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ABSTRACT

The Pah Tempe hot springs discharge 
~260 L/s of water at ~40 °C into the Virgin 
River in the footwall damage zone of the 
Hurricane fault at Timpoweap Canyon, 
near Hurricane, Utah, USA. Although these 
are Na-Cl waters, they actively discharge 
CO2 gas and contain signifi cant quantities 
of CO2 (~34.6 mmol/kg), predominantly 
as H2CO3 and HCO3

–. Because of excellent 
exposures, Pah Tempe provides an excep-
tional opportunity to observe the effects of 
enhanced fracture permeability in an active 
extensional fault.

Pah Tempe waters have been deeply circu-
lated (>5 km; >150 °C) into basement rock as 
illustrated by the clear water-rock exchange 
of oxygen isotopes. Waters were probably 
recharged under colder climate conditions 
than present and therefore have a prolonged 
subsurface residence. Discharge of both 
water and gas in the springs correlates to the 
density of fractures in carbonate rocks above 
stream level. This observation suggests that 
clusters of high fracture density in the fault-
damage zone act as pathways from the likely 
regional aquifer, the eolian Queantoweap 
Sandstone, through the overlying confi ning 

unit, the gypsiferous silty Seligman Member 
of the Kaibab Formation.

Mass-balance modeling suggests that the 
majority of CO

2 discharge is the product of 
the quantitative dissolution of CO2 gas at 
depth within the fault zone. Upon discharge, 
most of the carbon is released to the surface as 
dissolved species. It appears that the subsur-
face production rate of CO2 is relatively low 
because Pah Tempe waters are grossly under-
saturated in CO2 at inferred minimum circula-
tion depths and temperatures. Geological and 
geochemical data also suggest that the CO2 is 
dominated by a crustal component comple-
mented by minor mantle contributions.

Keywords: hydrogeology, CO
2
 fl ux, damage 

zone, aqueous geochemistry, structural geology.

INTRODUCTION

The role of enhanced permeability in fault 
zones in enabling the deep circulation of fl uids 
is an important topic that merges hydrogeol-
ogy, structural geology, and geochemistry. The 
fl ow of a number of different types of fl uids 
may be enhanced at fault zones, including: oil 
and natural gas, groundwater, ore-bearing fl u-
ids, and magmas. Of recent interest is the geo-
logic sequestration of CO

2
 (e.g., IPCC, 2005), 

and faults are one means by which natural or 

artifi cial CO
2
 reservoirs could fail (Benson and 

Hepple, 2005; Shipton et al., 2005a).
The Hurricane fault near St. George, Utah 

(Fig. 1), is an example where the active discharge 
of water and CO

2
 can be examined in detail. In 

particular, discharge from nearly horizontal 
subsurface sedimentary sequences that include 
clastic and carbonate rocks of variable primary 
permeability is accommodated through the foot-
wall of a major extensional fault and its related 
damage zone. Thus, the purpose of this paper is 
to summarize and describe the setting of fl uid 
discharge, to provide a preliminary assessment 
of the origin and fl ux rate of water and CO

2
 dis-

charge, and to examine the enhanced permeabil-
ity in the footwall of this major normal fault.

Hydrogeologic Setting

The Hurricane fault is an active, steeply west-
dipping normal fault that separates the Colo-
rado Plateau from the Basin and Range Prov-
ince (Stewart et al., 1997; Taylor et al., 2001) 
(Fig. 1). Where the Virgin River crosses the 
fault, just north of Hurricane, Utah, it has deeply 
incised the Permian Kaibab and Toroweap For-
mations. The local arid climate limits vegetative 
cover such that there is near complete exposure 
of ~200 m of rock in the canyon walls, revealing 
exposures of the ≥500-m-wide footwall damage 
zone (Fig. 2). At this location, known locally as 
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Figure 1. Index map and terrain model (1.5× vertical exaggeration) of 
the study area in southwestern Utah in relationship to the Hurricane 
fault. See text for discussion.
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Figure 2. Simplifi ed geologic map (after Biek, 2003) and cross section of the Pah Tempe area. Stiff diagrams have been added to the 
geologic map to indicate changes in water quality due to spring discharge. Stiff diagram scale applies to all three waters. 
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Pah Tempe or Dixie hot springs, large quanti-
ties of thermal water (~40 °C, 260 L/s; Dutson, 
2005) discharge at, or as much as, 2–3 m above 
stream level within the footwall damage zone of 
the fault. As will be shown here, large quanti-
ties of CO

2
 (both exsolved, actively exsolving, 

and dissolved) are released here. Dissolved CO
2
 

is represented by elevated bicarbonate and car-
bonic acid contents of the water. Exsolved CO

2
, 

by contrast, is represented by large numbers of 
bubble trains of nearly pure CO

2
 rising through 

the streambed, whereas passively exsolving CO
2
 

(without bubbles) can be detected immediately 
above the surface of spring pools.

Although a fair amount of work relevant to 
the Hurricane fault has been conducted, rela-
tively little detailed work has been done at the 
Pah Tempe locality until recently. Biek (2003) 
mapped the 7.5′ quadrangle that contains the 
site, and Lund et al. (2002) summarized the slip 
history and geometry of the fault (2370 m total 
throw and 0.2 mm/yr slip) at Pah Tempe. Dutson 
(2005) provided the chief detailed study on the 
hydrogeology of spring discharge.

It is not surprising that spring discharge takes 
place at Pah Tempe. Low-permeability mudstones 
(Moenkopi Formation) are juxtaposed across the 
fault in the hanging wall (Fig. 2), downcutting of 
the Virgin River provides a regional topographic 
low, and the damage zone of the fault provides 
fracture permeability for the migration of fl uids. 
Above stream level, the Toroweap and Kaibab 
Formations are composed of intercalated mem-
bers of cliff-forming carbonate rock and slope-
forming siltstones that are locally gypsiferous. 

Downcutting has brought the stream in contact 
with the 10–15-m-thick gypsiferous siltstone 
Seligman Member (unit Pts) of the Toroweap 
Formation (unit Pt, Fig. 2).

Due to its fi ne-grained and gypsiferous 
nature, the Seligman Member should be rela-
tively impermeable and sustain open fractures 
poorly relative to massive overlying and under-
lying units. Beneath the Seligman Member, 
there is the thick, massive, and competent eolian 
Queantoweap Sandstone (unit Pq, Fig. 2), which 
likely exhibits substantial primary porosity and 
permeability, as well as secondary fracture per-
meability in less porous units. Beneath this unit, 
there is a substantial thickness of sedimentary 
rocks dominated by carbonate rocks in which 
the permeability is dominated by fractures that 
may be accompanied by solution weathering 
(Fig. 3). Thus, the Seligman Member could act 
as a cap on subjacent hydrostratigraphic units, 
whereas the Queantoweap Formation and units 
below it accommodate far-fi eld fl ow.

Methods

Anion concentrations other than bicarbon-
ate (measured by titration) were determined 
at Brigham Young University (BYU) using 
a Dionex ICS-90 ion chromatograph. Cation 
abundances were measured with a Perkin Elmer 
5100C Atomic Absorption Spectrometer. The 
acceptable charge balance error was ≤5%.

Stable isotope ratios δ18O
VSMOW

 and δD
VSMOW

 
were measured at BYU with a Finnigan Deltaplus 
isotope-ratio mass spectrometer using methods 

similar to Epstein and Mayeda (1953) and Gehre 
et al. (1996), and values were normalized to the 
Vienna standard mean ocean water (VSMOW)/
standard light Antarctic precipitation (SLAP) 
scale (Coplen, 1988; Nelson, 2000; Nelson and 
Dettman, 2001). One dissolved inorganic car-
bon (DIC) sample, quantitatively precipitated 
as BaCO

3
 and acidifi ed (McCrea, 1950), and 

one exsolved CO
2
 gas sample were analyzed at 

BYU against an NBS-19 calibrated reference 
gas. Two exsolved CO

2
 gas samples were mea-

sured at Scottish Universities Environmental 
Research Centre (SUERC), East Kilbride. Typi-
cal uncertainties were ±1‰ for δD, ±0.3‰ for 
δ18O, and ±0.2‰ for δ13C.

One spring sample analyzed for tritium (3H; 
below detection limit) was prepared similar 
to the method of the University of Waterloo 
Environmental Isotope Laboratory (Drimmie 
et al., 1993) and analyzed at BYU with a Per-
kin Elmer Quantulus 1220 Liquid Scintillation 
Counter (LSC). Gas samples analyzed for CO

2
 

and helium isotopes were measured by mass 
spectrometry at the University of Utah follow-
ing collection in well-purged and crimped Cu-
tubing (e.g., Hendry et al., 2005).

Both the number of gas-vent outfl ows and the 
volume of gas released were estimated by counts 
conducted on a single day. The bed of the Vir-
gin River was divided into 6.1 m intervals, and 
bubble trains in each interval were counted by 
three separate individuals, permitting the estima-
tion of a mean bubble train count for each 6.1 m 
section. Intervals extended from the eastern trace 
of the Hurricane fault to ~525 m upstream, the 
location of the last observed gas vents, thereby 
defi ning the width of the damage zone in terms 
of gas discharge. The volumes of selected gas-
vent outfl ows along the streambed were aver-
aged for 10 gas vents using a funnel and a 50 mL 
container. The container and funnel were fi lled 
with water and then placed over the gas outfl ows, 
and the time for the water to be displaced by gas 
was recorded. Atmospheric CO

2
 concentrations 

were measured with a portable Vaisala meter.
Gain-loss fl ow measurements of the Virgin 

River were made during low-fl ow periods using 
a Flo-Mate portable fl ow meter. Flow measure-
ments were taken on three separate days during 
2003: 31 March, 14 May, and 22 May. Fracture 
density was measured using the circle-inventory 
approach of Davis and Reynolds (1996) and 
employing a 0.84-m-diameter hula hoop. A total 
fracture length was determined by summing 
all the fracture lengths within the circle. Frac-
ture density is expressed as the total fracture 
length divided by the area of the circle. Min-
eral saturation and inverse mass-balance model 
calculations were conducted using PHREEQC 
(Parkhurst and Appelo, 1999).

Queantoweap Sandstone (400 m)

Pakoon Dolomite (215 m)

Callville Limestone (200m)

Redwall Limestone (305 m)

Ouray-Elbert Formations (70 m)

Nopah Dolomite (305 m) 

Muav Limestone (305 m)

Bright Angel Shale (150 m)

Tapeats Sandstone (150 m)

basement rocks

(Vishnu Schist, Zoroaster Granite)

Grand Canyon Series?

Figure 3. Summary stratigraphic section for 
rocks beneath the stream grade at Pah Tempe 
(modifi ed from stratigraphic section 96 of Hin-
tze, 1993). Stars indicate probable aquitards, 
the Bright Angel shale and basement rocks. 
In the case of the former, large-scale fracture 
systems with aperture are unlikely to be abun-
dant, whereas in basement rocks, fractures 
with aperture are probably restricted to the 
damage zones of extensional structures like 
the Hurricane fault. It is unknown whether or 
not the Grand Canyon Supergroup is present, 
which has a thickness of ~4 km in the Grand 
Canyon area (Hintze, 1993). 
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Data discussed in this paper are derived 
largely from Dutson (2005), which can be 
accessed online at http://etd.byu.edu/. How-
ever, data sub sequently collected by us may be 
found in Table 1.

RESULTS

Water Composition

Water fl owing in the Virgin River upstream 
of the springs is a dilute, mixed cation-anion 
water with an ionic strength of 0.012 mol/L. 
Spring discharge, by contrast, is Na+-Cl– water 

with appreciable Ca2+ and SO 2–
4
  (Fig. 2) and an 

ionic strength of ~0.2 mol/L. Although, in rela-
tive terms, carbonate species are not abundant, 
the calculated P

CO2
 value of the water remains 

quite high (log P
CO2 

≈ –0.18) by the time it can be 
returned to the laboratory and analyzed. Spring 
water is oversaturated in quartz, aragonite, dolo-
mite, and calcite, whereas it is undersaturated in 
gypsum and anhydrite. The high ionic strength of 
the springs so degrades water quality in the Vir-
gin River (Fig. 2) that fl ows have been diverted 
around the spring discharges for agricultural and 
culinary uses for ~100 yr. At the time data were 
collected for this study, solute contents in the 

stream below Pah Tempe were dominated by an 
~85% contribution of spring fl ux.

Gas Flux

Gas-phase exsolution occurs as individual 
bubble trains arising through the stream, often 
occurring in groups or clusters. In total, more 
than an estimated 2400 individual bubble trains 
were found in the stream discharging a cumu-
lative ~4–5 L/s. Because discrete spring dis-
charges occur up to a few meters above stream 
level, invisible gas discharges almost certainly 
occur above stream level as well. The 10 vents 
for which fl ow rates were explicitly measured 
varied from 0.003 to 0.08 L/s.

On a blustery day in March 2007, when CO
2
 

outgassed from spring pools would be rapidly 
advected away, atmospheric concentrations var-
ied from 560 ± 65 ppmv just above the surface 
of a well-exposed pool of spring water (devel-
oped for bathing), indicating that CO

2
 is also lost 

directly from water surfaces. This represents an 
additional component of CO

2
 loss that is diffi -

cult to quantify, but it indicates that estimates of 
CO

2
 discharge represent minimum values.

Water and Gas Isotope Compositions

Stable isotope compositions of stream fl ows 
in the Virgin River above Pah Tempe plot on or 
below the global meteoric water line (GMWL, 
δD = 8δ18O + 10; Craig, 1961; Fig. 4), consis-
tent with lower deuterium excess values of 4–8 
as predicted by global precipitation maps for 
southern Utah (IAEA, 2001). Spring fl ows at 
Pah Tempe, by stark contrast, have nearly uni-
form δD values of about −108‰, whereas δ18O 
values vary by >1‰ (Fig. 4). Spring waters plot 
in a horizontal linear trend well to the right of 
the meteoric water line.

Gas chromatographic analysis of exsolved 
gas fl ux detected essentially pure CO

2
 (A. Mayo, 

2007, personal commun.), although the odor of 
H

2
S in the area is unmistakable. This gas has a 

δ13C value of −5.3‰ to −5.9‰ (Table 1), com-
pared to −2.1‰ for the DIC of spring water. The 
mean pH of the spring water is 6.3 ± 0.1, which 
is essentially the equivalence point for HCO–

3
 

and H
2
CO

3
 activities at the temperature of the 

springs, and it has an approximate P
CO2 

value of 
0.65 atm. HCO–

3
 and H

2
CO

3
 are present in sub-

equimolar proportions (~19 vs. ~14 mmol/kg, 
respectively), and the differences are due in part 
to the large difference in activity coeffi cients 
between charged and uncharged species in this 
brackish water. The weighted fractionation pre-
dicted by fractionation factors of Deines et al. 
(1974) between DIC species and CO

2
 according 

to their relative abundances is ~3.6‰, which is 
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Figure 4. Oxygen and hydrogen isotope relationships of upstream water 
in the Virgin River, Pah Tempe spring discharge, and mixed downstream 
waters (Dutson, 2005) compared to other regional waters, including 
springs, wells, and creeks (A. Mayo, 2007, personal commun.). The point 
for 1999 Sawyer Spring may be an analytical outlier as it matches poorly 
with other analyses of this spring plotted within the New Harmony data 
fi eld. The global meteoric water line (GMWL, δD = 8δ18O + 10; Craig, 
1961) is shown for reference, as are bounding values for local meteoric 
water lines (LMWLs) based upon a map of the deuterium excess factor for 
January precipitation in southern Utah (IAEA, 2001). 

TABLE 1. NEW CARBON AND HELIUM ISOTOPE DATA FOR PAH TEMPE GASES 

    

Sample δ13C (CO2) 
(‰) 

3He/4He (R/Ra) 
4He (cm3 STP/cm3 x 10–4) 

    
 – – )2.0±( 3.5– 27212
 – – )2.0±( 7.5– 1.1 epmeT haP
 – – )2.0±( 9.5– 4 nigriV

Virgin 1 – 0.1072 (±0.003) 3.39 (±0.10) 
Virgin 2 – 0.1023 (±0.001) 0.294 (±0.003) 
Virgin 3 – 0.0977 (±0.001) 0.527 (±0.005) 
Pah Tempe 1.2 – 0.0989 (±0.001)   2.13 (±0.064) 
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effectively equivalent to the observed difference 
of 3.2‰ to 3.8‰. Measured 3He/4He ratios from 
four vents exhibit a small range from 0.098 to 
0.107 R

a
 (Table 1).

Water Flux

After subtracting the component of fl ow in 
the stream at the time of measurement (~40 
L/s), spring discharge contributes ~260 L/s at 
Pah Tempe. When compared against gas vents, 
cumulative gas exsolution is well correlated with 
cumulative spring fl ows (Fig. 5), as expected. 
Based on vent counts, CO

2
 release by gas bubble 

trains is ~5 L/s. As will be shown in the follow-
ing sections, this is only a small fraction of total 
CO

2
 released and carried downstream as the dis-

solved species HCO –
3
 and H

2
CO

3
.

Fracture Density and Water-Flux Correlation

Fractures in Timpoweap Canyon have a gen-
eral strike of north to N30°E, subparallel to the 
Hurricane fault (Fig. 6), 60% of the fractures are 
≤1 mm in width, 35% are 2–5 mm in width, and 
5% are >9 mm. Measured fracture densities in 
carbonate rock in the north wall of Timpoweap 
Canyon vary in a highly irregular fashion east-
ward of the fault (Fig. 7). The fracture density in 
the footwall of the easternmost major strand of 
the Hurricane fault (Fig. 1) correlates well with 
the density of bubble trains in the riverbed. We 
did not observe major discharges west of the 
fault. Although the discharge in the hanging wall 
of the fault has not been thoroughly evaluated, 
the highly impermeable nature of the poorly 
indurated siltstones and shales of the Moen-
kopi Formation makes fl ow of carbon dioxide 
unlikely through the hanging wall (Fig. 2).

DISCUSSION

Source of Spring Waters

The residence time of the spring waters is 
diffi cult to determine directly. The spring dis-
charges are tritium free, and our experience has 
shown that direct attempts to date these waters 
by 14C methods would be unsuccessful due to 
elevated P

CO2 
and accompanying enriched δ13C 

values. Such waters have extraneous sources of 
carbon that are diffi cult to account for, making 
any realistic estimate of the proportion 14C activ-
ity due to decay impossible.

As hydrothermal exchange (discussed later) 
likely produced little signifi cant shift in hydro-
gen isotopes, it appears that the waters that fed 
this system, at the time of recharge, were iso-
topically depleted (with some exceptions) by 
as much as 18‰ relative to uplands contribut-

ing to modern recharge and surface fl ows in 
the Virgin River and other springs, wells, and 
surface waters in the region (Fig. 4). However, 
since the Virgin River drains much the same or 
similar recharge areas for springs of the region 
(Fig. 8), isotopic depletion at Pah Tempe may 
represent recharge under colder climate condi-
tions. A maximum 18‰ difference in δD values 
corresponds only to an ~3 °C change in average 
temperature (Dansgaard, 1975), but it is diffi cult 
to envision a cause other than climate change for 
the depleted δD values of Pah Tempe springs 
relative to most waters in the area. Thus, these 
waters are likely to be at least as old as the end 
of the last glaciation (>10 ka), which is consis-
tent with their deep circulation.

Pah Tempe spring discharge may include 
what has recently been referred to as “endo-
genic” water (e.g., Crossey et al., 2006; Liu et 
al., 2003), which is characterized by high P

CO2 
values, elevated salinity, and low pH commonly 
associated with upwelling along faults. At Pah 
Tempe, the waters are conspicuously shifted 
to the right of both global and expected local 
meteoric water lines (Fig. 4), a phenomenon 
long associated with hydrothermal exchange of 
oxygen isotopes with crustal rocks at elevated 
temperatures of at least 100 °C or perhaps more 
(150–350 °C according to Criss [1999]). Dut-
son (2005) presented geothermometric calcula-
tions for these waters. Conductive and adiabatic 

thermometers produced estimated temperatures 
of ~70–75 °C, whereas silica thermometers (for 
quartz) produced maximum temperatures nearly 
equivalent to the discharge temperature. Clearly, 
these waters have been circulated slowly enough 
for them to cool to a temperature of ~40 °C, and 
they have largely reequilibrated in the process.

Although there is a record of ca. 350 ka basal-
tic volcanism in the immediate vicinity (San-
chez, 1995), it represents eruption from mono-
genetic cinder cones and associated lava fl ows 
fed from deep-crustal or upper-mantle magma 
chambers. Thus, we consider Quaternary volca-
nism an unlikely direct heat source for hydro-
thermal exchange, although magmatism may be 
related to a regionally elevated geotherm.

The mean annual air temperature in the area 
is ~16 °C. In order for water to have been heated 
more than 85–135 °C above mean annual air 
temperature (>100–150 °C by deep circulation), 
depths on the order of >3–5 km must have been 
achieved, assuming a relatively high geothermal 
gradient of 30 °C/km. A lower geotherm would 
require even deeper circulation. Dutson (2005) 
reported that there are ~2 km of Phanerozoic 
sedimentary cover above basement rock in the 
region; thus, these waters have almost certainly 
circulated through crystalline basement rock. 
For example, most of Hintze’s (1993) strati-
graphic sections for southwestern Utah lack 
Neoproterozoic sedimentary rocks that occur 
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Figure 7. East-west projection of the relation-
ship of fracture density (m/m2) in carbonate 
rocks above the streambed to gas vent counts 
within the stream. Note that because the frac-
ture measurements were taken in the north 
canyon wall, rather than within the stream 
itself, the projection produces some uncer-
tainty in the match of the two features.
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elsewhere in the Colorado Plateau. However, 
without drilling data, we cannot determine for 
certain whether or not they are present beneath 
Pah Tempe. Assuming they are absent, such high 
fl uxes through crystalline basement rock were 
probably facilitated by open fractures produced 
by slip on the Hurricane fault in an extensional 
stress regime and augmented by high fl uid pres-
sure at depth. If these rocks are present, they 
could be suffi ciently thick (~4 km) to preclude 
fl ow through basement.

Water-Rock Interactions

The hydrothermal shift in δ18O values could 
provide important information on the tempera-
ture of exchange, and therefore depth of circula-
tion, if the lithology and mechanism of isotope 
exchange were known. For example, Valley 
(2001) calculated closure temperatures (after 

Dodson, 1973) to the self-diffusion of oxygen in 
important rock-forming minerals, including feld-
spar, quartz, and calcite. In most cases, it appears 
that oxygen isotope enrichment of water by self-
diffusion takes place at temperatures in excess of 
300 °C, corresponding to mid-crustal levels.

We have independently verifi ed the conclu-
sions of Valley (2001) in Table 2A, even for 
very fi ne grains of quartz and calcite (0.01 cm 
radius). Feldspar, however, could undergo diffu-
sive exchange at temperatures as low as 150 °C, 
although this analysis reveals nothing regarding 
how rapidly this exchange could proceed. Clay 
minerals, by contrast, are capable in principle of 
exchange at near-surface conditions, but if this 
exchange were rapid on geological time scales, 
we would expect to observe oxygen isotope 
enrichment much more frequently.

In the event of recrystallization, however, 
apparent closure temperatures for rocks and 

minerals are similar to near-surface values 
(Table 2B). These dynamic processes are capa-
ble of modifying the isotopic composition of 
aqueous fl uids, but if they are important, it begs 
the question as to why most waters lack obvious 
evidence of exchange at low temperature.

A consideration of the mechanisms of water-
rock exchange of oxygen, in the end, is impos-
sible because we have no direct evidence of 
the mechanism (self-diffusion versus chemical 
reaction) involved. Thus, we agree with conven-
tional wisdom suggesting that moderately high 
temperatures (>150 °C) and circulation depths 
(>5 km) were achieved, and that this likely 
involved fl ow through the basement (Fig. 3).

Correlation of Discharge to Fractures

The correlation of gas and water infl ow from 
an aquifer to observable fracture density above 
the aquifer (Fig. 6) suggests that secondary 
subsurface fracture permeability is providing 
the pathways for fl uid fl ow to the surface. In 
Timpoweap Canyon, clusters of high fracture 
density are clearly associated with gas vents, 
and because gas vents are correlated to spring 
infl ows, groundwater discharge is also related 
to clusters of high fracture density (Fig. 6). 
Large-scale faults are commonly surrounded 
by clusters of smaller-scale fractures and faults 
in the fault-damage zone. Transects of struc-
tural frequency across fault-damage zones usu-
ally show a signifi cant degree of clustering of 
minor faults and fractures and may show an 
overall increase toward the major slip plane 
(see review in Odling et al., 2004).

As noted already, the measured fractures 
mostly trend subparallel to the NE trend of the 
Hurricane fault (Fig. 6) and dip subvertically. 
Fractures of this trend are likely to maintain 
some aperture as they are subparallel to an 
active extensional fault. Assuming that fractures 
within the Seligman Member have aperture dis-
tributions similar to those described previously, 
and because fl ux within a fracture scales with 
the cube of aperture (Bear, 1972), >70% of the 
discharge could be partitioned into the 5% of 
fractures with >9 mm width. The localization 
of fl ow through a small number of fractures 
is not unusual in fracture-dominated fl ow. For 
instance, Evans et al. (2005) showed that just 10 
major open fractures within a single fault zone 
located at 3490 m depth accounted for 95% of 
the fl ow into boreholes at the European Union’s 
Soultz-sous-Forêt Hot Dry Rock test site.

Although the distribution of fracture aper-
tures within the subjacent Queantoweap Sand-
stones and Seligman Member is unknown, it is 
a relatively simple matter to demonstrate that 
relatively few fractures are needed to sustain the 

N

Hurricane

Cedar
City

I-15

Figure 8. Shaded relief map showing plausible recharge area 
and fl ow paths for waters discharging at Pah Tempe. Faults were 
derived from Hintze et al. (2000). Map projection is in universal 
transverse Mercator (UTM) coordinates, zone 12N.
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observed fl ow in either unit. Equation 1 is the 
familiar cubic law for fl ux (Q per unit length of 
fracture), where

 Q
b

g=
3

12μ
ρ , (1)

μ and ρ are the dynamic viscosity and density of 
water (6.53 × 10–4 kg/m s, and 992.25 kg/m3 at 
40 °C), and b is fracture aperture. The stream is 
~30 m wide (i.e., 30 unit lengths) near the bend 
of the river (Fig. 2), and on the south side of the 
stream there are large discharges from fractures 
in the canyon wall into developed bathing pools 
that occur 2–3 m above stream level.

This formulation of the cubic law, which 
does not account for fracture roughness or vari-
able aperture, can account for the observed fl ux 
with <10 fractures of 30 m length and just 1 mm 
aperture. This clearly indicates that neither frac-
ture nor matrix permeability in the Queantoweap 
Sandstone is a limiting factor on discharge.

The correlation of gas and water discharge 
to fracture density in the canyon walls indicates 
that the Hurricane fault damage zone in the low-
permeability gypsiferous siltstone of the Selig-
man Member of the Kaibab Formation provides 
a pathway for fl ow out of the Queantoweap 

Sandstone. Although the sedimentology of the 
Queantoweap Sandstone is variable, it is domi-
nated by eolian facies, which are likely to have 
high primary porosity and permeability. Butler 
(1995) reported that the Queantoweap Sand-
stone has produced good hydrocarbon shows, so 
at least in places, this unit is a regional fl ow unit. 
The damage zone in high-porosity sandstones 
will be dominated by relatively low-porosity 
deformation bands and high-permeability slip 
surfaces, but it is probable that the fault-damage 
zone in the Queantoweap contributes to imped-
ing across-fault fl ow but does not provide a bar-
rier to fl ow up the fault (Shipton et al., 2002, 
2005b; Fossen et al., 2007).

Source of CO
2 and its Flux

Exsolved gas from the springs at Pah Tempe 
consists of nearly pure CO

2
. Natural CO

2
 in such 

high concentrations can only originate from two 
sources, namely mantle volatile degassing or 
thermal metamorphism of carbonates. The mea-
sured range of δ13C (CO

2
) values from −5.3‰ 

to −5.9‰ (Table 1) is within the cited range of 
mantle-derived carbon of −3‰ to −8‰. How-
ever, this range overlaps with that of bulk crustal 

carbon, −5‰ to −7‰, and therefore does not 
provide unequivocal evidence of a mantle or 
crustal origin for the CO

2
 emanating from the 

springs (Ballentine, 1997; Ballentine et al., 
2001, 2002; Coltice et al., 2004; Javoy et al., 
1986; Jenden et al., 1993; Lollar et al., 1997).

Noble gases, specifi cally 3He, are unambigu-
ous tracers of the mantle volatile contribution 
to a crustal fl uid because 3He is primordial in 
origin and is not produced in signifi cant quanti-
ties within the crust. Figure 9 shows measured 
CO

2
/3He ratios plotted against CO

2
 composi-

tion for four of the Pah Tempe CO
2
 gas samples. 

All of the samples have CO
2
/3He ratios above 

the mid-ocean-ridge basalt (MORB) range of 
1 × 109 to 1 × 1010. Hence, it can be concluded 
that the CO

2
 sampled at the surface is predomi-

nantly derived from the thermal metamorphism 
of carbonates. However, it is impossible to 
determine if this crustal CO

2
/3He signature is 

the result of the addition of crustal CO
2
 free 

from 3He on migration to the surface or if it 
represents the original source CO

2
/3He ratio of 

the CO
2
 prior to migration.

Measured 3He/4He ratios exhibit a small 
range from 0.098 to 0.107 R

a
 (Table 1), which 

is slightly above the crustal 3He/4He R
a
 value of 

0.02 and signifi cantly below the measured sub-
continental mantle ratio of the region of 4.5–7.7 
R

a
 (Fitton et al., 1991; Dodson et al., 1998; Reid 

and Graham, 1996). This implies that there is a 
small mantle contribution to the CO

2
. This range 

of ratios is also signifi cantly below that of air, 
and, combined with the high He concentrations 
(which range from 5.7 to 65 times greater than 

1 × 1012

1 × 1011

1 × 1010

1 × 10 9

1 × 10 8

0.90 0.92 0.94 0.96 0.98 1.00
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Fraction CO
2
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C
O

2
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e 
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Figure 9. All of the Pah Tempe springs exsolve 
gas that has a CO2/

3He ratio above the mid-
ocean-ridge basalt (MORB) range, indicating 
that the CO2 is predominantly derived from a 
crustal source (Sherwood Lollar et al., 1997; 
Ballentine et al., 2001, 2002; Zhou et al., 
2005). All error bars are smaller than printed 
symbols. The shaded region highlights the 
range of CO2/

3He values measured in pure 
magmatic samples (MORB) (Burnard et al., 
1997, 2002; Moreira et al., 1998).

TABLE 2A. CLOSURE TEMPERATURES (°C) CALCULATED AFTER DODSON (1973)  
BASED ON EXPERIMENTAL DATA COMPILED IN COLE AND CHAKRABORTY (2001)      

Mineral Grain radius 0.01  
(cm) 

Grain radius 0.1 
(cm) 

Grain radius 1 
(cm) 

Reference* 

Anorthite 167 241 343 Giletti et al. (1978)  
Albite 143 227 350 Giletti et al. (1978) 
Calcite 307 386 491 Farver (1994) 
Quartz 493 676 964 Dennis (1984a) 
Quartz 510 616 754 Giletti and Yund (1984) 
Quartz 481 596 750 Giletti and Yund (1984) 
Kaolinite <54   O’Neil and Kharaka (1976) 
Kaolinite <49   O’Neil and Kharaka (1976) 
Kaolinite <103   Lui and Epstein (1984) 
Illite <0   O’Neil and Kharaka (1976) 
Illite <0   O’Neil and Kharaka (1976) 
   Note: Experiments were chosen in the presence of 100 MPa water (±solutes) and interpreted 
to result from self-diffusion rather than chemical reaction. A 5 °C/m.y. cooling rate was employed 
based upon the Hurricane fault slip rate of ~0.2 mm/yr at Pah Tempe (Lund et al., 2002) and an 
assumed geothermal gradient of 25–30 °C. A spherical shape factor was used in all cases. 
   *Complete documentation and references for the data sources, experimental conditions, etc.,  
are provided in Cole and Chakraborty (2001). 

TABLE 2B. CLOSURE TEMPERATURES (°C) CA LCULATED AFTER DODSON (1973) BASED  
ON EXPERIMENTAL DATA COMPILED IN COLE AND CHAKRABORTY (2001)      

Mineral  Grain radius 0.01  
(cm) 

Grain radius 0.1 
(cm) 

Grain radius 1 
(cm) 

Reference* 

 )2991( .la te eloC 0<   etinarG
 )2991( .la te eloC 0<   tlasaB

Albite <0 14 45 O'Neil and Taylor (1967) 
 )2991( .la te eloC 0<   enilcorciM

 )7691( rolyaT dna lieN'O 0<   enidinaS
 )9691( .la te lieN'O 0<   eticlaC

   Note: Experiments were interpreted to result from “chemical reaction” (recrystallization or cation  
exchange) rather than self-diffusion. A 5 °C/m.y. cooling rate was employed based upon the Hurricane
fault slip rate of ∼0.2 mm/yr at Pah Tempe (Lund et al., 2002) and an assumed geothermal gradient  
of 25–30°C. A spherical shape factor was used in all cases. 
   *Complete documentation and references for the data sources, experimental conditions, etc., are  
provided in Cole and Chakraborty (2001). 
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air), it allow us to rule out atmospheric contami-
nation of the samples.

The proportion of 3He and 4He from the man-
tle and crust can be calculated using the crust 
end-member value and an averaged subconti-
nental mantle 3He/4He value of 6 R

a
 (Eq. 2),

 4
crust

3

4
mantle

3

4
measured

3

4
m

He

He
He

He
He

He
He

=
−

aantle

3

4
crust

He
He

−
, (2)

where 4He
crust

 denotes the proportion of crustal 
4He within a unit volume of gas.

The crustal contribution to 4He is extremely 
high, ranging from 98.54% to 98.70%, with 
the remainder originating from the mantle. The 
crustal contribution to 3He can also be calculated 
using the following formula:

3
crust

3
crust

3

4
crust

He He
He

He
= ×

⎛
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3
crusHe÷ tt
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⎞
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⎡

⎣
⎢

4
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3

4
mantl

1 He
He
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+ − ×

ee

⎛
⎝⎜

⎞
⎠⎟

⎤

⎦
⎥. (3)

Despite virtually all of the 4He originat-
ing from the crust, only 18.4%–20.2% of the 
total 3He can be attributed to the crust, with the 
remainder originating from the mantle. These 
fi gures can be used with the range in mantle 
CO

2
/3He ratios of 1 × 109 to 1 × 1010 to calcu-

late the contribution of CO
2
 from the mantle and 

crust, ignoring the atmosphere contribution for 
the reasons outlined already. An unknown factor 
is the crustal CO

2
/3He ratio, which is variable 

(e.g., O’Nions and Oxburgh, 1988). However, 
a simple mass-balance approach allows the 
crustal CO

2
/3He ratio range to be calculated, 

from which both the crust and mantle contribu-
tions follow. We assume that gases other than 
CO

2
 have negligible overall volume.

3
mantle

2
3

mantle

He
CO

He
×

⎛
⎝⎜

⎞
⎠⎟  

3
crust

2
3He
CO

H
+ ×

ee
CO

crust
2,air+

⎛
⎝⎜

⎞
⎠⎟

= 1. (4)

The results of the calculation are shown in 
Table 3. As expected, the crustal contribution 
to the CO

2
 is high, ranging from a minimum of 

58.5% (Virgin 1) to 96.6% (Virgin 2) using a 
CO

2
/3He

mantle
 value of 1 × 1010. The maximum 

crustal contribution using a CO
2
/3He

mantle
 ratio of 

1 × 109 is 95.9% (Virgin 1) to 99.7% (Virgin 2). 
The calculated CO

2
/3He ratios for the crust vary 

from 6.3 × 1010 to 1.2 × 1012, which are within 
the range considered by O’Nions and Oxburgh 
(1988) to be typical of the crust.

Unfortunately, it is not possible to determine 
whether all the crustal CO

2
 component is derived 

from deep crustal decarbonation reactions ver-
sus the contribution from aquifer water that 
has dissolved carbonate minerals. The regional 
stratigraphy includes a considerable volume of 
marine carbonate rocks beneath the structural 
level of the springs. However, the high DIC con-
tent suggests that an upward fl ux of CO

2
 within 

the fault zone would be required to provide 
suffi cient acidity and accompanying carbonate 
dissolution to accommodate the elevated HCO –

3
 

and H
2
CO

3
 activities.

A simple calculation comparing the fl ux of 
exsolved to dissolved CO

2
 due to spring discharge 

shows that the gas phase only represents ~2% of 
the total (Table 4) carbon fl ux. Thus, a quantita-
tive treatment of CO

2
 loss through the enhanced 

permeability in the footwall of the Hurricane fault 
must focus on the dissolved species.

This observation can account for the varia-
tion in He concentrations within the samples. 
As the gas phase only represents 2% of the CO

2
 

fl ux erupting from the springs, it is highly prob-
able that all of the CO

2
 is traveling to the sur-

face dissolved in the groundwater. As there is 
therefore no free-gas phase, all of the 3He trans-
ported to the surface will also be dissolved in the 
groundwater. When reaching the surface, 2% of 
the CO

2
 is exsolved as gas, and because He is 

extremely insoluble, all of the dissolved 3He will 
exsolve into this CO

2
 gas phase. While the gas 

phase sampled contains almost pure CO
2
, vari-

able amounts will have been degassed at the 
different sample localities, and hence variable 
dilution of the 3He will have occurred. Since 

this is the case, our calculations of the propor-
tion of crustal CO

2
 within the springs should be 

taken as a minimum, as exsolution of more CO
2
 

would further dilute the 3He concentrations and 
increase the overall CO

2
/3He ratios.

Some of the DIC at Pah Tempe was obtained 
in the soil zone during recharge. We attempted 
to constrain an upper limit to the DIC content 
of recharge in order to estimate the minimum 
fl ux of CO

2
 from the system that has been added 

in the subsurface. Using the average winter sol-
ute content of meteoric water from a nearby 
NADP site (National Atmospheric Deposition 
program), we employed a simple PHREEQC 
(Parkhurst and Appelo, 1999) calculation. In 
order to obtain charge balance, the reported Na+ 
content was increased from 0.08 to 0.16 mg/L. 
Precipitation was allowed to come into equilib-
rium with calcite at an elevated soil P

CO2
 = 10–2, 

simulating maximum acidifi cation of ground-
water by soil-zone CO

2
 that was then expended 

dissolving calcite during recharge. At the result-
ing pH (~7.3), a maximum of about ~4.2 mmol/
kg out of a total of ~34.6 mmol/kg could be 
derived from recharge. However, the remain-
ing ~30.2 mmol/kg of the DIC load is likely to 
be extraneous, derived from an upwelling gas 
fl ux within the footwall damage zone, perhaps 
accompanied by additional dissolution of car-
bonate minerals.

PHREEQC inverse mass-balance models 
were employed to more explicitly estimate the 
fraction of CO

2
 gas dissolved in the spring water 

relative to carbonate dissolution during chemical 
evolution from recharge to discharge composi-
tions. Besides the inclusion of obvious phases 
(calcite, dolomite, gypsum, halite, and CO

2
), 

mass balances were achieved by the inclusion 
of ion exchange for K+, Na+, Ca2+, and Mg2+. 
Although these constraints readily produced 
model solutions, these solutions violated solu-
bility constraints. For example, many models 

        

TABLE 3. ESTIMATES OF CRUST AND MANT LE GAS CONTRIBUTIONS AT PAH TEMPE       
Sample  Using CO2  / 

3Hemantle of 1 × 109 Using CO2  /  

3Hemantle of 1 × 1010         
  CO2 origin % Crust CO2 / 

3He CO2 origin % Crust CO2  /  

3He 
  Crust Mantle  Crust Mantle  
Virgin 1  95.85 4.15 1.03 × 1011 58.50 41.50 6.26 × 1010 
Virgin 2  99.66 0.34 1.23 × 1012 96.60 3.40 1.19 × 1012 
Virgin 3  99.43 0.57 6.83 × 1011 94.25 5.75 6.48 × 1011 
Pah Tempe 1.2  97.64 2.36 1.66 × 10 11 76.42 23.58 1.30 × 1011 

TABLE 4. COMPARISON OF THE ESTIMATED AND POTENTIAL CO2 FLUXES AT PAH TEMPE

Annual evolved CO2 fl ux
(mol/yr)

Gross annual dissolved CO2 fl ux
(mol/yr)

Net annual dissolved CO2 fl ux
(mol/yr)

6.1 × 106 2.8 × 108 2.5 × 108 

Hypothetical CO2 fl ux (mol/yr) at 30 MPa and 50–150 °C 

2.0 × 109 to 4.1 × 109 
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required the dissolution of dolomite, whereas 
Pah Tempe spring water is oversaturated in this 
phase. Three realistic models consistent with sol-
ubility relations were produced by the inclusion 
of Mg-alumino-silicates such as talc and sepi-
olite to approximate interaction with Mg-clays.

These three models infer the dissolution of 
3.0 × 10−2 to 3.5 × 10−2 mol/kg of dissolved CO

2
. 

At the lower end of this range, a CO
2
 fl ux of 2.5 

× 108 mol/yr can be derived, which is the same 
value as our estimated net annual fl ux (Table 4) 
after accounting for DIC loads added during 
recharge. Thus, it appears that the majority of 
carbon exiting the subsurface at Pah Tempe is 
the result of the quantitative dissolution of CO

2
 

in the subsurface prior to discharge.

Size of the CO2 Source

An important question is whether the release 
of CO

2
 is limited by the size of the reservoir, or 

if it is limited by the ability of water to leave the 
subsurface. As discussed here, water fl ux seems 
to be limited by the permeability of the Selig-
man Member. The total carbon content of Pah 
Tempe spring discharge is ~3.5 × 10−2 mol/kg. 
For example, at an assumed circulation depth of 
3 km, or a hydrostatic pressure of ~30 MPa, the 
solubility of CO

2
 in pure water is much higher 

(~0.25–0.50 mol/kg) over a temperature range of 
50–150 °C (Fig. 4 of Portier and Rochelle, 2005). 
At the salinity of Pah Tempe water, this solubility 
is reduced slightly to ~95% of this value (Kansas 
Geological Survey, 2003), or ~0.24–0.48 mol/kg. 
Although many other factors, such as pH, may 
infl uence the solubility of CO

2
, this calculation 

infers that the rate of CO
2
 production and trans-

port to the aquifer is much lower than the ability 
of the aquifer to deliver CO

2
 to the surface.

Small volumes of tufa are currently being 
deposited at a few discrete discharge locations 
along the banks of the Virgin River just above 
stream level. However, most discharge is directly 
into the streambed. Fracture-fi lling calcite veins 
are also observed near sites of current discharge 
within the carbonate rocks that form the cliffs, 
as well as remnants of tufa preserved on at least 
the lower portions of the canyon walls.

Careful U-series analysis of these vein car-
bonates could be employed to constrain the 
minimum length of time that CO

2
 loss has pro-

ceeded, but it represents a substantial undertak-
ing that remains to be done. Lund et al. (2002) 
estimated current slip rates on the Hurricane fault 
to vary from 0.21 to 0.57 mm/yr. Assuming that 
these fi gures bracket the long-term slip history 
of the fault, and that development of the Hur-
ricane fault initiated outgassing at Pah Tempe, 
its history could easily extend back well into the 
Miocene Epoch in order to accommodate the 

2370 m of throw on the fault at this location, 
and far beyond the utility of the U-series geo-
chronometers. However, this maximum age is 
quite speculative.

What is also unknown is whether or not the 
fracture permeability in the fault zone is self-seal-
ing. As noted herein, these spring waters are over-
saturated in carbonate minerals, so there may be a 
natural tendency for deposition to diminish frac-
ture permeability over time, an observation that 
is consistent with calcite-fi lled fractures. If the 
repose interval between large subsequent earth-
quakes (several k.y. to more than 10 k.y.; Lund 
et al., 2002) is large relative to the time scale for 
fracture sealing, spring discharge may represent 
transient events following large earthquakes.

A slip event (>M 5.8) that occurred in 1992 
along the Anderson Junction segment of the 
Hurricane fault included the Pah Tempe area and 
altered spring fl ows (Blackett, 2004). Additional 
evidence that slip events may affect discharge 
derives from blasting in 1985 near the springs, 
which also altered fl ows and discharge locations 
(Frandsen, 2004).

CONCLUSIONS

The thermal springs at Pah Tempe are a clear 
example of the discharge of CO

2
 by deeply 

circulated upwelling fl uids within the footwall 
damage zone of an active fault. Fracture sys-
tems in the walls of Timpoweap Canyon corre-
late well with water and gas discharge patterns. 
Thus, fracture mapping above the confi ning unit 
for the system reveals fundamental information 
regarding fracture permeability within or below 
the confi ning unit. Comparisons of fracture den-
sity and CO

2
 fl ux show that as much as >70% 

of the fl ow may be focused in as little as 5% of 
the fractures. Although there is unlikely to be a 
large pool of supercritical CO

2
 at depth below 

the Pah Tempe hot springs (the Queantoweap 
is too shallow and the volumes of CO

2
 are not 

inferred to be large), it is essential to understand 
the controls on the generation of fracture clus-
ters to be able to predict likely fl ow in future 
engineered storage sites, such as may be the 
case in geologic CO

2
 sequestration.

Waters at Pah Tempe have been deeply circu-
lated (>3–5 km?). This seemingly requires fl ow 
through crystalline basement rocks, resulting in 
water-rock exchange of oxygen isotopes. How-
ever, unless the mechanism and minerals involved 
in exchange are known, it is diffi cult to place fur-
ther limits on temperatures and depths of circula-
tion. Hydrogen isotopes suggest that these waters 
were recharged under colder climate conditions, 
consistent with long circulation time scales.

Pah Tempe illustrates that in many cases, a 
large majority of CO

2
 may be returned to the 

surface within the DIC load. Geochemical 
 models suggest that the DIC load is dominated 
by quantitative dissolution of gas rather than 
gas dissolution accompanied by carbonate 
mineral dissolution. Because most water at 
Pah Tempe discharges near or within the Vir-
gin River itself, spring water is rapidly carried 
away, providing little opportunity for the devel-
opment of extensive spring tufas. Thus, calcite 
volumes in tufa deposits cannot be used to esti-
mate past fl uxes under such circumstances.

The size of the CO
2
 reservoir or gas production 

rate at depth appears to be small relative to the 
capacity of water to carry it to the surface. Noble 
gas analysis reveals the gas to be mostly crustal 
in origin. Calcite-fi lled veins and minor tufa 
remnants on cliff walls above stream level sug-
gest that discharge has extended for a consider-
able period of time. Speculatively, the age of the 
Hurricane fault suggests outgassing could extend 
back into the Miocene Epoch.

The net fl ux rate of CO
2
 at Pah Tempe is on 

the order of hundreds of millions of moles of 
carbon per year. As large as that may seem, it 
may be valuable to put the magnitude of this 
fl ux in perspective. It is a simple matter to dem-
onstrate that the total contemporary CO

2
 fl ux at 

Pah Tempe is only a very small fraction (<1%) of 
the gas released by a large (1000 MW) coal-fi red 
power plant, and only several percent of the total, 
assuming CO

2
 saturation at minimum circulation 

depths of ~3 km were reached. The current rate 
of natural release at a system like Pah Tempe is 
trivial compared to anthropogenic contributions.
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