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Introduction

The geothermal resource identified in previous studies is not uniformly defined. Based on the
need to understand the extent and character of the greater system, with landowner cooperation
and community support Pagosa Verde proposed six thermal gradient wells to the south of
downtown Pagosa Springs. Three of these wells were drilled to depthebdi@d and 1465

feet, and the results indicated geothermal potential to the west and northwest of downtown also
existed. One shallow (320ft) well was drilled to evaluate this hypothesis. Three of the four
wells drilled showed temperature gradients no @ighan the regional background while the
fourth, the furthest to the east, indicates potential for further exploration with a thermal gradient
of 54.5°C/km (2.98°F/100ft)

This DOE Projectwas originally awarded to Flint Geothermélwas organized intdhree
Phases:
A Phase |- Quantify and qualify geothermal resources based on remotely sensed
signatures.
A Phase II- Verify the signatures by direct esite testing using indirect electrical and
magnetic surveys including thermal gradient wells.
A Phase Il Based on the analysis of the Phase Il surveys, drill deeper slim hole tests on
two of the prospective resources.

Flint Geothermal completed Phaséagosa Verde LLC took over the grant in April 2014 to
conduct Phase Il of the project in the limited ¢irallowed due tdunding expiration.This
report is concerned primarily with that Phase II.

Pagos&prings Coloradas locatedapproximately2 00kmsoutheasvf Denverand30kmnorth
of the ColoradeNew Mexico border(Figure 1) A recognized geothermalseurcesincepre-
settlertimes,the waters havieeenfrequentedy visitorsandlocalsfor hundred®f years, with
thesizeanddepthof themainspring,ori Mo t Shperri n g ospeciainotefiom many. The
currentgeothermakpas resortsandtown heaing system haveeenrun for commerciabnd
public benefitfor decades

Pagosa Springs was identified as a potential geothermal target in Colorado by the Flint
Geothermal Phase 1 exploratidrhe Flint Project identified the Pagosa Springs geothermal
sysem as one of the five best geothermal sites in ColofHu® study used ASTER imagery

to identify structures in the Pagosa Springs area and recommended additional studies be
initiated to determine the location of the upwell zone feeding the ldlevalbccurring along

the Dakota Sandston&he geochemistry and geothermometry of the Pagosa Springs system
was positive for the loviemperature binary geothermal power and direct use. The geothermal
resource in the region has long been identified due to adpriey (also referredto &Moot h e r
Spring, Big Spring, Hot Springo) and ot her
the San Juan River.
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Figure 1 - StateMap

Map of the Stateof Coloradoshowingthe location of PagosaSpringsin relationto Denver.PagosaSpringsis
nestledin the SouthSanJuanMountainsnearthe borderwith New Mexico (to the south)at anelevationof over
2100m.

PagosaSprings was identified as a potential geothermaltargetin Coloradoby the Flint
GeothermalPhasel exploration. The geothermalresourcein the region has long been
identified due to a large spring (the A Mo t & @ i andabhgr surface expressionsn the
downtownareastraddlingthe SanJuanRiver. This shallowresources currentlyutilized asthe
souce foravarietyof commercial resorts, spamdthe Townof Pagosé&Sspr i ngs 0

districtheatingprogram. Any future geothermagvelopmenin thearea cannot infringen the
geothermalwater rights that currently existand so explorationfocuseson deeper,hotter
resourceghat will not negatively affecthe public and private interestsn town. Regional
geologicmappingwas completetty the USGSin the 1930s andhassincebeen updated ithe
1950sandagainby the ColoradoGeologicalSurveyin the 1970s(Galloway, 1980)The Flint

geot hel

Geothermal Phase 1 cited geothermometer calculations which indicated a predicted reservoir
temperatures from 73C to 127 C suggesting a geothermal system hot enough for a binary

power plant.Also MMR studies in the area south of Pagosa Sprinfgsrad geothermal
gradients of 90 C/Km and heat flow values of 129MW/n?-



Geology
Sedimentary

Pagosa Springs sits abaw800-500mJurassico Cretaceous sedimentary package. iflagor

sedimentaryunits above the Precambriarcrystalline basemennear town are,in order of

decreasingge theEntrada, Wanakah, Morrison, Dakota, &f@ncosformations Regionally

erosion stripped awagarlyLaramide formationsnthe Archuleta Anticlinoriumanddeposited
late Upper Createceous am@leocenesedimentssuch as the Kirtland Shaleand Animas

formationin to the SanJuanBasinandSanJuan Sag, respectively (BristandChapin, 1994).
More recenterosionhas exposethe CretaceoudlancosShaleand DakotaSandsonein the

Pagosa Springs area. These umig alsobeenidentified aghetwo nearsurfacegroundwater
aquifers(Galloway,1980).

The sedimentarjormationsin the Pagosa Springs region agenerallyuniform in thickness
anddip 510°to thenortheast. The surface uniteartown are generallthe Dakota Sandstone
andthe MancosShale, althouglsmall outcropsof Morrisonto the south havebeenobserved
(Figure2). Youngersediments suchsthe Lewis Shaleoutcropto the easbf town, moving
progressively further uthe sedimentary recor@lGalloway,1980).A nonconformity between
the Jurassicsedimentsandunderlyingthe Precambrian granite gneiss complex genetadky
betweerB0Omand460mbelowsurface The Precambriaformationin thePagosa Springs area
is currently undated.

Holocene [: Alluvium

San - Travertine
Juan River
Pleistocene Terrace Deposits
[ ——— Dikes
Miocene
- sills and Lacoliths of
L Conejos Age
Lewis Shale
E Mesa Verde Group
Upper
Cretaceous m Mancos Shale (undivided)
Kmu Upper Mancos Shale
- Lower Mancos Shale
Dakota Sandstone
: Morrison and Wanakah
st I: - Formations (undivided)
Normal Fault
[}
= _Ailtflme_Afs_ = N
{ e
0 0.5 1 mile
San 0 1km

Juan River

Figure 1 - Geologic Map of the PagosaSprings Region
Geologicmapof the Pagos&springsareafrom Revil et al, 2013.The surfacegeologicunits areshown,with the
Mancosshaleseparateihto theupperandlower unitin thewestandnorthandundvidedin the east. (Big Springs
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and Mother Springs are the same feature)

MancosShale

The CretaceoublancosShaleis a thick (greaterthan600m) darkgreyto black fissile shale
interbedded wittthin discontinuous sandstonaadlimestonedound broadlythroughoutthe
southwestJnited StatesTheMancosShales dividedinto theUpperandLower Mancosbased
on the amountof calcareougnaterial. A layer of carbonaceous daskaleseparateshese
membergWood et al., 1948; Galloway, 1980). In Pagosa Spsenige MancosShalevaries
from a 120msectionto beingnonexistent irsomelocations.

Dakota Sandstone

The Cretaceous Dakota Sandstons a light to dark grey generally fine to medium
grained sandstone approximately 60nthick in Pagosa SpringsA highly mottled texture
in somesections results from heavybioturbation (Figure 3). The lowerhalf of the unit
hasincreasingshaleand clay layersinterbedded with the sandstonesAn unconformity
exists between the Dakota Sandstoneand the underlying Morrison Formation
(Galloway, 1980) separatingthe Upper Cretaceous sedimentary package fronthe
Jurassic.

Morrison Formation

The JurassicMorrison Formation ranges froma coarse graine@¢onglomeratan its lower
memberto a fine grained sandstona the uppermenber (Galloway, 1980) The sandstone
members hava variable redo greenmottledtexture(Figure 3) Some shalearefoundnear
theuppermembeirof theunit. Totalthicknesss around 21220min thePagosa Springs region.

Figure 2 - Dakota and Morrison Core Photos

Photographyof the slabbedcore from TG-1. Theleft six columnsare from 121-124m below surfaceand are
Dakotasandstoneshowing the mottlegreytextureinterpretedo be partially causeddy bioturbation.The right
six columnsarefrom 209-212mbelowsurfaceandhighlighttheredandgreencolorationfrequentin the Morrison
Formation.The completecorephotayraphyis attachedn Appendix3. Corephotographypy CorelLaboratoriesn
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Denver,Colorado.

Wanakah Formation

The Jurassic Wanakah formati@a white limestoneanhydrite layer ranging from 40%
95%anhydrite(Figure 4) The P-1 well found40-70% anhydritein this formation(Galloway,
1980) and Pagosaverde found 95% anhydrite.The unit thicknesss 25-30m locally and it
conformablyoverliesthe Entrada formation (Galloway, 1980).

Entrada Formation

The Jurassic Entradarmationis white to grey and mottled fine to coarse grain sandstone
(Galloway, 1980).The unitis massively crossbeddetith sandgrainstypically roundedto
subroundedndheldwith a carbonateement(Woodetal, 1948;Galloway,1980)(Figure 4)
This unitis approximately30mthick in the Pagosa Springareaand unconformablpverlies
the Precambrian basement.

Pagosa Verde LLC Pagosa Verde LLC

- 3 s . . & s
el W 2 3 e
B .

Figure 3 - Wanakah & Entrada Core Photos
Photographyof the slabbedcore from TG-1. The six left columnsare from 420-423m below surfacein the
Wanakahormation,while the rightthreecolumnsrepresenthe bottom2m of TG-1 (442-444mbelowsurface)
transitoning from the Wanakahto the Entrada formation. Core photography Core Laboratoriesn Denver,
Colorado.

PrecambriaBasement

The Precambrian basement, whil@ot sedimentary, underliesthe sedimentary package
in the region. Thebasementis a hornblende biotite gneisscomplexwith veins of light
pink feldspar. Fracture surfacesin the basementshow somealteration. Neither the
gneissnor granite hasbeendatedin the areasothe formation ageis unknown.



Pagosa Verde LLC

End TG-3

Figure 4 - Basement Core Photo

The Precambriabasemengranitegneisscomplexat the bottom1.5mof TG-3 (445447mbelow surface).The
basementvas cored in TG3 and TG-5, but not reachedin TG-1. Core photographyby CoreLaboratoriesin
Denver,Colorado.

Structure

PagosaSpringslies on the Archuleta anticlinorium,a complex 120km anticlinal feature
characterizetdy anetworkof mostlynorthwestsoutheastrending foldsandnormalfaultswith
someadditionalnortheastrending transverse faults (Woodeal., 1948; Ryder,1977).The
anticlinoriumservesasa borderbetweenthe SanJuan Uplift northwesbf Pagosa Springs to
the southeasinto NorthernNew Mexico whereit terminatesat the Nacimiento Uplift, Chama
Basin andBrazosUplift. These structural features resulfedm the Laramide Orogenythe
tectonic eventhatformedthe modernRockyMountains.

The uplift of the ColoradoPlateauinitiated the Laramide Orogeny witta rise of about3
kilometersby the endof the Miocene(ClarksonandReiter,1987). Localized uplts variedin
magnitudegcreating highlandandlowlandsthatdeformedthe existing sedimentary packages.
The Archuleta Anticlinorium resulted from loadinfsedimentsn theSanJuanBasinandSan
JuanSagandnortheast compressiaturing the Eocenein the late Laramide Otherregional
stressemayhavealso contributedto theformationof theanticlinorium. The anticlinoriurties
onthesouthwestern boundaof the Uncompahgr&Jplift, formed duringthe RockyMountain
Orogeny priotto the Laramide(Figure 6) The northwestern treraf theanticlinoriumis likely
influenced by faults in the Precambrian basement resulting from -pagamide tectonics
(BristerandChapin,1993).
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Figure 5 - Regional Structure Map
Map of the Laramie structureof the region surroundingPagos&eSprings(modified by Revil etal, 2013from
Brister and Chapin,1994). Overlain onto the structuremap are dominantfracture systemsmappedby Kelley
(1957). Profile A to A dindicatesthe location of the crosssectionshownin Figure 2 crossingthe Archuleta
anticlinorium.

The fault and fracture systems preseon the Archuleta Anticlinorium emerged from
combination ofcompetingregionalstressesThis resultedn a seriesof predominantlynear
vertical nornal faults in the area. The faults trending northwestutheastalong the
anticlinorium likely resultedfrom the Eocenenortheasterlycompressionand basin loads.
Anotherfracture system strikes northnortheast. Thesiaultsaremostlikely connectedvith
Miocenedike intrusionsasindicatedby the displacemenof the dikes(Galloway,1980).The
dikes are likely the result of stresses unrelated Laramidetectonicactivity (Baltz, 1967),
whichis suggestetb endprior to the OligocengBristerandChapn, 1994). Another dominant
fracturesystemwasmappedn thenortheasterly direction (Kelley, 1957).

Pagosa Springs exists at intersectionof theseregional fracturesystemswith a significant
effect on the local geomorphologyfrom underlyingfaults and geology.The SanJuan River
flows to the southwest untilt reachesearthe city whereit flows westerlythentakesa sharp
turn to flow south, followingan apparenthangen fault trend (Figurer.) This occursat the
intersectionof the southwestrending unnamed Fauk (in Figure 7) andthe north trending
Victoire Fault. The sharp changm trend of the Juan River occurs conjunction withthe
Mother Sping in downtown Pagosa Springs, suggesting structural carirtble geothermal
systemandtheriver andindicatinga thoroughunderstandingf the structuresnvolvedto be
important for properly understanditige system.
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Victoire Fault
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Figure 6 - Local Fault Map

Map of the PagosaSpringsregion showingthe locally mappedfaults Thefi Mo t ® e rr i imlgcdtedat the
intersectionof Fault A andthe Victoire Faultandis the primary surfaceindication of the geothermakystem.
Faultslinesrepresenpotentiallywider shearzonesnot discreteplanes.

The most prominent fault in the region is the southeast trendingsteeply dipping 8 Mile
normal fault, approximately three kilometers to the southwest of Pagosa Springs. The
steeply dipping Victoire Fault runs justto the eastof downtown Pagosa Springsand has
beenthought to be a part of the structural control for the Mother Spring. The Mother
Spring is the primary surface expressionof the Pagosa geothermal systemrhe Mill
Creek Faultparallels Fault A (Figure 7) and with the Victoire Fault has an intersection
analogousto that at which the Mother Spring occurs.

Initial Exploration

Previous Work

The Pagosa Springsgionhasbeenthefocusof geothermakxplorationactivitiesoccasionally
sincethe late 1970s withthe ColoradoGeologicalSurveydrilling projectto characterizeéhe
resouce (Galloway, 1980). Thisstudy combineda shallow gradientwell arraywith deeper,
wider bore exploration well drillingh thedowntown region surroundirtesurface expression
of the Mother SpringAn array of90mshallowgradient wellsvasusedto mapthe heatflow
anomalyin the region and found it to be increasingwest of downtown withno maximum

11



determined. The deepstimhole drilled duringGa | | o exalgratien(P-1) successfully
targetedhe Precambrian basement. This well cauaémssin pressire atthe Mother Springs
and drilling had to be stoppedto preventeconomicdamage to the previously existing
commercial infrastructure theregion.

The datagatheredoy Gallowayservedasthe basisfor muchof the explorationin theregion.
A thermalgradient reversdlelowthe Dakota was recorded thislocation Unfortunatelythe

raw data fromGa | | o exploraliahasbeenlost so the gradientshadto be recalculated
from the reported informatior{calculationswere doneby the ColoradoGeologicalSurvey,
courtesyof Paul Morgan) The basementore collectedby Galloway was not found for
additional analysisit any of the core libraries investigateUSGSDenverand University of

UtahEnergyandGeosciencemstitute).

Galloway Wells
Victoire Fault

Unnamed Fault
Mill Creek Fault

Figure 7 - Heat flow Contours

Heatflow contoursandthelocationof the shallowgradientwell arrayfrom Galloway,1980.The confidencein
thedatagatheredrom these shallovholeswasincreasedy thenearlymatchingheatflows calculatedrom G-4
andTG-1 asapartof the Pagosa/erdeexploration.

The Town of Pagos&pringshasan operating districheatingsystem fora variety of business
andresidential buildingé thedowntown area. This system wastalledin 1982andhasbeen

operated througthe fall, winter,andspring annually since. The toveystemandlocal resorts
and spasthat use geothermateatare operatinga seriesof shallow wells tappingin to the

Dakota Sandstone, whe@allowayrecorded an elevated temperature in hiswell.
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Study

Techniques

Findings/Theory

Importance

Galloway,
1980

Studied system with
surface expressions,
shallow gradient
wells, heat flow
study, and
observation wells

Described a heat flow anomaly
centered near downtown
Pagosa Springs oriented in the
NE/SW direction with the
highest temperatures in the
Dakota Sandstone and lowel
temperatures in the deeper
formations in the study area,
indicating the system may be
controlled by a vertical
fault/fracture system extending
in to the basement.

Potential geothermal
resource to the south of
the city with a fracture
controlled system
requires additional
geophysical testing and
drilling to evaluate.

Lund
Huttrer,
2010

Desktop study of
surface expressions
and shallow thermal
wells in Pagosa
Springs

Fluid heated in Preambrian

basement and rises along faults
before moving laterally in the
Dakota and Mancos formations|
Major upflow region of the

system may be to the south anc
southwest of downtown.

The geothermal system
may be more extensive
than previously thought
and indicates structures
to the south of
downtown could be
worth targeting for our
exploration

Klingel,
2011;
Klingel, 2012

Studied area to the
south and southeast
of town with
geochemistry,
geothermometry,
and MMR.

Characterized the area
southwest of Pagosa @ an
inferred geothermal resource
based on gradients of 90°C/km,
heat flow rates of 123199
mW/m2, and geochemistry
indicating potential reservoir
temperatures of up to 140°C.

Thermal anomaly to the
south of Pagosa Springs
merits further

investigation as a
potential geothermal

resource.

Huttrer &
Galloway,

2012

Studied
expressions and
shallow thermal
wells, desktop study,
static test, flow test
on the direct use
system

surface

Observed interference in the
wells in town during the flow
test.

Shallow drilling
(<1000ft) within %2 mile
of existing wells or the
spring will likely affect
existing flow rates.

PGA, 2012

Installed water
level/pressure
monitors on wells in
the Pagosa Springs
area

Established a system for
continued monitoring of the
geothermal wells in the
downtown area.

Water level and pressure
monitors have been used
during drilling to
determine impact on the
geothermal system.

CSM, 2012;
CSM, 2013

Deep
shallow
magnetic,
gravitational,
electromagnetic,
direct current,
resistivity, self-
potential, and ground
penetrating radar

seismic,
seismic,

stuies.

Conducted a variety of geologic
and geophysical surveys in the
Pagosa Springs region mapping
the  subsurface  structures
present.

Identified potential
structural controls in the
Pagosa Springs regior
that extend in to the
basement that may be
conduits for upwelling
deep geothermal fluid.
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Revil, 2013 Combined SP and Used data fusion tebniques and | Propose future
electrical resistivity | image guided inversion to infer| exploration is necessary
data in the area to| most of the hot water circulating | to clarify the resource
investigate along the Victorie Fault has| potential to the south
fundamental discharged to the Mother Spring| and north  of town.
structures and fluid | north of the study area from| Previous evidence
flow paths in | CSM, 2012 and CSM, 2013. indicates potential to the
geothermal fields. south, this should be the

focus of investigations.

Klingel, 2014 | MMR solil gas| The constituents found in local| Continues to suggest
investigation of the | springs and wells are consitent | structurally  controlled
region. which lends support to a| circulation for  the

reservoir at depth that has a| geothermal system with
vertical pathway from the | a basement source for
Precambrian basement to the| the hea.

surface or near surface.

Table 1. Summary of previous exploration work in the Pagosa Springs Region, along with brief descriptions of
how the data and results influenced the Pagosa Verde decision making process for identifying thermal gradient
well sites and continuing explation activities.

Goff andTully reportedonthe geothermabotentialof ArchuletaCountyin 1994attherequest
of the County CommissionersThe report focusedn the geochemical analysisef surface
watersin the region to determine geothermometmyf the reservoirspresent. This report
collectedand analyzedwater samplesrom avariety of local springsand geothermalvells.
Geothermometrycalculationsand chemical analysis indicated ugo 120°C geothermal
reservoirsn the Precambriarbasementsinceupdatedto 130°Cby the ColoradoGeological
Survey

Surface Geophysics

The Coloraddchoolof Minesgeophysicslepartmensummer iield campstudentcompleted
surfacegeophysicalstudiesin the region under the supervisionof several professorand
graduatestudents(Appendix 9. Local landownersand government supportetthesestudies
throughaccesgo the area. The studentompleteda variety of techniques includinghallow
seismic,deepseismic,magnetetelluric, ground penetrating radar, sekbtential, resistivity,
magneticsandgravity surveygFigure 9. Thesesurveyshelpeddetermingotentialstructural
flow controlson the geothermal system. Identificatiaf faults and beddingeneatithe Mill
Creekand 8 Mile Fault regions allowed inferencés be made abouthe offset andfracture
potential intheseareasThe geophysical data significantly improved understandirige Mill
CreekandVictoire Faults.
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Figure 9 - Surface Geophysical Survey Lines

Surfacegeophysicakurveyscompletedby the Colorado Schoolof Mines in the areajust southof downtown
PagosaspringsandalongMill Creek.An additionaldeepseismicsurveywas completednorth of US 160 and
cutting acrosghe 8 Mile Fault(ColoradoSchoolof Mines,2012;ColoradoSchoolof Mines,2013)

Additional analysi®f thegeophysical data was performedmRgvil, et. al usingimage guided
inversionof theMT data. Thismageguidedinversionallows for more accurate analysisthe
dataandamoredefinedsubsurfacémage.Thegeophysicatiatacollectedcombinedo indicate
thepresencef faulting runningalongMill Creek between Highway &hdtheSanJuan River.
This fault, calledthe Mill Creek Fault (Figur€), runs parallelto the fault intersectingthe
Victoire Faultat the Mother Spring, settingup a comparable structuranvironment to the
s p r ilotaidnthatcouldbeanupwellingsourcefor geothermal fluid

An importantaspecbf the ColoradoSchoolof Mines study waghe 6km deepseismicprofile
runfrom Highway 84 to the westalongthe Mill CreekFaultandacrosghe Victoire Faultand
SanJuan River. This profile indates substantial fracturingearthe TG-1 locationaswell as
significant offsetlongthenorth-southtrending faultsn theregion(ColoradoSchoolof Mines,
2012) Thesefaults andfault intersectiondecamethe targewof the thermalgradientdrilling
programasthepotentialwas high for structurallgontrolledflow of thegeothermal fluid from
deep, basement penetrating features.

MMR Soil Gas Samples

The Magmatt, Mantle, and Radiogenic technique applied duritigs projectis a relatively
untestednethodattemptingto usethe soil gas chemistryo determine temperature anomalies
atdepth.Eachsitetesteduseda combinationof gas geothermometets determineanaverage
temperature from whictheanomaliesanbemapped. The measurements were talearthe

15











































































