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even if radon is generated in sufficient quantity by uraniferous
foundation soil, pore water in the soil effectively traps radon and
inhibits radon migration (Tanner, 1980). Conversely, low soil-
moisture content above the ground-water table facilitates diffu-
sion of radon to the air. The rate of radon migration is a function
of soil permeability. Permeable soil with open pathways enables
radon migration, whereas impermeable soil inhibits radon mi-
gration, whether by diffusion of soil gas or ground-water trans-
port (Schery and Siegel, 1986).

In addition to the three geologic factors used for hazard
evaluation, concentrations of five other geochemical factors
were measured: (1) thorium (232Th) in shallow soil, (2) potassium
(49K) in shallow soil, (3) total gamma count in shallow soil, (4)
radon in soil gas, and (5) indoor radon. Although 222Rn is
generally the most significant contributor to indoor radon, 220Rn
may also be significant if in sufficient quantities (Stranden,
1984). This latter radon isotope is formed by the decay of 232Th.
Variations in valley-fill material of U, Th, and K concentrations
and total gamma count reflect characteristic geochemical signa-
tures of certain bedrock lithologies and indicate potential source
rocks in adjacent mountains (Nielson and others, 1991). Soil-gas
radon levels reflect variations in uranium concentration, ground-
water level, and soil permeability, and soil-gas levels can validate
assessed relative hazard potential determined from primary geo-
logic factors (Solomon and others, 1993). Additional indoor-ra-
don levels were also measured for comparison with mapped
hazard potential.

SAMPLING METHODS

Three techniques were used to collect radiometric data during
geophysical surveys: (1) gamma-ray spectrometry measures
concentrations of radioactive elements including uranium and
thorium, the parent materials of radon in soil gas; (2) radon
emanometry measures levels of soil-gas radon available for
migration into buildings; and (3) alpha-track detectors (ATDs)
measure indoor-radon levels. With the exception of indoor-ra-
don measurements, the surveys were conducted from August 29
through October 22, 1992 by the UGS. Residential indoor-radon
levels were first measured in the central Sevier Valley as part of
a statewide sampling in 1987-88 (Sprinkel and Solomon, 1990),
and additional measurements were collected in a targeted survey
during 1992-93. Indoor-radon levels in selected schools were
measured during the 1990-91 school year. All indoor-radon
levels were measured by the UDRC.

Concentrations of gamma-emitting elements in soil were
determined using an Exploranium GR-256 portable gamma-ray
spectrometer, with a GPS-21 detector. The detector assembly
contains a 3 x 3 inch (7.5 x 7.5 cm) sodium-iodide crystal with
an integral bi-alkali photomultiplier tube. Values for total
gamma, 9K (K), equivalent 238U (eU), and equivalent 232Th
(eTh) were collected. Peak energy levels measured were 1.46
million electron volts (MeV) for K (which has only one emission
line), 1.76 MeV for eU (corresponding to Bismuth [214Bi]), and
2.62 MeV for eTh (corresponding to Thalium [208T1}). The
spectrometer was calibrated at the factory using calibration pads.
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Survey stations were spaced about 1.0 mile (1.6 km) apart; exact
spacing depended upon access. Measurement on roadbeds was
avoided to reduce the possibility of masking by foreign materials.
The detector was held at a height of about 2 feet (0.6 m) to correct
for the influence of local topography and non-homogenous ma-
terials. Spectrometer measurements were conducted at 202 sites.

Radon concentrations in soil were determined using an RDA-
200 portable alpha-sensitive scintillometer manufactured by
EDA Instruments. This apparatus employs an active method of
soil-gas extraction using a hollow probe and hand-held pump
rather than a passive method of radon detection using, for exam-
ple, ATDs. Detection of radon by passive methods depends
primarily on diffusion of radon from the ground toward the
cavity in which the detector is located and, because radon decays
en route, the true radon concentration is underestimated (Tanner,
1991a).

Soil gas is pumped into scintillator cells placed into the
scintillometer for measurement of radon concentrations. Scin-
tillator cells are coated with a phosphor sensitive to alpha parti-
cles in the 5.5 MeV range emitted by the decay of isotopic radon
in its gas phase. The cells were calibrated in the Geotech, Inc.
alpha-track chamber to determine the efficiency of the phosphor
material coating the cells. The scintillometer was calibrated at
the factory, and the unit’s sensitivity was checked against a
standard test cell with a known count rate to account for gradual
changes in the sensitivity of the photomultiplier tube.

The soil-gas sampling system consisted of a 0.5-inch (1.3-
cm) diameter, hollow steel probe that was placed into a hole
made by pounding a solid steel rod of the same diameter into the
soil. The probe was inserted to a depth of about 26 inches (65
cm), and samples were collected from perforations in the lower
6 inches (15 cm) of the probe. This depth enabled samples to be
collected below the root zone for grasses, within the lower B or
upper C soil horizons, and close to sampling depths which
provided consistent and reproducible data to other researchers
(Reimer and Bowles, 1979; Hesselbom, 1985; Reimer and Gun-
dersen, 1989). A hand-held evacuation pump was used to purge
the probe of ambient air and pump soil gas into the scintillator
cells. Samples were collected from vacant lots and undeveloped,
non-irrigated land. Soil-gas samples were collected from 99 of
the 202 sites at which spectrometer readings were taken. Sam-
ples from the remainder of the sites were not collected either
because probe refusal occurred in dense soil or shallow bedrock;
dry, sandy soils collapsed before the probe could be inserted; or
spectrometer readings were taken merely to fill data gaps and,
therefore, soil-gas sample collection was not attempted. A delay
time of 2 to 3 hours between sample collection and measurement
was used to allow for decay of the short-lived 220Rn isotope and
radon daughters, and ensure measurement of only 222Rn.

Indoor-radon levels were measured for a one-year period
with ATDs placed in the lowest occupied living space of single-
family, owner-occupied homes, as well as in basement school
rooms or ground-floor rooms of schools without basements.
ATDs manufactured by Terradex Corporation were used in 14
homes during the 1987-88 statewide survey, and ATDs manu-
factured by Alpha Spectra, Inc. were used in three schools during
the 1990-91 school year and 24 homes during the 1992-93
targeted survey. School testing was conducted in accordance
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with EPA guidance, which suggests normal school-room occu-
pancy and normal operating procedures for central heating,
ventilation, and air-conditioning systems during the measure-
ment period (U.S. Environmental Protection Agency, 1989b).
Duplicate detectors were used to analyze the precision of school
measurements, and field blanks (control detectors) were used to
determine the extent of exposure to extraneous radiation sources.

DATA AND DISCUSSION

The central Sevier Valley is located in the transition zone
between the Colorado Plateau and Basin and Range physiog-
raphic provinces (Stokes, 1977) (figure 1). Distinctive geologic
structure and lithologies of this zone (figure 4) affect the distri-
bution of geologic factors influencing the indoor-radon hazard.

Geology

The oldest rocks exposed on the flanks of the central Sevier
Valley are fine-grained, gypsiferous beds of the Middle Jurassic
Arapien Shale (Willis, 1986) (figure 5). This unit is intensely
folded, faulted, and structurally thickened, and occupies the core
of the Sanpete-Sevier Valley anticline (Gilliland, 1963) in the
northeastern part of the study area (figure 4). Sediment derived
from these rocks, between Glenwood and Salina on the north-
eastern margin of the central Sevier Valley, have low uranium
and thorium concentrations and are relatively impermeable.

The Paleocene Flagstaff Formation, predominantly lime-
stone, is present in the Pahvant Range on the west-central margin
of the study area (Lautenschlager, 1952; Willis, 1994) (figures 4
and 6). These rocks dip gently eastward beneath the valley. An
early interpretation suggested that the rocks were bounded by a
major range-front fault identified as the Elsinore Fault by Cal-
laghan and Parker (1961), but the structure is now assumed to be
part of a southeast-facing monocline (Anderson and Barnhard,
1992). Sediment derived from these rocks, between Richfield
and Vermillion on the northwestern margin of the central Sevier
Valley, also have low uranium and thorium concentrations and
are relatively impermeable.

The Flagstaff Formation is overlain to the northeast and south
by the Eocene Green River Formation and several other sedimen-
tary units of Eocene and Oligocene age (Willis, 1988) (figure 7).
Like the older Arapien and Flagstaff units, the Eocene and
Oligocene rocks are predominantly shale and limestone. De-
rived sediment also has low uranium and thorium concentrations
and is relatively impermeable. The rocks are common on the
northwestern margin of the central Sevier Valley; the Green
River Formation is prevalent to the northwest in the Pahvant
Range between Vermillion and Aurora, and other units of more
limited extent crop out north of Aurora and southwest of Rich-
field.

Younger bedrock units surrounding the valley elsewhere,
however, are distinctly different from these older sedimentary
rocks. Volcanic rocks of intermediate composition, both flows
and tuffs, were extruded to the surface beginning in the Oligo-

cene and extending into the Miocene (Cunningham and others,
1983). This was followed in the Miocene by eruption of a
bimodal suite of volcanic rocks of both basaltic and rhyolitic
composition. The volcanic rocks, and associated intrusives, are
related to numerous calderas in the region. The largest of these,
the Monroe Peak Caldera, is adjacent to the southeastern corner
of the study area (Rowley, Cunningham, and Kaplan, 1981)
(figure 1). Another, the Red Hills Caldera, is 4 miles (6 km)
south of the study area in the Antelope Range, and was the host
of uranium veins in the prolific Central Mining Area (Cunning-
ham and Steven, 1979) (figure 1). Many other volcanic and
intrusive rocks in the vicinity of the central Sevier Valley are
enriched in uranium and thorium, but at subeconomic levels.

The volcanic rocks are subdivided into a variety of units too
extensive to list here, but some of the more voluminous units
include the Bullion Canyon Volcanics of Miocene and Pliocene
age on the southern valley margin between Monroe and Sevier
(Rowley and others, 1988; Steven and Cunningham, 1979); the
Miocene or Oligocene Tuff of Albinus Canyon on the southwest-
ern valley margin between Elsinore and Richfield (Steven,
1979); and the Miocene Osiris Tuff south of Monroe (Rowley,
Cunningham, and Kaplan, 1981) and east of Salina (Willis,
1986) (figure 8). The volcanic units are widespread in the
mountains surrounding the southern half of the study area and
extend along the eastern margin of the valley northward to the
vicinity of Redmond, where associated volcaniclastic sedimen-
tary deposits are also found (Willis, 1991) (figure 4).

The Miocene Sevier River Formation overlies older bedrock
units in scattered areas around the valley margin (Steven and
others, 1990) and, with unconsolidated Quaternary sediments
within the valley, are locally derived deposits that reflect the
uranium and thorium concentrations of adjacent, older bedrock.
The Sevier River Formation consists of poorly to moderately
consolidated clastic and carbonate rocks of fluvial and lacustrine
origin (figure 9). Unconsolidated Quaternary sediments are
predominantly mixtures of poorly sorted silt, sand, and gravel.
The Quaternary sediments are commonly well drained, coarser
grained, and most permeable along valley margins in alluvial-fan
deposits on piedmont slopes, and are poorly drained, finer
grained, and least permeable in alluvial floodplain deposits as-
sociated with the Sevier River.

Quaternary deposits of restricted extent but local importance
to the radon hazard include hot-spring and landslide deposits.
Deposits derived from hot springs are found along the Sevier and
Dry Wash fault zones, which bound both margins of the valley
in the southern part of the study area (figures 4 and 10). Anomal-
ously high radon concentrations have been measured in Utah
where there is active hydrothermal upwelling along faults (Niel-
son, 1978). Circulating fluid within the faults leaches uranium
at depth and precipitates it in surficial hot-spring deposits. Mon-
roe and Red Hill Hot Springs issue along the Sevier fault zone
near Monroe, and Joseph Hot Springs issues along the Dry Wash
fault zone near Joseph (Mabey and Budding, 1987) (figure 4).
The fault zones themselves may contribute to elevated indoor-
radon levels by increasing permeability and thereby enhancing
near-surface radon concentrations (Tanner, 1980). Landslide
deposits are found east of Monroe, where uraniferous volcanic
debris in the Thompson Creek landslide generates significant
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mon in areas where ground water is forced upward by adjacent
bedrock constrictions and discharged to the surface.

The relative hazard potential can be used to prioritize the
dissemination of public information on the indoor-radon hazard,
to indicate the urgency with which homeowners should test for
the potential hazard in existing buildings, and to evaluate the
need for radon-resistant new construction. The hazard-potential
maps, however, are only reconnaissance tools. Detailed charac-
terization and testing of specific sites are required to evaluate the
influence of other factors, particularly the contribution of 220Rn
from the decay of 232Th, and to overcome the limitation of map
scale.
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