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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 depths between 1400 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 higher than 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 Project was originally awarded to Flint Geothermal. It was organized into three 

Phases:  

Å Phase I - Quantify and qualify geothermal resources based on remotely sensed 

signatures.  

Å Phase II - Verify the signatures by direct on-site testing using indirect electrical and 

magnetic surveys including thermal gradient wells.  

Å Phase III- Based on the analysis of the Phase II surveys, drill deeper slim hole tests on 

two of the prospective resources.  

 

Flint Geothermal completed Phase I. Pagosa Verde LLC took over the grant in April 2014 to 

conduct Phase II of the project in the limited time allowed due to funding expiration. This 

report is concerned primarily with that Phase II. 

 

Pagosa Springs, Colorado is located approximately 400km southeast of Denver and 30km north 

of the Colorado-New Mexico border (Figure 1). A recognized geothermal resource since pre-

settler times, the waters have been frequented by visitors and locals for hundreds of years, with 

the size and depth of the main spring, or ñMother Springò causing special note from many. The 

current geothermal spas, resorts, and town heating system have been run for commercial and 

public benefit for decades. 

 

Pagosa Springs was identified as a potential geothermal target in Colorado by the Flint 

Geothermal Phase 1 exploration. The Flint Project identified the Pagosa Springs geothermal 

system as one of the five best geothermal sites in Colorado. The 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 lateral flow occurring along 

the Dakota Sandstone. The geochemistry and geothermometry of the Pagosa Springs system 

was positive for the low-temperature binary geothermal power and direct use. The geothermal 

resource in the region has long been identified due to a large spring (also referred to as ñMother 

Spring, Big Spring, Hot Springò) and other surface expressions in the downtown area straddling 

the San Juan River. 
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Figure  1 - State Map 
Map of the State of Colorado showing the location of Pagosa Springs in relation to Denver. Pagosa Springs is 

nestled in the South San Juan Mountains near the border with New Mexico (to the south) at an elevation of over 

2100m. 

 

Pagosa Springs was identified as a potential geothermal target in Colorado by the Flint 

Geothermal Phase 1 exploration. The geothermal resource in the region has long been 

identified due to a large spring (the ñMother Springò) and other surface expressions in the 

downtown area straddling the San Juan River. This shallow resource is currently utilized as the 

source for a variety of commercial resorts, spas, and the Town of Pagosa Springsô geothermal 

district heating program. Any future geothermal development in the area cannot infringe on the 

geothermal water rights that currently exist and so exploration focuses on deeper, hotter 

resources that will not negatively affect the public and private interests in town. Regional 

geologic mapping was completed by the USGS in the 1930s, and has since been updated in the 

1950s and again by the Colorado Geological Survey in the 1970s (Galloway, 1980). The Flint 

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 Springs inferred geothermal 

gradients of 90 C/Km and heat flow values of 120-199MW/m2. 
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Geology 

Sedimentary 
 

Pagosa Springs sits above a 300-500m Jurassic to Cretaceous sedimentary package. The major 

sedimentary units above the Precambrian crystalline basement near town are, in order of 

decreasing age, the Entrada, Wanakah, Morrison, Dakota, and Mancos formations. Regionally, 

erosion stripped away early Laramide formations on the Archuleta Anticlinorium and deposited 

late Upper Createceous and Paleocene sediments such as the Kirtland Shale and Animas 

formation in to the San Juan Basin and San Juan Sag, respectively (Brister and Chapin, 1994). 

More recent erosion has exposed the Cretaceous Mancos Shale and Dakota Sandstone in the 

Pagosa Springs area. These units have also been identified as the two near surface groundwater 

aquifers (Galloway, 1980). 

 

The sedimentary formations in the Pagosa Springs region are generally uniform in thickness 

and dip 5-10° to the northeast. The surface units near town are generally the Dakota Sandstone 

and the Mancos Shale, although small outcrops of Morrison to the south have been observed 

(Figure 2). Younger sediments such as the Lewis Shale outcrop to the east of town, moving 

progressively further up the sedimentary record (Galloway, 1980). A nonconformity between 

the Jurassic sediments and underlying the Precambrian granite gneiss complex generally lies 

between 300m and 460m below surface. The Precambrian formation in the Pagosa Springs area 

is currently undated. 

 
Figure  1 - Geologic Map of the Pagosa Springs Region 
Geologic map of the Pagosa Springs area from Revil et al, 2013. The surface geologic units are shown, with the 

Mancos shale separated into the upper and lower unit in the west and north and undivided in the east. (Big Springs 
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and Mother Springs are the same feature) 

 

Mancos Shale 

The Cretaceous Mancos Shale is a thick (greater than 600m) dark-grey to black fissile shale 

interbedded with thin discontinuous sandstones and limestones found broadly throughout the 

southwest United States. The Mancos Shale is divided into the Upper and Lower Mancos based 

on the amount of calcareous material. A layer of carbonaceous dark shale separates these 

members (Wood et al., 1948; Galloway, 1980). In Pagosa Springs the Mancos Shale varies 

from a 120m section to being nonexistent in some locations. 

 

Dakota Sandstone 

The Cretaceous Dakota Sandstone is a light to dark grey generally fine to medium 
grained sandstone approximately 60m thick in Pagosa Springs. A highly mottled texture 
in some sections results from heavy bioturbation  (Figure 3). The lower half of the unit  
has increasing shale and clay layers interbedded with the sandstones. An unconformity 
exists between the Dakota Sandstone and the underlying Morrison Formation 
(Galloway, 1980) separating the Upper Cretaceous sedimentary package from the 
Jurassic. 
 

Morrison Formation 

The Jurassic Morrison Formation ranges from a coarse grained conglomerate in its lower 

member to a fine grained sandstone in the upper member (Galloway, 1980). The sandstone 

members have a variable red to green mottled texture (Figure 3). Some shales are found near 

the upper member of the unit. Total thickness is around 210-220m in the Pagosa Springs region. 

 

 
Figure  2 - Dakota  and Morrison  Core Photos 
Photography of the slabbed core from TG-1. The left six columns are from 121-124m below surface and are 

Dakota sandstone, showing the mottled grey texture interpreted to be partially caused by bioturbation. The right 

six columns are from 209-212m below surface and highlight the red and green coloration frequent in the Morrison 

Formation. The complete core photography is attached in Appendix 3. Core photography by Core Laboratories in 
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Denver, Colorado. 

 

Wanakah Formation 

The Jurassic Wanakah formation is a white limestone-anhydrite layer ranging from 40% to 

95% anhydrite (Figure 4). The P-1 well found 40-70% anhydrite in this formation (Galloway, 

1980) and Pagosa Verde found 95% anhydrite. The unit thickness is 25-30m locally and it 

conformably overlies the Entrada formation (Galloway, 1980). 

 

Entrada Formation 

The Jurassic Entrada formation is white to grey and mottled fine to coarse grain sandstone 

(Galloway, 1980). The unit is massively crossbedded with sand grains typically rounded to 

subrounded and held with a carbonate cement (Wood et al, 1948; Galloway, 1980) (Figure 4). 

This unit is approximately 30m thick in the Pagosa Springs area and unconformably overlies 

the Precambrian basement. 

 

 
Figure  3 - Wanakah  & Entrada  Core Photos 
Photography of the slabbed core from TG-1. The six left columns are from 420-423m below surface in the 

Wanakah formation, while the right three columns represent the bottom 2m of TG-1 (442-444m below surface), 

transitioning from the Wanakah to the Entrada formation. Core photography by Core Laboratories in Denver, 

Colorado. 

 

Precambrian Basement 

The Precambrian basement, while not sedimentary, underlies the sedimentary package 
in the region. The basement is a hornblende biotite  gneiss complex with veins of light 
pink feldspar. Fracture surfaces in the basement show some alteration. Neither the 
gneiss nor granite has been dated in the area so the formation age is unknown. 
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Figure  4 - Basement Core Photo  
The Precambrian basement granite-gneiss complex at the bottom 1.5m of TG-3 (445-447m below surface). The 

basement was cored in TG-3 and TG-5, but not reached in TG-1. Core photography by Core Laboratories in 

Denver, Colorado. 
 

Structure 
 

Pagosa Springs lies on the Archuleta anticlinorium, a complex 120km anticlinal feature 

characterized by a network of mostly northwest-southeast trending folds and normal faults with 

some additional northeast trending transverse faults (Woode et al., 1948; Ryder, 1977). The 

anticlinorium serves as a border between the San Juan Uplift northwest of Pagosa Springs to 

the southeast into Northern New Mexico where it terminates at the Nacimiento Uplift, Chama 

Basin, and Brazos Uplift. These structural features resulted from the Laramide Orogeny, the 

tectonic event that formed the modern Rocky Mountains. 

 

The uplift of the Colorado Plateau initiated the Laramide Orogeny with a rise of about 3 

kilometers by the end of the Miocene (Clarkson and Reiter, 1987). Localized uplifts varied in 

magnitude, creating highlands and lowlands that deformed the existing sedimentary packages. 

The Archuleta Anticlinorium resulted from loading of sediments in the San Juan Basin and San 

Juan Sag and northeast compression during the Eocene in the late Laramide. Other regional 

stresses may have also contributed to the formation of the anticlinorium. The anticlinorium lies 

on the southwestern boundary of the Uncompahgre Uplift, formed during the Rocky Mountain 

Orogeny prior to the Laramide (Figure 6). The northwestern trend of the anticlinorium is likely 

influenced by faults in the Precambrian basement resulting from pre-Laramide tectonics 

(Brister and Chapin, 1993). 
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Figure  5 - Regional  Structure  Map 
Map of the Laramide structures of the region surrounding Pagosa Springs (modified by Revil et al, 2013 from 

Brister and Chapin, 1994). Overlain onto the structure map are dominant fracture systems mapped by Kelley 

(1957). Profile A to Aô indicates the location of the cross section shown in Figure 2 crossing the Archuleta 

anticlinorium. 
 

The fault and fracture systems present on the Archuleta Anticlinorium emerged from a 

combination of competing regional stresses. This resulted in a series of predominantly near 

vertical normal faults in the area. The faults trending northwest-southeast along the 

anticlinorium likely resulted from the Eocene northeasterly compression and basin loads. 

Another fracture system strikes north to northeast. These faults are most likely connected with 

Miocene dike intrusions as indicated by the displacement of the dikes (Galloway, 1980). The 

dikes are likely the result of stresses unrelated to Laramide tectonic activity (Baltz, 1967), 

which is suggested to end prior to the Oligocene (Brister and Chapin, 1994). Another dominant 

fracture system was mapped in the northeasterly direction (Kelley, 1957). 

 

Pagosa Springs exists at an intersection of these regional fracture systems, with a significant 

effect on the local geomorphology from underlying faults and geology. The San Juan River 

flows to the southwest until it reaches near the city where it flows westerly then takes a sharp 

turn to flow south, following an apparent change in fault trend (Figure 7.) This occurs at the 

intersection of the southwest trending unnamed Fault A (in Figure 7) and the north trending 

Victoire Fault. The sharp change in trend of the Juan River occurs in conjunction with the 

Mother Spring in downtown Pagosa Springs, suggesting structural control on the geothermal 

system and the river and indicating a thorough understanding of the structures involved to be 

important for properly understanding the system. 
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Figure  6 - Local Fault  Map 
Map of the Pagosa Springs region showing the locally mapped faults. The ñMother Springò is located at the 

intersection of Fault A and the Victoire Fault and is the primary surface indication of the geothermal system. 

Faults lines represent potentially wider shear zones, not discrete planes. 

 

The most prominent fault in the region is the southeast trending steeply dipping 8 Mile 
normal fault, approximately three kilometers to the southwest of Pagosa Springs. The 
steeply dipping Victoire Fault runs just to the east of downtown Pagosa Springs and has 
been thought to be a part of the structural control for the Mother Spring. The Mother 
Spring is the primary surface expression of the Pagosa geothermal system. The Mill  
Creek Fault parallels Fault A (Figure 7) and with the Victoire Fault has an intersection 
analogous to that at which the Mother Spring occurs. 
 

Initial Exploration 

Previous Work 
 

The Pagosa Springs region has been the focus of geothermal exploration activities occasionally 

since the late 1970s with the Colorado Geological Survey drilling project to characterize the 

resource (Galloway, 1980). This study combined a shallow gradient well array with deeper, 

wider bore exploration well drilling in the downtown region surrounding the surface expression 

of the Mother Spring. An array of 90m shallow gradient wells was used to map the heat flow 

anomaly in the region and found it to be increasing west of downtown with no maximum 
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determined. The deeper slimhole drilled during Gallowayôs exploration (P-1) successfully 

targeted the Precambrian basement. This well caused a loss in pressure at the Mother Springs 

and drilling had to be stopped to prevent economic damage to the previously existing 

commercial infrastructure in the region. 

 

The data gathered by Galloway served as the basis for much of the exploration in the region. 

A thermal gradient reversal below the Dakota was recorded in this location. Unfortunately, the 

raw data from Gallowayôs exploration has been lost so the gradients had to be recalculated 

from the reported information (calculations were done by the Colorado Geological Survey, 

courtesy of Paul Morgan). The basement core collected by Galloway was not found for 

additional analysis at any of the core libraries investigated (USGS Denver and University of 

Utah Energy and Geosciences Institute). 

 

 

 

 
Figure 7 - Heat flow Contours  
Heat flow contours and the location of the shallow gradient well array from Galloway, 1980. The confidence in 

the data gathered from these shallow holes was increased by the nearly matching heat flows calculated from G-4 

and TG-1 as a part of the Pagosa Verde exploration. 

 

The Town of Pagosa Springs has an operating district heating system for a variety of business 

and residential buildings in the downtown area. This system was installed in 1982 and has been 

operated through the fall, winter, and spring annually since. The town system and local resorts 

and spas that use geothermal heat are operating a series of shallow wells tapping in to the 

Dakota Sandstone, where Galloway recorded an elevated temperature in his P-1 well. 
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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 lower 
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 Precambrian 
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 and 
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 as an 
inferred geothermal resource 
based on gradients of 90°C/km, 
heat flow rates of 120-199 
mW/m 2, 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 surface 
expressions and 
shallow thermal 
wells, desktop study, 
static test, flow test 
on the direct use 
system 

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

Shallow drilli ng 
(<1000ft) within ½ 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 seismic, 
shallow seismic, 
magnetic, 
gravitational, 
electromagnetic, 
direct current, 
resistivity,  self-
potential, and ground 
penetrating radar 
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 region 
that extend in to the 
basement that may be 
conduits for upwelling 
deep geothermal fluid.  



14  

Revil, 2013 Combined SP and 
electrical resistivity 
data in the area to 
investigate 
fundamental 
structures and fluid 
flow paths in 
geothermal fields. 

Used data fusion techniques and 
image guided inversion to infer 
most of the hot water circulating 
along the Victorie Fault has 
discharged to the Mother Spring 
north of the study area from 
CSM, 2012 and CSM, 2013. 

Propose future 
exploration is necessary 
to clarify the resource 
potential to the south 
and north of town. 
Previous evidence 
indicates potential to the 
south, this should be the 
focus of investigations. 

Klingel, 2014 MMR soil gas 
investigation of the 
region. 

The constituents found in local 
springs and wells are consistent 
which lends support to a 
reservoir at depth that has a 
vertical pathway from the 
Precambrian basement to the 
surface or near surface. 

Continues to suggest 
structurally controlled 
circulation for the 
geothermal system with 
a basement source for 
the heat.  

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 exploration activities. 
 

Goff and Tully reported on the geothermal potential of Archuleta County in 1994 at the request 

of the County Commissioners. The report focused on the geochemical analysis of surface 

waters in the region to determine geothermometry of the reservoirs present. This report 

collected and analyzed water samples from a variety of local springs and geothermal wells. 

Geothermometry calculations and chemical analysis indicated up to 120°C geothermal 

reservoirs in the Precambrian basement, since updated to 130°C by the Colorado Geological 

Survey. 

 

Surface Geophysics 
 

The Colorado School of Mines geophysics department summer field camp students completed 

surface geophysical studies in the region under the supervision of several professors and 

graduate students (Appendix 9). Local landowners and government supported these studies 

through access to the area. The students completed a variety of techniques including shallow 

seismic, deep seismic, magneto-telluric, ground penetrating radar, self-potential, resistivity, 

magnetics, and gravity surveys (Figure 9). These surveys helped determine potential structural 

flow controls on the geothermal system. Identification of faults and bedding beneath the Mill 

Creek and 8 Mile Fault regions allowed inferences to be made about the offset and fracture 

potential in these areas. The geophysical data significantly improved understanding of the Mill  

Creek and Victoire Faults. 
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Figure 9 - Surface Geophysical Survey Lines 
Surface geophysical surveys completed by the Colorado School of Mines in the area just south of downtown 

Pagosa Springs and along Mill  Creek. An additional deep seismic survey was completed north of US 160 and 

cutting across the 8 Mile Fault (Colorado School of Mines, 2012; Colorado School of Mines, 2013). 

 

Additional analysis of the geophysical data was performed by Revil, et. al using image guided 

inversion of the MT data. This image-guided inversion allows for more accurate analysis of the 

data and a more defined subsurface image. The geophysical data collected combined to indicate 

the presence of faulting running along Mill  Creek between Highway 84 and the San Juan River. 

This fault, called the Mill  Creek Fault (Figure 7), runs parallel to the fault intersecting the 

Victoire Fault at the Mother Spring, setting up a comparable structural environment to the 

springôs location that could be an upwelling source for geothermal fluid. 

An important aspect of the Colorado School of Mines study was the 6km deep seismic profile 

run from Highway 84 to the west along the Mill  Creek Fault and across the Victoire Fault and 

San Juan River. This profile indicates substantial fracturing near the TG-1 location as well as 

significant offset along the north-south trending faults in the region (Colorado School of Mines, 

2012). These faults and fault intersections became the target of the thermal gradient drilling 

program, as the potential was high for structurally controlled flow of the geothermal fluid from 

deep, basement penetrating features. 

MMR Soil Gas Samples 
 

The Magmatic, Mantle, and Radiogenic technique applied during this project is a relatively 

untested method attempting to use the soil gas chemistry to determine temperature anomalies 

at depth. Each site tested used a combination of gas geothermometers to determine an average 

temperature from which the anomalies can be mapped. The measurements were taken near the 


















































