciive themal madients characterize wells
surrumnding the FORGE site west of the Ogat Mownd Fak,

Pre-produrtion pressure piofiles of desp welh in the

genthena] system disply a hydrostatic pressare head hat &5

30 bars higher than wells on the west side of the Opal Mound
Procesdmgs 30 New Zealend Geotrermal TR
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fault This pressure difference vequires the presence of twn
distnct pressmre regimes, with high-pmrmesbility ek

associated with the hydrothamal syster to the mast, end
relstively fmpenneshie rock to the west beneath the FORGE .

site.

- The existing geoscientific dats demonsthate the FORGE site
is outside the boundaries of any existing hydrothermal
wyshern and that the required retervoir ergteria of temparziure
{17322 30, rouck type {crystalline rock} and depth (1.5-4
L} establizhed by the U5, DOE for EGS develnpmant exist
atthe sife. The low risk of seitmic artivity and mopact fo the
emviomnert, 3 well-developed local mfrashuchure, the
ahaenre of potable groundwater, endanpered fmna er flo
#d 3 welcoming llmmumty are additional posdive
attribrtes of e s,
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DFDP-2 GEOTHERMAL DISCOVERY IN WESTLAND, NEW ZEALAND

Rupert Sutherland!, John Townend’, Virginia Toy?
"Wictoria University of Wellington, PO Box 600, Wellington, New Zealand
2 University of Otago, PO Box 56, Dunedin, New Zealand

rupert.sutherland@wuw.ac.nz

Keywords: earthquake, tectonics, geothermal, Alpine
Fault, hydrogeology. :

ABSTRACT

Boreholes drilled as part of the Deep Fault Drilling
Project (DFDP) reveal a geothermal system in the
hanging-wall of the Alpine Fault. The DFDP-2B
discovery of 100°C water at 600 m depth beneath
farmland adjacent to State Highway 6 near Whataroa has
led to local interest in geothermal energy, and whether
other Westland valleys aiso have resource potential, The
hot temperatures are caused by a combination of fault
slip, which moves rock and heat from depth, and
topographically-driven fluid flow through fractured rocks
that concenfrates heat into valleys. Additional technical
work is required to assess the size, quality and safety of
the geothermal system, but the discovery provides an
exciting opportunity for regional development based on
clean sustainable energy that can directly leverage
existing plant and people employed in a mining industry
that is in long-term decline.

1. INTRODUCTION

The Deep Fauli Drilling Project (DFDP) is a multi-stage
scientific investigation of the Alpine Fault in western
South Island, New Zealand (Townend et al., 2009). The

——first stage-of the-project (DFDP-1).drilled-to-152-m depth-- --

at Gaunt Creek (Cooper and Norris, 1994) and was
completed in 2011 (Boulton et al., 2014; Carpenter et al.,
2014; Niemeijer et al., 2016; Schleicher et al., 2015;
Sutherland et al., 2011; Sutherland et al., 2012; Townend
et al., 2013; Toy et al., 2015). The second stage of the
project (DFDP-2) was completed nearby in the Whatarea
valley (Fig. 1) in January 2015 and reached a drilled
depth of 893 m (Sutherland et al., 2015},

The science questions that DFDP originally aimed to
address are related to fault zone processes. How and why
do earthquakes happen? How does slip on a large
geological fault occur? What are the ambient conditions
and physical properties on and around an active fault in
its pre-earthquake state?

The DEFDP-ZB borehole did not achieve all of its
technical objectives, due to a casing failure during a
cementing operation, but yielded a remarkable discovery.
The geothermal gradient was much higher than expected
and comparable to geothermal boreholes that have been
drilled in the Taupo Volcanic Zone (Sutherland et al.,
2017). There is no evidence for Neogene volcanic
activity anywhere near the DFDP-2 site. This paper
presents a summary of what was discovered, an
explanation for the extreme hydrothermal conditions, and
discussion of potential implications for geothermal
energy resources in the western South Island,
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Figure I: Location of the DFDP-2 site at Whataroa.
DFDP-1 was completed at Gannt Creek, 7 km
southwest of DFDP-2.

2. THE ALPINE FAULT

The Alpine Fault (Fig. 1) is a mature plate-bounding
transpressive structure that has accommodated >460 km

- .of dextral offset since.24 Ma (Sutherland, .1999), and has

a late Quaternary average slip rate of 27+/-5 mm/yr
{Norris and Cooper, 2001). The hanging-wall is
Mesozoic amphibolite facies meta-greywacke that has
been deformed into protomylonite, mylonite, and
cataclasite with increasing proximity to the principal slip
zone (Norris and Cooper, 2007). The foot-wall is
composed of Paleozoic granitoids that intrude quartzose
metasediments.

The Alpine Fault fails in large earthquakes (MW 7.6-8.2)
every 200400 years and last ruptured in AD 1717, so is
close to rupturing again (Sutherland et al., 2007).
Oblique-reverse motion has exhumed a suite of fault
rocks from depths of 30 km over the past 3-5 million
years (Norris and Cooper, 2007). Numerical models
indicate that rapid rock exhumation advects isotherms to
relatively shallow depths, and this has been used io
explain the occurrence of many hot (<58°C) springs in
the hanging-wall of the central Alpine Fault (Allis and
Shi, 1995; Allis, 1981; Koons, 1987).

3. DFDP RESULTS

The DFDP-1A and DFDP-1B boreholes penetrated
fractured protomylonite, cataclasite, fault gouge, and
Quaternary  sediments (Sutherland et al., 2011;
Sutherland et al., 2012; Toy et al., 2015). The principal
slip zone fault gouge is a through-going, planar, thin (1-
50 cm, mostly <10 ¢m) layer of extremely fine-grained
Proceedings 39th New Zealand Geothermal Workshop
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Figure 2, DFDP-2B drilling results. Fluid pressure observations made during breaks in drilling (A). Long-term post-
drilling temperature profile measured using distributed temperature sensing on a fibre optic ¢able (A),
Temperature gradient (B). Simplified geologic log and interpretation (C). After Sutherland et al. (2017)

tock generated by slip during repeated earthquakes. The
gouge and cemented cataclasite represent a continuous
and impermeable layer of variable thickness that plays a

-—major role-in-governing how-fluids-move within-the faglt— - ———

zone (Sutherland et al., 2012). The DFDP-1B borehole
(152 m depth) has a geothermal gradient of
62,6 2,1 °C/km. Wireline geophysical logs reveal a
complex pattern of fracturing and alteration that is
asymmetric across the fault zone {Townend et al., 2013),

Hydraulic observations and laboratory experiments
~ reveal that cataclasite and the principal-slip-zone gouge
(which probably forms a néar-continuous layer for
hundreds of km along strike and extends to a few km
depth) have permeability <10 m? and form an aquitard,
whereas fractured protomylonite that is found in the fault
hanging-wall (i.c. a continuous tabular zone overlying
and parallel io the low-permeability gouge layer) has
much higher permeability of >1¢-'* m? (Boulton et al,,
2012; Sutherland et al., 2012). '

The DFDP-2B borchole penetrated a sequence of
Quaternary gravel and lake silt, schist, protomylonite,
and mylonite (Fig. 2) (Sutherland et al., 2017; Toy et al.,
2017). The base of the borehole is estimated to be within
200-400 m of the principal slip zone (PSZ) gouge, based
on site surveys and measurement of quartz grain sizes
and microstructutes in. drill cuttings that are similar to
mylonitic fault rocks exposed nearby. Comprehensive
rock, mud, wireline, and seismological observations were
collected, and a fibre-optic cable was installed after

drilling to acquire repeated precise
measurements.

temperature

Post-drilling_equilibrated. temperatures_in the borehole
reveal a zone above 700 m depth (true vertical; 740 m
drilled depth) characterized by a thermal gradient of 100~
200°C/km, and a deeper zone with a gradient of 30—
50°C/km (Fig. 2). The fluid pressure gradient in the
borehole below the sedimentary layers is 8-10% above
hydrostatic, but an aquifer at the base of the sediments
(230-240 m) is only slightly over-pressured (<5 m head).
This means that, unlike the PSZ gouge mentioned above,
the Quaternary silts do not form an-effective hydraulic
seal (Fig. 2). :

The geothermal gradient in the upper 700 m of the
DFDP-2B borehole is unusual by global standards: 99%
of geothermal gradients measured in deep (>500 m)
boreholes elsewhere are <80°C/km (Pollack et al., 1993).
Values exceeding 80°C/km are typically associated with
volcanic regions, such as the Taupe Volcanic Zone, bui
there is no evidence for Neogene volcanism near the
DFDP-2B site. The regional value determined from
petroleun  boreholes west of DFDP-2B is c.
30°C/km (Townend, 1999).
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Figure 3. Thermal and fluid flow models, after Sutherland et al. (2017). (A) DFDP-1 and DFDP-2 locations (marked
1 and 2, respectively). (B) Temperature cross-sections with contours in °C and fluid fluxes (arrows show
fluxes >0.15 m/yr) extracted from a 3D numerical model with 200 m horizontal resolution near DFDP-2.
Parameters for model shown are: (1) dip-slip rate of 8 mm/yr; and (2) uniform permeability of 5.0x101¢ m?
in a layer above 5 km bsl within the Alpine Fault hanging-wall, (C) Comparison of model values (as shown in
B), extracted from within 300 m of DFDP-2B, with borehole observations. (D) Fluid pressure and
temperature inferred on the Alpine Fault plane: thin lines are fluid pressure head (m, reference fluid density
at surface); and bold lines are temperature contours approximately equivalent to the temperature of illite-

smectite transitions (100-175°C),

4. GEOTHERMAL STATE

Sutherland et al. (2017) modelled the thermal state near
DFDP sites by considering heat transport via:

(1) conduction; .

(2) rock advection driven by fault slip; and

(3) fluid advection driven by local topography (Fig, 3).
We assumed uniform high permeability to some fixed
depth (3 or 5 km) above the principal slip zone of the
Alpine Fault and low permeability beneath it. Adjustable
parameters were the maximum value of permeability, and
the rate of reverse dip-slip fault movement, which is
constrained by geological observations of late Quaternary
offsets to lie within the range 6—14 mm/yr near the drill-
site (Norris  and  Cooper, 2007). Drilling-related
temperature anomalies were modelled separately and
excluded from our analysis by selecting observations

~25-

made >6 months after drilling. There is little variability
in thermal diffusivity within the borehole. The 3D model
domain is much larger than the specific region of interest.

We aimed to fit temperature observations from DFDP-2B
(Fig. 2) and the geothermal gradient of
6242°C/km measured in the 150 m-deep DFDP-1B
borehole (Fig. 3) (Sutherland et al., 2012). Our models
are intentionally simplified, because they are under-
constrained by observations, and intended only to gain
general insight inte hydrothermal structure in and around
the fault zone. The best fit to DFDP-2B temperature
observations is obtained with a fault dip-slip rate of 14
mm/yr and low permeability, but this solution does not
fit DFDP-IB cbscrvations. The relatively low average
curvature of the thermal profile, combined with the over-
simplified hydrological structure, leads to the conclusion
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that rock advection and thermal diffusion are the primary
heat transport mechanisms at 240-740 m depth in DFDP-

2B. However, but the large difference in geothermal

gradient between DFDP-1B and DFDP-2B requires that
fluid advection plays an important heat transfer role
between sites and requires a regional value of
permeability >5x107'¢ m?, The DFDP-2B fluid pressure
gradient indicates upward flow through the fractured
rock mass near the borehole (Fig. 2A). The large
difference in geothermal gradient between sites is
explained by along-strike variations in topography that
drive fluid flow and hence advection of heat (Fig. 3).

The model results are broadly consistent with existing
knowledge of fault slip rate and heterogeneous rock
permeability in the hanging-wall of the Alpine Fault. We
expect permeability to be low within cataclasites near the
principal slip zone and minor fault splays (Sutherland et
al,, 2012), and for them to be barrers to fault-normal
flow. We expect high permeability within the damage
zone, producing an aquifer that enhances fault-parallel
flow, and beneath mountains of the hanging wall where
warm springs are common (Cox et al., 2015). The region
of relatively-low geothermal gradient at the base of
DFDP-2B (Fig. 2) is a discrete hydrological domain and
interpreted as an aquifer associated with the damage
zone, but we were unable to verify its properties due to
engineering difficulties. Fluid pressure equilibration
experiments (“slug tests”) conducted during drilling of
DFDP-2B indicate bulk-rock permeability around the
borehole of order 1071 m2, However, these estimated
values are significantly affected (reduced) by the
bentonite mud system that was used during drilling.

In summary, we infer that fault slip moves rock and heat
from depth, and topographically-driven fluid flow
through fractured rocks concentrates heat into valleys
(Fig. 3).

5. ECONOMIC POTENTIAL

The discovery of 100°C water at 600 m depth beneath
farmland adjacent to State Highway & near Whataroa has
led to a great deal of local interest into whether
geothermal energy could be commercialized, and
whether other Westland valleys may also contain
geothermal rescurces. There are natural warm springs in
most valleys.

Commercial success will depend on several factors:
(1) size and sustainability of the resource, i.e. how much
heat can be extracted;

(2) quality of the resource, i.e. how rapidly that heat can
be extracted;

(3) value of the commercial end-use; and

(4) if the extraction of hot water can be done safely with
minimal envitonmental risk, i.e. regulation and social
license.

Additional drilling is required to assess the spatial and
depth exient of the geothermal system. However, the
very large number of wireline logging runs that we
carried out during the DFDP-2 experiment may already
allow us to estimate hydraulic conductivities of
individual fractured zones, and hence we may be able to
construct preliminary reserveir models and estimate the

rate at which fluid could be produced. This is a work in
progress that we would value input into. :

The value of commercial end use is hard to assess
without better information regarding characteristics of
the resource (size, quality, safety). Models predict that
maximum temperatures available may be about 180-
240°C. The region is remote and would benefit from
local electricity supply for domestic use, tourism, and
agriculture; but the total size of demand is relatively
small. Resilience may be improved by local supply, if
infrastructure is built to withstand earthquake effects. It
is likely that earthquakes would enhance permeability
and hence increase fluid production rates and 'quality’ of
the resource. It may be that the direct use of heat, e.g. for
milk processing, tourism, and agriculture, could provide
greater value than electricity production. Further work is
required to assess the value proposition of the resource.

The safety of geothermal production is a significant
concern, because the system is bound by the Alpine
Fault, which is one of the most hazardous faults in New
Zealand, Geothermal production is known to induce
earthquakes in some locations. We are in a good poesition
to monitor and model this process at DFDP-2, with good
instrumentation in place, a catalogue of background
earthquake activity (Chamberlain et al., 2017), and a
large research team that specializes in earthquake
science. The chemistry of deep geothermal fluids is
unknown at present, but is likely to be predictable and
relatively benign, based on existing knowledge of hot
spring chemistry (Menzies et al., 2014).

The size and quality of the total Westland resource
remains highly uncertain. It was previously known that
many valleys have minor hot springs with typical
temperatures of 20-40°C, and the low temperatures and
flow rates provided little encouragement for geothermal

_exploration, Cur discovery reveals that temperatures.
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beneath major valleys may be much higher at moderate”
depths than previously thought; but that this heat is
masked by thick gravel aquifers with active cold
groundwater systems.

Additional technical work is required to assess the size,
quality and safety of the geothermal system, but the
discovery opens up an exciting opportunity for regional
development based on clean sustainable energy. Of
particnlar appeal is that the engineering required to
develop this resource can directly leverage off existing
plant and people that are employed in a local mining
indusiry that is in long-term decline. It is surely worth
further investigation.
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