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Radioactive mineral spring precipitates, their analytical
and statistical data, and the uranium connection

by

Robert A. Cadigan and J. Karen Felmlee

ABSTRACT

Major radioactive mineral springs are probably related to deep zones of
active metamorphism in areas of orogenic tectonism. The most common
precipitate is travertine, a chemically precipitated rock composed chiefly of
calcium carbonate, but also containing other minerals. The mineral springs
are surface manifestations of hydrothermal conduit systems which extend
downward many kilometers to hot source rocks. Conduits are kept open by fluid
pressure exerted by carbon dioxide-charged waters rising to the surface
propelled by heat and gas (CO, and steam) pressure.

On reaching the surface, the dissolved carbon dioxide is released from
solution, and calcium carbonate is precipitated. Springs also contain sulfur
species (for example, H,S and HS~), and radon, helium and methane as entrained
or dissolved gases. The HS™ ion can react to form hydrogen sulfide gas,
sulfate salts, and native sulfur. Chemical salts and native sulfur
precipitate at the surface. The sulfur may partly oxidize to produce
detectable sulfur dioxide gas.

Radioactivity is due to the presence of radium-226, radon-222, radium-
228, and radon-220, and other daughter products of uranium-238 and thorium-
232. Uranium and thorium are not present in economically significant amounts
in most radioactive spring precipitates.

Most radium is coprecipitated at the surface with barite. Barite (barium
sulfate) forms in the barium-containing spring water as a product of the
oxidation of sulfur species to sulfate ions. The relatively insoluble barium
sulfate precipitates and removes much of the radium from solution. Radium
coprecipitates to a lesser extent with manganese-barium- and iron-oxy
hydroxides.

R-mode factor analysis of abundances of elements suggests that 65 percent
of the variance of the different elements is affected by seven factors
interpreted as follows: (1) Silica and silicate contamination and
precipitation; (2) Carbonate travertine precipitation; (3) Radium
coprecipitation; (4) Evaporite precipitation; (5) Hydrous limonite
precipitation and coprecipitated elements including uranium; (6) Rare earth
elements deposited with detrital contamination (?); (7) Metal carbonate
adsorption and precipitation.

Economically recoverable minerals occurring at some localities in spring
precipitates are ores of iron, manganese, sulfur, tungsten and barium and
ornamental travertine.



Continental radioactive mineral springs occur in areas of crustal
thickening caused by overthrusting of crustal plates, and intrusion and
metamorphism. Sedimentary rocks on the lower plate are trapped between the
plates and form a zone of metamorphism. Connate waters, carbonate rocks and
organic-carbon-bearing rocks react to extreme pressure and temperature to
produce carbon dioxide, and steam. Fractures are forced open by gas and fluid
pressures. Deep-circulating meteoric waters then come in contact with the
reactive products, and a hydrothermal cell forms. When hot mineral-charged
waters reach the surface they form the familiar hot mineral springs. Hot
springs also occur in relation to igneous intrusive action or volcanism both
of which may be products of the crustal plate overthrusting. Uranium and
thorium in the sedimentary rocks undergoing metamorphism are sometimes
mobilized, but mobilization is generally restricted to an acid hydrothermal
environment; much is redeposited in favorable environments in the
metamorphosed sediments. Radium and radon, which are highly mobile in both
acid and alkaline aqueous media move upward into the hydrothermal cell and to
the surface.

INTRODUCTION

Radioactive mineral springs occur commonly in most orogenic areas of the
world. Many of the springs are surface manifestations of hydrothermal cells
which extend thousands of meters below the Earth's surface. Similar springs
are found on the ocean floors related to rift zones. Many of the radioactive
mineral springs contain high concentrations of Ra, Rn, and products of their
radioactive decay. Most of the springs also contain dissolved gases including
C0,, 0o, gaseous sulfur species (including HyS), He, and Rn (Felmlee and
Cadigan, 1982). Many springs form chemically precipitated mineral deposits at
the Earth's surface. These deposits consist predominantly of calcite or
aragonite in a rock form called travertine. Other precipitated deposits, some
of economic value, are composed commonly of Mn-Ba-Fe oxides and hydroxides and
more rarely native S, barite, W minerals and a varied suite of trace
elements. Many of these mineral spring precipitates are more radioactive (by
as much as 100 times) than the rocks on which they are deposited.

Historically, the springs have been of economic importance. For
thousands of years many mineral springs became valued for their therapeutic
properties. Cities grew up around the springs and many even at the present
time are sites of health and recreation resorts. Spring waters and
precipitates have been easily available sources of iron ore, sulfur, lime,
medicinal tonics and other compounds for successive human cultures.

Purpose and scope of investigation

This investigation is part of a study of uranium occurrences,
geochemistry, and resources being conducted by the U.S. Geological Survey.
The current investigation was limited to deposits of spring precipitates in
some of the western States and the State of Arkansas. Background values for
37 metals were determined for radioactive precipitates. Analytical data were
tested statistically for covariation of elements, and interpretations of
geochemical causes and effects were made based on element associations.



Objectives of the study are (1) to obtain data related to geochemical
environments of radioactive mineral springs and geochemical processes which
produced the spring precipitates at the Earth's surface, (2) to judge whether
radiogeochemical data provided by precipitates provides information that can
assist in geochemical exploration for economic uranium deposits, and (3) to
determine whether radiochemical and geochemical data from precipitates could
be applied to regional uranium resource estimates.

This study was not concerned with isotopic relationships among elements
composing the mineral precipitates nor with relating the precipitates to
particular subsurface formations. A considerable amount of such work has been
done by earlier and contemporary investigators.

A companion report (Felmlee and Cadigan, 1982) has been prepared in which
the geochemistry of the spring waters has been discussed for the same areas.
Many of the sampled springs, however, are not producing precipitates. Another
related report, a study of the mineralogy of some of the precipitate samples
that)we collected from the radium springs has been prepared (Bove and Felmlee,
1982).

Several reports have been published previously by us which are
preliminary or are progress reports or are concerned with parts of the main
investigation [for example, Cadigan and Felmlee, 1977, and references
therein].

Geographic and geologic setting

The areas in which we collected samples are located in the states of
Arizona, Arkansas, California, Colorado, Idaho, Montana, Nevada, New Mexico,
Utah, and Wyoming.

The physiographic provinces represented are the Southern Rocky Mountains,
Colorado Plateau, Basin and Range, Wyoming Basins Northern Rocky Mountains,
Sierra Nevada, and Central Lowlands (fig. 1).

The spring precipitates studied are located mostly on the surface of
sedimentary rock terrane. Some, however, are in igneous rock; and some emerge
from poorly consolidated valley fill. Most are related to subsurface jointing
and faulting. Probably most, are related to major fault systems such as that
recognized along the Wasatch Front in the Salt Lake City area of Utah, which
extends southward into central Utah. A few specific geologic environments are
noted in the related report on the properties of the mineral spring waters
(Felmlee and Cadigan, 1982).

Previous work

Work on the radioactivity of hydrothermal springs had to wait for the
development of means of measuring radioactivity. Pioneers were Curie and
Laborde (1904) and Mache (1904) in Europe, and Boltwood (1905) in the United
States. Headden (1905) worked on the Doughty Springs of Delta County,
Colorado, one of the springs covered in our investigations (Cadigan, Felmlee,
andRosholt, 1976). Headden determined radioactivity in precipitates in the
springs using semiquantitative but effective methods, and determined the
presence of Ra coprecipitated with barite.









present are gaseous sulfur species derived from the HS™ in solution, and
entrained and dissolved air contributed by shallow aquifers. The quantity of
Ra and Rn in the spring water can be used to estimate the minimum amount of U
needed in the source rocks. The amount of U in the source can be
substantial. Udy Hot springs (see table 1, Utah, locality 1 or UT, 1)
requires at least 70,000 metric tons of U in the source rocks to maintain the
current production of Ra and Rn from the springs (Cadigan and Felmlee, 1979).

The springs flow as the result of pressure from below, a combination of
carbon dioxide gas pressure and hydrothermal convection. Some gas-charged
springs form geysers at the surface. These have been mistaken in more than
one occurrence as "artesian" springs. Spring flow is through a conduit system
which leads downward directly or indirectly to the source of heat and carbon
dioxide. The water moves upward at a high rate of speed--appropriate to the
fluid pressure required to maintain the open conduits at depth.
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diffractometer analyses of some of the collected precipitate samples were done
by R. E. Glanville and D. Bove. Results of the X-ray analyses, combined with
petrographic and radiographic studies have been published separately (Bove and
Felmlee, 1982).

MINERAL SPRING PRECIPITATE SAMPLES
Location

Precipitate samples were collected at 105 localities in 10 States. A map
(fig. 2) shows the geographic location of the springs that were sampled.
Names of the springs, geographic coordinates, state and county of origin are
listed in table 1. Approximately half of the springs visited were found to
contain precipitates. The presence of precipitates is a function of the
dissolved jons in the spring water, the abundance of dissolved metals, and the
subsurface environment, and surface environment at the spring site.

Morphology

Mineral spring precipitates are deposited in different appearing forms
and appearances. The most_common form is what is referred to in the
literature as a travertinal apron. Figure 3 shows the travertine apron which
dominates the city of Thermopolis, Wyoming. The apron is composed principally
of calcium carbonate. It extends westward from the Big Spring. Lining the
west bank of the Big Horn River is travertine of older age than that in the
center of the picture which is now actively forming. Samples were not
collected at this site, because it is a State Park, and samples were available

at nearby sites, Taylor spring and Ulcer Spring, (WY, 1 and 2, table 1).

Other mineral spring precipitate deposits are more complex. Doughty
Springs (CO, 12), forms a travertine apron on the bank of the North Fork of
the Gunnison River (fig. 4). The apron is actively growing but is at the same
time being undercut and removed by the Gunnison River (fig. 5). The apron is
being built by the major springs or clusters of springs. The travertine apron
is composed chiefly of calcite and barite. At least one of the major springs
is precipitating native S. Precipitates include not only the hard,
crystalline laminated travertine, but also wet cryptocrystalline calcareous
soft white, gray or yellowish gray muds in the eastern half of the site and
soft brown soil-like, or wet yellowish brown and black slime-like precipitates
at the western end of the site. The soft precipitates are deposited near the

-l/The term travertine, as used here is a field classification of a type of
sedimentary rock deposited by chemical precipitation. While its chief
component is, in most occurrences, calcium carbonate, many travertines are a
mixture of minerals made up of Ca, Sr, Ba, Mg, Fe, and Mn compounds.
Conventionally, travertine is a hard, crusty or abrasive rock. This ability
to form a resistant surface separates travertine from the other precipitates
for field classification purposes. The work of Friedman (1970) and our own
observations suggest to us that calcium carbonate is in most instances
precipitated as aragonite which recrystallizes at most localities to
calcite. (See also Bove and Felmlee, 1982).
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We collected samples from both young, presently forming precipitate
deposits and older inactive deposits. At radioactive spring sites, 6000-year-
old or older precipitate deposits will tend to be nonradioactive because of
the radioactive decay of Ra-226--the parent of most of the persistent
radioactivity--the half 1life of which is about 1600 years. This critera was
generally used to identify what constituted "older" precipitates; and this
combined with geomorphology of the area gave us a feeling about the general
age of the spring site. Isolated, dry, nonradioactive travertine deposits,
which seem to be related to a nearby active spring system, are probably
ancient spring sites of the same system.

Spring systems at some localities are reported to have changed locations
of principal orifices, or rates of flow within the memories of local
inhabitants. These changes are often attributed to earthquakes or to human
activities (excavation, mining, or drilling) at or near the spring sites.

Analytical methods

Most chemical analyses are semi-quantitative. Analysts used a six-step
spectrographic method slightly modified from the three-step technique
described by Myers, Havens, and Dunton (1961). U and Th were also measured
using a delayed neutron method described by Millard (1976). S was determined
using the ASTME 30-56 method: combustion iodometric titration. Precision of
these methods is discussed in the indicated references. Equivalent uranium
(eU) was measured using a beta-gamma scaler calibrated with known U
standards. The measured radioactivity is in this study attributed to Ra,
because U is present in only trace amounts.

Elements used in the study of spring precipitates are shown in Table 2.
Listed in the table are lower reporting limits, upper reporting limits,
analytical methods and elements looked for but not detected in any of the
samples.

Lower reporting limit is defined as the Towest quantity for which a
semiquantitative abundance can be consistently detected and reported.
Elements can be observed in trace amounts at levels of abundance below the
established Tower reporting limit. Such trace amounts are reported as "L
values" using the symbol "<" with the detection limit. For example <10 (ppm)
means that for a particular sample, the element was detected in an amount Tless
than the lower reporting limit, 10 ppm. Such a reported value is referred to
as a qualified value. When an element is not detected it is reported as
“N". An element not Tooked for is reported as "B". An element whose
abundance cannot be determined because of chemical interference is reported as
"H". A reported value of 50 H (ppm) would mean that owing to chemical
interference the lowest detection 1limit is 50 ppm and none was detected at
that level.

The upper reporting limit is the highest value that can be distinguished
semiquantitatively. For spectrochemical analyses of the type used, the upper
reporting limit is commonly 10 percent or 100,000 ppm. Abundances of an
element greater than the upper reporting 1imit are reported as >10 or
>100,000. "Greater than" or G values like the other letter modifiers, L, B, H
and N are considered for statistical methods to be qualified values. Real
numbers, unqualified values, are termed valid values.

26



Table 2.--Chemical elements used in the geochemical study of radioactive
mineral spring precipitates, methods of analysis, reporting and
detection limits

Element Reported as Detection Upper Reporting Analytical method
lTimit limit
Uranium** el ppm 10. - Gamma spectrometer
Uranium U ppm .1 -- Delayed neutron analysis
Thorium Th ppm 3 - Delayed neutron analysis
Sulfur T-5% .01 10 Titrachemical
Aluminum A1%-S .05 10 Spectrochemical
Calcium Ca%-S .07 10 or 20 Spectrochemical
Iron Fe%-S .005 10 Spectrochemical
Potassium K%-S .7 10 Spectrochemical
Magnesium Mg%-S .015 10 Spectrochemical
Sodium Na%-S .03 10 Spectrochemical
Silicon Si%-S .01 10 Spectrochemical
Titanium Ti%-S .0001 10 Spectrochemical
Arsenic As ppm S 1000 100,000 Spectrochemical
Boron B ppm S 20 100,000 Spectrochemical
Barium Ba ppm S 2 100,000 Spectrochemical
Beryllium Be ppm S 1.5 100,000 Spectrochemical
Cesium Ce ppm S 200 100,000 Spectrochemical
Cobalt Co ppm S 5 100,000 Spectrochemical
Cromium Cr ppm S 1 100,000 Spectrochemical
Copper Cu ppm S 1 100,000 Spectrochemical
Gallium Ga ppm S 5 100,000 Spectrochemical
Lanthanum La ppm S 50 100,000 Spectrochemical
Lithium Li ppm S 100 100,000 Spectrochemical
Manganese Mn ppm S 1 100,000 Spectrochemical
Molybdnum Mo ppm S 3 100,000 Spectrochemical
Niobium Nb ppm S 10 100,000 Spectrochemical
Nickel Ni ppm S 5 100,000 Spectrochemical
Lead Pb ppm S 10 100,000 Spectrochemical
Scandium Sc ppm S 5 100,000 Spectrochemical
Strontium Sr ppm S 5 100,000 Spectrochemical
Germanium Ge ppm S 10 100,000 Spectrochemical
Vanadium V ppm S 7 100,000 Spectrochemical
Tungsten W ppm S 100 100,000 Spectrochemical
Yttrium Y ppm S 10 100,000 Spectrochemical
Yterbium Yb ppm S 1 100,000 Spectrochemical
Zinc Zn ppm S 300 100,000 Spectrochemical
Zirconium Zr ppm S 10 100,000 Spectrochemical

In the spectrochemical method the following elements were standardly looked for
but were not detected in the precipitate samples, by this method.

Silver Tellurium
Gold Hafnium
Paladium Indium
Platinum Uranium
Antimony Thallium
Tin Thorium

**Equivalent uranium--mostly due to radium.
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Table 3 shows the number of valid and qualified values for each of the 37
elements detected or measured in the 297 samples of spring precipitate
samples.

RADIOGEOCHEMISTRY

J. N. Rosholt, C. M. Bunker, J. R. Dooley and Amanulla Nasir Kahn
(written commun., 1975, 1976) did a study of sources of radioactivity in
selected samples of our mineral spring precipitates. They used gamma ray
spectrometry, with a Tithium-drifted germanium detector, which provides better
resolution between gamma-ray energy peaks than the conventional sodium iodide
detector.

They determined that the samples of mineral precipitates on which they
worked contain relatively high abundances of Ra-226 of the U-238 series.
Samples of relatively fresh precipitate from the Doughty Springs (CO, 12)
(samples CD 6217 and CD 6985) and Taylor Soda Springs (CO, 15) (sample 75MS18)
were also found to contain unexpectedly large amounts of Ra-228 of the Th-232
series. Rosholt found that sample CD 6217, a soft cream-colored precipitate
from one of the Doughty Springs, which contains only 0.4 ppm U-238 and 1 ppm
Th-232, contains 1800 ppm Ra-226 equivalent U. This means that 1800 ppm U
would be required for equilibrium support and the Ra-226 is, thus, far in
excess of the equilibrium amount.

The sample CD 6217 also contains Ra-228 in amounts that would require
7500 ppm of its parent, Th-232, for equilibrium support. Th-228, the
immediate daughter of Ra-228 is present in amounts that would require 4000 ppm
Th-232 for equilibrium. The Ra-228 and Th-228 are not in equilibrium; there
is a excess of Ra-228. The Ra-228 (half-life: 6.7 years) since being
precipitated has yielded the relatively insoluble Th-228 (half-life: 1.9
years). The time required to do this is about 2.5 years. Based on the Th-228
and Ra-228 amounts this suggests that the precipitate is 2.5 years old.

Ra-226 and Ra-228 tend to be more mobile in hydrothermal solution than
their parents, because usually the U-238 is in an insoluble unoxidized form in
the source rocks and Th minerals are generally not soluble. Ra is easily
coprecipitated by barite which forms at or near many of the natural orifices
at Doughty Springs. The orifice is the surface expression of a distributary
conduit through which the hydrothermal solutions flow. Sample CD 6217
contains greater than 100,000 ppm barium.

Radioactive decay rates of the Ra-228 and Th-228 indicated to Rosholt
that the original abundance of Ra-228 was close to 9000 ppm in the
precipitate. The original amount of Ra-226 has remained about the same
because of its slower rate of decay. The relative abundances of the two Ra
isotopes suggest that the mineralizing source rocks contained Th-232 to U-238
in the ratio of 6:1.

The Taylor Soda Springs sample suggest a Th/U ratio of 2:1. Rosholt
pointed out that such ratios have meaning only when applied to fresh
precipitates. Assuming that Ra-226 and Ra-228 are precipitated in abundances
with a ratio of 1 to 6, and knowing the half lives of Ra-226 and Ra-228 to be
1600 yr and 6.7 yr respectively. The ratio would drop to 1 to 3 in 6.7 years,
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Table 3.--Showing elements and numbers of valid values, qualified values,
total number of analyses and percent of valid values.
(Abbreviations: G, greater than reporting value; L, less than

detection value; N, none detected; H, interference in reading; B,

not looked for)

Qualified values

Total Percent
Element Valid values G L N B H analyses valid values
Ra el 246 0 42 1 4 0 293 85
] 238 0 48 2 9 0 288 83
Th* 77 0 133 28 59 0 238 32
S 182 0 6 7 102 0 195 93
Al 281 6 10 0 0 0 297 95
Ca 112 185 0 0 0 0 297 38
Fe 265 27 5 0 0 0 297 89
K 133 0 5 159 0 0 297 45
Mg 297 0 0 0 0 0 297 100
Na 281 6 8 2 0 0 297 95
Si 209 57 31 0 0 0 297 70
Ti 275 0 14 8 0 0 297 93
As 30 3 38 227 0 0 297 10
B 95 0 65 137 0 0 297 32
Ba 282 15 0 0 0 0 297 95
Be 216 0 9 72 0 0 297 73
Ce* 8 0 41 245 0 3 294 3
Co 84 0 31 182 0 0 297 28
cr 262 0 9 26 0 0 297 88
Cu 259 0 14 24 0 0 297 87
Ga 122 0 49 126 0 0 297 41
La 53 0 23 222 0 0 297 18
Li 55 0 38 198 0 3 294 20
Mn 284 10 2 1 0 0 297 96
Mo 47 0 44 206 0 0 297 16
Nb 35 0 74 188 0 0 297 12
Ni 141 0 37 119 0 0 297 47
Pb 108 0 29 160 0 0 297 36
Sc 78 0 50 169 0 0 297 26
Sr 288 9 0 0 0 0 297 97
Ge 74 0 11 176 36 0 261 28
v 173 0 22 102 0 0 297 58
W* 22 0 39 235 0 1 296 7
Y 135 0 45 117 0 0 297 45
Yb 81 0 28 152 36 0 261 31
In 33 0 23 236 0 5 292 11
Ir 178 0 11 108 0 0 297 60

*Elements with too few valid values to be used in a data matrix.
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1 to 1.5 in 13.4 years, and in 40 years all but 1.5 percent of the Ra-228
would have disintegrated. The Th-228, with a 1.9-yr half life would be
essentially gone.

Most of the radioactive precipitates sampled, particularly the
recrystalized hard precipitates can, therefore, be expected to contain
predominately Ra-226 and daughter products. All other radiation in the
greater than 50-year-old precipitates would be from the small amounts of U-238
and Th-232 and their daughters. Most mineral spring precipitate deposits are
probably hundreds to hundreds of thousands of years old. The original Ra-226
in a precipitated mineral deposit would be essentially undetectable in the
field after 6500 years.

In summary, radioactivity as measured at spring localities would have as
its sources, Ra-226, recently precipitated Ra-228 and daughter Th-228, Rn-222,
and Rn-220 (thoron) and daughters, and the trace amounts of U-238 and Th-

232. Rn is present in both spring water and precipitates. The radioactivity
of the average spring deposit is dominated by the relatively long-lived Ra-
226. Rn-222 and Rn-220 entrained in the spring waters can be detected
separately using a "radon detector", but while a semi-quantitative measurement
can be made of the quantity of Rn-222, only a qualitative sensing can be made
for Rn-220 because of its short half-life (55 sec.) and the present equipment
used. A high thoron (Rn-220) content of water from a mineral spring would
suggest a relatively high abundance of Th-232 in the source rocks and a high
rate of deposition of Ra-228--if Ra is being precipitated at the spring site.

For reasons discussed above, the persistence of the Ra-226, all
equivalent uranium (eU) values obtained from samples of radioactive mineral
spring precipitates are assigned to Ra, and treated as a measure of Ra-226.

The final stable products of the radioactive disintegration of Ra-226 and
Ra-228 are the radiogenic lead isotopes Pb-206 and Pb-208. When old
hydrothermal mineral deposits are found to contain these lead isotopes
significantly in excess of equilibrium with the accompanying U-238 and Th-232,
it is highly probable that the parent elements precipitated in the mineral
deposit were Ra-226 and Ra-228.

Mineral springs arising from the ocean deeps, although rich in
polymetalic sulfides, may not be radioactive. Samples collected by Alexander
Malahoff (written commun., 1982) deposited from springs issuing from the
Galepagos Rift are not radioactive. The springs precipitate minerals that are
apparently products of sea water reaction with molten tholeiitic basalts.

(See also Malahoff, 1982).

STATISTICAL ANALYSIS
Data
Table 4 shows the raw analytical data on which the statistical analysis
is based. The data are listed by State and by State location number. The

location numbers are the same as those listed in table 1 and shown on figure
2. All qualified values are shown. The letter "G" has been replaced by the
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“>" (greater than) symbol and the letter "L" has been replaced by the "<"
(Tess than) symbol. The "not-looked-for" letter "B" has been replaced by
dashes “- - - ", The interference symbol "H" has not been replaced.

Table 4 consists of 297 samples and 40 columns. Three of the columns are
sample identification and location parameters. The other 37 are analytical
parameters. Based on table 4, a modified data matrix was prepared for
computer applications of statistical programs.

The modified data matrix is designed to use as much of the analytical
parameters as possible. Numerical values were substituted for the G and L
qualified values. The G values were replaced by numerical values equal to
twice that of the upper reporting limit. The qualified value 20G or >20, for
example, was replaced by the value 40. The L values are replaced by numerical
values four "steps" down from the given lower reporting limit. The steps used
in the "six-step" method of reporting spectrochemical results are the series
10, 7, 5, 3, 2, 1.5, 1.0, 0.7, 0.5. and so on. The qualified value <10, or
10L, for example, was replaced by the numerical value 2.0.

The substituted numerical values in the modified data matrix were treated
for statistical purposes as valid values in order to increase the amount of
usable information available from the basic data of table 4. No substitution
was made for the N-qualified (none detected) values.

Table 5 is a summary of estimates of population statistical parameters of
the chemical elements that make up the mineral spring precipitate samples
based on the modified data matrix. It includes geometric means and estimated
ranges of means at the 95 percent confidence levels, maximum and minimum
values in the data matrix, standard deviations of the logarithmic
distributions of the element values, and the number of values in the data
matrix for each element.

Histograms of the data values for each element are shown in figures 9-
12. The class midpoints on the histograms are natural logarithms of the
analytical values. The purpose of the figures is to show the general shape of
the value frequency distributions. Log values are used because the frequency
distributions tend to be log-normal. Class intervals used were selected by
the computer according to the U.S. Geological Survey STATPAC program D0036
(George VanTrump, unpub. program, 1978).

Element abundances

Elements in table 5 are shown in order of their abundance. Geometric
mean values are estimates of the average abundance for Ca, Si, Fe, Na, Al, Ba,
Mn, and As. In some samples, the proportions of these elements exceed the
upper reporting limit of the analytical method. This is particularly true of
Ca. Two different spectrochemical systems were used for the samples. The two
systems produced results of comparable precision, but had different reporting
limits for some elements. Reported Ca abundances were most affected. One
system had an upper reporting limit of 10 percent (10G); the other system had
an upper limit of 20 percent (20G). We estimated these maximum values as 20
percent and 40 percent respectively. Thus, if one of our samples was composed
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Table 5.--Summary of geometric means, maximum and minimum values, log standard deviations, estimated
range of means at the 95 percent confidence level and number of analyses used in the
statistical computations for each element., [As indicated, some values are in percent (%) and
some are in parts per million (ppm). Elements are listed in the general order of their
abundance, as suggested by their geometric mean values.]

Elements Geometric Maximum Minimum Standard Dev. Estimated Range of Geometric Mean  Number of

Mean value value log base e low high values
Ca-% 9.95 40.0 0.07 1.364 8.51 11.63 297
Si-% 1.97 36.0 0.03 1.659 1.63 2.39 297
K-% 1.00 10.0 0.14 0.958 0.85 1.17 136
Fe-% 0.71 20.0 0.002 1.825 0.57 0.87 297
Na-% 0.59 20.0 0.007 1.350 0.50 "0.68 294
S-% 0.57 64.1 0.01 2.019 0.42 .76 188
Al-% 0.55 20.0 0.01 1.679 0.46 0.67 297
Mg-% 0.41 3.0 0.005 1.116 0.36 0.46 297
Sr-ppm 1420 30000 7.0 1.498 1200 1690 297
Ba-ppm 583 200000 5.0 2.224 452 752 297
Mn-ppm 481 200000 3.0 2.058 380 608 297
As-ppm 355 200000 20.0 3.193 166 759 70
Ti-% 0.015 0.50 0.00002 1.871 0.012 0.019 289
Li-ppm 79.2 5000 10.0 1.274 60.5 104 86
eU-ppm 717.6 10200 2.0 2.063 61.1 98.4 291
In-ppm 65.7 8600 5.0 2.398 35.9 121 61
*Ce 51.5 300.0 20.00 0.692 40.0 67.1 29*
*W-ppm 50.8 10000 10.0 2.281 28.7 90.7 62%
Zr-ppm 50.7 500 2.0 1.169 42.8 60 189
La 35.4 200 4.0 0.919 28.7 43.8 74
B-ppm 26.8 1500 2.0 1.348 21.3 33.9 132
Ge 17.3 1515 2.0 1.138 13.5 22.1 84
v 15.9 300 1.0 1.207 13.4 18.8 195
Pb-ppm 14.8 1800 1.0 1.612 11.2 19.4 137
Y-ppm 12.4 1600 1.0 1.418 10.1 15.3 180
Be-ppm 6.7 500 0.1 1.529 5.5 8.2 225
Ni-ppm 6.5 150 1.0 1.200 5.4 7.8 178
*Th-ppm 6.4 56.8 1.2 0.878 5.5 7.3 164
Cr-ppm 6.3 300 0.2 1.310 5.4 7.3 271
Ga-ppm 5.9 200 1.0 1.352 4.8 7.2 169
Cu-ppm 5.8 1000 0.2 1.401 4.9 6.8 273
Sc-ppm 5.4 100 1.0 1.558 4,1 7.1 128
Co-ppm 5.1 200 1.0 1.246 4.1 6.4 115
Nb-ppm 4.4 70 2.0 0.958 3.6 5.2 109
Mo -ppm 2.8 50.0 0.7 1.227 2.2 3.7 91
Yb-ppm 1.3 50.0 0.2 1.300 1.0 1.7 107
U-ppm 0.68 61.6 0.02 2.115 0.53 0.87 285

*Elements not used in further statistical manipulations.
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and Na. Class midpoints are natural logarithms.
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Figure 12.--Log distributions of values for the variables Pb, Sc, Sr, V, W, Y, Yb, Zn,
and Zr. Class midpoints are natural logarithms.
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of almost pure calcite (CaCO3), Ca would constitute approximately 40 percent
of the sample. It would be reported as greater than 10 percent by one
laboratory and greater than 20 percent by the other. Estimated maximum values
used in the data matrix for statistical purposes for some samples, are order
of magnitude estimates.

Tables 6-10 1ist the spring sites at which precipitates contain the
highest proportions of Ra (eU), U, Ba, Fe and Mn. The ranking does not show
the total quantity of each metal to be found at each site. Evidence of
excavations suggest past surface mining activities at the following
locations: Stinking Hot Springs, Taylor Soda Spring, Doughty Springs, adit
spring, Monroe Hot Springs, Sulfur Gulch springs, Baker Hot Springs, Golconda
Hot Spring (not at the current spring site, but several miles to the east),
Ophir Iron Spring, and Utah Hot Springs.

No attempt is made to assess the potential for any future mineral
production from these sites. At certain sites, however, some surface deposits
of possibly mineable Fe and Mn hydrous oxides, native sulfur and barite
precipitates are present.

Based on tables 6-10 the geographic locations of sites which yield
samples with high proportions of U, Ba, Fe, Mn, el and S are plotted in figure
13. Sulfur data are not complete; only 188 samples were analyzed for
sulfur. Some surface mining of sulfur has been done at Auburn Sulfur Spring
(WY, 9), and of sulfurous shale and sandstone at Sulfur Gulch and Doughty
Springs (CO 8, 12).

Correlation of element abundances

Before further statistical analysis, we omitted Th, Ce and W values from
the computations. Th determinations by delayed neutron analysis become more
undependable as the ratio of Th to U decreases as seen in samples in which
there is more U than Th where the coefficient of variation of replicate
analyses of Th often exceeds 30 percent and the averaged values tend to become
statistically meaningless, according to H. T. Millard, Jr. (written commun.,
1979). Analytical error in thorium values increases with increasing U/Th
values; any use of correlation coefficients between U and Th values for the
spring precipitates becomes an unreliable procedure. This is particularily
true in samples with minor amounts of U and Th.

Ce and W were omitted from further statistical analysis because of their
low number of valid values. As shown in table 3, only three precent of the
sample analyses resulted in valid values for Ce and only seven percent
resulted in valid values for tungsten. Other elements, As, La, Li, Mo, Nb,
and Zn have less than twenty percent valid values. These, however, were
retained, and a cutoff arbitrarily established at 10 percent. A compromise
was made between optimum utilization of available data, and the projection of
interpretations based on small amounts of data. The decision to use element
data from as little as ten percent of the samples is perhaps justified by the
lack of homogeneity of the population of precipitate samples.
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Table 6.--Springs with precipitates containing the most radium and daughter
products measured as equivalent uranium (eU). [Only the highest
sample measurement for each spring is shown.]

Spring name Measured eU
(State, location number) (ppm)
Stinking Hot Springs (UT, 9) 10200
Taylor Soda Springs (CO, 15) 5400
Golconda Hot Spring ((NV, 6) 4500
Soda Dam Hot Springs (NM, 1) 4480
Poncha Hot Springs (CO, 17) 4000
Doughty Springs (CO, 12) 2940
Adit spring (CO, 11) 2500
LaDuke Hot Spring (MT, 14) 2500
Ouray hot springs (CO, 22) 2370
The Salt Bank springs (AZ, 16) 2380
Monroe Hot Springs (UT, 41) 2300
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Table 7.--Springs with precipitates containing the most uranium. [Only the
highest sample measurement for each spring is shown.]

Spring name Measured uranium
(State, location number) (ppm)
Taylor Soda Springs (CO, 15) 62
Yellow Soda Springs (CO, 14) 34
Ophir Iron Spring (CO, 23) 50
Austin springs (CO, 10) 39
Wildhorse Spring (UT, 19) 27
Sulfur Gulch springs (CO, 9) 23
Grant View Hot Springs (NV, 29) 13
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Table 8.--Springs with precipitates containing the highest measured amounts
of barium. [Only the highest sample measurement for each spring
site is shown.]

Spring name Measured barium

(State, Tocation number) (ppm)

*Stinking Hot Spring (UT, 9) >100,000
Doughty Springs (CO, 12) >100,000
Adit spring (CO, 11) 100,000
Poncha Hot Springs (CO, 17) 100,000
Baker Hot Springs (UT, 23) 52,000
Hooper Hot Springs (UT, 12) 30,000
Kyle Hot Springs (NV, 12) 20,000
Golconda Hot Spring (NV, 6) 15,000
Ouray hot springs (CO, 22) 15,000
Manti springs (UT, 36) 10,000
Soda Dam Hot Springs (NM, 1) 10,000

*An X-ray diffractometer graph of one sample showed it to be >90% barite (50%
Ba)
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Table 9.--Springs with precipitates containing more than the maximum
measurable amount of iron. [Only the highest sample measurement
for each spring site is shown.]

Spring name Measured iron
(State, location number) (percent)
Yellow soda Spring (CO, 14) >10
Taylor Soda Spring (CO, 15) >10
Poncha Hot Springs (CO, 17) >10
Ouray Hot Springs (CO0, 22) >10
Baker Hot Springs (UT, 23) >10
Monroe Hot Springs (UT, 41) >10
Ophir Iron Spring (CO, 23) >10
The Salt Bank springs (Az, 16) >10
Utah Hot Springs (UT, 10) >10
*Spring (ID) >10
Fayles Hot Spring (CA, 4) >10
Bard Spring (AR, 6) >10
Austin springs (CO, 10) >10

*Location constitutes privileged information.
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Table 10.--Springs with precipitates containing the highest measured amounts
of manganese. [Only the highest sample measurement for each spring
site is shown.]

Spring name Measured manganese
(State, location number) (ppm)
Doughty Springs (C0,12) >100,000
Poncha Hot Springs (CO, 17) >100,000
Ouray Hot Springs (CO, 22) >100,000
Baker Hot Springs (UT, 23) 100,000
The Salt Banks springs (AZ, 16) 50,000
Soda Dam Hot Springs (NM, 1) 50,000
Hooper Hot Springs (UT, 12) 50,000
Monroe Hot Springs (UT, 41) 50,000
Golconda Hot Springs (NV, 6) 40,000
Utah Hot Springs (UT, 10) 20,000
Joseph Hot Springs (UT, 42) 20,000
Sou Hot Springs (NV, 15) 20,000
Display Spring (AR, 3) 20,000
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(Mn), radium (eU), and sulfur (S). Black dots
are sampled mineral spring sites.



Correlation coefficients were computed for all possible pairs of the
remaining 34 elements. Table 11 shows correlation coefficients of log-
transformed element data in the upper half of the table with numbers of pairs
in the lower half of the table. Coefficients based on different numbers of
pairs of samples cannot be directly compared mathematically because the
statistical significance of the coefficent r is a function of the number of
pairs of samples used in its computation. For 50 pairs, an r value of 0.200
will occur 10 to 20 percent of the time by chance using random values. For
200 pairs, an r value of 0.20 will occur less than 0.1 percent of the time by
chance using random values (Fisher, 1948).

Computed correlation coefficients may be compared to the scatter plots of
selected pairs of elements shown in figures 14-25. The shape of the
correlation point clusters is an indication of the degree of actual
covariation between two variables.

Extreme values have a weighted effect on the computed r value. A
circular cluster of points in which the highest and lowest values are
conspicuously scattered along the diagonal may yield a statistically
significant r value, even though visual examination of the scatter plot leads
to the conclusion that correlation is low.

A significant computed r value alone does not ensure that a large degree
of covariation exists between two variables. The cluster of correlation
points in a scatter plot should show an elongate or definitely nonspherical
shape if the variables have significant covariation. Two methods can be used
to reduce the possibility of being mislead by a significantly high computed r
value in element abundance correlations. One is to convert abundances to log
values, which minimized effects of extreme abundance values. The other is to
rely only on values of r that are significant at the 1 percent or 0.1 percent
levels as indicators of significant correlation between two variables. In
cases of doubt, scatter plots such as figures 14-25 can be constructed, and
the shapes of the point clusters evaluated. Arithmetic data were plotted by
computer over logarithmic (base 10) scales for these figures.

Figure 14 is the scatter plot of correlation points of pairs of U and Th
abundances. The shape of the cluster of points suggests a significant
positive correlation between the two elements. Only valid values were used in
the U-Th scatter plot. Similarly elongated clustering may be observed in
figures 15 and 16. Grid-like spacing of correlation points is the effect of
the "six-step" reporting intervals used for spectrographic analytical
results. The good positive correlation between Si and Al suggests that most
Si and Al is present in detrital form associated with aluminum silicates. The
detrital mode for Si and Al is supported by the positive correlation between
Si and Ti (fig. 16). Chemically deposited siliceous material is present as
indicated by the X-ray diffraction studies of Bove and Felmlee (1982), but
effects appear to be outweighed statistically by the presence of Si present as
detrital silica or silicates. Vanadium in the detrital fraction appears to
dominate the distribution of V as suggested by figure 17 in which V also shows
good positive correlation with Al. Figure 24 illustrates the correlation
between U and V in the precipitates. Considering the possible relationship of
V to detrital elements in the precipitates (fig. 17), fig. 24 suggests that
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significant proportions of U also occur in the contaminating detrital
fraction. The Ba - el positive correlation, (fig. 18) is one of the more
geochemically significant correlations in this study. The Ba - eU correlation
compared with the Ca - el correlation (fig. 19) suggests that Ra as measured
by el is chiefly related to Ba in the precipitates and not to Ca as has been
suggested by some investigators. Figure 23 suggests that Ra(el) is not
exclusively coprecipitated by Ba, but is also, to a lesser extent by Fe
compounds.

The positive correlation of Li to B has been suggested by computed r to
be quite high. The scatter plot (fig. 20) suggests that the high computed r
may be the effect of a few extreme values which exaggerate the significance of
the correlation. The positive correlation of Fe and U is confirmed by figure
21. A significant positive correlation between As and Be is suggested by
figure 22.

Figure 25 shows some negative correlation between Ca and S which suggests
a negative relationship for these samples between the geochemical environment
which produces high Ca precipitates (high C0,) and the environment
(substantial S species in spring water) whicﬁ produces high S in precipitates.

To place correlation coefficients derived from different numbers of pairs
on a comparable basis the computed r values were converted to standard
correlation or z values. Using the same example used previously, for n=50 and
r=0.200, z=1.39; for n=200 and r=0.200, z=2.85. The comparison of standard
correlation coefficients, z, show a truer relationship in this instance than
does a comparison of r values. The use of z (standard) correlation coeffi-

cients was introduced by Fisher (1948). The formula is: z = n£3 (In %%%).

The symbol, 1n, means natural logarithm; n is number of pairs.

Table 12 shows a test of the validity of the z standard correlation
coefficients. All z values of 1.96-1.97 are significant at the 5 percent
level, regardless of the number of pairs. Values of z significant at the 1
percent level vary more widely for small numbers of samples, but it would be
safe to assume in this study that any observed z value greater than 2.64 is
significant at the 1 percent level for any number of pairs.

Al11 correlation coefficients are more reliable as the number of pairs (n)
increases, as the t distribution measure in table 12 suggest. Note that the t
and z values approach coincidence as n increases. Table 13 is the z
correlation coefficient matrix for the 34 elements of the data matrix.
Coefficients vary in magnitude from +20 (Si and Ti) to -7 (Ca and Si). As
indicated in table 12, z values of + 1.97 or higher are significant at the 5
percent level; z values of + 2.64 or higher are significant at the 1 percent
level. The highest z for U is with Al, 9.2., significant at the 0.1 percent
level. If Al is an indicator of clay in the precipitates, U in the clay could
be of both intrinsic (introduced in solution in spring waters) and extrinsic
(detrital) origins, assuming that the clay is capable of readily adsorbing U
from spring water and from precipitates on being leached from the
precipitates.
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Table 12.--Standard z correlation coefficients at the 5% and 1% levels
of significance. Student's t distribution values are shown for
reference.

**Degrees of

freedom r (5%) r (1%) z (5%) z (1%) t (5%) t (1%)
10 .576 .708 1.96 2.64 2.23 3.17
20 .423 .537 1.97 2.62 2.09 2.85
30 .349 .449 1.96 2.60 2.04 2.75
50 .273 .354 1.96 2.59 2.01 2.68
70 .232 .302 1.96 2.59 2.00 2.65

100 .195 .254 1.97 2.58 1.99 2.63
150 .159 .208 1.96 2.58 1.97 2.60
200 .138 .181 1.96 2.58 1.97 2.60
250 .1235 .164 1.96 2.58 1.97 2.60
300 .113 .148 1.96 2.58 1.97 2.59

**Number of sample pairs minus 2, or n-2.
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Factor analysis

Factor analysis of a symmetrical z correlation matrix was computed.
Seven factors which account for 65 percent of the covariance in the
correlation matrix were selected. The factors account for 65 percent of the
variation.

Table 14 shows the varimax factor loadings and the interpreted
designations of the seven factors based on interpretations of geochemical
causes and effects. Causes are geochemical or geologic processes. Effects
are the results of variation in operating level (intensity) of the
processes. For example, if the loss of CO, from spring water at spring sites
is the main cause of the precipitation of CaCO; (an effect), then the rate of
carbonate precipitation would depend on the ra%e of the loss of CO, as a gas.

For all factors, the initial composition of the spring waters or diluted
hydrothermal brines is a critical variable. For example: An increase in pH
of the waters at the spring site will not result in precipitation of iron
hydroxides unless there is an optimum amount of dissolved iron in the
waters. Composition of the spring waters is discussed in a companion report
(Felmlee and Cadigan, 1982).

Cause and effect interpretations of the factors are outlined as follows:

Factor 1. Silica and silicate contamination and precipitation (versus
calcium carbonate precipitation).

Assumed causes:

- Contamination of spring sites by detrital rock fragments, sand
and clay due to soil wash, talus accumulation and wind.

- Temperature decrease of spring water due to loss of heat near and
on the surface and dilution by cool water.

- Loss of dissolved and entrained carbon dioxide due to loss of
gas and fluid pressure near and at the surface, with accompanying
precipitation of aragonite and calcite.

Positive effects:

- Deposition of detrital minerals proceeds at a rapid rate at the
spring site compared with rate of accumulation of precipitates,
primarily calcium carbonate.

- Deposition of siliceous material by precipitation from cooling
supersaturated spring water at a high rate relative to
precipitation rate of carbonates.

Negative effects:

- Deposition of calcium carbonate by precipitation from
solution proceeds at a rapid rate compared with deposition of
detrital silica and silicates, and precipitation of siliceous
material.

Affected elements: See Factor 1, table 14.

Factor 2. Carbonate travertine precipitation (versus native sulfur
precipitation).
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Assumed causes:

- Loss of dissolved and entrained carbon dioxide due to loss of
gas and fluid pressure near and at the surface with accompanying
precipitation of Ca, Mg, Sr, Mn complex carbonates or other
carbonates.

- Presence of significant amounts of sulfur species in the dilute
hydrothermal brines and their oxidation on or near the surface.

Positive effects:
- Deposition of calcium and other carbonates from solution due to
loss of carbon dioxide proceeds at a relatively rapid rate.

Negative effect:
- Deposition of native sulfur and sulfates, due to oxidation of
sulfur species near and at the surface, at a relatively rapid
rate in competition with carbonates.

Affected elements: See Factor 2, table 14.

Factor 3. Radium coprecipitation with barium (barite?) and manganese-barium
and iron hydrous oxides.

Assumed causes:

- Decrease in temperature of hot hydrothermal spring water at
near the surface.

- Loss of dissolved carbon dioxide at or near the surface due to
decreasing gas and fluid pressure.

- Possible increase in pH due to Toss of carbon dioxide or
precipitation of sulfates.

- Formation of sulfate ion as a result of oxidation of sulfur
species in spring water.

Positive effects:
- Precipitation of barite and coprecipitation of Ra.
- Precipitation of Mn, BT} Fe oxy-hydroxides and
coprecipitation of Ra.~
- Coprecipitation of other metals with Mn and Fe.
- Precipitation of Sr salts.

Negative effects: None indicated.
Affected elements: See Factor 3, table 14.

Factor 4. Evaporite precipitation vs heavy metal precipitation.
Assumed causes:

- Evaporation of diluted hydrothermal spring brines on the
surface or on poorly drained precipitate surfaces.

l/“Romanechite”--reported by Bove and Felmlee (1982)--indicated by Dana (1932)
to be a mixture of hollandite and an unidentified mineral.
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Positive effects:
- Precipitation of Na, Li, and B salts from supersaturated

spring water at seeps and in surface evaporation pans.

Negative effects:
- Precipitation of heavy metals from supersaturated spring waters.

Affected elements: See Factor 4, table 14.

Factor 5. Hydrous limonite precipitation and coprecipitated elements
including U.

Assumed causes:
- Increase of pH due to loss of carbon dioxide from slowly flowing

spring waters.

- Presence of ferrous iron and other metallic compounds in solution
in diluted brines; no potential for other floculating
precipitate.

- Little or no sulfur species present.

Positive effects:
- Precipitation of a limonitic slime or gel on surface of spring
pool, as in water at orifice of conduit.
- Coprecipitation or adsorption of elements by hydrous limonite
which acts as a coagulated slime.
- Limonite adsorbs U.

Negative effects:
- Increase in sulfur species would decrease pH.
- Increase in speed of discharge would prevent filtering effect

of limonite.
- Precipitation of limonite is in competition with precipitation of
calcite and barite.
Affected elements: See Factor 5, table 14.
Factor 6. Rare earth fraction of detrital contamination.

Assumed causes:
- Contamination of spring chemical precipitates by detrital
minerals containing rare earth elements.

Positive effects:
- Increase in abundances of rare earth elements in samples
collected at spring sites.
Negative effects:
- Decrease in contamination would result in decreased amounts of
rare earth elements.
Affected elements: See Factor 6, table 14,

Factor 7. Metal carbonate adsorption and precipitation (?).

102



Assumed causes:
- Loss of carbon dioxide at or near suface of a dilute
hydrothermal brine.
- Adsorbtive properties of unidentified precipitated minerals
and limonite.

Positive effects:
- Precipitates of soft mud-like precipitates containing Sc, As, Mo,
Pb, Zn, and Ga possibly as carbonates or hydrous oxides.
- Precipitation of hydrous limonite and coprecipitation or
adsorption of other minerals.

Affected elements: See Factor 7, table 14.

The causes of precipitation of metal compounds are summarized as:

(1) Decrease in temperature of the spring water. The temperature
gradient from the orifice outward is a function of the speed and
volume of flow. Precipitation may occur 100-500 meters along a
drainage channel containing fast-moving spring water; or,
precipitation may be complete within a few meters of the orfice in a
collecting pool into which spring water is flowing at a slow rate.
At Beowawe (NV,11) water from the geyser loses some of its silica
content in the air almost over the orifices, so that the siliceous
materials form deposits resembling snow drifts on the rocks. In
instances of fast moving water, such as at Monte Neva (NV 18) the
concentration of the radioactive precipitates increased with
distance from the orifice; in a collecting pool precipitates may
form a heterogeneous mixture. The samples collected from such pools
may yield a mixture of precipitates from the spring such as
aragonite, calcite, sulfur, barite, etc. Samples from along a ditch
may yield more segregated precipitates.

(2) Loss of carbon dioxide from the spring. This was established by
Friedman (1970) as the major cause of the precipitation of calcium
carbonate. Some occurrences in the field, such as in collecting
pools, suggest that calcium carbonate (aragonite) may be
precipitated in microcrystalline or cryptocrystalline forms, then be
transported to an adjacent site where it undergoes recrystallization
to calcite and is bonded to a travertine apron. Other poorly
soluble carbonates will also precipitate.

(3) Oxidation or other chemical reactions of a dilute hydrothermal brine
that is rich in sulfur species can yield a variety of sulfate or
sulfide precipitates, and native sulfur. Gases detectable by odor
are HyS, and SO, (resulting from oxidation of the native sulfur,
presumably).

(4) Oxidation of non-sulfurous spring water combined with decreasing
temperature tends to precipitate poorly soluble metal oxides or
hydrous oxides.

The most common environment is one in which all or any of the first four

environments are combined. Commonly, a hot diluted hydrothermal metal-rich
brine containing both high concentrations of carbon dioxide and sulfur species
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(such as HS™) will reach the surface environment. Many chemical reactions
occur at or near the surface and wide variety of precipitates are deposited at
or near the spring site. Some precipitates are unstable and additional
reactions proceed in the direction of stable compounds. Gases, including
carbon dioxide and sulfur gases and energy in the form of steam are lost to
the atmosphere. Chemical changes involving oxidation and reduction occur, but
oxidation is dominant. Precipitation brings about changes in the diluted
brines usually from acid to alkaline which in turn results in new precipitates
of metal hydroxides. Surface environments influence the precipitates by
providing contaminating compounds in the form of detrital silicates and other
mineral material, by providing cool, surface or near surface aerated water to
further dilute the hydrothermal brines, and by providing conditions in which
brines can be evaporated to dryness.

The seven factors which result from mathmatical analysis of the
covariances of the 34 elements appear to reflect both independent and
interdependent covarying geochemical effects.

Correlation of the element loadings of all possible pairs of factors produced
the following values of r:

Factors 1 2 3 4 5 6 7
1 1 (Significant values
2 -.312 1 of r: at the 5%
3 -.323 -.006 1 level, +.340; at
4 -.027 -.048 .033 1% level, +.436).
5 -.105 -.069 .003 -.108 1
6 .005 -.273 -.062 .010 .041 1
7 -.169 -.514 -.038 -,061 .082 .096 1

Of the 21 correlations, 14 approach zero (<.10), 3 suggest weak negative
correlations between factors 1 and 2, 1 and 3, and 2 and 6. There is one
highly significant correlation, a negative one between factors 2 and 7.

The negative correlations suggest competition among the processes which
is highest between (calcite) travertine deposition and other metal carbonate
deposition. As the proportions of highly positively loaded elements under
factor 2 increase, the proportions of highly positively loaded elements under
factor 7 decrease.

From the element data available, the form the metals in factor 7 are
deposited cannot be determined. Carbonates, oxides, sulfates or sulfides are
possible.

Deposition of S under factor 2 has a significantly high negative loading,
which indicates that it too is in competition with travertine deposition. The
lTist of communalities in table 14 shows La and S to be the two elements whose
covariance is least explained by the factors. In the case of S, only two
thirds of the samples were analyzed for S. Many of the samples not analyzed
were collected from sulfurous springs. This bias may account for the low
communality for S.

Factor scores were computed for each sample after the method of Steiner

(1965), and are listed in table 15. A score of approximately zero suggests
average effects of any one factor on any one sample. Negative scores suggest
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less than average effects; positive scores suggest higher than average
effects. Factor 1 scores are generally a measure of detrital contamination of
the sample., Effects of silica precipitation appear to be minor. High
negative scores generally indicate a relatively high proportion of calcium and
strontium deposited.

High scores for factor 3 suggest relatively high radium precipitation.
The scores show the relative effects of each factor on each sample. The
reason for a particularly high score for a particular sample can only be
determined by referring to the sample data in table 4. The value of the
computed scores is that they make it possible to identify the unusual samples
more easily than would be possible by inspecting individual element abundances
in the sample data (table 14). The scores also identify unusual springs.

The range of scores for each factor is a function of the variance of
occurrence of the elements with high loadings (table 14) for each factor.

CARBON ISOTOPE DATA

To understand the role of carbon dioxide in the formation of the springs,
we would first summarize our results up to this point. The data which have
resulted from our study of radioactive mineral springs and precipitates
suggests conclusions which may be summarized as follows:

1. Radioactivity at mineral spring sites is due principally to the
presence of Ra-226 and Rn-222.

2., Ra-226 is concentrated by coprecipitation chiefly with barite and to a
lesser extent with Mn-Ba-Fe hydrous oxides.

3. Precipitation of minerals from spring waters at or near spring sites
results from oxidation of sulfur species, and loss of carbon dioxide,
and loss of heat.

4. Radioactive mineral springs are surface manifestations of deep-source
hydrothermal systems.

5. The springs flow as the result of subsurface gas and fluid pressures.
They are not artesian.

6. The spring waters flow laterally and upward along established conduits
(joints, faults, unconformities, etc.). They do not represent
aquifer flow but may contain water contributed by aquifers.

7. The principal entrained and dissolved gas in the springs is probably
carbon dioxide (C02). It is also the chief source of gas pressure in
the spring system.

8. Other entrained or dissolved gases in the springs are radon, gaseous
sulfur species, oxygen, methane, helium and nitrogen.

Barnes, Irwin, and White (1978) made a study of the carbon isotopes of
the CO, in gas charged springs. They also studied the occurrence world-wide
of such springs. One of their conclusions was that "CO, discharge is chiefly
in the orogenic areas of the earth's surface along or near major crustal plate
boundaries. It is along these plates that resistance is expressed as seismic
energy and anomalous temperatures." They also found that high thermal
gradients coincide with abundant CO, discharge, but, more than high
temperature is required to generate CO, from Timestones.
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Based on the interpretations of C13/C12 carbon isotope ratio studies by
Craig, Boato, and White (1956), Barnes and others, (1978) came to the
conclusion that the CO, in the springs comes from three major sources:
metamorphosed organic material; metamorphosed marine carbonate rocks; and, the
earth's mantle. Barnes, Irwin and White (1978) found that the hydrothermal
spring water from great depths bearing CO, of apparently deep origins was
basically water of meteoric origin. They expected more magmatic and connate
water.

The interpretive limits assigned to the C13/C12 isotope ratios (used by

Barnes and others, 1978) are as follows: (A) 0.0 permil -- marine carbonate
the standard; (B) -4.7 to -8.0 permil -- C0, of mantle origin; (C) -8.0 to
-20 permil -- CO, originating from organic-carbon-bearing rock undergoing
metamorphism; § +5.0 to -5.0 permil -- CO, originating from the

metamorphosis of marine carbonate rocks. However, limits listed under (B)
could represent a mixture of gases from (D) and (C), or dissolution of fresh
water carbonates. The (B) interpretation should be used with the
qualification of "possibly" mantle.

We collected samples for C13/C12 carbon isotope ratios from selected
springs. The spring sampled, the ratio obtained, and the interpreted source
are shown in table 16. These results suggest that according to Barnes and
others (1978) and Craig, and others (1956) most of the sampled springs could be
discharging C0, from the earth's mantle and from zones of metamorphism or it
could be a m1x%ure of (D) and (C). This raised the question of the special
relationship between the mantle and metamorphic zone environments. We were
also forced to keep in mind that for some sampled springs large quantities of
Ra-226 and Rn-222 and Ra-228 and Rn-220 far out of equilibrium were also being
discharged at large rates (Cadigan and Felmlee, 1979) which is compatible with
zones of metamorphism.

A SEISMIC MODEL

A simplified model which ties the numerous parts of the radioactive
mineral spring and CO, discharge puzzle together is one proposed by Newton and
Perkins (1981), and discussed by Derra (1981). Newton and Perkins were
seeking an explanation for the almost consistent evidence in old metamorphic
granulite terranes of extreme seismic pressures of about 8000 times standard
barometric pressure (8 Kbar). The model which best satisfies the requirements
for such a concentration of force or seismic energy is overthrust faulting at
depth by one plate segment over another, and sandwiching of a significant
quantity of the sediment overlying the overridden plate between the plates.

The model is illustrated in figure 26. We have added a stage of
hydrothermal system origin and other processes to Newton and Perkins' original
scheme as shown in Derra (1981).

The adapted model shows a rupturing of the crust which would allow for
the increased degassing of the mantle, or the CO,-fluid pressures could even
have facilitated the rupture and overthrusting. The crust is thickened, thus
satisfying the requirements of Barnes, Irwin and White (1978) for an orogenic
area. The zone of metamorphism would provide the heat energy and degree of
metamorphism required for metamorphic sources of CO,. Mantle material would
be intruded into crustal and associated sediments in the zone of metamorphism.
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Table 16.--Radioactive mineral springs: C13/C12 Ratios in HCO3 - CO3 - COp

Spring C13/C12 Class
Austin -4.4 permil B
Quray -6.2 B
Doughty (bath) -3.6 D
Doughty (alum) -11.2 C
Poncha -6.2 B
Taylor 1.7 D
Guffey -5.4 B
Doughty (bubble) -5.5 B
Utah -5.6 B
Golconda -5.8 B
Monte Neva =-3.7 D
Fales -3.7 D
Stinking Hot -16.65 C
Baker -4.4 B
Wildhorse -10.00 C
Stinking Cold -18.9 C
Monroe -4.6 B
Wilson -4.7 B

C13/C12 source interpretation scheme:
B--Mantle or combination of B and D
C--Zone of metamorphism of organic carbon-bearing rocks
D--Zone of metamorphism of marine carbonate rocks
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Figure 26.--Diagrammatic sketch of the relationship of radioactive mineral springs to
tectonic activity in an orogenic area of the earth's crust. Modified from Derra
(1981). A. Subcontinental crustal plates meet. B. On continued compression one
plate rides up over the other and sedimentary rocks on the lower plate are trapped
under the upper plate and subject to extreme heat and pressure. C. Thickened
crust results; metamorphism continues in sandwiched sediments; hydrothermal systems
develop in fractures above the zone of metamorphism; hot springs develop on the
surface with connections to the zone. D. Subsequent erosion exposes old
metamorphism zone now represented by granulite-type rocks, a potential area for
uranium exploration.
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Fractures and faults resulting directly from the overthrusting would
allow ground water of meteoric origin to be drawn into the zone of
metamorphism and literally blown upward in a manner similar to the operation
of a coffee percolator. The upward moving water would be charged with C0,,
steam, and chemical ions. Pressures required for upward movement of the
solutions through establish conduits (1-2 Kbar?) due to a levering effect,
would be much less than the downward static pressure of the rock column.

For simplicity, complicated details of potential magmatic intrusion
generated by the overthrusting and intrusion of mantle material into the crust
are omitted from the representation of the model. Such intrusives could also
generate hydrothermal cells at various depths by direct contact with
groundwater, or by formation of hydrothermally active contact metamorphic
zones, or by other complex indirect means.

In the zone of metamorphism, organic-carbon-rich and methane-bearing
sediments would contain U, S, and connate waters in addition to geochemically
unstable minerals. The U-238 in the sediments, and possibly introduced from
the crustal plates and the mantle and Th-232 from similar sources would be
mobilized and concentrated in a reduced state in acid-brine solutions, but
would be limited in movement by the extent of the acid solution, or reducing
environment. Limestones reacting to the acid environment would form CO,.
Other reacting rocks would yield mobile solutions of ferrous iron or Mn oxide
ions. Ra, Rn, and sulfur species liberated in the zone would move freely with
the upward streaming hydrothermal waters of higher pH fed by deeply
circulating meteoric waters. The released Rn moving as a dissolved gas would
be even more mobile than the relatively soluble Ra salts which would account
for the usually order of magnitude higher rate of discharge of Rn from the
springs, in spite of the much shorter half-life of the Rn.

SUMMARY

The concentration of springs in continental orogenic or volcanic zones
suggests than that most radioactive mineral springs have similar tectonic
origins. Radioactive precipitates may be characteristic of continental
mineral springs only. Deep ocean springs may carry only contributions from
mantle-derived rocks. Variation in precipitates formed from the springs
suggest that many geochemical variables affect the chemistry at the spring
sites. The primary variable is the type of source rocks which supply the
mineral content. The second in importance is probably the geochemical
environment of the spring conduit system.

Factor analysis of the chemical analytical data from the spring
precipitates gives us some insight into the geological and geochemical
processes operating at the spring sites. Seven factors are identified and
interpreted as follows: (1) Detrital silicate contamination and silica
precipitation; (2) Carbonate travertine precipitation; (3) Ra
coprecipitation with barite, and Mn-Ba-Fe oxy-hydroxides; (4) Evaporite
precipitation; (5) Hydrous limonite precipitation and coprecipitation of U
and other elements; (6) Rare earth metals deposited by detrital
contamination; and (7) Metal carbonates adsorption and precipitation.

Factor scores in table 15 identify the samples of precipitates that are
affected positively or negatively by the seven processes.
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The precipitates at a mineral spring site reflect the type of source from
which elements composing the precipitates were derived. The element groups
most likely derived from deep sources, such as zones of metamorphism, are
represented by factors 2, 3, 5 and 7. High-uranium-bearing sources are most
likely represented by factors (3) and (5), but are not restricted to springs
dominated by these factors.

Anomalous amounts of Ra and Rn in hot spring waters which produce almost
no precipitates would also be indicative of high-uranium-bearing sources
associated with zones of metamorphism (Cadigan and Felmlee, 1979). Data on
high-radium-bearing spring waters is presented in a companion report by
Felmlee and Cadigan (1982).

Springs producing precipitates which have high abundances of the elements
identified with factors 3 and 5 can be identified from the factor scores in
table 15. Any of the factor scores of 3.0 or higher may be considered
anomalous. Highest for factor 3 are as follows:

Spring Factor score
Poncha Hot Springs (CO, 17) 5.
Ouray hot springs (C0, 22) 5
Baker Hot Springs (UT, 23) 4
Monroe Hot Springs (UT, 41) 4
Doughty Springs (CO, 12) 4

N OYO A~

Highest scores for factor (5) are found at the following springs:

Spring Factor score
Salt Bank (AZ, 16) 5.5
Yellow Soda Spring (CO, 14) 4.2
Taylor Soda Spring (CO, 15) 4.0
Poncha Hot Springs (CO, 17) 3.4
Ophir Iron Spring (CO, 23) 2.7

A11 of the above listed 9 springs with high scores for factors 3 and 5 are
among the springs with the most radioactive precipitates. An additional 13
springs with highly radioactive precipitates based on high eU values >500 ppm
are listed below:

Stinking Hot Springs (UT, 9)
Wilson Health Springs (UT, 18)
Monte Neva Hot Springs (NV, 18)
Utah Hot Springs (UT, 10)

Alhambra Hot Springs (MT, 3)
La Duke Hot Springs (MT, 14%
Golconda Hot Springs (NV, 6
Kyle Hot Springs (NV, 12)

Soda Dam Hot Springs (NM, 1)
Auburn Sulfur Spring (WY, 9)
Stinking springs (UT, 36)

Hooper Hot Springs (UT, 12)
Adit spring (CO, 11)
Simms flowing well (AR, 1)

A11 of these radioactive springs are assumed to rise from orogenic zones
of metamorphism and mantle intrusion or from related contact metamorphic zones
involving hydrothermally active radioactive igneous or metamorphic source
rocks. In a contact metamorphic zone involving igneous intrusion of
sedimentary rocks, the intrusive body would probably have been generated by
similar crustal plate overthrusting.
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Relationships of mineral spring precipitate radioactivity to U resources,
as suggested by the model illustrated by figure 26 places the U source in the
zone of metamorphism or at the acid-alkaline brine interface in the
hydrothermal conduit system between the spring site and the source rock.

U deposits which would fit the tectonic model of Newton and Perkins
(1981) could include the types described by Grauch (1978) and Nash, Granger,
and Adams (1981) associated with granulite geologic terrane with a history of
metamorphism, hydrothermal activity, and subsequent uncovering by erosion as

in fig. 26 "D".
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