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THE MOUNT PRINCETON GEOTHERMAL AREA, CHAFFEE COUNTY, COLORADO

H. J. Olson

and

F. Dellechaie
AMAX Exploration, Inc.,
4704 Harlan,

Denver,

Abstract
The Mount Princeton geothermal area is

on the west side of the upper Arkansas Valley
near Buena Vista, Colorado, along the

northern extension of the Rio Grande rift.
The area underwent a complex period of
Tertiary
with the
Rhyolite
associated with the Rio Grande rift, began
in the Miocene and continued to within the
last 30,000 years.

manifestations are characterized by zeolitic

igneous activity which terminated
intrusion of the Raspberry Gulch

about 22 m.y. age. Faulting,

Surficial thermal

alteration, which covers approximately 64
km2 (34.7 sq. mi.), and many thermal springs
and wells which have a maximum temperature
of 85°C.
waters indicate minimum subsurface tempera-
tures of approximately 125°C.

Chemical analysis of the thermal

Deep
circulation of meteoric water, in a zone of
anomalous heat flow associated with the Rio
Grande rift, may be the heat source for the
thermal features of the area.

Location

The Mount Princeton geothermal area is
on the west side of the upper Arkansas Valley
between the towns of Buena Vista and Salida
in Chaffee County, Colorado (fig. 1). The
area is along the western flank of the
northern extension of the Rio Grande rift
‘zone and includes a portion of Collegiate
Peaks area of the Sawatch Range. The area
of thermal manifestations is along the
eastern flank of the range and is roughly
defined by Cottonwood Creek on the north and
Brown's Creek on the south. The thermal
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Figure 1. Index map of central Colorado,
showing the location of the Mount Princeton
area (after Van Alstine and Cox, 1969).
manifestations are most pronounced along
Chalk Creek where the jagged, zeolitized,
white Chalk Cliffs rise approximately 500
meters (1,600 ft.) above the Mount Princeton
Hot Springs.

Geology
The oldest rock units in the Mount
Princeton area are Precambrian metamorphic

and igneous rocks (fig. 2). Paleozoic and
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Figure 2. Geologic Map of the Mount Princeton area.
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Mesozoic rocks are not present in the area
although a thick section of sediments was
deposited over the area during this time
Apparently,
moved by the erosional event which followed

interval. these rocks were re-
uplift and the formation of the Sawatch
anticlinal structure during the lLaramide
orogeny.

Tertiary intrusion in the general area
may have commenced as early as the Eocene.
However, Lhe earliest intrusion in the Mount
Princeton area began with the emplacement of
the Mount Princeton Quartz Monzonite, dated
at 36 * 2 m.y. This intrusion of batholithic
proportion is the most prevalent rock in the
area. It was fecllowed by lamprophyre and
latite porphyry dikes, and the Mount Anterc
granite stock, dated at 30.8 + 1.1 m.y..
Afterwards, rhyolite dikes, dated at 25.4 + 1
m.y. and small quartz monzonite bodies,
dated at 24 + 1 m.y,, were intruded into the
Mount Princeton batholith. These were
followed by the emplacement, north of the
Mount Antero granite near the headwaters of
Raspberry Gulch, of the Raspberry Gulch
rhyolite (22 + 1 m.y.), the youngest igneous
rock in the area.

Volcanic rocks of Oligocene age are
common in the Mosquito Range to the east of
the Mount Princeton area, and two possible
rhyolitic vents, dated at 28-29 m.y., form
conspicuous domes across from the mouth of
Cottonwood Creek.

Regional uplift and the development of
the Rio Grande rift began in the early Mio-
cene. Rifting coatinued throughout the
Miocene and Pliocene, with deposition of
basin-£ill sediments, and throughout the
Pleistocene with the development of pediment
gravels and glacial debris, Faulting along
the rift is believed to have centinued to at
least within the last 30,000 years.

Structure

The Rio Grande rift in the Mount
Princeton area is characterized by a series
of
side of the valley and parallel normal faults

"en echelon'” normal faults on the west

on the east side which give the valley a

graben structure. Faults on the east side
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of the valliey drop the basin in a series of
steps; whereas, the fault system on the west
side of the valley consists of a relatively
narrow fault zone characterized by a single
large displacement. Parallcl north-trending
faults on the east side appear to have about
300 m. (1,000 £t.) of displacement each (Van
Alstine 196% and Knepper 1974). Zhody and
others (1971) believe, on the basis of

Tesistivity measurements, that there are

1,400 m, (4,600 ft.} of valley fill deposits
in the graben immediately south of Buena
Vista. Considering the topographic relief

present in the Sawatch Range, the total dis-
placement on the west side fault system may
be as much as 3,000 m, (10,000 ft.).

The gravity data do not show a sharp
gradient of the west side of the graben,
possibly due to the Mount Princeton intrusive
center.

Two major cross faults are projected
along Cottonwcood and Chalk Creeks. ILvidence
for the faults, which are covered, are hot
the
linear nature of the two valleys, and the

spring and alteration pattern location,

nonalignment of the mountain front at Chalk
Creek.

Alteration

Hot spring systems at the base of Mount
Princeton have produced an extensive zone of
alteration. The hydrothermal system, which
is active at present, is probably producing
a similar alteration assemblage at depth.
Alteration is characterized by the calcium
zeolite, leonhardite (Sharp 1970), which may
In

illite,

grade into laumontite below surface.
addition t¢ leonhardite; chlorite,
epidote, calcite and flucorite are present as
alteration minerals.

Zeolitic alteration covers more than 64
km? (25 sq. mi.) and has a vertical exposure
of 1,000 meters (3,283 ft.).
strongest at Chalk Ciiffs, above Mount

Alteration is

Princeton Hot Springs, but a weaker altera-
tion center is concentrated around Cottonwood

Hot Springs. The cliffs get their white
color from leonhardite and clays which filil
fractures to such a degree that they impart
a bright white hue to the normally grey host

rock.




The zeeolitic alteration is strongest in
the Mount Princeton Quartz Monzonite but it
is also present in Precambrian gneiss, Mount
Antero Granite, aplite, rhyolite, and
Raspberry Gulch Rhyolite.

Unweathered Mount Princeton Quartz Mon-
zonite shows weak chloritization of biotite
and sericitization of feldspars {Limbach
19753 .
probably related to the crystallization of

this weak, widespread alteration is
the Mount Princeton intrusive. Zeolitic
alteration, related to more recent hydro-
thermal activity, ceonverts hiotite to
chlorite; hornblende to calcite and epidote;
orthoclase to sericite; and plagioclase to
albite. Leonhardite is confined to fracture
openings and does net replace other minerals.
The calcium for the zeolite comes from the
breakdown of hornblende and plagioclase.
Chemical analysis of the strongly altered
Mount Princeton Quartz Monzonite shows little
change from the unaltered quartz monzonite,
except for slight additions in iron and water.
The zeolite alteration assemblage forms
at high activities of Hp0 relative to CO;.
These conditions prevail where hot water has
a pH of 8 to 9 (White and Sigvaldscen 1963},
which fits the hot springs in the Mount
Sharp (1970) has suggested
that the zeolitic alteration assemblage
present at Chalk Cliffs formed within a
range of temperatures of 145-220°C and
depths of 150-2,000 m, (4,925%-6,566.6 ft.)
below the surface, based on comparison with

Princeton area,

active geothermal areas in New Zealand and
Iceland.

Thermal Springs

The thermal springs in the Mount
Princeton area have been described by George
and others, 1920; Lewis, 1966; Sharp, 1970;
and Pearl, 1972, Most of the hot wells are
used for heating homes, greenhouses, bathing
and drinking (fig. 3).

The area contains at least six thermal
wells and two thermal springs (Table 1),
including Hortense Hot Spring, reportedly
the hottest spring in Colorado. Many cother
thermal seeps issue directly into Chalk

Creek, and cannot be counted. Several low-
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pressure, steam fumeroles are present, about
100 m. (368.3 ft.} to the west of Hortense
Hot Spring, in a talus slope at the base of
the Chalk Cliffs.
charge for the thermal features of the area,
computed as the product of the volume rate

The approximate heat dis-

and enthalpy of the water in excess of
ambient temperature, is seen in Table 1. All
the thermal features combine to produce

4 x 109 cal/sec. or enough heat to supply
approximately 200 average sized houses.

Table 1. Thermal features of the Mount
Princeton area.
Flow Heat Discharge

Sample Name TOC 1/m cal/sec,
Hortense Hot Spring 85 38 4,9 x 104
Younglife Hot Well

East 85 379 4.9 x 107
Youngiife Hot Well

West 67 379 3.7 x 109
Greenhouse Hot Well 68 379 3.8 x 10%
Chalk Creek Green-

house Hot Well 65 1892 1.8 x 109
Jump Steady Hot Well 59 568 5.0 x 10°
Mt. Princeton Hot

Spring 56 265 2.1 x 10°
Deer Ranch Hot Well 38.5 379 1.9 x 16°

4.0 x 109 cal/sec.

1.6 x 104 BTU/sec .

Analyses of thermal and non-thermal
waters of the Mount Princeton area are given
in Table 2.
Princeton area generally contain less than
150 mg/1 of dissolved solids.
generally neutral to slightly basic, Bi-

Non-thermal waters of the Mount

Water pH is

carbonate is the principle ion followed by
silica, calcium, sodium and magnesium. Cold
waters contain an average of 22 mg/1 of
silica. ITce Pond Cold Spring, about 1 mi.
(1.6 km) to the northeast of Buena Vista,
was chosen to represent backgrouand water
chemistry.

Thermal waters exhibit basic to very
basic pH. Four types of thermal water are
recognized:

1. Sulfate-sodium waters, with less
than 12 mg/1 chloride, may represent
steam condensate that has reached
equilibrium with quartz monzonite of

the Mount Princeton batholith., The
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Figure 3, Location of the thermal features of the Mount Princeton area.
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Table 2.

Chemical analysis of the thermal features of the Mount Princeton area.

Units are mg/i unless otherwise noted.

Younglife Younglife Chalk Creek

Hortense Het Well  Greenhouse Hot Well  Greenhouse Jump Steady Mt. Princeten Deer Ranch Ice Pond

Hot Spring East Hot Well West Hot Weil Hot Well Hot Spring Het Well Cold Spring
pH 9.6 9.2 9.1 9.1 8.8 9.2 8.6 8.8 7.6
c1 8.8 11 6.6 2.2 6.6 28 5.5 4.4 3.0
F 16 15 13 9.3 10 14 9.4 6.2 0.2
HCG3 46 43 79 44 52 31 59 64 68
CO3 16 18 20 10 0 24 0 0 0
SO 100 30 ac 60 70 110 60 4G ]
510, 85 80 75 75 65 60 60 45 25
Na 100 80 80 60 60 110 50 40 7
K 4.0 2 2 2 2 2 2 2 1
Ca 15.0 12 7 17 10 50 20 20 18
Mg 0.1 <0.1 <G, 1 0.4 0.1 0.3 0.4 0.9 4
Li 0.2 0.1 NA 0.1 NA 0.2 0.1 G.1 NA
B <1.0 <1.¢ <1.¢ <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
NH3 0.4 0.3 <G.1 <0.1 KA <0.1 <0.1 <0.1 <Q.1
TDS 392 351 363 280 276 430 266 223 132
T°C 85 85 68 67 65 59 56 38.5 9
Flow {gpm) 10 100 100 160 500 150 70 100 75
T510§°C 125 125 122 122 115 110 M 97 72
Ha/K°C 87 74 64 a4 84 45 g7 115 230*
Tha-K-Ca°C 75 55 &7 47 57 34 43 41 12
C1/50,4 0.2 ¢.3 ¢.2 0.1 0.3 0.7 0.3 0.3 1.4
C1/F 0.3 g.4 0.3 0.1 0.1 1.1 0.3 0.4 8.0
C1/HCO3#+C0y 0.5 G.6 6.2 0.1 0.4 1.7 0.3 G.2 0.2
Resistivity 21.4 24.2 NA NA NA 19.2 2.6 36.2 63.7

ohm-m
NA = not analysed

+ = [oes not represent true subsurface conditions, i.e.

Hortense and Mt. Princeton Hot
Springs, and three hot wells,
located south of the Chalk Ciiffs,
are included in this category,
Sulfate-sodium waters with greater
than 25 mg/1 of chloride probably
represent low temperature, low
salinity, hot water systems, de-
rived through deep circulation.
These waters are saturated with
calcium carbonate minerals and
deposit varying amounts of traver-
The Jump Steady Hot Well
(Cottonwood Het Spring) character-
izes this category.

tine.

Bicarbonate-sodium waters with less
than 7 mg/1 of chloride may repre-
sent dilutions cf sulfate-sodium
waters by bicarbonate rich ground-
waters. Greenhouse Hot Well and
Deer Ranch Hot Well represent this
group.
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4., Groundwater, as is found at the Ice
Pond Cold Spring, is generally rich
in bicarbonate.
Chemical analyses of hot spring systems
may be used to estimate subsurface tempera-
The

assumptions made in applying geochemical

tures of active geothermal areas.

indicators are summarized by Fournier, White,
and Truesdell (1974}; Fournier and Truesdell
(1973) suggest criteria for selecting the
most probable temperature. These techniques,
used in determining the subsurface equili-
brium temperatures given in Table 2, indicate
temperatures on the order of 125°C.

Waters in the Mount Princeton area were
analysed for oxygen-18, deuterium, and
tritium. In the analysis of the data,
deuterium and oxygen-18 have been normalized,
relative to standard mean ocean water (SMOW),
and are noted as 60 and 5018,

Figure 4 shows the variation between

6D and 8018, relative to SMOW, for several
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geothermal arcas. The straight line repres-

waters plotted in this way. Deuterium con- 8 0'8 per mil relative to SMOW)
centrations are constant and equal to local Figure 5. 4D versus §018 for waters of the
meteoric water. ¢n the other hand, 018 Mount Princeton area.

concentrations show a characteristic enrich- Tritium analyses indicate an age of 20

A sh i . 18 I :
ment or shift. The 0 shift is due to an to 51 years for Hortense Hot Spring, and 21

isotopic oxygen exchange between groundwater to 56 vears for the Jump Steady Hot Well.

and carbonates and silicates in the rocks.

These ages are in good agreement with the

Silicate and carbonate rocks contain 018, suggested youth of the same waters by 018

ranging from +6 to +30 per mil greater than analysis.

SMOW. DPeuterium generally does not vary

. . Heat e
from the metecoric concentration because rocks cat Sourc

. c . he ¢ i s rock in the unt
contain negligible hydrogen or deuterium. A The youngest igneous rock in Mo

- Y C " i C 3 h 1it
strong shift in 018 impiics a long storage Princeton area is Raspberry Gulch Rhyolite

. . . LY. d - o old to be the heat source
time and/or a large reservoir capacity. A 22 m.y. ol to d 1 !

. . . . for t Mount Princeton area hot springs -
very small shift implies one of two situa- the * P &

. . ‘s and it is doubtful that any younger igneous
tiens: first, temperature-pressure conditions vy & g

are too low to aliow waters to exchange 018 intrusions are present at shallow depths.

. . est 1 s i ¢ northern part of
with rocks within a relatively short time The youngest rocks in the northe P
the Rio Grande rift system are 4.5 - 3.6 m.y.

period, and sccond, descending meteoric waters T )
- 01d olivine tholeiitic basalts in the

are heated and rise so guickly that insuf- .
southern portion of the San Luis Valley.

According to Lipman (1969}, these basalts
were derived from depths of 15-20 km (8.3 -
12.4 wmi.). This suggests that a portion of

Fficient time is available for an 018 exchange
to occur. As shown on fig. 4, Niland waters,
which have mingled over a long period of

time with carbonate-rich Colorado River i
the rift is underlain by an upward pro-

sediments, show the greatest shift. On the
trusion of hot, mantle rocks that forms a

other end of the scale, Wairakei shows
zone of abnormally high heat flow. Heat

flow measurements along the rift show values
of two to three times the average crustal

negligible shift which implies that waters
descend quickly, stay in stovage for only a
short time, and then ascend.
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value (Gross 1974). White (1957) states that
meteoric water in fractured rocks can cir-
culate to depths of 3,000 m. {10,000 ft.)} and
the active faulting within the past 30,000
years could have permitted the fracture
system at Mount Princeton to remain open to
considerable depths. Circulation of meteoric
waters to these depths would be more than
adequate to produce the hot springs at Mount
Princeton and the indicated subsurface
temperatures.

Although igneous intrusion into faults
of the rift system cannot be completely
ruled out, the most likely heat source for
the thermal manifestations in the Mount
Frinceton area is the abnormally high geo-
thermal gradient associated with the Rio
Grande rift.
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southern Rocky Mountains were beveled by an crosion
surface of moderatelv low relief in the Late Locene; thus
the disappearance of great thicknesses of Oligocene vol-
canic rocks across the rift must be aseribed to Late
Tertiary uplift and crosion rather than to nondeposition.
Assuming an average clevation of 2,600 fect for the crosion
surface in Late Eocene time, minimum uplift was approx-
imatcly 5,000 to 12,000 feet during Late Tertiary time for
ranges east of the nft and minimum subsidence was 4,000
to 24,000 fect within the rift. Numerous fault scarps cut-

NIVINAOR AN30¥

FIGURE 3.
Diagrammatic map exploring the concept of extension and
drift affecting western North Amcrica. Black lines repre-
sent amount of expansion as if localized along a few
separations. Small arrows represent apparent vectors of
movement; farge arrows the apparent resultant direction of
the movement. IFrom Eardley (1962, p. 510) with slight
modifications along the Rio Grandc rift,

W ' E
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FIGURE 4.

Hvpothetical cross-section of the Rio Grande rift. The
large arrows indicate direction and relative rate of drift of
continental plates. The small arrows indicate a force couple
acting on the cast shoulder of the rift. Freund (1965, p.
34G) has cxperimentally produced a similar, but svm-
metric, model of the rifting and “necking” of sand above a
convection curreat in a heavy fluid substratum.

ting alluvial fans and Pleistocene surfaces indicate that
differential movement is continuing.
Synthesis of the above observations suggests the follow-

7 ing model (see figs. 3 and 4): {1) the continental plate

west of the rift 15 dnfting faster than the continental in-
terior {mantle convection may be pulling it over the East
Pacific Rise in a “convevor belt” manner similar to that
suggested by Cook, 1962); resultant crustal attenuation
formed the Basin and Range provinee and is splitting the
Colorado Platcau block awav from the interior; (2) the
east side of the rift developed greater structural relief duc
to riding up of thicker crust onto an upward bulge of
mantle material beneath the rift; (3) the west side of the
rift is relatively subdued due to crustal stretching accom-
panied by abundant normal faulting and a tendency to pull
the crust away from the mantle bulge beneath the rift; (4)
stretching and normal faulting along the west side relieves
subcrustal pressure and provides avenues for ascent of mag-
mas and hydrothermal solutions; (5) longitudinal faults
along the cast sidc are relatively tight and unconducive to
magmatism; westward drift of the interior block against the
mantle bulge tends to rotate the fauit planes to a near
vertical position and may change the sense of movement
from normal to reverse; (6) northwestward drift of the
Colorado Plateau as suggested by Eardley (1962) causes a
slight clockwise rotation against the nosth end of the rift
which tends to keep it tight and relatively free of vol-
canism; this may also explain the unusually high upthrust-
ing of the Sangre de Cristo horst along the east side of the
San Lauis Valley; (7) continued widening of the Rio
Grande rift in New Mexico appears to be accelerating vol-
canism and may cansc the tift to cvolve into a lava-flled
trough similar te the Snake River rift,

THE UPPER ARKANSAS GRABEN AND
PROBLENMS OF THIE NORTITEND

North of the San Luis Basin of Colorado, a narrow,
north-tapering, sharply defined trough extends for at least
60 miles to the continental divide north of Leadville {ﬁg-
2). 'I'hat this basin is a graben with a tectonic style similar

el i - o
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- the Basin and Range province has been recognized by
.atke  : the Leadwille arca for many years. Ilmmons,
-ang, and Loughlin (1927, p. 97) recognized that Lower
-sleozoic strata 1n the Mosquito Range had undergone at
st 8,000 feet of post-ore uplift relative to the same strata

- the upper Arkansas Valley at Leadville, They discussed
~z relative merits of subsidence versus uplift and spoke of
-ne simtlarity of this faulting to that in the Great Basin.
“heir crosssections {pl. 12) show the same progressive
=cpping down of strata towards the valley axis by numer-
sos longitudinal faults as is characteristic all along the rift.

iweto (1948, pl. 7) showed this structure very well on a
-ross-section of the upper Arkansas Valley at Leadville and
zbeled the valley a graben. Both sets of cross-sections show
s progressive steepening of the fanlt planes towards the east
soundary of the graben, which culminates in upthrusting
of the crest of the Mosquito Range along reverse faults.

Gableman (1952, p. 1608-1609}, 1n a very perceptive dis-
cussion based largely on geomorphology, projected the
rraben structure of the San Luis Valley northward up the
Arkansas Valley to Leadville. In 1960, Van Alstine and
Lewis (p. B245) described Early Pliocene fossils from a
500-foot section of alluvial fill exposed near Salida. The
following year, Tweto (1961, p. B133) named the alluvial
fill of the upper Arkansas Valley the Dry Union Formation
for exposures near Leadville and showed their continunous
distribution along the valley. He also presented evidence
for recurrent faulting of unconsolidated sediments con-
tine’ "~ into Holocene time; this phenomenon is a nearly
‘uni gl characteristic of the Rio Grande rift. Chapin and
C s (1964, p. 158) presented evidence for downfaulting
of Oligocene ash-flows by as much as 2,100 feet in the
Browns Canyon arca north of Salida. But the real break-
through came in 1968 when R. E. Van Alstine (p. C158)
demonstrated that the Arkansas and San Luis Valleys are
connected by a structural trough containing Late Tertiary
““eediménts. The trough crosses Poncha Pass west of U.S.
Highway 285 and is not obvious from that route. In a
later paper Van Alstine (1970, p. B46) extended the age
of the Dry Union Formation to Late Miocene on the
basis of vertebrate fossils identified by G. E. Lewis. On the
basis of similarities in structural style, age of alluvial fill,
alignment, and physical continuity, the upper Arkansas
graben is clearly part of the Rio Grande rift.

How far the Rio Grande 1ift extends beyond Leadville is
uncertain. Geomorphically, it appears to end at about the
Continental Divide; however, as Tweto {1968, p. 566) has
recently pointed out, scatlered en echelon north-trending
faults extend northward to near the Wyoming line and
may be related to the rift. Kelley (1956, 1970) has postu-
latcd that the Rio Grande depression, the Colorado Parks,
and the Laramie Basin arc linked in a rightlateral en
echelon system of intermontane troughs. However, the
mtermontane parks of Colorado are Laramide basins dis-
hnct in structural style and age of sedimentary deposits
f- 1 the post-Laramide grabens of the rift (sec summary

Sweto, 1968, p. 563, 566, 567). The contrast is espe-
-allvsharp between South Park and the adjacent upper
Mlnsas Valley, South Park is a Laramide basin which

received at least 1,000 feet of andesitic extrusives of Palco-
cene age (57 m.y.} and 8,000 fect of arkosic conglomerates
prior to folding and thrusting in the Late Paleocene or
Early Eocene (Sawatzky, 1964, 1968). Dunng the Late
Eocene, South Park was beveled by a surface of low relicf
onto which Oligocene eruptive rocks and volcanic detritus
from the adjacent Thirtynine Mile ficld (Epis and Chapin,
1968, p. 56) were emplaced. The only Late Tertiary sedi-
ments of appreciable thickness occur in the Antero syn-
cline in the extreme southwest corner of the park. This
small basin developed synchronously with the Rio Grande
rift as a small subsidiary downwarp along the inflection
line of its uplifted eastern shoulder and will be discussed in
the following section. In contrast, the area now occupied
by the upper Arkansas Basin was situated high on the
flanks of the Sawatch anticline until the Miocene when
subsidence accompanying regional uplift split the anticline
to form a narrow, highly-clongate graben. Streams flowed
eastward off the Sawatch anticline in the Late Eocene and
were filled with ash-flow tuffs in the Oligocene; these
paleovalleys and their volcanic rocks have been tilted to
the west and downfaulted over 2,000 feet into the upper
Arkansas graben (Chapin, Epis, and Lowell, 1970; Lowel},
1969, and this guidebook). The upper Arkansas Valley
then received 500 to 2,000 fect of Late Tertiary sediments
which are very similar to those of the Santa Fe Group in
New Mexico. Thus, the upper Arkansas graben is the
northward extension of the Rio Grande rift, not the
Colorado Parks.

INFLECTION BASINS

The sharply uplifted and outward-tilted shoulders of the
rift are generally 10 to 30 miles in width beyond which the
structural slope is more gentle. The change in slope is
rather sharp and marked by an inflection line along which
numerous faults, small folds, and local downwarps occur.
These smaller structures parallel the rift and were formed
contemporancously with it. They appear to be more abun-
dant east of the rift, probably because of the greater uplift
and tilting on that side. Four local downwarps, whose
development can be demonstrated to be synchronous with
the rift, are the Antero, Pleasant Valley, Moreno, and
Estancia basins; others probably exist,

The Antero Basin

The Antero Basin of southwestern South Park is a north-
to-northwest-trending syncline, which parallels the upper
Arkansas graben about 10 miles east of its rim. Oligocene
ash-flow tuffs and volcaniclastic sedimentary rocks of the
Thirtynine Mile field have been folded as much as 28
degrees about the synclinal axis {De Voto, 1964, p. 124).
Alluvial fan deposits of the Late Tertiary Trump and
Wagontongue formations are as much as 700 feet thick in
the southern past of the syncline; these beds dip 5 degrees
or less (op. cit.). Vertebrate fossils from the Wagontongue
Formation have been identified by C. L. Gazin (in Stark
and others, 1949, p. 69) and by G. E. Lewis (in De Voto,
1961, p. 168} as specics of Late Miocence or Early Pliocene
age. 'Thus, formation of the Antero Basin was approsi-
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Ahstract

(Ti; The Mount Princeton geothermal area is on the west side of the upper
Arkansas Vailey near Buena Vista, Colorado, along the northern extension
of the Rio Grande rift. The area underwent a complex period of Tertiary
igneous activity which terminated with the intrusion of the Raspberry
Guich Rhyolite about 22 m.y.b.p. Faulting associated with the Rio Grande
rift began in the Miocene and continued to within the last 30,000 years.
Surficial thermal manife§tations are chatacterized by zeolitic alteration
which covers approkimateiy 64 square kijometers and many thermal springs
and wells which have a maximum temperature of 85°C. Chemical analysis of
the thermal waters indicate minimum sﬁbsurface temperatures of approximately
125°C.  Deep circulation of meteoric water in a zone of anomalous heat flow
associated with the Rio Grande rift may be the heét source for the thermal

features of the area.




Location

The Mount Princetoﬁ_geotherma] area 1s on the west side of the upper
Arkansas Valley betwéen the towns of Buena Vista and Salida in Chaffee County,
Colorado {Figure 1). The area is along the western flank of the northern
extension of the Ri; Grande rift zone and includes a portion of Collegiate
Peaks area of the Sawatch Range. The area of thermal manifestations is
along the eastern flank of the range and is roughly defined by Cottonwood
Creek on the north and Browns Creek‘on the south. The thermal manifesta-
tions are most pronounced along Chalk Creek where the jagged zeolitized,

white Chalk C1iffs rise approximately 500 meters (1600 ft) above the

Mount Princeton Hot Springs.

Geology

The o]desf rock units in the Mount Princeton area are Precambrian
.metamorphic and igneous rocks {Figure 2). Paleozoic and Mesozoic rocks
are not present in the area although a thick section of sediments was
~deposited over the area during this time interval. Apparently these rocks
were removed by the erosional event which followed uplift and the formation
of the Sawatch anticlinal structure during the Laramide orogeny.

Tertiary intrusion in the general area may have commenced as early as
the Eocene. However, the earliest intrusion in the Mount Princeton area-
began with the emplacement of the Mount Princeton Quartz Monzonite, which
is dated at 36 £ 2 m.y.b.p.. This intrusion of batholithic proportion is
the most prevalent rock in the area.' It was followed by lamprophyre and
latite porphyry dikes and the Mount Antero granite stock which is dated at
30.8 T 1.1 m.y.b.p. Afterwards rhyolite dikes dated at 25.4 ¥ 1 m.y.b.p.

and small quartZ monzonite bodies dated at 24 * 1 m.y.b.p. were intruded




MIDDLE PARK

jo7
40° -

|otoutder 105"

COLORADD \

MAP LOCATION

SFagle

oAspen (
39+

silLeadvilie

Hol‘”‘ws

denosha Pass

SOUTH PARK

pGoiden

A LDENVER

Mi. Princeton

oGunnison

Bonanzag

THIRTYNINE MILE

VOLCANIC

FIELD

oLuke Georpge

OFlorissant

Pikes Peak,

Cripple

ofuffey oCaeek

Canyon City

SAN JUAN
’ Sagrache
VOLCANIC
T ot T, -
SAN LIS
FIELD VALLEY
olrecile
o6 5 16 20 30 MILES

lassalyonat 1

}

Figure 1. Index map of central Colorado, 5how1‘ng the location of the

Mount Princeton area (after Van Alstine and Cox. 1969).

oColorado
Springs




o7 Hasehn Taaath B
g Nt e g

[P
By
o
a
a2

. ) - e -, ]
P VA ; \ o
R [ T Lt TR
W at r -t . o™
r‘\‘ - 2 " 1 i 7 [+
oy P . ; - i
e 7 v, L [ '3 . S
1 . e ! ety M o T LT TNt
T : o L i ; v
Lev2d . O 20 . '
. (A ; o F S e
. } - Cate T DAt & e
. < s w | 1
T 4 S e s . o . , e,
‘e . . o
. b . * N £ 1 H .
A I’ *
. cr )
., L. y
oaol 0 . TQs GEOLOGY
VN . XA . kY
(\

{
;

: i MOUNT PRINCETON AREA
¥

;o NN : ‘ Explanation
: AN : o ' . .
~ RN S TQs Undivided Sediments

AN _,ff'q_} " Trg  Raspberry Gulch Rhyoiite
* \'\‘ ' . e E'r

Tgn  Quartz Monzonite
Tr Rhyolite
w7 Tma  Mount Antero Granite 1

. Ti Latite Porphyry
5 Lamprophyre

T .o @ Tmp Mount Princeton Quartz
S Monzonite

P£  Precambrian Rocks

i ‘ Zeolitic Alteration ‘

A A_\'B\‘..—--\-\’:‘j\;

1 - yeate s Y oial . e et erens EECES e
’("\\N___I“G :\_’ ! ( meP t [ S v e )
4 T~~~ Sxuny, \ - : ’ -
- S, \ - ' > LR
}l W + - . .L_._
' R
- : ‘- -
i .o t
. 1
I
L} \ |
h R )
i . ' !
. . [ 3 :
IR N \—"‘""“l‘_) -1 230 :

LAty - +

~ Figure 2. Geologic Map of the Mount Princeton area.



R Ay
l"' \»f\f" e ‘4
- Figure 3.

abey routamu

.__.:._ une N\- ot g “zﬂ\..‘v-‘___.u ,':
SR e
Fart i P O ) 1
kS ’, § /L.' ,_(f e
‘;,g_!;n i Qlwfw*‘ t .
- 1e : 2
" Harehy Sawsiurh F b’\\

N
3 Ho\riense J;{ rl
D ,ij>,ffh?”“i e
\unJghfe,Hof (HeTLWeg

i J“-—.H \:“

", o M!ﬁrsndeion Hot Sprmg }

J’E eHGreéahog__pr\Nef |
lot weltlEast *9 1 | )
poorti 1. ; : I

1}
!

<

!

V?L’

-

_ ﬂ

i

-~

SRS A
>

......

Location'of the thermal features of the Mount Princeton area.

'L‘.‘ hf’ur

v a
B
, Cz
H ~ .
' . .
ol perrt -

[ . e .

PO e L T - .
- eat .

.- .- . -




el

into the Mount Princeton batholith. These were followed by the emplace-
ment, to the north of the Mount Antero granite near the headwaters of
Raspberry Gulch, of the 22 £ 1 m.y.b.p. Raspberry Gulch rhyolite, which
is the youngest igneous rock in the area.

Volcanic rocks.of OIigocenejage are common in the Mosquitc Range
to the east of the Mount Princeton area, and two possible rhyolitic vents
dated at 28-29 m.y.b.p. form conspicuous domes across from the mouth of
Cottonwood Creek. _

Regional uplift and the development of the Rio Grande rift began in
the early Miocene. Rifting continued throughout the Miocene and Pliocene
with the deposition of basin fill sediments, and throughout the Pleistocene
with the development of pediment gravels and glacial debris. Faulting
along the rift is believed to have continued to at least within the last

30,000 years.

Structure

The Rio Grande rift in the Mount Princeton area is characterized by
a series of en echelon normal faults on the west side of the valley and
para11é1 normal fauTts on the ea;t side which give the va]Tey a graben
structure. Faults on the east side of the valley drop the basin ih a series
of steps, whereas the fault system on the west side of the valley consists
of a relatively narrow fault zone characterized by a single large displace-
ment. Parallel north-trending faults on the east side appear to have about
300 meters (1000 ft) of displacement each (Van‘A1stine, 1969 and Knepper, 1974).
Zhody and others (1971) believe on the basis of resistivity measurements"-

that there is 1400 meters (4600 ft) of valley £111 deposits in the graben



immediately south of Buena Vista. Considering the topographic relief
present in the Sawatch Range, the total displacement on the west side
fault system may be as much as 3000 meters (10,000 ft).

The gravity data do not show a sharp gradient of the west side of
the graben possibly-due to the Mount Princeton intrusive center.

Two major cross faults are projected along Cottonwood and Chalk Creeks.
Evidence for the faults, whiéh are covered, are hot spring and alteration

pattern Jocation, the linear nature of the two valleys, and the nonalign-

ment of the mountain front at Chalk Creek.

Alteration
Hot spring systems at the base of Mount Princeton have produced an
extensive zone of alteration. The hydrothermal system, which is active at

present, is probably producing a similar alteration assemblage at depth.

Alteration is characterized by the calcium zeolite, leonhardite (Sharp, 1970),

which may grade into laumontite below surface. In addition to leonhardite,
chlorite, illite, epidote, calcite and fluorite are present as alteration
minera}s.

Zeolitic alteration covers more than 64 square kilometers (25 sq mi)
and has a vertical exposure of 1000 meters (3000 ft). Alteration is
strongest at Chalk Cliffs above Mount Princeton Hot Springs but & weaker
alteration center is concentrated around Cottonwood Hot Springs. The cliffs
get their white color from leonhardite and clays which fil1l fractures to

such a degree that they impart a bright white hue to the normally grey host

H
A

rock.




The zeolitic alteration is strongest in the Mount Princeton Quartz
Monzonite but it is also present in Precambrian gneiss, Mount Antero
Granite, aplite, rhyolite, and Raspberry Gulch Rhyolite.

Unweathered Mount Princeton Quartz Monzonite shows weak chloritiza-
tion of biotite and sericitization of feldspars (Limbach, 1975). This
weak, widespread alteration is probably related to the crystallization of
the Mount Princeton intrusive. Zeolitic alteration that is related to
more recent hydrothermal activity converts biotite to chlorite hornblende
to calcite and epidote, orthoclase to sericite, and plagioclase to albite.
Leonhardite is confined to fracture openings and does not replace other
minerals. The calcium for the zeolite comes from the breakdown of horn-
blende and plagiocliase. Chemical analysis of the strongly altered Mount
Princeton Quartz Monzonite shows 1ittle changé from the unaltered quartz
monzonite, except for slight additions in iron and water.

The zeolite alteration assemblage forms at high activities of H,0
relative to €0,. These conditions prevail where hot water has pH of
8 to 9 (White and Sigvaldson, 1963), which fits the hot springs in the
Mount Princeton area. Sharp (1970) has suggested that the zeolitic altera-
tion assemblage present at Chalk Ciiffs formed within a range of tempera-
tures of 145-220°C and depths of 150-2000 meters {500-6600 ft) below the
surface based on comparison with active geothermal areas in New Zealand

and Iceland.

Thermal Springs

The thermal springs in the Mount Princeton area have been described:
by George, et al {1920) Lewis (1966) Sharp (1970) and Pearl (1972). Most
of the hot wells are used for heating homes, greenhouses, bathing and

drinking (Figure 3).




The area contains at least 6 thermal wells and 2 thermal springs
(fi (Table 1) and includes Hortense Hot Spring which is reportedly the hottest
| spring in Colorado. Many other thermal seeps issue directly into Chalk
Creek, and cannot be counted. Several low pressure steam fumeroles are
present about 100 meters {300 ft) to the west of Hortense Hot Spring in a
talus slope at the base of the Chalk Cl1iffs. The approximate heat discharge
for the thermal features of the area, computed as thé product of the volume
rate and enthalpy of the water in excess of ambient temperature, is seen in
Table 1. A1l the thermal features combine to produce 4 x 106 cal/sec. or

enough heat to supply approkimately 200 average sized houses.

Table 1. The thermal features of the Mount Princeton area.

Flow Heat Discharge

Sample Name T°C 1/m cal/sec.
Hortense Hot Spring | 85 38 4.9 x 10%
Younglife Hot Well East 85 379 4.9 x 105
Younglife Hot Well West 67 379 3.7 x 10°
Greenhouse Hot Well 68 379 3.8 x 10°

Chalk Creek Greenhouse Hot Well 65 1892 1.8 x 106

Jump Steady Hot Well - 59 568 5.0 x 10°
Mt. Princeton Hot Spring 56 265 2.1 x 10°
Deer Ranch Hot Well 38.5 379 1.9 x 105

4.0 x 105 cal/sec.
1.6 x 10% BTU/sec.
Analyses of thermal and non-thermal waters of the Mount Princeton area
are given in Table 2. Non-thermal watérs of the Mount Princeton area

generally contain less than 150 mg/1 of dissolved solids. Water pH is
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" Table 2. Chemical analysis of the thermal features of the Mount Princeton area. Units are mg/1 unless otherwise noted.

’f

Younglife Younglife Chalk Creek
Hortense Hot Well . Greenhouse Hot Well Greenhouse  Jump Steady Mi. Princeton Deer Ranch Ice Pond
"Hot Spring East Hot Well West Hot Well Hot Well Hot Spring Hot Weil Cold Sprin
pH 9.6 9.2 g.1 . 9.1 8.8 9.2 8.6 8.8 7.6
C1 8.8 11 6.6 2.2 6.6 28 5.5 4.4 3.0
"F 16 15 13 9.3 10 14 8.4 6.2 0.2
HCO3 46 43 79 44 52 A 59 64 68
C03 16 18 20 .10 0 24 0 0 0
SC 100 90 80 60 70 110 60 40 6
Si 2 85 80 75 75 65 60 60 45 25
Na 100 80 80 60 60 110 50 ’ 40 7
K 4.0 2 2 2 2 2 2 2 ]
Ca 15.0 12 7 17 10 - : 50 20 - 20 18
Mg 0.1 <0.1 <0.1 0.4 G.1 0.3 0.4 0.9 4
Li 0.2 0.1 NA 0.1 NA 0.2 0.1 0.1 NA
B <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0
NH3 0.4 0.3 <0.1 <0.1 NA <0.1 <0.1 <0.1 <0.1
- TDS 392 351 363 280 276 430 266 223 132
T°C 85 8 868 67 65 59 56 38.5 9
Flow (gpm) 10 100 100 100 500 150 70 100 75
TSi05°C 125 125 122 122 115 110 111 97 72
.- TNa/K°C 97 74 : 64 84 84 45 97 115 230%
- TNa-K-Ca°C 75 55 67 47 57 34 43 41 i2
C1/504 0.2 0.3 0.2 0.1 0.3 0.7 0.3 0.3 1.4
Cl/F 0.3 0.4 0.3 0.1 0.1 1.1 0.3 0.4 8.0
C1/HCO3+C03 0.5 0.6 0.2 0.1 0.4 1.7 0.3 0.2 0.2
Resistivity  21.4 24.2 NA NA NA - 18.2 32.6 36.2 63.7
ohm-m
;ggifNA not analysed

+ = Does not represent true subsurface conditions, i.e. ¥YC(Ca >1
: - Na




~generally neutral to slightly basic. Bicarbonate is the principle ion
followed by silica, calcium, sodium and magnesium. Cold waters contain
an average of 22 mg/1 of silica. Ice Pond Cold Spring, about 1 mile to
the northeast of Buena Vista, was chosen to represent background water
chemistry. N

Thermal waters exhibit basic to very basic pH. Four types of thermal
water are recognized.

1. Sulfate-sodium waters with less than 12 mg/1 chloride may
represent sgeam condensate that has equilibrated with
quartz monzonite of the Mount Princeton batholith.

Hortense and Mt. Princeton Hot Springs and three hot wells
located south of the Chalk CTiffs are included in this
category.

2. Sulfate-sodium waters with greater than 25 mg/1 of chloride
probably represent Tow temperature, low salinity hot water
systems, derived through deep circulation. .These waters are
saturated with calcium carbonate minerals and deposit varying
‘amounts of travertine. The Jump Steady Hot Well (Cottonwood
Hot Spring) characterizes this category.

3. Bicarbonate-sodium waters with less then 7 mg/1 of chioride
may represent dilutjons of sulfate-sodium waters with
bicarbonate rich groundwaters. Greenhouse Hot Well and Deer
Ranch Hot Well represent this group.

4. Groundwater as is found at the Ice Pond Cold Spring, is

L

generally rich in bicarbonate.




Chemical analyses of hot spring systems may be used to estimate sub-

surface temperatures of active geothermal areas. The assumptiong made in

5-. applying geochemical indicators are summarized by Fournier, White, and
Truesdell (1974), and Fournier and Truesdell (1973) suggest criteria for
selecting the most probable temperature. These techniques were utilized
in determining the subsurface equilibrium temperatures given in Table 2
and indicate temperatures in the order of 125°C.

Waters in the Mount Princeton area were analysed fér oxygen-18
deuterium and tritium. In analysis of the daté deutrium and oxygen-18
have been normalized relative to standard mean ocean water (SMOW), and
are noted as oD and 8018.

Figure 4 shows the variation between &D and 60]8 relative to SMOW
for several geothermél areas. The straight 1ine represents the almost
world-wide slope for meteoric waters plotted in this way. Deuterium

concentrations are constant and equal to local meteoric water. On the

other hand 018 concentrations show a characteristic enrichment or shift.
Thé 0!8 shift is due to an isotopic oxygen exchange between groundwater
and carbonates and silicates in the rocks. Silicate and carbonate rocks
contain 018 rangiﬁg from +6 to +30 per mil greater than SMOW. Deuterfum
generally does not vary from the meteoric concentration because rocks
contain negligible hydrogen or deuterium. A strong shift in 0!8 implies
a long storage time and/or a ]afge reservoir cdpacity. A very small shift
implies one of two situations: first, temperature-pressure conditions are
too low to allow waters to exchange 018 with rocks within a relatively
short time period and second, descending meteoric waters are heated and

rise so quickly that insufficient time is available for an 018 exchange
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to occur. As shown on Figure 4, Niland waters which have ming]éd over a
Tong period of time with carbonate rich Colorado River sediments show
the greatest shift.  On the other end of the scale, Wairakei shows negli-
gible shift which implies that waters descend quickly, stay in storige

for only a short tile and then ascend.
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Figure 4. Observed isotopic variations in near-neutral chloride
type geothermal waters and in geothermal steam. Solid points are
local meteoric waters, or slightly heated near-surface groundwaters.
Open circles are hot springs or geothermal water, crinkled circles
are high temperature, high pressure, geothermal steam (after Craig,

1963).
Figure 5 is a plot of §D-60'8 for selected waters of the Mt. Princeton area.
The hot waters show no apparent ol® shift. This implies that these hot

waters have been in residence with the reservoir rocks only a short time

and have not exchanged oxygen isotopes as at Niland.
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Tritium analyses indicate an age of 20 to 51 -years for Hortense Hot
Spring and 21 to 56 years for the Jump Steady Hot Well. These ages are
in good agreement with the suggested youth of the same waters by 0!8

analysis.

Heat Source

The youngest igneous rock in the Mount Princeton area is the 22 million
year old Raspberry Gulch Rhyolite which is too old to be the heat source for
the Mount Princeton area hot springs, and-it is doubtful that any younger
igneous intrusions are present at shallow depths. The youngest rocks in
the northern part of the Rio Grande rift system are 4.5 to 3.6 million years .
old olivine tholeiitic basalts in the southern portion of the San Luis Valley.
According to Lipman {1969) these basalts were derived from depths of 15-20
kilometers. This suggests that a portion of the rift is underiain by an
upward protrusion of hot mantle rocks that forms a zone of abnormally high
heat flow. Heat flow measurements along the rift show values of two to
three times the average crustal value (Gross, 1974). White (1957) states
that meteoric water in fractured rocks can circulate to depths of 3000 meters,
and the active faulting within the past 30,000 years could have permitted
the fracture system at Mounﬁ Princeton to remain openlto considerablg depths.
Circulation of meteoric waters to these depths would be more than adequate
to produce the hot springs at Mount Princeton and the indicated subsurface
teﬁperatufes.

Although igneous intrustion into faults of the rift system cannot be

completely ruled out, the most 1ikely heat source for the thermal manifesta-

-tions in the Mount Princeton area is the abnormally high geothermal gradient

associated with the Rio Grande rift.
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