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Lbstract. - Five magnetotelluric stations were

+ ' taken in the Yellowstone region. Sufficient co-

" hergnt signal was obtained in the frequency band
" to 1071 hz to. yield useful apparent resis-
©otivity €/9) spectrums. At stations near Yellow-
stone the resistivity was linearly proportional
to wat long pericds; this is due to the exis-
tence of a high conductivity substrate at some
depth. The effective thickness of the low con-
ductivity surface zone as inferred from the in-
tercept of the response curve is ccasonant with
the geological setting; it is thin (<5 km) in
the Yellowstone thermal area, and thicker on the
Snake River Plain (15 km). Stations well- away
from Yellcowstone show &~ ), suggesting a -
lower gradient of conductivity ir -the substrate.
" Precise inversion of the data is not practical:
however, the comparison of fa at neighboring
"stations shows distinet di
response of the crust which mey be discussed in
a geological context. ’

~ Knowledge of the crustal thermal regime in the
Western United States is important for tectonic
interpretations (Suppe et 2l., 197k; Blackwell,
1971). Magnetotellurics offers a possible tool

- for thermal measurements, due to the strong de-
pendence of electrical concductivity on tempera-
ture. Some 20 MI stations have been taken by

rinceton University workers cver the past six

years on and near the Yellowstons area in an
effort to determine the magnetotelluric signa-
ture of a known thermal area, and to determine
the extent of the difficulties associated by vio-
lation of the classical MD assumptions of a lo-

~. cally uniform source and a plane-parallel stra-

tified earth (Cagniard, 1953).

' Lewis (19707 obtained impedance spectra which

fferences in electrical’

low. In'every case ,Q grows rapidly with frequen-
cy, showing an inflection in the trend around
1073 to 107% hz.
/% 1s unusual. We may gain an important perspec-
tive on the coutrolling resistivities if we con-
sider first a model consisting of a uniform layer

of thickness h and resistivity £ underlain by a

halfspace of infinite conductivity. The apparent
re51st1v1ty is then:

-/()‘tan kh|2 (1)
N (2)

The function (1) grows as /2, /a40h2 at low fre-
_quencies, is constant at /=2 at high Prequen—
cies, with a transition around @ = /V he. The
data from sites 1,2,3, and 5 are compatlole with
this kind of model and with the known geoclogical

where

-setting, as regards the low frequency and tran-

"~ dependence,

sitional behavior. All show a linear frequency
and scale on the resistivity axis as
the squared effective thickness of the upper
layer. The latter behavior is in reasonable ac-

" cord. with the thickness of the Powder River sedi-
‘ments, the virtual absence of a resistivity re-

shewed the effect of the shaliow zcne of thermal—'

-1y controlled conductivity at Yellcwstone. In
this letter we report more recent measurements
showing the way these results vary with geologi-

" cal setting. Part of the experiment was to follow

-the trace of the presumed hotspot, with stations
in the Snake River Plain, the Madison area, and
‘the 014 Faithful area. Two further sites were.
chosen to represent different surface properties
in nearby nonthermal crust: the exposed crystai-
line basement rock in the Big Horn . Uplift, and
the thick sedimentary settlng of the Powder River
" Basin (Figurs 1). :

Apparent Resistivities,
Apparent resistivity,/qt, spectra are given.in
Figure 2 (as solid lines; sywbols refer to aix-

- parameter fits). The spectra are sslected accord- -

‘ing to a signal to noise criterion.discussed be-

'Copyrlght 1974 by the Amerlcan Geop5y51ca1 Un1on.

gion over Yellowstone, and the intermediate na-
ture of the plateau. basalis elsewhere. The Big
Horn uplift curve has a slope which cannot be f1t
by this kind of model. To obtain the obse rved W
slope, the MI' field at the Big Horn site must

"feel" the conductive substrate more rapidly as

265

frequency decreases than we find for the extreme
one-dimensional model discussed above. Thig can
occur plausibly by treating the Big Horn uplift:
as a resistive "island" in a 2 or 3 dimensional
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Fig. 2.“ Apparent resistivity spectrums observed
for the 5 stations. Symbolszare theoretical one-
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dimensional calculations, as described in text.

sense surrounded by conductive materials (Porath
and Dziewonski, 1971). Near lo'2hz, both edge

effects from the surrounding sedimentary basins
‘and penetration into the conductive substrate of

the crust are unimgortant, giving a velid resis-
tivity around 3x10  ohm-meters for the crystal-.

line rocks of the Big Horn basement.

Theoretical Models

The apparent resistivities have been fit by a
more realistic one-dimensional continuous resis-
tivity model of six parameters. The Cagniard
equations (Cagniard, 1953; Vozoff, 1972) were
integrated from a high conductivity halfspace
at depth up to the earth's surface. The proper-
ties of this halfspace are set by Parker (1971)
in his reconstruction of the gross-eartih conduc-
tivity profile.. In the vicinity of 200 km he in-
fers resistivity to be in the range 2-10 ohm-
meters, with little gradient below that depth.

Our modeling indicates the linear frequency

i

B R

" ation of the Boltzmann function e™E
is an activation energy, and the temperature dis-

LOG Resistivity (Ohm -meter)

Fig. 3.
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dependence of /‘L_requires that resistivities ap-

‘proach the half-space with an exponential depth
‘ dependence. The exponential is most naturally as-

soclated with a thermal resistivity regime. The

functional form for parameterization of thermally’

controlled conductivity is suggeste? by a combin-
E kT, where E

tribution with depth. We take the linear form

T = Ty z/(z-25) (Hermance and Grillot, 197k%;

Blackwell, 1971). Combining these gives the form:

conductivity eC exp (& - b/z), where a and b are

determined by conditions at the end points of the

- function (Figure 3). In addition to the surface

resistivity, which is fixed at 1 ohm-meter, six -
free parameters define the model: zy - z s s
and /% . These have been varied until a least
square fit to the data is obtained.

The model can be made to fit the data reason-
ably well for sites 1-3 and 5 (symbols in Figure
2). The resistivities inferred from the response
curves (Figure 2) are shown in Figure 3 (curves
labeled "a"; associated parameter values appear
in Table 1, entries "a"). The resistivities show
the obvious trend of a more conductive body clo-
ser to the surface as Yellowstone is approasched

s

] s
44 ‘ b)
of 5

- 4 -3 2

50 100 150 200
Depth (km)

Resistivity model and inferred resisti~
vity structures. Model consists of a fixed sur-
face resistivity (1 ohm - m) followed by a zone
of increasing resistivity (Z_ - Zi) and a zone
of fixed resistivity , Z1 -Z ;3 from

Z2 - 2, , the resistivity decreases exponen~
tially t0 a constant, infinite substrate layer
of resistivity & Inferred resistivity struc-
tures are given for sites 1-3 and 5. Curves

"a" result from fits to the response curves of
Fig. 2; Curves "b" to continued response curves,
as discussed in text. L
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Table 1. Values of model parameters for fits shown in Flg 2 (entrles labeled "a") and
: fits to linearly extrapolated data (entries labeled "b"). . Parameter identities
keyed to a model shown in Fig. 3. Depth in km;- resistivity in ohm-m.

DaTA oz, 7y

o Zg-' ‘ .'Z3
Snéke-River Plain a) .036 43 106 15 % .. .10
by L0360 .3 104 10 250 .008
Madison Plateau a) .05 .08 . 107, 15 75 .033
S © b)), - .05 .08 2 x 10° 8 200 .003
Yellowstone &) s -5 2. 3.3 55 5x107%
S b) A5 .5 8 L 2.5 60  ..0007
Big Horn Mntns. a) - - - ; - -
S - - - -
Powder River Basin a) ok .64 00 15 175 20
10° 10 30 .01

b) ..ok .6l

. frbm either flank. However the combination of
incompleteness of the frequency range, with in-
‘accuracies in both slope and position of response

curve lead to unrealistic parameter values. On
the hypothesis that resistivities are thermally
controlled, and further that there is approximate
thermal equilibrium beneath the Yellowstone re-
glon, we may plausibly construct linear response
curves for the frequency range lO'“ - 10'6 Hz. .
These continued response curves, when fit.-to the

resistivity model, give a mor€ realistic set of

parameter values (Table 1, entries "b"; Figure 3,

~_curves "b"). Further experimentation with fitting
" shows that potential for considerable parameter
variagtion exists within the limits of slope and

position within which we may choose our response

“-curves. In short, at our present level of resolu-

tioh, we are-able to develop a plausible picture
of a thermally controlled resistivity regime at

crust and near mantle depths, but cannot provide
good estimates of a detailed r651st1v1ty struc-

ture. :

Method of Data Analysis

" We now describe the method by whlch the appa—

' 3 rent re51st1v1ty curves ‘in Figure 2 were obtained

from the raw data. Figure 4 shows a set of re-
sistivity estimates from Big Horn, Powder River,
and Yellowstone stations. Each estimate is a
point pair giving "maximm" and "minimum" esti-
nmates for each sample window in which the coher-
ence (E/H) is greater than 0.33. The two estimates
differ according to the way the incoherent energy
is treated. The height of the bar has a maximum
cof 3x, whlch is a forteriori determined by this
minimum allowed coherence.

.- Four channels, Ey, Ey, Hy, and Hy, were dlgl-
tally sampled after low pass filtering. The pairs
(Bx, Hy) and Ey, -Hy) were treated separately in
an analysis for the scalar impedancer

=lgEl . (3)

Data series of 4096 points, with duration of 6
hours and sampling interval of 5.2 seconds were

Fourier analyzed by an FFT algorithm. The over-
estimate of impedance Zy and the underestimate 7,
were then formed from the following smoothed cross-
spectral estimetes obtained by the method of band
averaging (Hermance, 1973; Hinich and Clay, 1968).

7y (@) =&/ G )

Zo. (W) = &8y /EH), (5)

where: XY = 10X (@)Y (W) (8
w N q

< > = geometrical mean (W) ...Wy) (7)'

We 1nterpret these expressions through the fol-
lowing model of signal and noise:

B =T, + B | (8)

H'= H, +H) ‘
. z= <E ENTCEN =&/, Ec> €)
<ECHD> (B = (Bally) = <HcHn> (10)
where the band averaging <;.. is by hypothesis

equivalent to ensemble averaging. Then (4) be-
comes:

2y (@) = 2/(1 + i p/KHH ) . (11)

and (5) becomes:

7o (@) = 2-(1 + EEDKEED)  (12)

fléctrode and system noise' as well as éerfain
characteristics of the natural MI' fieids, obey
the averaging assumptlons (lO), giving Zy and Zg

" which bracket the assumed scalar Z. When geolog-

ical structures give rise to current channeling,
then  (HcEp < ¢Hp) '#0, and an anisotropic

" impedance tensor Z must be assumed. We also

obtain the relationship:

cob (5,8) = 2,(®)/7,@) L (1)
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Fig. 4. ‘Sample of magnetotelluric earth-response
curves for three sites, Each frequency point at
" a site is represented by an upper and lower es~
timate of apparent resistivity, as discussed in
the text. Circles and triangles denote separate
‘data collections. Points are selected from fre-
quency averaged, 4096 point, 6-hour long data
samples.

By setting a selection criterion coh (E, H)

a cut-off value, C, for the selection of data, we
agree to deal only with signals whose coherence
permits the estimates to be made only to an un-

. certainty of less than a given factor. Most re-

ported MT data has C 2 .9. Our relaxation of this
criterion to C = .33 still permits the salient
parameters of the apparent resistivity to be re-
solved to the degree needed for this kind of
study. In the complex geological settings where
we took this data, only fair luck was had in ob-
taining coherences as high as 0.9 for the band of
3-L4 octaves. At a given station we would find,
typically, that a data window giving high coher-
ence on one (E,H) pair would show practically
zero coherence on the other. On subsequent data
windows low coherence on both pairs-or a switch-

Magnetoteiluric iraverse ACross Yellowstone Reglqn

ing of the high coherence to the other channel
would be equally likely. High coherence, then,
~is obtained when the polarization of the source
field is” fortuitously oriented with respect to
the geologlcal structure at the station. We found
artificial rotation of the measuring axes (Word,
et al., 1971; Vozoff, 1972) inadequate as a means
of obtaining high coherence signals.. :

The battery-powered amplifiers and digital

- cassette recording system used in this study are

sufficiently easy to handle that it would be prac-
tical .for a crew of two to cperate 3 stations si-
mulfanecusly. For further work in western thermal
regions this configuration would allow some sepa-
ration of the effects of source inhomogeneity and
geological structure. We note further that the
field reconnaissance for geothermal anomalies may
be based on the amplitudes of band limited signals
seen at periods around 300 seconds in the field.

E This kind of immediate information can ‘facilitate

.getting more useful stations occupled during a
field program.
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SOAPING GEYSERS.t

‘AT the Buffalo meeting; Octoher, 1888 Dr. Raymond precenlcd
a paper entitled *“ Soaping Geysers,” in which he called attention
to the use of soap by tourists to cause eruptions of several of the
well-known geysers in the Yellowstone Park.  Incorporated in this.
paper appears a communication received from me, written from
camp in the park, in reply to some inquiries on the subject. The
letter discussed somewhat briefly the means employed by visitors. ~
to the park to hasten the eruptions from hot-springs and reservoirs °
of hot water, which remain dormant for days, or even weeks or
months, at a temperature near the boiling-point, without any dis-
play of geyser-action.  Ass the paper has called forth considerable
comment, I desire to elucidate one or two points in relation to the
temperature of the springs, and to answer some inquiries ahout the
compasition of the thermal waters.,

In the sunvmer of 18835, a-Chinaman, employed as a laundryman
for the accommodation of the tourists at the Upper Geyser DBasin,
accidentally discovercd, much to his amazement, that soap thrown
into the spring from which he was accustomed to draw his supply
of water produced an eruption in every way similar to the actual
workings of a-geyser. Tourists with limited time at their com-
nmnd, who had trn\(.lle(l thousands of miles to look upon the won-
ders of the Yelowstone, soon fell into the way of coaxing the laun-

‘dryman’s spring into action, to partly compensate them for their

sore disappointment in witnessing the periodical eruptions of Old
Faithful.  Successfol attempts upon this spring soon led to various
endeavors to accelerate action in the dormant-and more famous gey--
sers. In a short time, so popular became the desive to stimulate
geysers in this way, that the park authorities were compelled to
enlorce tigidly the rule against throwing objects of any kind into.
the springs.

In connection with a thorough investigation of the thermal wa-
ters of the Yellowstone Park and the phenomena of the geysers, 1
undertook a number of experiments to ascertain the action of soap
upon the waters, and to determine, if pos'sii)lc. those physical con-
ditions of various pools and reservoirs which permitted the hasten-
ing of an eruption by the emploviment of any artificial mcthods.
This investization, conducted from time to time, as opportunity
offered, throughout the field-season of 1885, included experiments
upon the geysers and hot-springs of the Upper, Lower, and Norris
“I'he results proved, beyond all question, that gey-

Geyser Basins:

ser-action conld be forced in a number of ways;-but most conven-- -~

iently by the application of soap. The greater part of the more
powerful gevsers undergo no pereeptible change with a moderate

“use-of soap, although sceveral of them may, under favorable physi-

cal conditions, be thrown at times into violent agitidion.  In most
of the experiments, Lewis’s concentrated lye, put up in half-pound
cans for laundry purpases, was employved.  Each package furnished
a strong atkali, cquivalent to several hars of soap.  In this form,
alkali is more casily handled than in bars of soap, more especially
where it is required to produce a viscous fluid in the larger reser-
voirs ; and, in conducting a series of experiments for comparative
purposes, it scemed best, in“most instances, to employ the same
agent to hring about the desired results.

Old Faithful, the model geyser of the park, exhibits such marked

vegularity in its workings, that attempts to hasten its action appear
- futile.

The interval between cruptions is about 65 minutes, and
rarely exceeds the extreme Timits of 57 and 72 minutes.  After an
éruption of Old Faithful, the reservoir fills up gradu: \lly ; the waler
steadily increases in temperature @ and conditions favorable to an-
other eruption are produced under circumstances preciscly similar
to those which have brought about the displays for the past eight-
cen years, or as far back as we have authentic records.  The few
experiments which have been made upon Old Faithful are insufii-
cient to afford any results hearing on the question;’ but it seems
probable that soon after the water attains the necessary tempera-
ture an eruption takes place.

Of all the powerful geysers in the park, the Bee- Hive offers the
most favorable conditions for producing an eruption by artificial
means, all the more striking hecause the natural displags are so
fitful that they cannot be predicted with any degree of certainty,

! Abstract of a paper read before the American Institute of Mining Engineers,
New Yeorkaneating, Febrnare, v8Ra, by Arnold Hazue,
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Observations extending over a period of several years have failed
to determine any established law of periodicity for the Bee-Hive,
even for three or four consecutive months ; although they indicate
that some relationship may exist between its display and those of
the famous Giantess. Frequently the Bee-Hive will play several
times a day, and then become dormant, showing no signs of activ-
ity for weeks and months, although the water may stand above the
boiling-point the greater part of the time. The name * Bee-Hive "

was suggested by the symmetry of the cone built around the vent,
It rises about 4 feet above the sloping mound of geyserite, and in

cross-section measures about 3 feet at the top, while at the bottom
of the cone the vent is less than 10 inches in width. From the top
of this narrow vent it.is possible to sink a weight only 17 feet be-
fore striking a projecting ledge, which interferes with all examina-
tion of the ground below. The constant boiling and” hubbling of
the water, the irregularity of its action, and the convenient location
- of the geyser, within an easy walk from the hotel, make attempts
to accelerate the eruptions of the Bee-Hive most attr.lctn'e to tour-
ists.

In most instances such efforts are futile: yet success docs so
frequently reward the astonished traveller, that, unless the geyser

were carefully watched by the authorities, attempts would he made -

- daily throughout the season. If the conditions are favorable to an
eruption, it usually takes place in from ‘10 to 25 minutes after the
addition of laundry-soap or lye. -1t is ‘doubtful il more than two

eruptions of the Bee-Hive Kave ever been produced on the same -

day by artificial means, although I know of no reason, hased upon
the structure of the geyser, why more displays ‘might not be ob-
tained ; for the reservoir and vent fill up with boiling ‘water yery
rapidly after each eruption.

Although the Giantess is situated only 4oo feet from the Bee-
Hive, .these two differ in surface and underground structure, and
mode of action, as widely as any two of the inore prominent
geysers of the park.  Around the Giantess no cone or mound has
formed. The broad basin is only partially rimmed in by a narrow
fringe of silicious sinter, rising above and extending out over the
deep blue water. At the surface, this basin measures about 1510 20
feet in width by 20 to 30 feet in length. It has a funnel-shaped
caldron, 30 feet in'depth, ending in-a vertical vent-or -neck 12 feet
deep, through which a sounding-lead may-be dropped into a sccond
reservoir, meeting a projecting -ledge or obstruction "of “some kind
61 feet below the surface“- After an-outburst of -the Giantess, the
basin, which has been completely emplied of .its water, gradually
fills again to-the top’; and for days before another eruption a steady
stream of hot water overflows the brim.
eruptions of the Giantess vary from twelve to twenty days, and the
displays last several hours, heing unsurpassed for violence and
grandeur by any geyser in the Upper Basin.  Arlificial means.have
never been successful in brmgmr7 this geyser into action, although

for days hefore an eruption it is an easy matter to cause an agita-

tion of the water by throwing into the basin small picces of sinter,
or to produce a boiling on the surf: wce, lasting sev cml minutes, by
simply stirring the water with a stick.

The Giant, one of the most violent of the geysers in xhc Upper

Basin, more closcly resembles the Bee-Hive than any other of those °

along the Firchole River. It has built up a cone 10 feet in height,
one side of which has becn partly broken down by some erup-
tion more viclent than any witnessed at the present day.
this notched side, steam and broken jets of water are ‘constantly
emitted ; and on this account but little examination has been made
of the underground reservoirs and vents; The Giant is fitful in its
action, at times playing with considerable regularity cvery fourteen
days, and at other-tinies lying dormant for nearly a vear, I have
no positive knowledge that an eruption of "the Giant has ever been
produced by any other than natural causes. At the time of my
experiments, no eruption of the Giant had taken place for several
~months, although the water was constantly agitated; so much so,
that it was quite impossible to examine the vent with any satisfac-
tory results. The only effect produced by the application of lye
was additional helght to the column of water thrown out, and a
decided increase in the thumping and violence of the boiling. -
. In the Lower Basin, the Fountain has been more carefully
studied than the other ‘geysers; and, its action and periodicity of

. The intervals hetween the .

Through .
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eruptions having been fairly well ascertained, it afforded the most
favorable conditions for observing the action of soap and lye upon
the waters.  In its general structure, the Fountain belongs to the
type of the Giantess, having a fuunel-shaped caldron, which, long
before an cruption, overflows into an adjoining basin. At the time
of my experiments upon the Fountain, the intervals bctween erup-
tions lastéd about four hours.
to note any changes which might take place. . My own experiments
with lye yielded no positive résults; although it seemed highly

probable that action might be hastened by the application of soap-
or lye just before the time for an eruption, or when, for some-

cause, the eruption was overdue. 1 preferred to make the attempt.

1o bring about an explosion hefore the usual time, only waiting un-

1il the water in the pool had nearly reached the hoiling-point.  All
experiments failed.. The previous year, when wishing to produce
action for the purpose of photography, I was enabled to accomplish

the desired result' by vigoroush stiming with a slender pole the-

water near the top of the vent connecting with the lower reservoir.
In this instance, it should be said, the usual interval of time be-.
tween eruptions had long §ince passed :
time was concerned, a half-hour overdue. My opinion now is that
the experiments with Jye failed hecause lhe temperature had:
scarcely reached the boiling-point. -

The Monarch, in the Norris Basin, is quite unlike those already
described, and aflfords cvidence of heing a much newer geyser, It

is-formed by two convergent fissures, on the line of-a narrow seam-

in the rhyolite, probably coming together below the surface. The
main vent imeasures about 20 feet in length, and at the surface 3
feet in width.
the conditions not heing very favorable to deposition.  In this nar-
row fissure, the water, which ordinarily stands about 15 feet below
the surface, constantly surges and boils, except immediately after
an eruption.  The intervals between eruptions vary somewhat from
year to year; but at the time of these experiments the action was
fairly regular, the geyscr plaving every four hours. 1 was success--

- ful in obtaining an eruption quite equal to the natural displays,.

which throw a column of water 5o feet into the air. Here at the:
Monarch there is no surface reservoir; and the narrow fissure,.
filled with loose blocks of rocks around which the water is in con-
stant agitation, prevents all measurements of depth.

The results of the many experiments, not only upon active gey-

" sers, but-upon a large number of hot-springs, determine fairly well’

the essential conditions” which render it -possible te bring about
geyser-action by artiliciat means.
as valuable for this i inquiry. as expenmcnls )nddmn imposing dis-
plays

Oulwh, of a few exception: Il instances. which could not be re--
peated, aid in which action was probably only anticipated by a few:

minutes in time, geyser eruptions produced by soap.or alkali ap--

puir to demand two essential reguirements, — first, the surface-.
caldron or reservoir should hold but a small amount of water, ex-
posing only a limited area to the atmosphere ; second, the water
should stand at or ahove the boiling-point of water for the altitude
of the geyser-hasin above sea- le\'cl The principal factor which
makes it possible to cause an eruption artificially is, .1 think, the
superheated and unstable condition of the surface-waters,  Many

" of the geysers and hot-springs present the singular phenomena of”

pools of witer heated :thove the theoretical builing-point, and, un-
less disturhud, freGuently remain so for imany days without éxhib-
iting any signs of chulliion. It may not be easy to describe

accurately these superheated waters ;

peratures, quickly learns to recognize the peculiar appearance of
these basins when heated above the- boiling-point.

only interrupted by numerous steam-bubbles, rising through the

water from below, and bursting quietly upon renchmg the sur-

face.
Marcet, the French physicist, has specially investigated the phe-

noniena of superheated waters, and has succeeded in attaining a
temperature of 105° C. before ebullition,

Superheated waters in:
nature, however, appear to have been scarcely recognized, except-
during the progress of the work in the Yellowstone Park, in con-

This interval allowed sufficient time-

the geyser was, so far as.

“But slight incrustation is found around the vent,. .-

Negative results -are lrequ(,nlly' :

hut any one who has studied
the hot springs and poaols in the park, and carefully noted the tem-

They look as.
if they were “ready to boil,” except that the surface remains placid,.
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nection with a study of the geysers. The altitudes of the geyser
basins above sca-level have been ascertained by long scrics of
barometric readings, continued through scveral seasons. In con-
ducting a series of observations upon the boiling-points of the
thermal waters in the park, Dr. William Hallock, who had charge
of this special investigation, determined the theoretical boiling-point

by noting the mean daily readings of the mercurial- column. The -

exact boiling-point of a pure surface-water, obtained from a neigh-
boring mountain-stream,
waters from the springs, were determined from actual experiments
by heating over a fire, employing every possible precaution to avoid

" sources of error.  Surface-waters and deep-seated mineral waters
gave the same results, and coincided with the calculated boiling-
point at this altitude,
fully taken where the waters in the active and running springs
boiled at temperatures between 198° and 199¥ F..

As will be shown later in this paper, the thermal waters are -

solutions of mincral matter too dilute to be affected to any appreci-
able extent as regards their boiling-point by their dissolved con-
tents. The theoretical boiling-point for the springs and pools in
“the Upper Geyser Basin may be taken at 92.5° C. (198.5° F.). In
many of the large caldrons, where the water remains quiet, a.tem-
perature has been recorded of 94° C. (201.2° I} without the usual
phenomena of boiling. This gives a body of superheated water,
wilh a temperature at the surface of 1.59 C. (2.7° F.) above the point
Thermometers plunged
into the basins show slightly varying temperatires, dependent upon
their position in the basin.  They indicate the cxistence of numer-
ous currents, and a very unstable ¢quilibrium of the heated waters,
“which are liable, under slight changes, to burst forth with more or
less violence. It is under these conditions that geyser-action can
“be accelerated by artificial means.  1f into one of these superheated
basins a handful of sinter pebbles be thrown, or the surface of the
waler be agitated by the rapid motion of a stick or cane, or even
by lashing with a rope, a liberation of steam ensues. This is
liable to be followed by a long boiling ,of the water in the pool,
which in turn may lead to geyser- action. There is some reason 1o
believe that, at lcast in one instance, an eruption has been brought
about by a violent but temporary gust of wind, which etther rufiled
the water or disturbed the equilibrium of the pool and changed
momentarily the atmospheric pressure,

In Iceland, travellers have long been nccu%lomed to throw into
the geysers turf and scft earth from the bogs and meadows which
abound in the ncighborhood, the effect produced being much the
same as that of sinter pebbles and gravel upon the geysers in the
National Park.  So well was this understood, that at one time a
peasant living ncar the Iceland locality kept a shovel solely for the
accommuodation of those visiting the geysers.

In my letter to Dr. Raymond, T mention the curious fact that the
aumlrynmn s spring, now known as the C Inn wman, in which gey-
ser-action may most easily he plurlncul by artificial means, has

never been regarded by the Geological Survey as any thing but a
_hot-spring

; and no one has ever seen it in action without the ap-
plication of soap, except in one instance, when it was made to play
to a height of twenty feet after stirring it vigorously with a pine
bough for nearly ten minutes.  In our records it is simply known as
a spring.

If soap or lye is thrown into most of the small pools, a viscous:

fluid is formed ; and viscosity is, 1 think, the principal cause in
hastening geyser-action.  Viscosity must tend to the retention of
steam within the basin. and, as in the case of the superheated
-waters, where the temperature stands at or above the hoiling-paint,
explosive liberation must follow. All.alkaline solutions,

tendency to bump and boil irregulariy.
springs must also tend to the formation of Dubbles and foan when
the steam rises to the surface; and this, in turn, aids to bring
about the exp'losivc action, followed hy a relief of pressure, and
thus to hasten the final and more powerful display. Of -course,
relief of pressure of the superincumbent waters upon the column
of water below the surface basin is essential to all eruptive action.
These conditions, it seems to me, are purely physical. Undoubt-
<dly the fatty substances contained in soap aid the alkali in ren-
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and the boiling-point - of the thermal - held in solution.

Hundreds of observations have been care-
paper, may be considered as identical in” their constituents.

“deépths.

whether
- in the laboratory or in nature, exhibit, by reason of this viscosity, a
Viscosity in these hot- -

“males.
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déring the water viscous. On the other hand, when concentrated.
lye is used, it acts with greater cnergy, and furnishes a viscous
fluid where soap would yield only surface suds, insufficient to ac-
complish any phenomenal display.

It is well known that saturated solutions of mineral substances
raise the boiling-point very considerably, the temperature having
heen determined for many of the alkaline salts. In general, 1 be-
lieve the boiling-point increases in proportion to the amount of salt
Actual tests have shown that the normal boiling-
point of silicious waters in the park does not differ appreciably from

the ordinary surface-waters ; mainly, I suppose, because they are

extremely dilute solutions.

The amount of lye required to praduce a sufficiently viscous con-
dition of the waters increascs but slightly the percentage of inineral
matter held in solution. )

All the waters of the principal geyser-basins present the closest
resemblance in chemical composition, and, for the purposes of this
They
have:a common origin, heing, for the most part, surface-waters
which have percolated downward for a sufficient distance to come
in contact with large volumes of steam ascending froin still greater
The mincral contents of the hot-springs are mainly de-
rived from the acid lavas of the park plateau, as the result of the

“action of the ascending steam and superheated waters upon the

rocks helow,  These thermal waters are essentially silicious alka-

 line waters, carrying ‘the same constituents in somewhat varying

quantities, but always dilute solutions, never exceeding two grams
of mineral matter per kilogram' of water. \When cold, they are
potable waters, for the most part slightly alkaline to the taste, and
probably wholesome enough, unless taken daily for a long period
of time.

Dr. Raymond has made the suggestion that the addition of
caustic alkali would possibly precipitate some of the mineral in-
gredients found in these waters, thereby changing their chemical
composition sufficiently to affect the point of ebullition. At the
same time he remarks that the geyser-waters are probably too
dilute solutions {o be much influcnced by such additions.  Any
one who glances at the analyses of the waters of the Bee-Hive,
Fountain, and Fearless must see, 1 think, that they are not only too
dilute to undergo any marked change of temperature, but that the
mineral constituents consist mainly of the carbonates and chlorides
of the alkalies, associated with a relatively large amount of free
silica, which would remain unacted upon by caustic.alkali,  There
is nothing in the waters to be thrown down by the addition of
alkali, or to permit any chemical combinations to be formed by the
addition of a small amount of soap. The desire of tourists to
“soap a gevser” during their trip through the park grows an-
nually with the increase of ‘travel ; so much so, that there isa
steady demand for the toilet-soap of the hotels. If visitors could
have their way, the beautiful blue springs and basins of the geysers
would be “in the suds” constantly throughout the season. Throw-
ing any thing into the hot-springs is now prohibited by the gov-
ernment authorities. It is certainly detrimental to the preservation

" of the geysers, and the practice cannot be too strongly condemned

by all interested in the National Reservation.

THE EAST GREENLANDERS.

CCarr. Towars expedition to East Greenland was as remarka-
hle on account of its geographical results as in regard to the eth-
nologrical observations miade among  the isolated tribes of the
northern parts of the east coast of Greenland.  The results of his
journey have heen published, and form the tenth volume of the
“ Meddelelser om Grinland.”  In a recent number we referred to
the linguistic and folk-loristic papers.  Of no less importance are
the gt_ncml amhropomemc and clhnographlcﬂ results of the expe-
dition,

Dr. Sweren Nansen has submitted the cmmolomcal mnlcnal and
the measurements of -Capt. Holm to an daborate discussion, from
which we glean the following facts. The whole population con-
sisted of 548 heads, 245 of whom were males, while 303 were fe-
The size of the people is below the average, being 1.647
millimetres ; while in the southern parts of the coast the average
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" deposition.
uranium is a widely distributed element, easily dis-,
zolved. and transported by solutions of diverse char-

ssweeem ee uTAH
' BESEARCH INSTITUTE
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.is shown by analytical data on samples of unaltered sand-
stone, ore, and altered sandstone from a roll-type uranium
deposit in the lower Kocene Wind River Formation of the
Shirley basin. Transportation of uranium and other elements
in a neutral to slightly alkaline, oxidizing solution and deposi-
tion by changes in the Eh and pH of that solution are sug-
gested by the geochemistry of these elements at low tempera-
tures and preasurei

Field ana-- labomtory mvestlgatlons of- unox1d1zed :
uranium deposits in sandstone have resulted in con- -

siderable data on the possible sources of uranium and
the geochemistry of ‘its solution, transportation, and
In spite of these data, and perhaps becduse

acter, there is llttle qgreement on the gene31s of the
rlepomfa ' :
It is 1mmobab}e that any one genetm concept can

be applied to all uranium deposits in sandstone, for -

each has its own peculiarities of detail. On the

other hand, most deposits have snmlarltles that sug-

gest that certain broad geochemical proceses may ha.ve

been responsible for thelr origin.

- C. F. Davidson (1964) suggests that “in geologlcfll
theorizing it is wise to extrapolate from. the known

to the unknown, from the young to the old, from the

simple to the complex.”. The Shirley basin uranium
deposits are young, simple in form, and. since their

‘formation, app‘xrently unaffected by significant redis-
Lrloutlon of uranium or by weathering. In this paper
cértain physical and chemical data, and genetic con-

cepts interpreted from these data, are presented Ex-

trapolation of the concepts to older and more complex
deposits is not attempted. :

) Abstract.—A systematic distribution of uranium, selenium, :
.~ ferrous  and ferric iron, carbon, beryllium, and sulfate sulfur
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'GENETIC IMPLICATIONS OF SOME ELEMENTS =
| ASSOCIATED WITH URANIUM DEPOSITS,
‘SHIRLEY BASIN, WYOMING -

By E. N HARSHMAN Denver Colo

GEOI.OGY AND ORE DEPOS!TS

" The’ ma;or uranium dep051ts in the S‘urley basm’":

(fig. 1) are in a well-defined belt coincident with the
" lowest part of a basin filled with clastic and tuffaceous -
rocks of fluviatile and lacustrine origin. The basin was
eroded in rocks of Cretaceous and older age, and was
filled with rocks ranging in age from Eocené to Mio-
cene that aggregated at least 1,500 feet in thickness. -
The ore deposits are in sandy beds of the Wind River
Formation of early Eocene age which rests unco*lfonn
ably on the Cretaceous and older rocks. :

Near the deposits, the Wind River Fo"m'mon ranges:
from 300 to 500 feet in thickness. It is composed of
clayey siltstone, arkosic sandstone, dnd conglomerate,

© al]l interbedded and. poorly cemented “The sediments ‘
for the most part were derived from granitic rocks .

to the west. Regional dips are about 1° northward.

.Plant and verfebrate fossils indicate that the early .- .- ... N

Eocene environment was subtropical. C‘trbornceogs
trash is.abundant in the fine-grained rocks in the lower
part of the basin and common in the aandstones mter-
bedded with them.

The present ground-water table is at depthq of a few
feet to more than 300 feet below the ground surface.
Ground water is tributary to the present surface drain-
age system and ﬂows sout]m ard at gra(hents of 10t0 30 .~

feet per mile.

The prlnclpalA anions in the Shnley basin glound
water are bicarbonate (210 parts per million) and

“sulfate (110 ppm) as shown by analysés of 25 water

samples collected by the writer from the Wind River
Formation. Radioelements include uranium (20 parts
per billion), radium (10 picocuries per liter), and
radon (as much as 200,000 pc/liter). The pH of the

v,ground water ranges from 6.6 to 8 3; the medlan pH .
‘is about 7.8. ‘ :

© 0167
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of the Petrotomics Co. pit.

Large tongues of altered * sandstone, formed in the
most transmissive parts of thick sandstone beds, were

the loci for ore deposition.” Two such tongues at dif- .

ferent stratigraphic levels have been delineated by
exploration and development drilling, and the upper
tongue has been partly exposed by mining operations
in the Petrotomics Co. open pit and in the Utah Con-
struction and Mining Co. mine 214 miles to the north.
A third tongue, possibly a split from the upper tongue,

may be present locally. Data on it are meager, and it - -
- The upper tongue is 5

is not discussed in this report.
miles long in a northwesterly direction and has a max-
hnum width of 8 miles.

feet above the base of the Wind River Formation.
The upper tongue ranges in thickness from a few feet
near ‘its edge to about 70 feet, several thousand feet
back from the edge. :

The lower tongue is Sepfmrated from the upper one
by 50 to 70 feet of silty claystone. It has not been

exposed by mining operations, but drilling data sug-

1In this report the term *“altered” is used in a restricted sense to
refer to those physical and chemical changes, excluding mineralization,
effected by the ore-bearing solution on the medium through which it
passed. “‘Unaltered” denotes a lack of such changes.

It is at depths of 100 to 450
feet below the ground surface and is as much as 200.

tah Construction and Mining Co. mine is 214 mll% north

gest that it is similar to the upper tongue. In part,
‘the two tongues are superimposed, although the upper .
tongue extends farther to the north and west than
does the lower one. '

The major.ore bodies in the Shlrle) basm are at the

margins of tongues of altered sandstone in a curved
zone between altered and unaltered sandstone.
body in its most simple form is crescent shaped in cross
section, has a sharp contact with altered sandstone on
the concave side, and grades into unaltered sandstone
on the convex side. ‘Ore bodies are elongate parallel
‘to the margins of the altered sandstone tongues.- Ore
bodies of this conﬁrrumtlon are commonlv Lnown as
rolls. ’ : :

Epigenetic mmerals mn the ore are uraninite, pyrlte,
“marcasite, calcite, hematite, nat»lve(?) selenium, and.
an unidentified sulfate mineral; in altered sandstone
they are goethite, limonite, and ferroselite. : '
The geology and ore deposits of the Shirley basin -

are discussed in more detail in papers by Harshman
(1961, 1962), Melin (1964), and Rosholt and others
(1964). Similar deposits in Russia have been de-.
scribed, most recently by Kashirtseva (1964).

Anore
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HARSHMAN

SAMPLES AND ANALYSES

A portion of the western edge of the upper altered

- sandstone tongue was.well exposed by mining opera-

rirms in the northwestern part of the Petrotomics Co.

nels spaced horizontally 5, 10, and 50 feet apart. The

. zamples in the channels were broken at each observed’
-~ change in mineral composition; they ranged from 2
* inches to 10 feet in length.
© collected, consisting, from west to east, of (1) un-
aliered and unmineralized sandstone, (2) ore, and (3)-
. aliered sandstone.
. el’, mineral carbon, organic carbon, sulfide sulfur, sul-
fate sulfur, total iron, ferrous iron (corrected for.iron’
~in FeS.), ferric iron (by difference), selenium, and

Fifty-six samples were

All samples were analyzed for U,

arsenic. Semiquantitative spectrographic analyses for

51 elements were made on all samples, and mercury
. determinations, by the atomic absorption method sen-
- sitive to 5 ppb, were made on a suite of 24 samples.

Figure 24 is a scale-drawing of the exposure in the
-It is a vertical -section, normal to
the trend ofthe edge of the altered sandstone tongue,

- and it shows the relation of ore to altered and unaltered .
- sundstone, the.configuration of the edge of the tongue
. .at this location, and the position and length of 20

samples discussed in this report.
shown on figure

The 20 samples
24 constitute a suite extending hori-

*zonfally -across altered sandstone, ore,.and unaltered

sundstone. Data from analyses on the 20 selected sam-
ples shown -on figure 24 are compatible with similar

dsta from the 36 samples not shown on the figure.

' ANALYTICAL DATA .

A systematie distribution of uranium, selenium, fer-

- rous and ferric. iron, carbon, beryllium, and sulfate
“sulfur, with respect to the contact between -altered

sindstone and ore, is shown by analyses of the 20
seiected samples (fig. 24) as well as by analyses of

- several hundred other samples from the- Petrotomics
- Co. open pit and the Utah Conatructlon and \hmnc
- Co. underground mine.

Figure ‘)B shows graphically the selenlum content.
- of the sample suite.

Of particular interest are the low
selenium content of unaltered sandstone, less than 0.5

- ppm, the moderate selenium content of most of the ore,
"2 t0 15 ppm, and the moderate selenium content of

most of the altered sandstone, 10 to 60 ppriL. The
presence of a hlcrh concentration of selenium in altered

sandstone near the contact with ore is shown also by

the analyses plotted on figure 2B, but not shown, be-

cause of sample locations, is the large amount of .

selenium known to be present in ore near the contact.
Analyses of close spaced samples from ore bodies in

The exposure was sampled in vertical chan-

uranium in the Shirley basin deposits. _
‘samples shown on figure 24, ore samples 312 and 319

uranium ore bodies.
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‘the Petrotomics pit and the Utah mine show that

selenium in amounts of as much as 1,200 ppm occurs
in a zone about 1 foot wide parallel to, and extending
about 6 inches each way from, the contact between
altered sandstone and ore. _

The distribution of ferrous and ferric iron-as well®
as-the amounts of ferrous iron in pyrite are shown on
figures 20 and D.  Of interest are: (1) a ferrous/-
ferric ratio of about 2 to 1 in the samples of unaltered

sandstone most distant from ore and therefore least -

. affected by ore deposition, in contrast to a ferrous/

ferric ratio of about 1 to 1 in the samples of altered
sandstone most distant from ore; (2) the nearly equal
amounts of total iron in both altered and unaltered
sandstone samples distant from ore; (3) the decrease

in the ferric iron content of altered sandstone samples

with increasing proximity to ore; -(4) the high fer:
© rous iron, high total iron, and low ferric iron contents

of ore; and (5) the absence of pyritic ferrous iron -
(pyrite) in altered sandstone except for minor amounts
near the contact with ore. Similar iron distributions

" are shown by analyses of sample suites from the Ut'lh.

mine. :
Analyses for carbon are shown on figuré 2E. They
confirm observations made in the open pit that: (1)
moderate but erratic amounts of carbonized fossil .
plant debris are contained in ore and unaltered sand-
stone, . (2). very minor amounts of such debris are
present in the outer few feet of the altered sandstone
tongues, and (3) no carbonized debris is present in’
the altered sandstone from the interior of the tongues.

Minor amounts of beryllium are associated with

‘Of the 20

contain 0.00015 percent Be, all other samples contain
less than 0.0001 percent, the lower limit of detectabili- .

ty. The following Be distribution is'shown when the .7
analyses of these 20 samples are combined with the . ..

analyses of 145 samples from the Utah mine and the
Petrotomics open pit:

Number of samples . C )
Be . Be

_ Material Total detectnble not detectable
Ore oo (A 30 . 47
Altered sandstone _____ 46 o2t 44

Unaltered sandstone ___ 42 o . 42

1 Samples adjacent to ore. - .
Statistically there is no doubt that the uranium ore is
enriched in beryllium, although the amounts of Be
present in the highest grade ore are generally 0.0003
percent or less.

The high sulfate content shown in ﬁgure 2B is char-*
acteristic of some but not all of the Shirley basin
Sulfate-bearing ore placed in
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distilled water and heated on a steam bdth for 10 hours

vielded a solution saturated in calcium sulfate and
enriched in iron.. Analytical data on the high-sulfate-

hearing samples. are. inconclusive regarding elements

possibly "combined with the sulfate, and no sulfate-
bearing mineral has been recoonlzed in polished sec-
tions of the ore. '

GENETIC IMPLlCATlONS OF ANALYTICAL DATA ‘

* Certain genetic implications regarding the charac-

ter of the solutions that transported uranium and

other elements to the site of deposition may be drawn
from the distribution of some of the elements in the
deposits and their veochemlstry -at low temperatures
and pressures.

Selenium, one of the more dlagnostlc elements with
© sandstone and 1/1 in altered sandstone reflect the de-

struction of pyrite in the latter by the oré-bearing solu- -
- tion and a redistribution of the iron so released, in part

respect to the character of the transporting medium,

is intimately -associated with ore and altered sand- -

stone, ‘and undoubtedly was transported with uranium
in the ore-bearing solutions. According to Lakin
(1961), the selenite ion ((Se,0:)7?) is re‘xdlly formed
at moderate oxidation potentials in mildly. acid or
alkaline solutions.

precipitate,’ probably a basic ferric selenite.

Selenate ion ((Se04) ?). is soluble in most-natural- . . S
“ore-bearing solution, although a moderate drop in-its ==~ **~

Strongly - -
reducing conditions in the zone of deposition are indi- . -

waters, but it is formed only under restricted Eh and
- pH conditions. In acid solutions; oxidation potentials

far higher than can be reasonably expected in the

most rigorous natural environments are required to
oxidize seleniuni to selenate. However, in solutions of
about pH 7 and greater the moderate ox1datlon poten-
" tials common in near-surface ground waters will oxi-
dize selenium as selenate and it is probable that solu-

‘tions of this character dissolved and transported

seleninm in the Shirley basin. ,4 :

The geochemistry of beryllium, pfxrtlcuhrly in a

- low-temperature-low-pressure environment, is poorly
known. Beus (1962) refers to transportation of beryl-
lium as:a complex with chlorine, fluorine, or carbonate
in alkaline solutions.
~ have demonstrated that alkalic carbonqtoberylhte
- complexes are stable in the pH range 6.8 to 11.8 at

“temperatures of about 80° to 210°C and that-the com- -

Dlexes are decomposed with the precipitation of beryl-

lium compounds as a result of a déecrease in alkalinity.

Available data therefore suggest that beryllium, inti-

mately associated with uranium in the Shirley basin .

deposits, was transported in low- -temperature alkaline
solutions, but the data do not preclude transportatlon
n solutions of other character 4
' 211600 0—66——12

* destruction by the ore-bearing solutions..

' However, the selenite is almost’
'?mmedimte]) immobilized by reacting with ferric lons :
present in most ground water to f01m an insoluble -

Govorov and Stunzha.s (1963) -

Cl71

qute and calbonlzed plant debus not present in
altered sandstone except in small amounts near. the

margins of the altéred tongues, are ubiquitous compo- . . - .

nénts of unaltered sandstone throughout the Shirley.
basin. The dispersed pyrite bears no relation to ore. -
deposition, and its absence in altered sandstone implies
Similarly,
the absence of carbonized plant debris in the altered

‘sandstone tongues implies its destruction by chemical’

reactions, for the presence or absence of such debris

-is related spacially to the altered-unaltered sandstone
- contact and not to primary sedimentary features.

The’
destruction of pyrite and of carbonized plant debris
by the ore-bearing solutlon clearly 1mphes that the
solution was ox1d1zmg

The ferrous/ferrlc iron rat1os of 2/1 in unqltered

as ferric iron in geothite and (or) limonite and in part:
as ferrous iron in the clay minerals.. This redistribu-
tion and conversion of at least a part of the iron from
the ferrous to the ferric state 1mphes an omdwnm
ore-bearing solution. S
Deposmon of uranium and the elements aasocmted
with it in the Shirley basin deposits appears to have
resulted principally. from a decrease in the Eh of the

pH may hfwe been a contributing factor.

cated by: (1) the decrease in ferric iron content of
samples of altered sandstone taken prooressivelv closer
to ore, (2) the low ferric and high ferrous iron con-
tent of ore, (3) the hlgh pyrite content of ore, and (4).

~ the high selenium content’ of a narrow. zone near the -
- -contact of ore and altered sandstone. '
_ exact nature of the reéducing agent for the Shirley -

Although the .

basin dep051ts is not known, it may have been H.S of
biogenic origin as suggested by Lindgren and others .

(1910) for the agent that reduced copper in “red-bed” - e
deposits of New Mexico, and as suggested by Jensen

(1958) as a possible reducmcr agent. for uranium de-

~‘posits in the Gas Hills area of Wyoming and the

Colorado - Plateau area of Co]orado Utah, and New
Mexico. S : e
There is some evidence to support the conjecture
that the Shirley basin uranium deposits, as we now
see them, are the final stage of a continuing process of -
solution and redeposition, “frozen” by a disruptive
change in the conditions under which the ore elements”
were being-dissolved and transported or by a change - -
in the reducing environment responsible for ore de-
position.. Minor amounts of pyrite, carbonized plant
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- debris, uranium, and selenium found in altered sand-
stone near the contact with ore are believed to repre-
sent the leached remnants of former ore bodies. Par-
ticularly indicative of leaching are the corroded pyrite
grains seen in heavy-mineral separates from altered
sandstone in the Petrotomics pit, and described by
Melin (1964) from altered sandstone in the Utah mirie.
These corroded grains contrast with the euhédral
' pyrite grains characteristic of ore and unaltered s'md-
stone. '
CONCLUSIONS

" The geochemistry of certain elements associated
with uranium in the Shirley basin ore deposits sug-
gests that the ore-bearing solution was neutral to
weakly alkaline and oxidizing ground water. It prob-
ably dissolved uranium and other elements from tuf-
faceous and arkosic sedimentary rocks that once filled
the basin. The solution migrated through the porous
sandy members of the Wind River Formation and
moved from the flank of the basin down the hydraulic
gradient toward the lower part of the basin. As the
solution moved basinward its oxidation potential was
lowered by reaction with the minerals in the sand-
stone,- particularly pyrite, and by intermixing with
reducing solutions buffered by H.S of biogenic origin.
Ore deposition is known to have occurred at depths of
as much as 500 feet below the ground surface, a depth
_at which deposits are now found; and it may have
occurred at depths of as much as 1,500 feet, the esti-
mated thickness of Tertiary rocks that once filled the
basin. Deposits formed in a narrow zone where the
oxidation potential of the solution twas reduced below
that required .for continued transportation of uranium
and the associated elements. The spent ore-bearing
solution, considerably changed chemically, passed be-
vond the zone of the ore dep051t10n 'md ev entumlly was
dlef‘hwrned from the basin.

WEST

Unaltered sandstone(

~ formation.

‘Beus, A. A., 1962, Beryllium:

GEOCEE]VIISTRY

The zone of deposition is considered to have been
a dynamic feature migrating basinward by oxidation
and solution of ore on the updip side of the zone and
by reduction and redeposition on the downdip. side.

- Oxidation of pyrite on the updip side probably re- |
sulted in a sharp drop in the pH of. the ore-bearing -

solution, but as these solutions passed through and
beyond the zone of deposition, normal alkalinity would
be restored by reaction with arkoses in the Wind River
Approximations of Eh and pH values. be-
lieved to have been controlling factors in the solution,

v trfmspmtation, and deposition of uranium and associ-

ated elements in the Shlrley basin deposits are shown
on figure 3.

The processes deacrlbed in this 1eport as responsnble'
for the genesis of the Shirley basin uranium deposits
are similar to genetic processes by which secondary
-sulfide deposits are formed.

In the formation of both
types of deposits there are: (1) oxidation and solution
of selected elements on the updip side of a mineralized
zone, (2) a rather sharp drop in the pH of the water

* due to oxidation of pyrite, (3) downward migration
of the water and its dissolved elements, and (4) re- -

duction and redeposition of the dissolved elements. In
addition, the gossans characteristic of many secondary
sulfide deposits and the altered sandstone characteris-

tic of the Shirley basin uranium deposits are similar -

chemically and in their position relaiive to ore. The
concept of deep secondary enrichment may have apph-

catlon, along with other ore guides, in e‘(plomtlon for

uranium deposlta
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PRELIMINARY DATA FROM SIX TEMPERATURE GRADIENT HOLES NEAR CODY, WYOMINQ

INTRODUCTION

Six holes were.drilled near Cody_in nortﬁweSt Wyoming in an effort to de-
fine a IOQ- to moderate temperature hydrothermal resource. The holes wére
drilled during’January,'February,'aﬁd Marcﬂtof 1980. The total depths of the
holes ranged from 116.0 meters (380.5 ft.) to 56.4 meters (185.0 ft.). The pro-
ject was financially supported by Cooperative_Agreement DE-FC07-791-D12026 be-
tween the U.S. Department of Energy and the University of Wyoming. This.report
briefly summarizes the mechanical details o%'the drilling and casing, and pre-

sents preliminary geothermal data for the holes.

EVIDENCE FOR HYDROTHERMAL‘SYSTEM

The DeMaris Hot Springs, a group of at leasf.seven vents rénging in tem-
perature from 24° to 37° C are one mile west of Cody in northwest Wyoming (see
Figure 1). The springs'occur on the southeastern flank of a large anticline,
the Rattlesnaké anticline, where the %mpermeable Chugwater Formation has been
eroded through by the Shoshone River; Within 1000 feet of the hot springs a
well that passed through the Chugwater Formation yeilds 208 gallons per min-
ute of Water.at 3h°C. Tﬁis weli and the hot springs appear to define the nor-
thern boundary of the hydrothermal system.

A series of travertine and sulfur depésits crop out along the eastern
flank of the Rattlesnake anticline. .The deposits are near the contact of the
Chugwafer Formation and the underlying roék units. fhe travertine deposits ex-
tend approximately two miles south of the DeMaris Hot Springs. In this area
the Rattlesnake anticline merges into a smaller structure known as the Horse
Center anticline.

The tHermal data for the Horse Cegter anticline suggest that the regional

hydrothermal system extends as much as seven miles south of Cody. The most
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Figure 1. Locations of drill holes (UWH-1 through UWH-6).
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convincing data are the thermal gradients of 49 to 205 oC/km in the anticl}ne,
based on bottom hole temperatures in ¢1even QfT-we]ls. (Twenty-three ‘''dry' oil
welfs have b¢en drilled in the structure. Of thése,.eleQen wells yieldlgradi-
ents of 49 to 205 oC/km, five wells yield normal to slightly High gradients
of 24 to 37 oC/km, whiIeAseven wells had no reported bottom hole temperature).

OQur agreement with the U.S. Debarﬁment of”Energy has made it_possible for
us to log‘temperatqres in three of £he five unplugged wells in the Horse Center
anticline. The resulting temperature-depth profi]es‘for the wells are plotted
in Figure 2. "Figure 3 showsAthe locations of the holes in the area.

Well Letha C-4 may be on the southern edge of the thermal high because
the bqttom hole temperaéure'of 38.4 °C at 320 meters. yields the lowest gradient
of 96 °C/km (see Fig. 2). A maximum temperature of 47.5 ©C was measured at
500 meters in hole Rose.Gerrnment 1 (Fig. 2). In contrast, the bottom hole
temperature is 45.1 océt 185 meters in Gains Government-C-Z (Fig. 2) and the
calculatea gradient is 190 °¢/km.

Reféfring’to drill hole geology, thé threewremeasured Qells were collared
in the Chﬁgwater Formation. Two of the holeg ended in the Tensleep Sandstone,

with the depth to the Tensleep ranging from 138 to 290 meters.

GEOLOGIC AND DRILLING STRATEGY

o The Horse Center - Rattlesnake anticlines geothermal system may be ex-
plafned-by the combined éffects of local geology, loéal hydroloéy and the re-
gional geofhermal gradients. Briefly; we believe*that‘waters in deep porous
units are warmed by the thermal grédients outside the middle portions of the
anticlines. These waters then quickly gain acéess fo shallower depths by mov-

ing upward along the steep limbs of the anticlines. The Chugwater Formation
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appears to be.én impermeabie cap rock above the water bearing:units in the
central parts of both structufes;

The above described model is shown in a general way in Figure k. The six
holes in the Cody-Horse Center region were drilled in the vicinity of a IA'po-

tentfal site area' on the southeastern flank of the Rattlesnake anticline.

DRILLING METHODS

The holes were drilled with air or foam using a Frank's Model FJ4HP truck
~mounted drill rig. The rig was capable of drf]]ing to a depth of 610 meters
(2,000 feet). A 5 1/8" tri-cone rotary bit was used to drili the softer units.
This bit could not be used for all of holes UWH-B, UWH-4, and UWH-6 because
extremely hard Qnits were encountered; therefore a 5 1/8'" down hole hammer was
used to drill portions of these holes. |

The air and foam drilling mediums worked successfully when ''dry" fractures
etc., were encduntered. ‘At some sites, however, water flows or aquifers were
encountered and fine sand flowed into the holes as rapidly as drilling pro-
ceeded. These ''running'' sands greatly impeded or prevenfed further dril-
ling and so cementing was tried to hold the walls of fhe holes or ''stabilize"
the sands. The Dowell Company was employed for this grouting, and a special
cement was used because the warm subsurface waters had high sulphate contents.
This éement gelled in as little as three minutes, and interested readers are
referfed to the Dowell Company for details on components of the mixture.

The Dowell company was able to cement zones in the uﬁper part of hole
UWH-2. When drilling continued dOanard in this hole, however, other zones of
""bad'' ground were encountered. These deeper zones could not be cemented be-
cause they were eitheF in large caverns or in aquifers with véry large volumes

of water or high flow rate. A similar problem was encountered at the bottom
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Figure 4. Generalized model of reservoir source and recharge area.



of hole UWH-4. For example only 1.7 meters (5 feet) of "fill up' occurred in
UWH-2 when 2.3 meters3 (80 ft3) were pumped into the bottom of the hole. Con-
sequently, drilling of UWH-2 and UWH-k was terminated at 123 and 101 meters,
respectively, because further drilling was not possible.without very costly

casing of the troublesome zones.

COMPLETION METHODS

Each we]l,was completed so that tempefature gradients could be monitored
for an indefinite period of time. This was.accomplished‘by sétting an access
pipe as deep as possible in each hole. The éccess pipe is 14 inch inside di-
ameter schedule 40 black iron pipe.

The pipe in holes UWH-1, UWH-3, UWH-5 and UWH-6 is groufed with neat
cement. The grouting procedure directly folloﬁed the metﬁods outlined in Moses
énd Sass (1979). Grouting was done in an effort to étop vertical flows of wa-
ter in the annuli between the pipe and.the walls of the boreholes. This-tecH—
niqde was not used‘at sites UWH-2 and UWH-2 because both holes ‘bottomed in
large cavities and/or very bad ground; therefore, cement would have filowed lat-
erally rather than vertically up around the pipe. Another reason for not
cementing pipe in UWH-2 is that it is desirable to deepen this hole in the'fu—
ture; if funding can be obtained.

A-Iatching plug was ''chased' to the bottom of the 13" pipe in all of the
holes. The plug cleaned the pipe and created a tight seal ét the end of each
string of casing. Eéch string of»pipe was then filled with;water, the collars
were capped, and each drill site was restored according to éhe requirements

]

of the State of Wyoming and our agreement with the Department of Energy.



PRELIMINARY RESULTS

Figures 5-10 are plots of the preliminary temperature r depth data for
the six holes. A combined plot of fhese data is in Figure 11. Other measure-
ments'in holes -UWH-1 ~ UWH-5 are p]otted‘in Figures 12—17; these measurements
were made at times before those shown in Figufes 5-9. Tables 1-6 list loca-
tions, land owner data; information on drilling, casing and cementing, and
generaliied lithology for tHe holes.

Bottém hole temperatures, cased depth, ]east-squares estimates for the
gradients in the holes andvdepth_rgnges for the ékadient calculations are listed
below. | |

Hole Bottom Hole Temperature Cased Depth Gradient Depth Range

¢ meters ¢ /km meters
UWH-1 26.6 98.5 . 156.7 10- 98.5
UWH-2 35.4 116.0 161.4 10- 45
UWH-3 25.3 720 8Ly 572
UWH-14 - 13.2 9.7 - 1h4.6 5- 96.7
UWH-5 . 18.3 | 108.7 78.2 10-168,7
UWH-6 20.% 85.1 108.1 18- 85.1

Rotary chip samples were collected at 3 meter (10 feet) spacings for each
hole. The chips were used to determine ;tratigraphy as drilling progressed.
Related geothermal research involves therma].conductivity measﬁrements of ' the
samples. A final report on.the resulting heat flow values and regional ther-

mal interpretations for the holes should be fowarded in the next 4-6 months.
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PRELIMINARY INTERPRETATION

The Cody-Horse Center hydrothermal system is believedvtb extend on a line
south-southeast from the DeMaris Hot Springs to well Letha C-4 (see Figure 3).
The width of this zone varies from one to about two miles. |

The area of greatest potential use is in T. 52 N., R 102 W., S} of sec-
tion 2, and W& of section 11 (see Figures 1 and 3). In this area warm waters
(34 °c (93 °F)) can be reached at shallow depths (51 to 300 meters (168 to
1,000 feet)). The maximum temperature of thi§ system may apbroach 55 té 65'°b
(131 to 149 °F) at depths of 266 to 500 meters (853 to 1640 feet). Warm waters
will be found at the shallower depths in the more western portions of this po-
téntial use area. »

The main aquifers for the.Cody-Horse Center hydrothermal system are the
Ténsleep Sandstone, Madison Limestone, and Bighorn ﬁolomite: These formations
are reported to have good porositites aﬁdlpermeabilities with flows in the
Madison Limestone and the.Bighorn Dolomite sometimes exceeding 1,000 gallons
per minute (Lowry, 1976). However, the water flow of wells drilled into these
aquifers may vary greatly between wél]s due to secondary fracture permeability,
secondary silica cementation of the Tensleep Sandstone, and the cavernous |

nature of the Madison Limestone and Bighorn Dolomite.
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TABLE 1. Drilling and other data for the hole UWH-1

Well Name: UWH-1

Area: : Cody, Wyoming

Location: SWi SWi Sec. 2, T. 52 N., R. 102 W.
Elevation:; ‘5]20 ft. |
Landowner: Coy Gail;‘quy, Wyoming

Commenced Drilling: January 2, 1980

Completed Drilling: January 3, 1980

Total Drilling Depth: 327 ft.

Casing Set: January 4, 1980

Depth of Casing: 321 ft.

Casing Cemented: January 4, 1980

Sacks of Cement Used: .60 sacks neat cement with 6 gallons water per sack

used to cement casing

Lithology: 0 to 2 feet; surface gravels
2 to 327 feet: Triassic Chugwater Formation; red
siltstones, red shales, and fine red
sandstone .

Notes: , ‘Drilling on this hole progressed smoothly. The for-
‘ mation became moist at 40 feet but never flowed any
quantity of water into the drill hole.



TABLE 2.

Well Name:

Area:

Location:
Elevation:
Landowner :
Commenced Drilling:
Completed Drilling:
Total Drilled Depth:
Casing Set:

Depth of Casing:
Casing Cemented:

Sacks of Cement Used:

Lithology:

Notes:

Drilling and other data for hole UWH-2

UWH-2

Cody, Wyoming

SWL, NWi, Sec. 11, T. 52 N., R. 102 W.
5160 feet

Coy Gail

January 1.1, 1980

March 19, 1980

ko3 feet

18 joints.(378 ft.)

378 feet

No. (see notes)

45 sacks neat cement, 80 sacks Dowell 12-3 R.F.C.

cement (see notes).

0 to 20 feet: Travertine; white, powdery

12

20 to 130 feet: Triassic. Chugwater Formation; red
siltstones, red shales and fine red

sandstone.

140 to 180 feet: Triassic Dinwoody Formation; tan and

~gray siltstone and dolomite.
making over 5 gallons per minute

water at 140 feet.
180 to 200 feet: No sample return.

Started

200 to 403 feet: Pennsylvannian Tensleep Sandstone;
light gray to tan, sometimes sil-
icéous sandstone. At 220 feet small

cubes (1/16 inch) of pyrite were

present.

The hole was making up to 200 gallons per minute of

HZS smelling water starting at 280 feet. _
perature of the water measured at the surface was

18~ .

Starting at this depth of high water flow, zones of

loose, well washed sand were encountered.

The hole



Table 2 continued

Notes continued:
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would not stay open through these zones. Consequent-

_ 1y various cement jobs (a total of 4) were tried.

These were successful to a depth of 403 feet where

it was decided that further cementing would be too
" costly.

~ The 14 inch casing was put in the hole .but not grou-
ted in place. It was felt that due to the large, warm

water flows in the bottom of the hole the grout would
have been washed away. ‘



TABLE 3.

Well Name:

Area:

Location:

Elevation:
Landowner:

Commenced Drilling:
Completed Drilling:
Total Drilled Depth:
Casing Set:

Depth of Casingf
Casing Cemented:
Sacks of Cement Used:

Lithology:

Notes:

14

Drilling and other data for hole UWH-3

UWH-3

Cody, Wyoming

SWZ SWi Sec. 11, T. 52 N., R. 102 W,

5180 ft.

Jerry and John Housel

January 3, 1980
February 5, 1980
333 ft.

February 5, 1980

13 joints (273 ft.)

February 5, 1980

55 sacks, 6 gals.

0 to 95 feet:

100 to 333 feet:

HZO/sack

Permian Park City Formation; gray
to tan siliceous limestone. At
50 feet there was a strong sulfur

‘odor.

Lost circulation

At 180 feet the rock becomes very hard. A hammer is
used from this depth on to complete the hole.

The 1% inch casing was set to 273 feet because of a
zone at 275 feet that kept closing off.
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TABLE 4. Drilling and other data for hole UWH-4

Well Name: UWH-4

Area: ' Cody, Wyoming | _

location: NWE, NWE, Sec. 14, T. 52 N., R. 102 .

Elevation: 5160 feet |

Landowner: ﬁa]e and Roberta Pike

Commenced Drilling: March 7, 1980

Completed bri]]ing: March 18, 1980

Total Drilled Depfh:‘ 333 ft.

Casing Set; March 18, 1980

Depth of Casiﬁg: 314 ft.

Casing Ceménted: No. (see notes)

Sacks of Cement Uéed; 50 sacks.Dowell‘12f3 RFC cement (éee nofes)

Lithology: : : 0 to 90 feet: Permian Park City Formation;. grey
, o to tan siliceous ‘1imestone.

90 to 106 feet: Poor sample recovery

106 to 218 feet: Pennsylvanian Tensleep Sandstone
: ' (?); light gray to tan siliceous
sandstone with sometimes as much
- as 20% white silica chips. Small
(1/16 inch) quartz spar present at
» 126 feet _
. 218 to 333 feet: Lost circulation.

Notes: i ' At 218 feet a well washed sand was encountered before
circulation was lost.

A cement job was done by Dowell at 333 feet but.was
unsuccessful. Consequently, the 1% inch casing was
not cemented in place due to the large water flow and/
or cavern that was present. '



TABLE 5.

Well Name:

Area:

Location:

Elevation:
Landowner:

Commenced Drilling:
Completed Drilling:
Total Drilled Depth:
Casing Set:

Depth of Casing:
Casing Cemented:
Sacks of Cement Used:

Lithology:

Notes:

16

Drilling and other data for hole UWH-5

UWH-5

Cody, Wyoming

Nwh, SW&, Sec. 14, T. 52 N., R. 102 W.

5210 feet

Glenn Nielson

February 27, 1980

February 28, 1980

360 ft. |

(17 joints) 357 ft.

354 ft.

February 28, 1980 -

35 sacks neat cement, 7 gals. HZO/sack

0 to 360 feet: Jurassic Sundance Formation; green to

: gray shale, thin brownish limestone

and -sandstone layers. From 235 feet
to-329 feet a red shaley zone was
encountered.

Drilling on this hole progressed smoothly. The for-

mation became moist at about 100 feet but never flowed
water into the drillhole.



TABLE 6.

Well ﬁame:

Area:

Location:

Elevation:
Landowner:

Commenced Drilling:
Completed Drilling:
Total Drilled Depth:
Casing Set:

Depth of Casing:
Casing Cemented:
Sacks of Cement Used:

Lithology:

Notes:

17

Drilling and other data for hole UWH-6

UWH-6

Cody, Wyoming
NE4, NW#, Sec. 15, T. 52 N., R. 102 W.

5280 feet

' Carrol Koster

February 6, 1980

February 26, 1980

311 feet

9 joints (189') (sge notes)
185 feet

February 26, 1980

30 sacks neat cement with 6 gallons H20/sack

0 to 10 feet: Rounded stream gravel, ¥ to 2 inches
o in diameter.
11 to 19 feet: Light tan mud out of hole.

20 to 269 feet: Pennsylvanian Tensleep Sandstone;
hard silicified sandstone chips
dark gray to tan colored. Sporadic,
small (less tan. 1/8 inch) sulfur
veinlets in upper 90 feet. ’

270 to 310 feet: Lost circulation.

311 feet: Became stuck in hole.

Stuck in hole from Feb. 7 until Feb. 25. During that

time the bit was pulled free from 289 ft. up to 186
ft. by injecting 10 gallons diesel fuel in the com=
pressed air. At 186 ft. the bit became plugged.
Five gallons 33% HC1 acid was put in the drill pipe.
Circulation returned L4 hours later when the drill
pipe broke free at the downhole hammer. The last 8
joints (164 feet) of drill pipe to come out of hole
were covered with a black tarry substance. The sub-
stance was extremely black and had a musky to burnt
odor. ‘



Table 6 continued.

Notes continued:

18

" The hammer was stuck in the hole at 186 feet. Con-

sequently the 1% black iron pipe was set to that
depth and cemented in place with 30 sacks neat cem-
ent.

A thermal log of the well was attempted only to find
an obstruction in the 14 inch casing at a depth of 21
feet. Consequently the only downhole temperature-

depth data was that taken during breaks in drilling.
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Soil mercury concentrations from Yellowstone National Park were determined using a
thin gold film mercury detector. Reconnaissance sampling along roads and trails using
a 1.6-km-sample interval revealed narrow soil Hg anomalies that are restricted to thermal
regions and are surrounded by large areas with lower levels of soil mercury. Back-
‘ground levels of mercury in Yellowstone soils are 20 ppb with an anomaly thireshold of
40 to 50 ppb. Detailed sampling on a 50-m grid was_carried out in one vapor-dominated
and three water-dominated areas.. Although two of the water-dominated areas contain
aniomalous concentrations of soil Hg, there is no direct correlation between the Hg
anomalies and the presence of hot springs. The third hot water area, the Mammoth
Hot Springs, contains no significant soil Hg anomaly. In the vapor-dominated system -

" there is-a strong correlation between soil Hg anomalies and intense vent activity. Par-
titioning of mercury into the vapor phase during subsurface boiling and subsequent
' » separation of the vapor phase from the thermal waters are believed to be the major con-
g‘ trols on the formation of soil Hg anomalies at Yellowstone. 'Geothermal exploration
using soil Hg concentrations could be carried out on a local scale in Yellowstone but be-
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cause of the narrow Hg anomalies would not be feasible on a regional scale.

Introduction

THE association of mercury mineralization with past
and present geothermal activity is well documented
(White, 1967 ; Dickson and Tunell, 1968). More

. recently, several studies have revealed anomalous -

quantities of mercury in a number of geothermal

areas both with and without Hg 'mineralization. .

Studies by Fang (1978); Landa (1978), and McNeal
and Rose (1974) have shown that most soils readily
adsorb Hg vapor and retain the adsorbed Hg to tem-

. peratures of at'least 100°C. Low-level Hg anomalies

in soils in geothermal areas demonstrate that soils in
geothermal areas accumulate mercury. Detection of
the resulting 'soil Hg anomalies in geothermal areas
has been proposed by Matlick and Buseck (1976),
Klusman . and Landress (1978) Jand Phelps and
Buseck (1978, 1979) as a potential exploratlon tech-
‘nique for geothermal activity. )

Although the general relationship of excess mer-
cury and geothermal activity has been demonstrated,

‘no detailed investigations aimed at relating the type .

of geothérmal activity occurring in a particular area
to the characteristics of .the associated Hg anomaly
have been carried out.
nique to be successful as an exploration tool, it is

In order for the Hg tech-

lmperatxve that these correlations be determined and
understood. In this paper, we present the results of
a detailed study of the distribution of mercuryin soils

in the geothermal systems of Yellowstone National
‘Park, Wyoming. We have shown that the soil Hg

anomalies developed in a geothermal area can be ex-
tremely complex, and the way in which the anomalies
are interpreted is strongly dependent upon the type
of geothermal system present. .

Geology and Geothermal Activity of
Yellowstone National Park

Yellowstone and surroundmg areas have been the
site of repeated Quaternary volcanic activity. Three
mdjor phases of caldera collapse and eruption of -
rhyolitic tuffs have occurred in the past two to three
million years (Christiansen and Blank, 1972). The
most recent activity, terminating approximately
70,000 years ago,=fesulted in the formation of the
Yeéllowstone caldera and in associated eruptions of

_ rhyolitic tuffs and lava flows which blanket most of

the park (Christiansen and Blank, 1972). Although

.there has been no volcanic activity in historic times at

Yellowstone, Eaton et al. (1975) have proposed the
existence of a magma chamber at a depth of six km

730
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Samp]e_Collectlon and"Ariél_ytical Technique ‘

_ Sampling was carried out in two stages. .In the
first stage, samples were collected at approximately
1.6-kni intervals along the roads and major foot
trails throughout the park.

stone National Park, to outline areas of interest for
detailed samplmg, and to_ determine a background
level of ‘mercury in the soils. Areas selected for de-
talled study were sampled on a 50-m grid.

Work by Klusman and Landress .(1978) and
Capuano and Bamford (1978) has shown that Hg
anomalies resulting from geothermal activity -over-

. whelm any differénces in soil Hg concentrations that
‘Therefore,- soil

result: from variations in soil type.-
samples were collected from a depth of 5 to 10 cm
and no attempt was made to stay within a partlculare
soil horizon.” The unsieved samples were placed in

plastic “zip-lock” bags and sealed. . Upon returning
. to the base camp, the samples were air dried in a

cool, shaded location, sieved using an 80-mesh, stain-. ~
- less-steel sieve, and the minus-80 fraction was stored

in a tightly sealed glass vial for analysis. -
. Mercury analyses were performed using a Jerome

This reconnaissance
_phase of sampling was performed in order to deter-
- mine the overall distribution of mercury in Yellow-"

-50 ppb (Phelps and Buseck, 1979).

132 DPHELPSANDPRBUSECK

Instrument Corporanon Model 301 thin gold ﬁlm
detector. Details of the analytical procedure have
been presented -by McNerney et al, . (1972) and
Matlick and Buseck (1976). The thin gold film
detector' is portable in the field and has an absolute

sensitivity of 0.5 ppb, Hg. Under field conditions, "

the relative precision 'is +=20 percent (2o0) at the
50-ppb level. - Sample sizes used for analysis ranged
from <0.01 to 0.3 g, depending upon the mercury
content of the soil. Mercury is removed from the
sample by heating in a quartz bulb to 800°C for one
minute, The liberated mercury is collected on a
gold-plated wire while the other gases are vented to
the atmosphere. The gold-plated wire is subse-

"quently heated, thereby releasing the Hg which is

then collected on a thin gold film. The resulting
change in electrical resistivity of the gold film is pro-
portional to the amount of mercury collected.

Results of Reconnaissance Sampling

The results of the reconnaissance pHase of sam-
plmg have been reported previously ‘(Phelps and

" Buseck, 1978, 1979) and will only be summarized

here. . Fi igure 1 shows the major geologic and geo-
thermal features of Yellowstone National Park to-

- gether with-the results of the reconnaissance sam-.

pling. In general, Figure 1 shows that most of the
soils in Yellowstone have low levels of mercury.
However, elevated concentrations of ‘mercury occur

in soils near thermal areas and extend outward for -

no more than one kilometer from the edge of -the
thermal activity.

" Previously, we reported background levels of mer- |

cury in soils from Yellowstone of 20 ppb Hg- with a
threshold value -(2¢ variation of calculated value) of
To calculate
the background the mean Hg content of all samples
collected farther than one kilometer from a known

thermal feature was determined. As an alternative .
‘method for background determination, all the results

of the reconnaissance sampling were put on a log-
normal cumulative frequency plot. The results (Fig.
2) show at least two populations of ’ mercury (two

“straight line segments of the curve) in the Yellow-

stone soils. By following methods similar to those

. of Sinclair (1974), the maximum background level

of mercury (intersection of background line with the

50th percentile) in Yellowstone soils can be estimated
‘to be 20 ppb-Hg. ~ The threshold value (98th per-
centile of. background line extension) is approx-

imately 40 ppb Hg. ' These values agree well w1th

those réported by us earlier.

Background 'levels of 20 ppb Hg w1th a threshold
of 40 to 50 ppb are comparable to values reported by

Davies (1976) for western Britain and by Klusman

and Landress (1978) for Long Valley, California;
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SOIL Hg ,DISTRIBUTION AND DEVlEl.OPMENT YELLOWSTONE PARK

~ TasiE 1. Summary of the Physical and Chemxml Charactenstlcs of the Four .
Thermal Areas Studied in Detail

Data (exclusive of the soil Hg values) are ‘from Truesdell and Fournier (1976), White et al. (l97l 1975), and Fournier et al (1976).

e : “ " 'Estimated

" Soil Hg characteristics (in ppb) .. -

Caldron

. ) L .Dominant . - - - - .
o . Typeof . reservoir  Dominant ~ . surficial - - " . - .Geometric . No.of
“Area . actwity T(°C) - H:Otype - . deposit - Min.-~ Max. . mean _ samples
" Norris’ Water-dominated >250°  high Cl, sinter 013 > 92,000 800 o 400
S . S ' neutral to "~ - . ' Lo T
' I slightly )
! C . acid o L . .
) Lower Geyser . Water- dommated T >200 “high CI, sinter . <5 .>100,000 27 - 160
Basin . . alkaline oo h . . .
" Mammoth | Water-dominated 13 bicarbonate  travertine <1 144 9 110
Mud Volcano- Vapor-dominated >235 lew Cl, none 15 > 38,000 200 335
Sulphur . ) . acid- . : :

they are essentlally identical to those reported from

the Roosevelt, Utah, thermal area by Capuano and
Bamford (1978). The background values obtained
‘for Yellowstone soils are somewhat lower than those
determined by .using the same methods and analytical

techniques for soil from -the Coso geothermal field,

California (D. Phelps, unpub; data, 1978).
"In order to determine whether there is any geo-

logic control on the background concentration of

mercury in soils, background values were computed
for areas underlam by different rock types and for
areas inside and outside the. Yellowstone caldera
(Phelps and Buseck, 1979). No significant varia-
tion in the computed background values for these
different geologic environments was detected. 'Most
notably, there is no significant difference in the com-

puted background levels of soil Hg for areas inside -

and outside the Yellowstone caldera.

Results of Detailed Sampling.

In order to obtain a thorough understandmg of the
distribution of mercury in the - Yellowstone geo-
thermal systems, four sites were selected for detailed
soil sampling on a 50-m grid. These areas are the

‘Norris Geyser ‘Basin, the White Creek area of the
‘Lower Geyser Basin, the Mammoth Hot Springs, and.
- the Mud Volcano-Sulphur Caldron area (Fig. 1).

They represent the entire range of types.of geo-

-thermal activity found at Yellowstone.- Their phys-
ical and ‘chemical characterrstlcs are summarlzed in

Table 1.

The W hzte Creek “area, Lower Geyser Basin

* Results of Hg analyses’ of 5011 samples collected
-, from the White Creek area are shown in Figure 3.

. There is an erratic¢ distribution of mercury in the
‘soils, at least at the 50-m scale. Although values up'
to 100,000 ppb Hg were detected in some soils, there

is no smooth transition from background levél sam-
ples to' peak values Even' though most anomalously

7

high values occur within thé main cluster of thermal
features, there is no apparent correlation between
the occurrence of extremely high soil Hg ‘and the
presence of an individual thermal feature. Indeed,
background levels of mercury occaswnally occur in
soils collected more than 50 m from a hot sprmg

v

Norris Geyser Basin

Fxgure 4 shows the résults from soil samples col-
lected from the Norris Geyser Basin. There are sev-
eral areas within the Norris Geyser Basin that are
characterized by extremely hlgh contents of soil Hg

(>10,000 ppb). These regions are usually defined

by at least four or five samples.and are surrounded
by areas of lower, but still anomalous, levels of soil
Hg. Most of the soils sampled in the Norris Geyser
Basin contain > 100 ppb Hg, although some areas
(again usually defined by several samples) well

within the limits of thermal activity contain essen-’

tially background levels of soil Hg.. Whereas the
zones of extremely high soil Hg (>10 000 ppb) are

_defined by several samples, there is often an abrupt
" transition to areas with 1,000 ppb soil Hg or less.

The transition may occur over distances as short as
50 or 100 m. In addition, there is no direct correla-

“tion between the presence of thermal features and

the level of soil Hg. -
The above observations’ suggest an overall correla-
tion between the presence of near-surface - thermal

waters at Norris and the occurrence of anomalously

high values of soil Hg, but the observations point to
complex controls on the fine scale distribution of
mercury within the geyser basin,
thése controls wrll be dlscussed in a later sectlon of

“this paper
“Mud V olcano—Sulphur Caldron area

Results of soil sampling from the Mud Volcano-

_Sulphur Caldron area (Fig. 5) reveal two major,
“well-defined soil Hg anomalles and several smaller

733
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FiG. 4 Sample locatxon map of the Norris Geyser Basin showmg the Hg content of soxl

collected at each sample statlon and soxl Hg contours.

anomahes “ The two large 'anomalies are approxi-
mately centered over the Mud Volcano- Dragon’s
Mouth and Sulphur Caldron vent areas, respectively.

The smaller anomalies correspond. to areas of less
intense activity or to individual vents. The two

ma]or anomahes are elongate in a northwest-south-‘
east direction and are parallel to the trend of a fault

(Christiansen and Blank, 1972) along which several

mud’ pots and furmaroles are located. It is somewhat

F1c. 3 Sample loeatlon map of the White Creek area of the Lower ‘Geyser Basin showmg

the Hg content of 5011 collected at each sample station.

surpnsmg that there is no soxl Hg anomaly associated .
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MUD VOLCANO - SULPHUR CALDRON
| AREA

Mud pot fumerale or hot spring
S? Gas vent -
—100— SOE] l:lg content comoun in ppb
?7 ) Sampﬂe localnv with Hg of soil in ppb

O Aroau with soul Hg >10,000 ppb

50m

e FIG. 5 Sample locatlon map oi the Mud Volcano-Sulphur Caldron area showmg the Hg ‘content
of sonl collected at each sample statxon and soil Hg contours S

with the Black Dragon s* Caldron-Sour Lake vents , In most cases, the soxl Hg concentritions in the
nor is there a soil Hg anomaly associated with the - Mud Volcano Sulphur Caldron area show gradational
area of steaming ground west. of Sulphur Caldron . increases from Dbackground levels to peak values,
and north of Dragon’s Mouth _ - . - . form smooth ‘contours, and are. considerably - lessl
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erratic than those detected. at Norris. The close

.correlation of soil Hg anomalies with areas of in-

tense vent activity in the Mud Volcano-Sulphur
Caldron area -suggests. an overall relationship- be-

_tween the occurrence of the Hg anomalies and the
“presence’ of thermal activity. However, as with the
-Norris and Lower Geyser Basins, the data from the

Mud Volcano~Sulphur Caldron’ area mdlcate that the
relationship is complex :

Mammoth Hot S prmgs
The results from the Mammioth Hot Springs area

are presented in Figure 6. The most striking ob- -

servation .is that within the hot springs area no soil
Hg anomaly was detécted. In fact, many of the
values obtained from soils rich in travertiné debris
were - consxderably below the overall Yellowstone
background level of 20 ppb Hg. The only soil Hg
anomaly "detected in the Mammoth area occurs in
glacial debris just to the east of the main hot springs
area {Fig. 6). The anomaly is elongate in a north-
south direction and parallels the trace of a fault that

is buried beneath the glacial deposits (Chrlstlansen,

and Blank, 1972) - . LT

Interpretatlon of Soil Hg Anomalies
o in Yellowstone

W ater-dominated systems

It is'clear that there exists a strong correlatxon be-
tween the presence of near-surface thermal activity
and thé occurrence of anomalous quantities of soil
Hg. However, the complexity of the Hg anomalies

“detected in the Yellowstone water-dominated geo-

thermal systems indicates that several factors are in-

volved in the distribution of mercury in the thermal

areas.

an abundant- separation of a vapor phase, the major-
ity of the mercury present in the system will, be
transported in the vapor phase rather than in the
thermal waters. The actual concentrations of mer-
cury in coexisting thermal- waters and vapor phase
depend upon a number of variables, such as, approach
to equilibrium, types -and abundance: of dissolved

constituents in the thermal waters, and pH of the
thermal waters. However, the strong partitioning

of mercury into the vapor phase detected by Robert-

' son et al. (1978) suggests that the major control is
.the amount of vapor phase separation from the ther-

mal waters. Such partitioning has a sxgmﬁcant eﬁect
on.the -development of soil Hg anomalies in water-
dominated geothermal systems.

In the high-temperature, water- dominated geo-

-thermal systems of Yellowatone there is abundant

evidence of extenswe subsurface boiling (White et

Robertson et al. (1978) have shown that in a
‘high-temperature geothermal system where there is

al.,,"1975; Truesdeli and Fournier, 1976;'Truesdcll,
1976). Truesdell (1976) suggests that in the Sho-

" shone Geyser Basin subsurface boiling occurs 600 m

below ground level where dissolved gases in the
thermal waters are partitioned into the vapor. phases.
These gases then rise to the surface mdependently of
the thermal waters and give rise to a series of fiuma-
roles, gas vents; and acid hot springs near the
fringes of the Shoshone Geyser basin. The thermal
waters continue their migration to the surface where
they form the abundant high SiO,, alkalme hot
springs and geysers of the Shoshone Geyser Basin:
The.data of Robertson et al. (1978) indicate that
mercury as well as dissolved gases are partitioned
into the vapor phase during subsurface boiling,

thereby depletmg the residual water in both dissolved
_-gases and mercury. Continued boiling as the water
-mlgrates upward further depletes the thermal waters
-in mercury, so that by the time the waters reach the

surface to be discharged as hot springs, they are
severely depleted in mercury. Thereforé, even if
there is extensive near-surface boiling, we would not
expect to find 51gmﬁcant Hg -anomalies associated
with these hot springs. However, soil Hg anomalies
would develop in the area where the Hg-laden vapor,
segregated during the subsurface boiling event, inter-
sects the surface to form fumaroles and acid hot
springs. Depending upon the relative paths fol-

- lowed by the gases separated during subsurface boil-

ing and the thermal waters rémaining after- vapor
phase separation, the resultant soil Hg anomaly could
occur in ejther of two positions relative to the area of
discharge of the thermal waters. If both the mer-

“cury-bearing vapor and the* résidual thermal waters

follow the same path after subsurface boiling, then

the resultant soil Hg anomaly will coincide with the

area where the thermal waters are discharged as hot
springs. Alternatively, if either the thermal waters
or the vapor phase undergo significant lateral flow
after vapor phase separation, then the Hg anomaly
formed by the escaping Hg-bearing vapors could be
separated from the area of discharge of the thermal
waters by a considerable distance. Of -course, all
gradations between these two end-member” pos-
sxblhtres might be.encountered. -

" The. hlghly irregular patterns of the - soil Hg
anomalies in the water-dominated systems of Yellow-
stone reflect the complex interplay of several factors.
The interaction of multlple stages of steam separation
from thermal waters Trising to the surface through
the intricate plumbing . system - inherent to geyser

‘basins could generate the complex soil Hg patterns

characteristic of the Yellowstone geyser basins. In.
addition, differences in the clay mineralogy and the
types of organic matter in the soils affect the ability
of a soil to take up and retain mercury (Fang, 1978;
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Although these eﬁ'ects of sml min-
eralogy and composition are small compared to the
size of the Hg anomalies found in thermal areas,

local complexities.

In the present study, we mvestlgated the dlstrlbu-

tion of mercury in the high-temperature, water-dom-
inated Nortis Géyser Basin and the White Creek area
of the Lower Geyser Basin. As would be expected
in water-dominated systems that have undergone sub-

surface boiling,- there is little local - correlation be-

tween the presence of hot springs or geysers and soil
Hg anomalies in either area (Figs. 3-and 4). The
extremely erratic distribution of soil Hg and the lack
of continuous soil Hg anomalies in the White Creek
area suggest appreciable lateral movement of either
the thermal waters or the Hg-bearing vapor after
subsurface boiling. There are, however,. coherent
soil Hg anomalies within "thé Norris Geyser - Basin.
Many of the Hg anomalies at' Norris occur near the
edges of the geyser basin where fumarohc act1v1ty
and acid hot springs predommate The largest con-

“tinuous soil Hg anomaly in the Norris Geyser basin

has a definite north-south trend and suggests control
of Hg migration by a north-south fracture. The fact

- that -the soil Hg anomalies at Norris occur close to

and in some cases coincident with the major hot
springs and geysers indicates that, subsequent to sub-
surface boiling, the separated gases (containing Hg)
and thermal waters migrated to the surface along
approximately parallel paths.. Truesdell and Four-
nier (1976) and Fournier (pers commun., 1979)'

propose rapid, near-vertical rise of thermal waters in
- the Norris. system, consistent with the near super- - '

" position ‘of the soil Hg anomalles and the hot springs

* Basin.

and geysers.
The Mammoth Hot Sprmgs are an example of a
water-dominated system in which there has beén ex:

_tensive latera]l movement of the. thermal waters fol-
lowing major phases of steam separation. The Mam- "

moth Hot Springs lie at the northern end of a fault
zone that_extends northward from the Norris Geyser
‘Truesdell and Fournier (1976) propose that

" the Mammoth thermal waters originate in the Norris

thermal area and travel notthward along the fauit
zone to Mammoth. "Alorig the way the thermal

waters undergo extensive -steam loss and dilution -

with cold meteoric waters, thus strongly depleting
the -thermal waters in mercury as. well as dissolved
gases. The lack of a soil Hg anomaly in the Mam-
moth Hot Sprmgs is consistent ‘with ‘massive steam
loss by the Mammoth thermal waters prior to enter-
. /

ing the Mammoth area.
trending Hg anomaly a few hundred meters east of
the Mammoth Hot Springs (Fig. 6) is problematlc

- but probably can be: attrlbuted to the presence of a’

‘

north-south fault that ‘is burled beneath glac1a1 de-
posits (Chnst1ansen and Blank 197 2)

V apor-dommated systems

"~ In terms of mterpretatxon of soil Hg anomalles,
vapor-dominated systems lack many of the complex-
‘ities of water-dominated systems.
inated systems the pressure-controllmg medium is

vapor, whereas water. is present only locally as a’

minor phase in cracks and pore spaces (White et al,,
1971). The abundant vapor is presumably derlved
from boiling occurring at a deep water table (White
et al., 1971) where dissolved gases and mercury are
~partmoned into the vapor phase. The complications

“in a water-dominated system, such as- subsurface

boxlmg and separation of the vapor phase from the
thermal waters, are absent in a vapor- -dominated sys-
tem. In such a system, mercury is transported in
“the vapor phase; thus the location of soil Hg anom-
alies is directly related to areas of major discharge
(i.e., areas of abundant upwelling of vapor). .

The Mud Volcano- Sulphur Caldron area in Yel-

lowstone National Park is a vapor-dominated geo-

thermal system (White et al.,, 1971,-1975). Geo-

physical studies (resistivity, self—potential, and in-

duced- polarization surveys) led Zohdy et al. (1973)

to propose major steam upwelling in a zone approx-

imately 1.6 km wide extending from just north of
" Sulphur Caldron to the vicinity of Buffalo Ford.
White et al. (1975), on the basis of drill hole data,
suggested that Sulphur Caldron represents a major
vent area of a vapor-dominated system.

Almost the entire area suggested by Zohdy et al.
(1973) to be underlain by a vapor-dominated system

~contains anomalous quantities of soil Hg (Fig. 5)."
. However, within this broad area of anomalous soil

Hg occur several well-defined, narrow Hg anomalies.
The two largest coincide with the Mud Volcano-
Dragon’s -Mouth and Sulphur Caldron hot springs,
respectively. - We interpret the soil Hg data to indi-
cate that the Sulphur Caldron vents and the Mud
Volcano-Dragon’s Mouth vents are two .separate
areas of intense upwelling of vapor and probably

represent the main vents of the Mud Volcano-Sul- -

“phur Caldron vapor-dominated system. Our inter-
, pretation " is consistent with that of White et al.
(1975), who concluded that their drill hole, which

~was located 100 m north of Sulphur Caldron, only
penetrated the margins of the Sulphur‘ Caldron sys- -

tem. The geophysical data of Zohdy et al. (1973)

" -do not. have sufficient resolution to differentiate two
: ] er-  systems so close together,
The weak, north-south-

The lack of ‘significant
soil Hg anomalies in places of vigorous vent activity,”
such as the.Black Dragon’s Caldron vicinity, is sur-
prising. One possible interpretation is that the Black:
Dragon’s Caldron area lies on the fringes of the
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vapor-dominated system outside the region of major
“vapor upwelling. Likewise,. the area of steaming
ground west of Sulphur Caldron and north of Drag-
.on’s Mouth may also lie on the fringe of the system.
_ Christiansen and Blank (1972) mapped a north-
west-striking fault in the Mud Volcano-Sulphur Cal-
- dron area. The strong northwest-southeast elonga-
"tion of the two largest anomalies ‘suggests control by
this fault and associated fractures. The smaller
anomalies located northwest of Sulphur Caldron and
- southwest of Mud Volcano are probably extensions
" of the major anomalies. The strong anomaly located
on the west bank of the Yellowstone River may rep-
resent another major vent area on one of the north-
west-striking fractures; however, most of the anom-
aly appears to be covered by the Yellowstone River
and is thus inaccessible to soil sampling.

Geothermal Exploratlon

‘Matlick and Buseck (1976), Klusman and Land-’

ress (1978), Phelps and Buseck (1978, 1979), and

o Capuano and Bamford (1978) have proposed using
" soil Hg concentrations as an exploration tool for

geothermal activity. The procedure, which has the

advantage of being fast and relatively inexpensive, is.

to survey an area for soil Hg concentrations and
determine the location of soil Hg anomalies. Capu-

‘ano and Bamford (1978) reported a good correla-

tion between producing geothermal wells and soil
Hg anomalies in the Roosevelt geothermal area,
Utah.

Using soil Hg as an exploration technique requires
that there be a direct relationship between the pres-

ence of thermal activity and excess mercury. Al-’

though in a general sense this relationship has been
shown to be valid, our study has revealed that the
relationship is not a simple one. This is especially
true in water-dominated systems where the soil Hg
anomalies may be widely separated -from the main
area of geothermal activity. In such cases use of
soil Hg anomalies for drill site selection could be
. misleading unless used in conjunction " with other
_techniques. "On the other hand, our data show that
in vapor-dominated systems soil Hg anomalies ac-
curately locate areas of major upwelling and provide
_valuable information for drill site selection studies.
Matlick and Buseck (1976) suggested that the Hg
- method could be useful as a reconnaissance technique
in determining areas of potential geothermal activity.
They reported soil Hg anomalies in Long Valley,
California, that are several kilométers in_ length and
breadth, - extending well beyond regions of surface
. thermal activity. These anomalies were easily de-
~_tected using a 1.6-km sampling. grid. In contrast,
-the Yellowstone soil Hg anomalies are narrow and
" do not extend for more than one kilometer beyond

D. PHELPS AND P. R. BUSECK .

the fringes of the thermal areas. Thus, in Yellow-
stone, a 1.6-km sampling grid would be much too
large to define the soil Hg anomalies, and the soil Hg
technique would not -be effective as a regxonal ex-
ploratlon tool. '
It is not clear whether the majorlty of thermal .
areas exhibit narrow soil Hg anomalies like those
detected at Yellowstone, or broad Hg anomalies like
those reported by Matlick and Buseck (1976) from
Long Valley, California. Narrow soil Hg anomalies
with high peak to background ratios similar to those
at Yellowstone were reported from the Roosevelt
geothermal area (Capuano and Bamford, 1978)..
Preliminary data from the Coso Hot Springs area in
California (Phelps and Buseck, 1978; D. Phelps,
unpub. data, 1978) reveal a broad area, several
kilometers wide,” containing anomalously high con-
centrations, of soil Hg. -However, the limited data
from Coso do not form smooth contours,- and the
apparent broad Hg anomaly may actually represent
several smaller, coalescing anomalies. Both the Long
Valley and Coso soil Hg anomalies are based on
reconnaissance soil sampling using a 1.6-km grid.

~On the other- hand,~Klusman-and-Landress-(1978)

sampled a 1.6-km? area using a 100-m grid in Long
Valley, California, within the region sampled by
Matlick and Buseck (1976). Klusman and Landress
detected several soil Hg anomalies similar in size and
magnitude to those detected by us in Yellowstone,
These results suggest that the broad Hg anomalies
reported by Matlick and Buseck (1976) may also .
consist of multiple smaller Hg anomalies. Studies
are currently in progress in several thermal areas in
order to clear up this apparent discrepancy.

. Conclusions
© Soils in Yellowstone National Park exhibit pro-
nounced Hg anomalies in most thermal areas. Peak
to background ratios may be as high as 5,000:1,

with background values of 20 ppb Hg. All the soil
Hg anomalies detected in Yellowstone are restricted

" to the immediate vicinity of the thermal areas, even
.though the peak to background ratios are extremely

high. In the water-dominated systems the soil Hg
anomalies are complex and do not correlate directly
with the occurrence of hot springs or geysers. These’
characteristics. are interpreted to be the result of ex-
tensive subsurface boiling, partltlomng of the mer-
cury into the vapor phase, and subsequent separation -

. of the vapors from the Hg-depleted thermal waters.

In vapor-dominated systems these complexities are
absent and the soil Hg anomalies accurately locate
areas of steam upwelling.

The correlation of near-surface thermal activity
and excess mercury is confirmed in our study. Ina

" general way this relationship is useful for locating
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geothermal activity. However, because of the com-
plexities of the distribution of mercury, use of soil
Hg anomalies for detailed exploration in water-dom-
inated areas must be carried out with caution. - In
geothermal areas where the Hg anomalies and hot

springs do not coincide, it can be concluded that sub-

surface boiling and separation of the thermal waters
and Hg- -bearing vapor has occurréd. On the other
hand, in vapor-dominated systems soil Hg anomalies
can be used to delineate accurately the areas of ma]or
steam upwelling and thus can provide valuable in-
formation for drill site exploration. - The narrowness
of the soil- Hg anomalies in the Yellowstone system
limits the effectiveness of the Hg technique as a re-
gional exploration tool -in Yellowstone. Data from
other geothermal areas are inconclusive and do not
provide an unequivocal answer as to whether soil Hg

- content will be  generally useful as a regional explora-

. tion tool.

" studies that soil Hgis useful on a local scale for geo-
thermal exploration. o :

However, it is clear from this and other
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INTRODUCTION

This report is largely based on the regional
studies of the north-western United States phos-
phate deposits initiated by the U. S. Geological
Survey, just after World War II, under the direc-
tion of V. E. McKelvey. Studies into the genesis
of these phosphorites have allowed the formula-
tion of an hypothesis of exploration (McKelvey,
1963; Sheldon, 1964) that has been very useful
in discovering new deposits in other places.
For example, since 1956 the concept has been used

successfully in locating possibly commercial de-
posits in Peru, Turkey, Saudi Arabia, Australia,

India, and Colombia. The hypothesis is far from
being exhausted through use, and continued ap-
plication of it should result in additional dis-
coveries of phosphorgenic provinces.

This report is not an attempt to fully present .

the exploration hypothesis, but only to present a
part of the geologic analysis that went into the
hypothesis. Also, this report is not premised on
the supposition that all problems of phosphate
geology of the Permian rocks of the Rocky Moun-
tains are solved. Much is not understood about
the sedimentation of phosphorite and related
rocks, and in fact not all geologists specializing
in the geology of phosphorite would agree to any
or all of these concepts of sedimentation. How-
ever, the Kazakov-McKelvey concepts are de-
veloped to the fullest in this paper and other
concepts are given short shrift, in part because of
lack of space and in part because no other con-
cept explains so well so many of the worldwide
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features of phosphorite and related rock, or for

that matter has been so successful in locating
new deposits.

STRATIGRAPHIC DATUM

Three maps (figs. 1, 2, and 3) have been pre-
pared for a selected horizon within rocks of
Leonard age in the middle Rocky Mountain and
northern Great Plains regions, and thus are an

attempt to present the sedimentation at a rela- -

tively instantaneous point of time during the
Leonard Epoch of the Permian Period. The first
(fig. 1) is a lithofacies map. The second (fig. 2)
is a paleogeographic map showing areas of non-
deposition, location of the shore zone, and the
distribution of certain submarine features on the
shelf and in the geosyncline; also, it shows the
direction and type of water currents, and the

prevailing wind direction. The third map (fig. 3).

shows sedimentation in terms of direction of
transport, physical-chemical environments, and
grain size and composition of the sediment.

TiME Horizon.—The approximate time hori-
zon selected is determined wholly on the basis
of physical stratigraphy. Paleontologic dating has
helped in defining and correlating rocks of
Leonard age. However, available faunal data are
not sufficient for the resolution of a single time
horizon. :

The basis for selecting the horizon in the west
differs from that in the east.. The western half
of the area comprises the Cordilleran geosyncline,
where transgressions and regressions of facies are
believed to have been caused by tectonic move-
ments, and where contacts between lithic units
cut across time horizons. In the east, on the
other hand, change in type of sedimentation
probably was caused largely by epeirogenic move-

1Publication authorized by the Director, U.S. Geological Survey.
This paper is slightly modified from a part of the Paleotec-

tonic Maps of the Permian System, U.S. Geological Survey -

Misc. Geol. Inv. Map 1-450, in press.
2U.S. Geological Survey, Denver, Colorado
3U.S. Geological Survey, Bogota, Colombia
*U.S. Geological Survey, Lexington, Kentucky
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" ments or by eustatic sea‘level changes; and here, '

' contacts between the thin lithic units are be-
lieved to approximate time horizons.

"TIME HORIZON IN WEST.—In Leonard time

" facies of various types were deposited in the

‘Cordilleran geosyncline (Cressman, 1955; Shel-
don, 1957; Cheney, 1957). These facies apparently
were determined largely by depth of water; there-
fore, a real distribution of facies is systematic.
From west to east or from deepest to shallowest
water, the sequence of principal facies is black
mudstone, dark dolomite and phosphorite, chert,
limestone, dolomite, and sandstone.

Eastward advance of the sea in Leonard time
caused a transgressive overlap of these facies.
After the maximum advance, regression produced
offlap of the same facies. At any one locality,
the time of maximum transgression is repre-
sented by the beds deposited in deepest water
(Sears and others, 1941, p. 105; Israelsky, 1949,
p- 97), and this time is represented on the maps.

The selected horizon lies within various strati-
graphic units. In southeastern Idaho, south-
western Montana, part of western Wyoming and
northern Utah it is 'within the Meade Peak
Phosphatic Shale Member of the Phosphoria
Formation. In northwestern Wyoming it is
within the lower member of the Shedhorn Sand-
stone. In part of central Wyoming and north-
eastern Utah it is near the middle of the Fran-
son Member of the Park City Formation.

TIME HORIZON IN EAST.—A relatively simple
suite of facies was deposited on the shelf in the
eastern part of this region during Leonard time.
. The sediments deposited in the mildly negative
eastern area were mainly red mudstone and gyp-
sum, but locally, the rocks include sandstone,
dolomite, anhydrite, or halite.

Transgressions and regressions similar to those
in the geosynclinal region occurred on the shelf,
but the effects were modified by the relative flat-
ness and tectonic stability. Small epeirogenic
movements or eustatic sea-level changes prob-
ably affected very large areas. Consequently,
sedimentary units in this region are thin and
widespread and are probably almost time-strati-
graphic. Transgressions and regressions in the
mildly negative area were not necessarily contem-
poraneous with transgressions and regressions
within the geosyncline.

The stratigraphic horizon in central Wyoming
that is correlated with the time of maximum
transgression in western Wyoming has been pro-
jected into eastern Wyoming and adjacent areas
where it is in the lower part of the Opeche Shale.
In south-central Wyoming and adjacent parts of
Colorado this horizon is believed to be near the
top of the Lyons Sandstone to the east of the
Rocky Mountains and within the Schoolhouse
Sandstone to the west.

FACIES MAP

The facies map (fig. 1) is used to mterpret
paleogeography and types of sedimentation.
Plotting of different rock types or rock suites
generally produced a distinctive pattern on the
map, except in a few localities where rock types
were anomalous; these anomalies were ignored.
Several of the facies shown represent rock suites
rather than individual rock types. The facies
in western Wyoming and adjacent parts of Idaho,
Montana, and- Utah is a suite of dark pelletal
phosphate, mudstone, and dolomite. In the
eastern part of the region, rock suites of (1) red
mudstone, carbonate rock, anhydrite, and gyp-
sum and (2) red mudstone, halite, and minor
amounts of anhydrite, gypsum, and dolomite,
are mapped as single facies. Other facies repre-
sent-widespread, single rock types that are easily
classified and delineated.

Localities shown on the facies map are plotted
according to their present positions without re-
gard for foreshortening from folding and over-
thrusting. The environmental maps derived
from the facies map may be misleading in the
western or geosynclinal part of the region, where
much foreshortening has occurred along thrust
faults. Any differences from original position,
however, probably affect only the distances be-
tween boundaries and not the horizontal sequence
of facies or of environments interpreted from
them. :

Four areas of no deposits occur within the re-
gion. One is in Montana, extending southward
into northern Wyoming; another is in South
Dakota; a third corresponds to the ancestral
Front Range in north-central Colorado and ex-
tends a short distance into Wyoming; and a
fourth corresponds to the ancestral Uncompah-
gre hlghland in eastern Utah and western Color-
ado.
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Areas of no deposits were positive elements
throughout Permian time, as strata of interval
B thin toward and terminate against them. In
most places these positive elements were never
covered by Permian sediments, as indicated by

. the presence of gravel and coarse sand in interval

B rocks flanking them. A possible exception is
in the northwestern part of the region (Wyoming)

“where sediments may have been deposited and

subsequently removed; here no coarse material
was laid down adjacent to the positive element
(Sheldon, 1957).

Quartz sandstone occurs at margins of the
areas of nondeposition. In northwestern Wyom-
ing the sandstone belongs to the Shedhorn Sand-
stone. On the west side of the ancestral Front
Range highland, in northwestern Colorado, one
of these units is a part of the Schoolhouse Sand-
stone; east of the highland, another is part of
the Lyons Sandstone. In other areas the sand-
stone belongs to heterogeneous units that also
contain red mudstone, anhydrite, gypsum, and
dolomite.

Clay and quartz mudstone dominate the rock
away. from areas of no deposits. In the western
part of the area the mudstone is dark colored;
in the central part, light gray to light greenish
gray; and in the eastern part, red.

Red sand); mudstone, part of the Owl Canyon
Formation, is distributed widely in southeastern
Wyoming and adjacent parts of South Dakota,
Nebraska, and Colorado. It intertongues with
the Lyons Sandstone westward toward the an-
cestral Front Range highland. '

Chemical sediments are about equal in amount
to detrital sediments. Dark phosphorite and
dolomite are assgciated with dark mudstone in
western Wyoming and adjacent parts of Mon-
tana, Idaho, and Utah. The facies composed
of these rock types is bounded on the north,
east, and south by light-colored phosphorite, in
part sandy. The light-colored phosphorite grades
eastward into quartz sandstone in northwestern
Wyoming, but into light-colored cherty clastic
limestone in central Wyoming. Farther east the
chemical rocks are anhydrite, gypsum, light-
colored dolomite, and halite and are interbedded
with red and light-greenish gray mudstone and
siltstone. Some minor constituents that are use-
ful in making environmental interpretations are

4 . FIFTEENTH ANNUAL FIELD CONFERENCE—1967

organic hatter, pyrite, glauconite, and ferric
oxide. -

Although chert is abundant in other Permian
strata in-the region, it is absent at the selected
horizon; however, the clastic limestone in south-
central Wyoming is cherty. Chert beds at other
horizons are mainly in the area where dark mud,
dolomite, and phosphate represent the time of
maximum Leonard transgression.

Dark dolomite occurs in the western part of
the area, and light-colored dolomite occurs in
the eastern part. The dolomite facies are finely
crystalline and interbedded with mudstone, and
they are separated by a northerly trending belt
of rock composed of sand-size particles of quartz,
on the north, and of calcite, on the south.

PALEOGEOGRAPHIC ENVIRONMENTS

The paleogeography of the area, as interpreted
from the facies map, includes (1) the relief and
drainage pattern of land areas, (2) the topo-
graphic forms of the shore zoné, (3) the config-
uration of marine areas and direction of water

currents, and (4) dominant wind direction,

LAND AREAS.—Land areas roughly coincide
with areas of no deposits on the facies map.
Sandstone surrounding the land areas generally
supports this interpretation, but locally sedi-’
ments may have been deposited on the areas
shown as land at this selected time and later
stripped off. Also, sandstone fringing the areas
of erosion locally is terrestrial.

The. land probably was low. Detrital sedi-
mentation in the adjoining basins was bout the
same in amount as chemical sedimentation, which
would not have occurred if much detritus were
supplied by high land. Later in Permian and in
Triassic time few features of relief were encoun-
tered as the sea widely transgressed across these
land areas.

Direct evidence of drainage basins on the land
is absent, but areas of detritus in southeastern
Wyoming, southwestern South Dakota, and
north-central Colorado may indicate the positions
of stream mouths. The stream channels probably
were small, relatively closely spaced and formed
many coalescing deltas.

Shore-zones are inferred in several places. In
north-central Colorado and southeastern Wy-
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oming, crossbedded sandstone considered éolian
lies adjacent to water-laid rocks. In northwestern
Wyoming, elongate bodies of sandstone extend
southward from the land areas. These sandstone
bodies, and similar units at other horizons in the
Permian, grade eastward into mudstone and
westward into phosphorite or chert, and extend
as much as 100 miles southward. They are prob-
ably remnants of barrier islands and offshore
bars trending southward from the land areas, al-
though sedimentary structure in these sandstone
units has not been studied adequately to furnish
conclusive evidence.

In north-central Wyoming a Permian(?) fault
scarp is inferred, approximately coincident with
the present Big Horn Mountains. The fault pos-
sibly was active about the time of the maximum
eastward transgression of Leonard time. Rocks
of Leonard age thin and terminate northward
along the Big Horn Mountains, but extend 50
miles farther north on the west side than on the
east. Thicknesses and facies of these rocks are
similar on both sides of the mountains, except
locally where strata in the lower half are thicker
and coarser-grained adjacent to the west flank.
These data suggest that the eastern block was
higher than the western.

WATER AREAS.—The Phosphoria sea, an east-
ward extension of the ocean that occupied the
Cordilleran geosyncline in Permian time, formed
an open bay in western Wyoming. A large but
restricted sea covered most of the region in east-
ern Wyoming. These two bodies of water were
connected by a strait in central Wyoming, which
separated the Montana and Colorado land areas.

The embayment in western Wyoming was
bounded by land in Montana and by the ances-
tral Uncompahgre and Front Range highlands to
the south. The western limit of the ocean is un-
known, but may have been bordered by a volcanic

island arc in western Idaho, Oregon, and Nevada.

A positive area or platform may possibly have
lain not far west of the area' mapped. In south-
western Montana a western source of sand (Cress-
man, 1955), inferred for other horizons in the
Permian section, may also have been effective
during Leonard time. Furthermore, in Montana,
the facies boundaries of the mapped horizon (fig.

1) swing southward. In northeastern Nevada and

northwestern Utah, facies boundaries of rocks of
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Leéonard age swing northward, suggesting a west-

ern submarine high or sill.
Relative depths of the ocean can be inferred

from the sediments. The deepest part, within the

open-ocean basin, was in southeastern Idaho and
adjacent Utah and Nevada, and was clearly
below normal open-ocean wave base. Rocks in
that area consist of thinly laminated, dark mud-
stone and rare nodules of apatite.

Flanking the deep basin to the east and south
was an area of somewhat shallower water over-
lying the outer shelf. The rocks believed to have
formed in the shallower water are thin, richly
carbonaceous, pelletal phosphorite; microcrys-
talline dolomite; and mudstone. Some of the
strata are laminated and others are thin- to
thick-bedded. Sediments consisting of apatite
pellets had the finest fraction of clay and quartz
winnowed off. The ocean floor in this area prob-
ably was fairly deep but somewhat above wave
base.

East and south of the outer shelf was a shal-
low marine area of the inner shelf. The rocks

. formed there include quartz sandstone, oolitic

and skeletal phosphorite, and bioclastic lime-
stone. All of these rocks were formed from well
washed sand-size sediments and were deposited
well above normal wave base. East of the inner
shelf, a red and light greenish gray mudstone
facies occurs and is interpreted as having formed
in very shallow water. The boundary between
sand-size sediments and muds is not established.
The boundary between similar sediments, at a
horizon near the top of the Permian, has been
interpreted by Campbell (1956) and H. F. Murray
(oral commun., 1958) as a Bahama-bank type of
offshore, carbonate sand bar, behind which lay a
lagoon partly filled with mud. This interpreta-
tion is adopted here. Thus, the eastern edge of
the Phosphoria sea is shown as a string of barrier
islands and offshore bars crossing the strait be-
tween the two land areas. Features of the eastern
boundary of the open ocean in both the northern
and southern parts of the area seem to indicate
normal shore zones of the edge of land.

A large body of water partially cut off from
the open sea extended eastward from central
Wyoming into the Williston basin to the north-
east and into the Julesburg basin to the south-
east. This water body connected westward with
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.the Phosphoria sea and was bordered on the east
by the Siouxia land area, on the northwest by
‘the land area in Montana, and on the southwest
by the ancestral Front Range highland. Its
northeastern limit probably extended northward

from Siouxia and eastward from the land area

in central Montana. Presence of this land con-
nection is inferred as no Permian rocks are pre-

“served in the northern part of the Williston basin.

The southeastern limit was a positive element
extending northeastward along the Las Animas

"arch.

Sediments deposited in this restricted body of
water indicate that depth was relatively uniform

- and shallow. Detrital components are thinly

stratified, widely distributed, and relatively

. homogeneous; this suggests deposition within the

zone of wave-current and tidal action. The shal-
low depths varied slightly from place to place
and areas of shoals, lagoons, deltas, and evaporite

~ basins are evident or suggested by the rocks.

Detritus within the eastern part of the region.

probably was distributed by waves and currents,
and deposited in extensive tidal flats adjacent to
the ancestral Front Range highland on the west

. and Siouxia on the east. These tidal flats consist

chiefly of sandstone and mudstone in the west,

_.but only of mudstone in the east. The two facies

probably formed in the littoral zone and in an
adjacent neritic or shoal zone, respectively, and
are differentiated herein as high and low tidal
flats. Periodically the high tidal flats were

. slightly submerged. Mud, winnowed from the

detritus, was carried farther into the basin and
deposited in low tidal flats that were generally
slightly submerged, but periodically may have
been emergent.

Mud, interstratified with evaporite, was de-

posited in continuously submerged lagoons at the
margins of the Phosphoria sea and of the re-

 stricted waters to the east. Water probably was

relatively shallow in most places, but the evap-
orite basins may have been slightly deeper.

Within the eastern area were three evaporite
basins. The most northerly and largest was ap-
proximately coincident with the Williston basin

in western North Dakota. Another smaller basin -

was in northwestern South Dakota, and the most

~ southerly basin was in western Nebraska. Halite

and anhydrite are interstratified with the mud-
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stone. Elsewhere in.this area, mudstone is inter-
stratified chiefly with gypsum and dolomite.

WATER CURRENTS.—Water currents in marine

areas probably included upwelling ocean currents
on the outer shelf, wave-generated currents on
the inner shelf, channel currents in the restricted
waters, and a net flow of water into the evaporite
basins. -

Evidence of upwelling ocean currents over the
outer shelf is indirect. The necessity for invok-
ing upwelling currents is shown by McKelvey
(McKelvey, Swanson, and Sheldon, 1953) who
has applied results of studies by Kazakov (1937,
p. 111; 1938) and Brongersma-Sanders (1948) to
Permian phosphorites. The main argument is
that the amount of phosphate in the Phosphoria
Formation is more than five times greater than
that in the sea today, so that the Phosphoria
sea must have drawn on the resources of a major
part of the ocean by circulation over a long time.
Furthermore, oceanographic conditions for apa-
tite deposition, in terms of phosphate supply and
physical-chemical environment, are met in areas
of upwelling - where recent phosphorites occur
almost exclusively. The area of inferred upwell-
ing is shown on figure 2 by curved arrows.

Wave-generated currents with southerly move-
ment are shown along the inner shelf on figure 2.
Evidence for these currents are the elongate
sandstone bodies extending southward from the
west side of the land area in Montana. One of
these sandstone bodies is shown on figure 1.
Further evidence for south-flowing currents is the
fact that no sand was carried northward along
the inner shelf from the land in the southern
part of the area even though sand was being shed
from this area.

Tides probably gave rise to channel currents
in the area of restricted water to the east. Such
currents would have had’a profound effect on the
sediments within" this eastern area, and they
seem necessary to account for the widespread
laminated and homogeneous sandstone and mud-
stone strata deposited here.

Evaporation of water, indicated by precipita-
tion of salts in the lagoons and evaporite basins,
resulted in greater inflowing than outflowing cur-
rents. The net current resulting from this dis-
parity is indicated by arrows on figure 2. Detrital
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EXPLANATION FOR FIGURE 3

Physical-chemical relations in Bottom sediment compo'sition

depositional environment

Carbonaceous quartz and clay mud; minor apatite
Carbonaceous dolomite, quartz, and clay mud, and
pelletal apatite sand; minor pyrite.
3 Pelletal, oolitic and skeletal apatite sand, quartz sand,
and modern glauconite sand; locally conglameratic; little

carbonaceous matter

L Skeletal-calcite and skeletal-silica sand; minor
glauconite sand ) :
5 Dolomite, quartz, and clay mud; minor ferrous silicate mud

Quartz sand and clay, quartz, and dolomite mud; minor

ferrj:c oxide and ferrous silicate mud

7 Quartz and clay mud and quartz mud; minor calcium

A sulfate, dolomite, and ferric oxide mud
Salinity ebout 35 parts per

l j thousand 8 Clay, quartz, and calcium sulfate mud; minor quartz sand.
and ferric oxide mud
6.0 7.0 7.517.8 9.0
N - 9 Clay, quartz, calcium sulfate, and dolomite mud; minor
P
ferric oxide mud and quartz sand
10 Clay, quartz, halite, and calcite sulfate mud; minor
4oo . dolomite and ferric oxide mud
11 Dolomite and calcium sulfate and some gquartz and clay
pH about 7.0 [* * X % mud; minor ferric oxide mud
' Eh' more than ;x x x X
g 0.0 =——— 12 Quartz sand
g 300 XX XX
3 X x
£ !
» B
é; pH about 7.0 .
Eh more than
8 200 | : 0.0 Direction of sediment transport
3
& / C : .
o :;‘> —_— [ —_———
Kl
- Sand-size particles Mud particles Organically generated
>
s T e debris
SN2 -
g 100 | ST
3 RYATAPRSPAYA,S 8 . -
A 2 , R 2 I3 pH about 8.0 s .
. GRS ST En about 0.0 : V)
, 35 | NPNEVIVAY) . — W H”I
N ¢ fn,
1
Olo 426 3Lo l:o . Approximate boundary Shore and near- Land
' between bottom sediments shore deposits;

of different composition mostly quartz sand;
some quartz and

Temperature, in degrees centigrade
. clay mud
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particles would have a net drift in the direction
of the arrows because of this current.

WIND DIRECTION.—The prevailing wind direc-
tion at the time of maximum Leonard transgres-
sion is considered to have been appr0x1mately
south.

The strongest evidence of eolian deposition is

the large-scale, wedge-type crossbedding in the
Lyons Sandstone in southeastern Wyoming and
northeastern Colorado. Statistical studies of

" crossbeds in this formation at several places in

the northern Front Range indicate that prevail-
ing wind directions were from nearly due north
(R. F. Wilson, oral commun.; E. K. Maughan,
unpublished). A similar prevailing wind direction
is indicated by studies of the Schoolhouse Sand-
stone in northwestern Colorado (F. G. Poole, oral
commun.). Also, studies of crossbedded rocks,
believed to be wind-deposited in the nearby
Colorado Plateau, indicate that prevailing winds
there persistently came from the north in late
Paleozoic and early Mesozoic time (Poole, 1957
p. 1870).

Additional evidence of wind direction comes
from the probable water current direction. One
of the conditions of upwelling in the northern
hemisphere on the west side of land areas is that
the surface-water currents have a southerly
component; otherwise, the Coriolis force would
work against the upwelling. Thus, the concept
of upwelling is consistent with southward wind
direction. South-flowing, wave-generated ‘ cur-
rents are also consistent with this wind direc-
tion. Finally volcanic ash from the western vol-
canic terrane is only locally preserved within
Permian sediments in this area, indicating that
west winds were rare.

CLiMATE.—Climate of the region during
Leonard time probably was arid. Evaporation
exceeded supply in the eastern restricted waters,
resulting in deposition of anhydrite or gypsum,
and halite. In modern coastal areas adjacent to
areas. of upwelling, aridity is characteristic
(Brongersma-Sanders, 1948, p. 23).

PHYSICAL AND CHEMICAL
ENVIRONMENTS

Aspects of various environments during sedi--

mentation are interpreted on figure 3. Grain size

and composition of the sediment are shown by
numbers. Direction of sediment transport is
shown by arrows for the mud, sand, and organic

debris fractions. Inferred physical-chemical en-

vironments of deposition are shown in terms of
pH, Eh, temperature, and salinity.

DETRITAL SEDIMENTS.—The detrital sediments

_are composed mainly of quartz and clay, and are

classified on the map into sand- and mud-size
grains. Quartz sand entering the Phosphoria
sea was not transported far from shore, except
south  of the land area in Montana where spits
and barrier islands were built by longshore wave-

‘generated currents. Sand from land areas in
~ Colorado and South Dakota was transported,

probably by currents, and deposited on tidal
flats in the restricted water body in. the east.
Additional sand was deposited along the shore
and, at least in southern Wyoming and northern
Colorado, formed dunes,

Mud also was carried into the restricted water
body and deposited over most of the sea floor in
relatively quiet water; some was carried westward
through the shoal area in central Wyoming.
This mud, mixing with other mud coming di-
rectly from the adjacent land areas, apparently
bypassed the inner shelf, which was above wave
base, and was deposited in thin beds, partly on
the outer shelf but mostly in the western ocean

" basin.

CHEMICAL SEDIMENTS.—AIll of the chemical
sediments were normal products from sea water.
In the open ocean in the western part, apatite,
silica, calcite, and organic matter were deposited.
Dark richly carbonaceous dolomite may not have

" been deposited directly from the ocean but may

have replaced calcium carbonate penecontem-
poraneously. The silica probably formed from
accumulations  of sponge spicules. In the re-
stricted eastern waters dolomite, calcite, anhy-
drite or gypsum, and halite were deposited.

" Ferric oxides of unknown origin are also present.

Deposition of this wide suite of chemical sedi-
ments requires that the water pass through a
number of chemical changes. Physical-chemical
parameters controlling apatite stability have
been studied by Kazakov (1937). Parameters con-
trolling the stability of many of the other min-
erals have been summarized by Krumbein and




Garrels (1952). McKelvey and others (1953) and

Sheldon (1957) have applied these concepts to
the Permian rocks of the Middle Rocky Moun-
tains. The spatial relations of inferred chemical
environments for the time plane represented on
figures 1 and 2, are shown on figure 3.

In the normal marine environments in the
western part, the stability of the chemical sedi-
ments was controlled mainly by pH and Eh; the
inferred pH and Eh fields are shown by pattern
on figure 3. On the other hand, in the restricted
eastern waters temperature and salinity were

. more significant and these also are shown by

pattern. In the following discussion, the physical-
chemical environment of deposition in each area
is discussed, from the open-ocean basin on the
west to the evaporite basins on the east.

Rock from what was the open-ocean basin in
the west contains pyrite, organic matter, and
rare nodules of apatite. The pyrite and organic
matter indicate that the depositional and early
diagenetic environment was reducing (Eh<O).
In addition, the environment probably was
mildly acid to mildly alkaline (pH near 7.0).
This is indicated by the paucity of carbonate
minerals, which are unstable below pH about 7.8
(Krumbein and Garrles, 1952). The scarcity of
apatite also indicates relatively low pH (Kaza-
kov, 1937). In places pH less than 7.0 is indicated

by uraniferous black shale within the Meade -

Peak (Sheldon, 1959, p. 109-111). Chemical sedi-
mentation was very slow in the open basin, and
was mainly organic matter. It is likely that
abundant phytoplankton resulting from upwell-
Ing ocean currents were the chief source of the

organic matter in the sediments (McKelvey and -

others, 1953, p. 59-60). Temperature of the de-
positional environment in the open-ocean basin
was probably close to the temperatures of 0-15°
C found today in deeper ocean waters (Sverdrup
and others, 1942, fig. 209, p. 741). Salinity prob-

" .ably was normal. ’

On the outer shelf, east of the open-ocean
bfﬂlsm, the water was somewhat shallower and
different sediments were deposited. Dark organic

. mudstone, pelletal phosphorite, and dolomite are

interbedded and probably intertongue laterally.

- Chemical environments probably were gradational

between the open-ocean basin and the outer
shelf, as dark mudstone is in both areas. How-
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ever, the abundance of dark phosphorite and
dolomite indicate that on the outer shelf the
pH was higher than in the basin. It is presumed
that alkalinity fluctuated near pH 7.8, because
phosphorite indicates pH smaller and dolomite
indicates pH greater than 7.8. Negative Eh is
indicated by the abundant organic matter and
by pyrite.

The deposition of phosphorite may have been
due to warming of upwelling phosphate-rich
water near the surface to between 5° and 20°
C, and a consequent rise of pH (Kazakov, 1937;
McKelvey and others, 1953). As in the open
ocean, deposition of organic matter was also a
result of the upwelling. The deposition of car-
bonate sediment, now dolomite, is an enigma.
The resulting rock is microcrystalline with a
mosaic texture; petrography gives no clue to its
origin. Some foraminifera replaced by apatite
have been reported from dark pelletal phosphorite
(Emigh, 1958; E. L. Yochelson, personal commun.,
1960), and it is possible that penecontempor-
aneous dolomitization of foraminiferal deposits
accounts for the dark dolomite. In any case, the
pH apparently was fairly high so that the car-
bonate sediment was stable. Salinity of the
waters on the outer shelf probably was normal.

The inner shelf lies east of the outer shelf.
Apatite and quartz sand accumulated over most
of the inner shelf, but in the southeast siliceous
calcite sand was deposited. The apatite is com-
posed of oolites, light-colored pellets, and bio-
clastic grains, including fragments of brachiopods,
fish scales and bone, sharks’ teeth, and internal
molds of gastropods. Glauconite asinternal molds
of fossils are common accessory grains. The de-
positional environment seems to have been oxi-
dizing (Eh>0), as shown by the absence of
organic matter and the presence of remains of
benthonic oxygen-consuming animals. The pH
was only mildly alkaline, as shown by the scar-
city of carbonate rock and the abundance of
apatite.

Across the southeastern.plart of the shelf cal-

_cium carbonate was deposited, mostly as frag-

ments of benthonic invertebrate fossils. Thus,
the depositional environment was oxidizing and
moderately alkaline, or Eh greater than O and
pH greater than about 7.8. Some of the lime-
stone is cherty, and most likely the silica origin-

=
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ated from siliceous sponge spicules similar to
those at a higher horizon in the northern Wind
River .Mountains (Finks. and others, 1961).

‘Temperatures were higher than to the west, prob-

ably within the range of 20 30° C. Sahmty was
probably normal. R

The lagoons were adjacent to the positive ele-
ments and probably separated from the inner
shelf by islands and bars. Rock formed in them
is mostly mudstone. Red and green mudstone
are interstratified. Near the shore, the mudstone
is colored predominantly red by ferric oxide.
Away from the shore, it is predominantly green
from ferrous compounds. Lack of organic matter
indicates that the environment was unfavorable
for 1ts development or preservation in the lagoon.

The carbonate rocks in this area indicate pH
greater than 7.8+ and on figure 3, alkalinity is
arbitrarily indicated as pH>8.0. Eh is believed
to have been about 0 on the basis of interfinger-
ing of strata containing ferric and ferrous com-
pounds, and the lack of organic matter. Ferrous
iron is precipitated in an environment of Eh
less than -0.1 volt where pH exceeds 7.8%

(Krumbein and Garrels, 1952, fig. 8). On the -
- other hand, salinity, discussed below, seemingly

was not high enough to limit organic develop-
ment and it is assumed that a small amount of
organic matter was produced but was oxidized
and not preserved. The Eh, therefore, would
seem to have been greater than 0. These appar-
ently contradictory values of Eh probably are
the result of fluctuating conditions between an
oxidizing and reducing environment and, without
further study and information, permits only an
approximation that Eh 0. Temperature of 20°
to 30° C, and salinity of 35 to. 125 parts per
thousand are suggested by the evaporite rocks.

Sediments believed to be those of tidal flats
formed within the depositional basin east of the
strait in central Wyoming. One of these flats
extended northward and eastward from the
northern part of the ancestral Rocky Mountain
uplift. Another extended westward from the
Siouxia positive element. The rocks are mostly

red sandstone and mudsto_ne. The rare chemical
sedimentary rocks are primarily dolomite and

gypsum or anhydrite.
The carbonate and sulfate rocks indicate a rel-

atively warm, super-saline environment. Temper-

ature is assumed to have ranged from 25° to 35°
C, and salinity” necessary for precipitation of
these rocks is believed to have ranged from 75 to
275 parts per thousand.

" The lack of organic material mdlcates Eh
greater than 0. .No data are available for min-
erals which might define the pH in which these
sediments were deposited. The explanation for
figure 3, indicates pH 7.0, but the natural
range of evaporite rocks extends from as low
as pH=2.6 to as high as pH =10.48 (Baas-Beck-
ing and others, 1960, p. 260-261).

The evaporite basin covered most of the east-
ern part of this region, -except for the sand and
mud flats. The evaporite basin is divided into a
central part and an outer part, according to the
minerals formed in each. Halite and related evap-

- orite rocks formed in the central part; gypsum or

anhydrite and related evaporite rocks formed in
the outer part; red mudstone is common in both

- parts. The evaporite basin had three centers,

indicated on figure 3, in which halite was formed.

The rocks formed in the outer part of the evap-
orite basin are similar to those formed in the in-
ferred tidal flats. Evaporite rocks, however, pre-
dominate over detrital rocks in the basin. The
physical-chemical parameters in the outer part
of the evaporite basin are believed to have been
similar to those on the flat: temperature 25° °
to 35° C, salinity 125 to 275 parts per thousand,

"Eh>0, and pH 7.0.

" The central part of the evaporite basin differed

significantly only in salinity. Halite, which pre-
cipitates from sea water concentrated to about
one-tenth of its original volume (J. Usiglio,
quoted in Clarke, 1924, p. 221), is believed to
have precipitated in this area from water with
salinity ranging from about 275 to 350 parts per
thousand. Temperature is believed to have been
warm and a range of 25° to 35° C is inferred.
Lack of organic matter indicates Eh greater
than 0, and pH is not indicated by any sedi-
ments for the reasons discussed above.

. CONCLUSIONS .
The maps and data presented here seem to in-
dicate that the relations between Permian-sedi-
ments formed in western Wyoming and those
formed in markedly different environments in
eastern Wyoming were similar to present day
relations along several continental margins where




cold, upwelling waters, rich in nutrients and or-
ganic matter, are areas of phosphate deposition
west of arid continental regions (Brongersma-
Sanders, 1948). The great similarity between
areas of Permian and modern phosphate de-
posits and related arid environments adds evi-
dence and seems to justify the interpretations

INTERMOUNTAIN ASSOCIATION OF GEOLOGISTS . 13

presented here. These interpretations, however,

are subject to correction and refinement as the

rocks are studied further, as knowledge of
geochemistry advances understanding of deposi-

. tional environments, and as further knowledge

enables distinction between primary and dia-
genetic origin of the rocks.
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RESTORATIO.N OF GROUNTWATER QUALIT':.; FOLLOWING PILBT-SCALE,
ACIDIC IN SITU URANIUM LEACHING AT
NINE-MILE LAKE SITE NEAR CASPER,: WYOMING
by
William H. Engelmannt, P. E. Phillips®, Daryl R. Tweeton®,

Kent W. Loest*, Michael T. Nigboz5

ABSTRACT
The results of a pilot-scale leach and restoration test, which is
'~ the subject of a cooperative agreement between the ﬁureau of Mines and
a joint venture consisting ofvthe following companies; Rocky Mountain:
Energy, Mono Power, and Halliburton, is described. The leaching phase
is briefly,described,vsince this aspect.of'the-test was the subjéct of a
previous Bureau paper. Lgaching was done with 5;SQ‘ ( pH range of 1.6-
3.9) and K, & (250-30.0.0 ppm of 35% HE.O;.) over an ll-month period.
The restoration phase began November 1978 and was completed in about
8 months. Water samples were taken~from;observation:wells'located
between injection and production wells as the leach solution was decreased
in strength. Groundwater quality in the leached ore zone was restored
by'injecting(clean groundvater. This was supplemented by clean water
produced from fecovered solutioﬁ; by a combination of chemical precipitation

and reverse osmosis. In situ measurements of pH, Eh, d@issolved oxygen,

1 Research Chemist, Bureau of Mlnes, U.S,.. Department of the Interior,
Minneapolis, Minn.

Manager, Engineering Research, Rocky Mountain Energy Co., Denver, Colo.
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Facilities Superintendent, Rocky Mountain Energy Co., Casper, Wyo.
Student Trainee (Mining Engeineer), Bureau. of Mines, U.S, Department
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conductivity, and ﬁemperature were made‘By a downhole probe in one of the
vellé. Water samplés weré taken and analyéed for U, V, Na, K, Ca, Mg,.SQ‘,
Cl, F, Fe, Mn, Al, Si, Ti, Zr, Cr, Co, Ni, Cu, Zn, As, éé.

INTRGDUCTION.

The In Situ Mining Division qf the Bureau of Mines, Twin Cities
Mining Research Center and a Joint Venture consisting ovaocky Mountain -
Energy, Halliburton, and Mono Power Company entered into a cooperative
agreément aimed at'modeling in situ leaching of uranium with sulfuric aéid
»ﬁt the Venture's Nine Mile Lake test site near Casper, Wyoming (Figure 1).
The results of an 1l-month léaching phase conducted on-a five spot (Paﬁtern
No. 2) were-previously reported by'the‘Bu:eauv(l).

| Geologpy

The uranium mineralization occurs in the Teapot Sandstone Members
of?the'Upéer'CretaceouS’Mésaverde Formation.. Unlike many éMIdStone
‘ﬁranium deposits, this deposit osccurs in a fairly well
sorted beacﬁzsand, rather than a stream channei. The sand contains quartz,
feldspar, and minor amounts of mica, black minerals, glauconite, carbénaceous
fragménts, blue -to earthy clay inclusions,.and disseminated argillaceous
materials. The carbonate content is quite.low.

The mineralization is of the roll front type. The principal uranium
mineral is uraninite (UQ;)-Qith winor coffinite‘U(SlCL)I;X(OH)4x. Uranium
is sometimes associated with vanadium as Montroseite VO (OH) .
| Hzaroidgx

The Ieapoglsandstone is an-artesian aquifer in theé. project area,
being. confined by the overlying Lewis shale and tﬁe.underlying Pumpkin

Buttes shale. The formation dips to the'EfﬂE*at-about'7 degrees with




groundwater movement in that direction at about 3m/yr. (10 ft./yr). The
équifer ie reached at the outcrop approxlmately 3 km (2 miles) west of the
test area. Groundwater in the proJect area is generally used for livestock.
Because of the generally low yields and high mineral content, irrigationm,
industrial and residential use are limited. The groundwater is a sodium
sulfate type with TDS quite variable overvthe-ptoject area. TDS seems to
be a function of the distance from the outcrop and the quantity of recharge.
Leaching with sulfuric acid obviously-changee a number of these
parameters very significantly, especially the pH; Eh, 8O, , €a, V, Ti, and
Fe. 1In situ leachvoperations are required by the Wyoming Department of
. Environmental Quality (DEQ) to restore the éroundwater to its original
condition. In the past, this has been intefpreted to mean that it must
be returned to its original use‘and-ali significapt parameters must be
returned to its original range. ‘Thus the study of groundwater restoration
is an integral part. of designing a successful in situ leach process.
LEACHING PHASE

Wellfield Description

The pilot-scele leaching operation used a Qellfield (Pattern No, 2).
positioned in a 15 m (50ft)-radius five=-spot pattern. Sulfuric acid
solution and oxidizer was injected into the four corner wells of the
pattern.. (See figure 2).- The Center well served as a production well.
Within this pattern, the Bureau drilled three observation (sampling)
wells (labeled OBl, OB2, and OB3). A plan view of all the wells at the
depth of the ore zone are shown in figure 3. Note in figure 3 that the
deviatiohvof ﬁhe drill-string has produced a rhomboidal configuration

‘of the four.injection wellbore locations at the depth of the ore zone.



All wells were cased with 13 cm (5 iﬁ) polyvinylchloride (PVC) plastic pipe.
The injection and production wells were cemenfed through the entire sand
formation and were then perforated in situ with fhe~Bureau of Mines' water-
jet perfqratorv(gﬁ. Horizontal slots of 0.5 mm (0102 in) diametgr were

cut over 2.8-4.9m (9-16 ft) intervels, at approximately the 166 m (525 ft)
‘depth. OB, 0B2, and OB3 each had 10 m (33ft) horizoatal slots, at the

160 m (525 ft) midpoint depth. More detéil-is given in a previous paper

by Tweeton et al (1). |

The priﬁary sampling wells were OBl and OB3. OB2 was not used since
water samples from this well were fadically differeﬁtffrom the rest of the

. pattern well; Seepage,from:anothef'aquifer.is suspected. These sampling.
wells were located to allow sample~-taking at intermediate points between
the injection and production wells for the following two reasons: (1) If
a downhole:data-g;ﬁhering probe (described in a later section) were placed
in a production well beiow the pump, then.the probe could not be pulled
up for periodic calibration without interfering with production, and (2)
taking §amples only from productioﬁ.and injection wells would not provide
all the information needed for geochemical modeling, e.g., a condition
wherein uranium was dissolving but reprecipitating before-feaching a
production well would be indistinguishable from one wﬁere uranium was not
dissolving, unless there was an intermediate sampling point.

The pattern was generally operated at about 158 £{/min (42 gpm)
production from the center with 38 £/min (10 gpm) input per injection.
well, reéulting in an overproduction of about 7/min (2»gpm),t§ maintain
hydrqlogicvcéntrol.' Water sampling from OBl and OE3 was done with 34

£/min (9 gpm) pumps hung just above -the slotted sections.

‘f



Lixiviant Circulation
Content vs. Time

While many Texas and Wyoming in situ leach operators héretofore
have used an ammonium bicarbodate/carbonate leach, this is the oaly site
currently using 1-5.504 solution. Injection began December 1, 1977 with
dilute H, SO, (0.15 g/1) added. The HB.SO4 strength was increased ’to about
1.5 g/1 on Decenber 30, 3 g/l on January 10, 1978, and 5 g/l on April 3.
If strong acid were -added initially, uranium and other elements could
be mobilized at ‘high concentration near the injection well only to be
reprecipitated near the production well as_groundwater’diluted the H, SO,
further. Additional problems, gggqas Cq;'liberation wbich could cause
loss in permeability, could also be a problem. The rate at which acid
strength was increased was intended to -be conservative.

Hydfogén peroxide'agkgsbwas’added Starting.January 21 at 250 mg/l
and the concentration was slowly raiSed'to 3000 wg/1l within 1 month.
During the remainder of the ieaching phase,fthelgcg concentration was
in the range of 1000-~3000 mg/l.-

| Flowrates and Volumes

The circulating solution was stripped of uranium values by ion
exchange, and additional i, SO, and 0, added to the 'raffinate to fortfy
the lixiviant for reinjection. The total circulating solution has been
estimated at 4.57x103lliters (1.21x10P gal) for this pilot-scale leaching
operation, This recirculation and extraction of uranium values continued
in-a consistatﬁ-manner untii September 5, 1978. At that time, no additional
}gsqk’wAs added to fortify the reinjected solution.

On September 16, 1978, a partial flow of the raffinate was directed

to the evaporation pond as clean water produced from treated raffinate



and native groundwater were being injected into the ore zone to start
restoratlon.v By November 11, 1978 all barren liquor (raffinate) was
routed to the evaporation pond and only native groundwater (from a well
about 400 m away) was injected into the ore zone. Thereby the active
leaching phase made the traﬁsition to the restoration pbase. Leaching
was curtailed.by a need to investigate restoration, notigeeome uranium.
was expioited; Uranium content of the recovered solution was about

50 ppm when acid addition ceased.

Surface Recovery Process

: During the leaching phase of pattern No. 2, uranium pregnant liquor-
concentration was in the range of 60 to over 300 mg/l U0 - Average
values were near 100 mg/Ll. |

The recovery of uranium from the production wells (pregnant solution)
was accomplished Byfa series of hydrometallurgical ﬁnit“processes. The
prégnant solution wes pumped Ehrough an iep exchange (IX) system, which‘
selectively'adsorbed'the anionic uranyl-sulfate;complex.

Thevuraniuh-depleEed~solution (raffinate) was refortified with
K, SO, to raise concentration to the 3-5 g/l le;rel. More ¥, O, was added
to maintain an o#idation-feduction potential (Eh) of +450-600 mv.!

This refortified lixiviant was then returned to the injection wells.

Uranium adsorbed on ‘the 1X resin was stripped off with a very strong
K, SO, solution (over 100 g/l). U 0, was precipitated with ammonia and

thickened until Percol 351.2 Thickened yellow cake was filtered oe a

1oxidation-reduction (Eh) measurements mentioned in this paper use the
convention of + oxidation and - reduction.

2References to specific products is- ‘made to facilitate understandlng and
does not imply endorsement by the Bureau. of Mines.
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90 cm X 30 cm (3ft X 1ft) drum filter and dissolved in HNO, - for shipment.
This method of concentrate handling is used for pilot plant purposes only.

Excursion Monitoring

During the pilot-scale leaching of pattern No. 2, monitor wells
located out;ide of the radius of the five-spot pattern were sampled on a
regular basis. These wells were approximately 49 m (166'ft) from the
rproduction well. Monitor wells were sampled routinely before and during
pattern operation to provide a continuing record of baseline water condition.
Sampling did not indicate any excﬁrsion during leaching or restoration.
Both monitor~and leaching.wells,will,bersampléd periodically after
restoration to determine if water conditions have stabilized.

Waste Management .

Since production of solution exceeded injection by about 5% to
mﬁiﬁf&in'a hydrauliC‘gradiént-towérd the.production well, an equivalent
portion of the barren solution waé sent to the.evaporation pond. This bleed-
stream was drawn from the raffinate tank.

Other wasges routed to the evaporation pond include brine aﬁd

precipitates (as slurry) from the water treatment plant during the restoration

phase (described under Restoration section).

RESTORATION PHASE

Groﬁndwater Quality Data Qathering
InvSitﬁ Measurements With Downhole Probe
In-obseryétion well OB3, si# water quality parameters were measured
in situ. Oxidation-reduction potential (Eh), hydrogen ion concentration
(pH), dissplved-oxygen (D.0.), conductivity (cond.) temperature and depth

were measured using a special downhole probe.



The probe used was a Hydrolab system 8000. It consisted of two parts;

the downhole sending unit with sensors-and the surface data control unit.

The transmitter or sending unit is about 7.6 cm (3 in.) in diameter and 46

cm (18 in.) long.

The probe measures the following parameters:

1.

Temperature, using a linear thermistor. Range: -5 to +45°C
(23° to 113° F).
Depth, using a strain gage transducer. Range: 0-200m (0-656 ft).

Dissolved oxygen, using a semipermeable Teflon membrane. Range:

0-14 ppm

Conductivity, using a platinum four-electrode cell. Range: 0-200 .
_ millimhbsé/em.

pH, using a glass electrode and silver/silver chloride refe;ence.

Range: 0-14 pH.
Oxidation-Reduction Potential, using a platinum electrode and

silver/silver chloride reference. Range: -2000 to +2000 mV.

Laboratory and field experience indicated that the probe required

recalibration apprdximateiy every 30 days in this environment. The depth

sensor was quite sensitive to barometric pressure changes and would have

required calibration several times per day had it been used in this project.

The pH showed some .tendency to drift upward after approximately two weeks

in the well. For this reason, surface measurements of pH were taken as the

most accurate. All other parameters showed little tendency to drift and

required only small corrections after one month.

The downhole probe was placed 45 m (476 ft) from the surface. This

is approximately 3 m (10 ft) above the screen and 10 m (36 ft) below the
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pump.

It waé found in previous wbrk that these parameters, especially Eh
and D,0,, needed to be measufed as near to the screened intervals in the
well as possible. A comparison was made in OB3, where both in situ and
surface measureﬁents were -taken, large‘discrepéncies between the peasurements
can be noted‘(see_Appéﬁdix).

Effect of Hydrology on Sampling

Figure 4 shows a streamline pattern fér the leaching side using
average réstoration_injectidn and production flowrates. Injection rates of
20 g/min (4.95 gpm) for each injection well and"ﬁrodgction rates of 20 g/min
(22 gpm) were used. Injection of restoration water took place at the four
corner wells and production was from the centér wells,

The pattern was generated by a computer program, ISL-50, deveiOped at
the Bureau by Schmidt (3). The shape of the pattern is determined by a -
number of-factors.including‘injecﬁion ghd-productioh rates, directional .
permeability, aduifer chickness and screen placement. The shape of.éhe
pattern has én-important effect on the interpretation of water samples
taken from the observation wells.

OB3 is located almost directly between the injection and production
well. Because of this, all of the streamlines flowing in the vicinity.
of OB3 are traveling at nearly the same velocity. This makes changes in -
OB3 sharp and well defined.  Geochemical chanées'between thé injection well
and OB3 are éasier.to identify.A When the average restoration flow rates
are used.infthe-program; it takes 7 to 10 days for water to travel from the
-injection well to )Bj.

OBl lies near a wide range of streamlines.; Travel times for water

Ie;ving the injection well and arriving at OBl véry-from 4 to 19 days.



Average regtoration flow rates were again used in this calculation. The
effect of this is to spread changes gut and reduce their definition. If
the com§osition of the injectiod solution changes, the water in OBl begins
to change afﬁer four days and continues to change fdr~approximately two
weeks. Geochemical changes between the injection well and OBl are more
difficult to describe.
Water Sampling Procedure
The quality and ;eliability of geochemical analyses depend heavily
on the sampling techniéue. Samples from OBl and OB3 were taken at the
well headf Sampleé-qf the-injection solution were taken from the plant.
Samples were collected at approximate weekly intervals. The following
sampling procedure has evolved from earlier similar projects and seems to
give the most‘consistént results:
1. Each well is pumped for a minimum of 45 min to fill the well
bore with fresh fqrmation water.
2. Downhole readiﬁgs are taken in OB3'with the probe.
3. Four li;er‘(l gal) sampleslare taken for analysis.
4. The éémples-are filtered with 0.45 micrometers Q;m) filters to
'femQQe.sediment, .
5. ‘Half o£ each sample is acidified with HCl to keep all cations’
~in solution.
6. Labortory measurements oﬁ pH, Eh, conductivity, and temperature
are taken on an unacidified portion.
7. Samples are stored in clean polyethylene bottles and shipped to

the Bureau's Center in Minneapolis for further,anélysis.



Cation and Anion Analysis

In addition tbﬂthe above chemical parameters, cation and anion analyses
wereperformedon the weekly samples; 4Specific elements and the aﬁalytical
method»are listed in Table 1. The time lag from saampling to analysis
r anged from éne to six weeks but averaged about two to.three weeks.:v

Computer Data Storage

All the chemicai.analyses taken for the project has been stored on a
computer file.‘ Iﬁ is available in printout or plotted format and is also
included in the Appendix of this paper.

Analysis of Groundwater Data

- Water Quality vs. Tiﬁe Plots
From weekly chemical analysis the water quality parameters fhat had
fhe 1argeét‘change in value starting from baseline through the leaching
phase, and return toward original value as restoration ﬁrogressed (150
dayfrestorafion stqdy period) were the. following: -U, V, Ca, S0, , pH, Fé,
As, Se, Eh, Conductivity, and dissolved oxygen.(figure 5-15). Other
parameters that were regularly analyzed, but not graphed here because at
relatively small concentration changes were the following: Na, K, Al, Zn,
Si; P, Mn, Mo, and groundwater temperature. These valueé throughout the
study period, élonngitﬁ data used for the above noted figﬁres are ;hown
in. the Appendix.
Note. in the graphs the baseline conqentration region, derived from an
averéging_of three to six indepehdent'water analyses (depending on element)
run prior to the leaching operation.

Examination of the figures show that most'groundwater quality

parameters are at baseline gr very near, over the 220-day study-period. .



Geochemical Trends Toward Restoration

At the start of restoration, ﬁéanium valueé-;emaining in the ore
Zone were uneconomical to extract by ion exchange-techhiquesﬁ However,
as restorétion proceeded, the acidity levels moved toward the neutral
Zone (éH 7) ‘and the“uranium.levels;in'solutiog dropped even further
because at decreased solubility at the higher pH levels.

It is worthwhile to view several geochemical occurances that were
found in the restoration of the groundwater within the ore body. The
following water quality changes are not unexpected-from gedchemical
principles but are given here since this is thevfirst restoration of an
acid-leached uranium-bearing orebody in the United States. Even though
this is a pilot scale operation;-its successful completion opens the way
fo;'commerCial acidic in situ leaching ventures for deposits with relatively
low calcium and élay content. -

- Co-occurance of Some EIEmedts~and»Para11e1 Changes of Concentraction

Levels

As the groundwater concentration levels of various elements are
reduced toward baseline levels certain pairs of elements exhibit similar
concentration changes. A‘bes; example-was.found with uranium and vanadium.
Rising and falling uranium levels in solution was mirrored by the vanadium
levels. -Figures 5 and 6 show- this closely pafallél tracking.behaQior.-

Similarly, iron and aluminum ions, some of which were solubilized
from roughly parallel decreasgs.(not graphed, Eeé Appendix), as pH
levels rose toward neutrality as restoration progresses.

Sodium and potassium ion levels in groundwater are commoniy,inversely'

linked. The data (Appendix)vshowed that sodium levles moved slightly
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upward .from -300 to 400 ppm in-the first iOO‘days at restoration, while
potassium trended downward from about 10 to 6 ppm in the same time period.
Calcium from the native groundwater and from the treéted water pumped into
the ore zone is believed to exchange sodium ions from the clay in the oie
zone, thereby igcreasing the sodium levels sligﬁtl?.

: Environmentallygsensitive Elements

Arsenic-and selenium levels (figures 11 and'12) are of environmental
importance because of their high toxicity are easy mobilization in acidic
media. These elements were analyzed on a regula: monthly basis. During
150 days of restoration, arsenic values ranged from 14-75 ppb, while
selenium ranged from 20-82 ppb. Arsenic concéntratiou values were close:
to National Primary Drinking Water Standard. ( 50 ppb). Selenmium was above
the primary standard at 10 ppb. However, the aquifer within the ore zone
was not intended .to supply drinking water for human consumption.' No
public water sﬁpply we11s»a£e rec§rded within 5 km (3 mi) of the tést éite.

Relationships of Restored.Ore Zone
Groundwater Quality to Other Baseline Criteria

The'restorétioh.of Pattern No. 2, which began in November 1978,
" appears to be almost complete; ‘Table 2 compares the' groundwater of Pattefn
No. 2 after leaching and restoration operationsswith-Pattern No. 2 preleach
gfoundwater‘and with-ngtive groundwatef outside the ore zone. The native
groundwater outside the ore zone shows significant variation in quality. '
In general, none of the values shown in Table 2 are within the EPA drinking
water standard of 500 ppm total»TDS; however, water of this quality is
satisfactory for livestock (4).

A ‘comparison of water quality before .and after 1eaching and :estgration

operations indicates that the restored groundwater is close to preleach



quality and is within the water quality range'outside the ore zone.' Graphs
showiAg ;he»change in water quality during restoration are shown iﬁ Figure
16. This Figure<highlight§ the gradual rise in pH which has occurred. The
pH appears to Be only a function of the total gallons of sqlution recovered.
during restoration and should return to prEieach'value.

Comparison of Pilot-Scale Restoration to Laboratory Experiments

Laboratory studies of restoration were conducted by the University
" of Texas at Austin as'paft-of Bureau of Mines Contract No. H0282016. The
Principal Investigators were Dr. Michael Breland and Prof. Robert S.
Schechtor. Experiments simulating both leaching and restoration were
performed, but only restbrﬁtion will be discussed in this report.
ﬁxperimental Procedﬁre

The laboratory studies were performed with a blended core material from
the Nine-Mile Lake Site. Thé core material had been stored unfrozen in
plasti;‘bags for several months, so it wés probably partially oxidized in
storage.

Four different.types of restoration experiments were-pérformed on
columns, which had been p,reviously,leached'with'}g804 solutions. The
first:experimént used a 120x7.6 cm column, and the restoration solution’
was 3 pore volumes of 25 pct groundwater and 75 pect distilled water followed
by completing the restoration with ‘100 pct groundwater.

The second experiment used a smaller (60x2.5’cm)-column‘of ore. This
was also restored, uéing the samé method.. |

The third-e#periment was another smaller column with restoration
using only 25 pct. ground water - 75 pct distilled.ﬁater for the complete

restoration .



The fourth experiment used two of the smaller-sized columns were
.restored ﬁsing a-saturated‘Ca(dﬂxa solution.
| The term "restoration'™ as used in describing the laboratory studies
means that tiﬁe at'which the HY ‘ion effluent concentration closely matched
the feed«concentraﬁion.
The flow rate in all of these experiments .was about 3 m (loft)/day.
This rate was about five times the field flow rate near OB3 during
restoration. The laboratory restoration experiments were conducted before
the field restofation, so the laboratory flow rate had to be chosen before
the field flow rate was estaplished..
: Ali of ﬁhe experiments. except the ones using Ca(OH), , were with ore
that had been leached with sulfuric ac;d for studies of the.leaching
- phase. The studies of the leaching phasé were done with HE'SQs increased
in several steps, as had been used in the field. The final step involved
' 4.0 g/1 K80, 'plus'1.3 g/l K O, . After the final step of each series.
of leach studies, the feed solution was changed to the restoration
solution (25 pct ground water»pius-?S pct distilled water or 100 pcf
ground water). The effluent was collected at least once per pore volume.
The 25 pct ground water - 75 pct‘distilled:waﬁer combination was-ﬁsed
because Rocky Mountain Enéfgy.WAS';Qgsidering recirculating a combination
.of 25 pct‘ground water and 75 pct.w;te;fthat-had been purifigz‘by reverse-
osmosis. It waS~recogdized that water from a reverse osmosis unit contains
more dissolved solids than distilled water, but for standardization,
comparison, and interpretation, distilled water was preferred over osmosis

produét'water; The ground vater was from the Nine-Mile Lake Site.

’J



In the Ca(OH}aarestoration experimenté, the ore was first saturated
with BT ions by running a 3 g/l solution of H?SO; t;hrough the column
until the effluent:pﬁ was less than 0.3 pH units different from thé feed
PH. Then the influent was switched to the Ca(OH), solution.

| Comparison of Results

Réstoring the ore in the larger column required a pore volume of ground
water after the 3 pore volumes of 25 pct.ground water - 75 pct_distilled-
watér. The pH of the effluent rose from 2 to 3 in about 2 pore volumes
‘near the end of restoration, the pH roseAf:om 3.5 to 7.5, as shown in fiéure
- 17. |

Most of the ibAS'were reduced to baseiine‘levels~within 3 to 5 pore
volumes. The restoration required the excess pore volumes because of the
tenacity with which HT ions are held by clays. Hydrogen ions have a _
gréaterfaffinity forlmontmofillonite.clay_than even triply charged Al
cations do. This tenacity may be caused by hydrogen-bonding to the O
atomé of the clays.

One approach’to coﬁparing fieid and labdratory results is on ﬁhe basis
of relétive volumes réquired for leachiﬁg and restoration. In the laboratory,
restoration required about 50 pct of the solution volume for leaching. The.
field data agreed quite closely. The restératioh of pﬁ was close to
complete after 40 pct as mﬁch'Solutipn~had been pumped out during restoration
as had been injected during leaching. |

: Anéthef approéch to comparihg is on the basis of pore volumes. A
factor for connecting day§ of field oéeration.to éore volumes was calculated
ﬁith the Bureau's hydrologic computer program'terméd‘ISLfSO Q). ,The:
calqulations indicated that 10.5*da7§ of field operation‘corresponded'to

1 pore volume for soluticn moving to OB3 from the vicinity of the nearest



injection weli. The site had been‘well-charécterized,‘so such factors

as the differenées iﬁ down~hole well spdcings and transmissionities

c§u1d be gaken into account. Nevertheless; the result should be considered
an estimate, -subject to considerable error.

As indicated in a.prévious section, the sﬁreamline flowing near OBl
correspond to<wide1§ varying flow‘rates, so assigning a specific
corré5pondence between days of field operation and a pore volume of solution
moving to OBl from the néérest injection well could not be made. Therefore,
the field'results compared with laboratory results do ndt include OBl.

Using the pore volume .basis for comparison, restoration of pH levels
in the field was more gradual than in the laboratory. As shown in figure
9, the pH in OB3 had risen . to 4.5 by the 46th”day of restoration, corresponding
to 4.4 pore volumés. ~Thus‘the pﬁ“made‘this rise earlier in the field than
. in the laboratory.. The pH in OB3 rose only_g;adually after that, going
" to 5.8 by the 69th‘dﬁy‘and remaining approximately 5.8 until at least the
109th day of restoration, corresponding to over 10 pore volumes. The pH.
was 5.9 on the 1l46th day and 6.7 on the 151st day.

The mo%e gradual change in fiéld pH may have been caused by thg high
clay content in the confining layers immediately above and below the
.uranium-bearing zoné; The laborétory core material was from the uranium
bearing zone only. 1In the field, part of the leach solution would contact
the clayey confining layers and the release of H ions from that clayey
materia1 cou1d be quite slow. |

The behavior of Eh in the iaboratory was'governe& only partly by
the chénge‘in pH. At 12-13 pore voluhes, the pH increased by 3.7 units.
A.corfespbndingﬁtheoretical.change in Eh would be (3.7) (60mV) = 220 mV.

~As shown in figure 18, the observed decrease was only 100 mV, indicating



tﬁat the soiution become oxidizing. This, together with the fact that
during leaching studies the Eh {ncreased more than could be attributed to
decreases in pH, suggests that the solution was transporting Q from the
air. |
The behaviof‘of Eh in the field was quite different.' As shown in
figure 13, the Eh in OB3 dropped from 380mV at the 29th day of restoration
to 60 mV at the 39th day. At 10.5 days‘per pore volume, 39 days corresponds
to 3.7 pore volumes. In éitu.field'codditions became more reducing before
the pH rose, judging from the fact that the Eh dropped significantlyvb§
the 39th day whereas the pH did not rise significantly before 46 days.
ACondﬁ¢tivity.dropped quicklybin'both the field and labbratofy, as
shown in fiquesf14 and 19, respectively. In the field, the.conductivity
Begéme-lowerfthan the preleach value due to the injection of process
water (ground water from another location)-of lowef conductivity than the
leach fie}d'Baseliﬁe. "In thevlabofatﬁry,'tt dropped to about the same
value as before léathing.,
Sodium in the‘;aboratory reéched:a-fairly constant value after only
- a‘few.pore volumes (see figure 20). Similarly, the data (Appendix) shows:
that the field Na concentration was below 350 ppm,lgbout half of the preleach
value by-the"29th day of restoration. The concentration slowly rose after -
that. Sodium,conéentrations were fairly constant during leaching in both
the field and'lasoratory.
Calcium concentrations showed more interesting behavior. 1In the
labofatorygvthe Ca'concentration'increased as:restoration.progressed,
indicating that Ca:was being,desorbed (See'figureAZIJ.: In OB3, the Ca

concentration was 70 ppm, about half the pre1each value, by the 29th day
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of restoration.. It showed a smail tendency to rise, going to 100 ppm by
ihe 46th day (Figure 7).  |

Uranium, V, Fe, and sq; in the 1abora;ofy were reduced to fairly
low levels in several pore volumes (see figures 22, 23, 24, aﬁd 25). A
sharp peak occured #fﬁersthe 100 pct éround water flush.was started. This
peak is due partly to the ground_water containing more of these ions than
the distilled water did. As expected, SQ; (see figure 25) and conductivity
also took a sharp jump at that point. |

In the field, SO, - was below preleach concentrations by the 29th. day
of restoratibn‘(see-Fiéure 8) as a result of the injected clean process -
water,  Uranium was very 16w in OB3 by the 29th-day, and only a:few ppm
persisted. in OBl for #bout 100 days (sge figure-S).A Vanadium concentrations
stayed'high for about 69 days (see figure 6), and iron stayed high for
about 146 days- (see figure 10). The concentratibns:of vanadium and iron
are sensitive to PH,. So the.slow decline iu these values is explained
by the slow rise in pH.

Laboratory'festoration studies with the smaller (60x2.5 cm) column
gave results similar to those with the larger column, indiﬁating that the -
smaller column can be.uséd to conserve core material and to feducerthe
cost of test work.

In a second restoration with the smaller column, 25 pct ground water
and 75 pet distilled water was used for thé entire restoration, instead of
changing to 100 pét ground water after 3 éore volumes. The restoration
réquired 28 pore vo1umes, much more.than when using 100 pct ground water.
Sipce reducing the H ion concentration involveS*cétion exchange, the greater
effectiveness'of 100 pct ground.water is not surprising since it has: four

times the ionic strength of the 25 pct solution.



A laboratory restoration experiment was also performed using a
saturateq Ca(OH); solution. Abouf 11 pore volumes were required to
attain pH restoration (see figure 26). This is not very different from
the amount éf flushing required wiéh ground water. Approximately 14 pore
voluﬁes were'required.ﬁith ground water, but 3 of those pore volumes were
with 25 pct ground water and would .be only as effective as about 1 pore
volume of 100 pct ground water. Thus, about 12 pore volumes of 100 pct
ground water would be reduired versus .1l pore volumes of saturated Ca(OH), .
The Ca(OH), solution was not tested in the field.

It is possible that keeping the Ca concentration more carefully
controlled near the theoretical maximum of 450 ppm could increase the
effectiveness;v The observed coﬁcentratiod varied.from 250 to 450 ppm.
Mosf'of the variation was probably due to CQ, in the atmosphere
dissélving i; the solution and reacting with the Ca(OH), to form insoluble
'Caco;.' Theoretiéally, the saturated'Ca(OHLB.soiution could be very
effective for pH restorétion siﬁce_thé Ca would displace H ions from

clay and the H would be neutralized by the OH.

Groundwater Monitoring
and Site Abandonment

Ih order to monitor the confinement of the ieach solutiohs, four
monitor wells were placed around the pattern -at a spacing of about 160
feet from the production well. Each of these was screened over the
entire lower part of the sand.

The monitor wells were sappled routinely beforevaﬁd during pattern-
operation to provide a continuing record of baseline water conditions.
Monitoring did not indicate any excursions during leaching or restoration.

Both monitor and leaching wells will be sampled periodically after



restoration to determine if watér conditions have stabilized.- Those
wells not to be utilized during commercial leaching operations will be
plugged prior to start up of the c§mmercial field.

The evappratioh‘pond contains the bleed stream of barren leach
solution produced during the leaching phase, as well as the waste product.
streams from.the restoration-phase. After evaporation is complete, the
remaining solids from the pilot Operﬁtiou will be placed in an approved:
tailings disposal site. Assﬁming a commercial plént is constructed at Nine
Mile Lake,‘this-material will bé placed in the evaporationApond construction
for,the larger plant.. Ultimately thevevaporationlpond site will be reclaimed

either by placingvall solids.in another exisiting’:ailings‘disposal‘site,
or by burying the:material.in a clay-lined pit with sufficient liner and
capping material to contain all potential pollutants.
CONCLUSION.

Restoration. of the Nine Mile Lake pilot' scale acidic‘uraniﬁmrleachidg
site cén be regérdéd asla-very informative and.successful attempt at
restoration. -

In summary, pH appears ;o be the parameter that returns slowest to ﬁhe
preleachnbaseline=region; .Nearly ail of thé-other-parameters‘returnéd
to the.baéeline‘region within'lso days. Labéfatory experiments conducted
by the University of. Texas through Bureau'contrgct show that réstoration of
pH may be accelerated by the use of a caldium‘hydroxide injection solution.

Accurate establishment of baseline water quality and baseline variability
is very important to the definition of restoration. Accurate measurements
of some parameters like Eh and dissolved oxygen should be made in situ.

using one of the commercially available down-hole probes. Field water -



sampling procedurevhas a dramatic effect on thé accuracy of laboratory
chemical analysis. Standardized techniques such as those outlined by
Wood for the USGS should be followed (2).

fhe use of aéid as a leadout sidesteps many of the environmental.
problems associated with amonium carbonate/bicarbonate leachants. The
auccessful-~iestoration-of this site adds:tp the viability of sulfuric

acid as an alternative leachant.
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TABLE 1;.- List of cations and anions and methods of determination

Ton Method Ton Method
Sodium 1 Silicon.:. 1
Potassium 1. Uranium 2
Calcium. 1 Arsenic 3
Magnesium 1 Selenium 3
Zinc. 1 Aluminum 1
Iron - 1 Sulfate 4
Manganese- 1 Chloride S
Zirconium 1 Fluoride 5
Titanium 1 Phosphorus 6
Vanadium 1 Sulfide 5

1. Atomic adsorption - direct aspiration
. X-ray fluorescence’

. Atomic adsorption - graphite furnace
. Gravimetric. '

. Ion-selective electrode

. Colormetric

LN

TABLE 2. - Groundwater parameter; comparing preleach and restored

groundwater *

' Native grbundwater Preleach pattern Restored ground-

. outside ore zone groundwater water:

PH o A 6.8 5.8-7.9 6.0
free acid .10 _ 10 20
Calcium - 110 20-360 - 65

- Sulfate 1620 . - 300-3600 2,200
Total dissolved ;.
solids ' : 2660 680-5450 3,000

! All values in parts per million (except pH).
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APPENDIXt FIELD LABURATORY MEASUREMENTS o ) - ‘ ' '
: NO.OF S B R TR 1% P PR, ) (m==e==QH=]===~=x ] [~==INJECTION-=-~} (=--PRODUCTION-==1

CDATE . DAYS WELL TEMP . Pn, EH’ COND  -PH = = EH COND - PH EH COND  PH EH COND
.12,06,78 29 - ' 3.30 376 2000 2.70 396 2600 6.68 178 1750 - 2.31 . 335 4800
12716778 39 : “3.30 - .S2 . 2000 - 3.30 123 2600 6.85 92 1800  2.49 323 4300
12/,227718 45 -1 148 1800 3.24° 49 2100 6.62 154 1800 . 2.90 213 2700
12/29778 52 , 4,95 112, 1750 2.95 235 2400 6.48 200 1750 2.82 241 2800
ls06,79 60 © 5,227 145 2200  4.50 -%2..3200  6.75 =23 1900 2.88 . 297 3100
/13779 0 67 .. 5,15 =15 2000 4.70 - ' ~4 2300 - 6.55 150 1800  3.50 181 2200
120779 14 : 5,65 ~20 . 1800 . 4.70 42 2200 6.50 -52 2000 2.90 255 ° 2600
17267179 80 S.H0 . ~26 ° 1800  4.95 ~9 2000 6.65 =40 1900 3.10 81 2300
2703779 &8 . - 6.0 -9 2000 S.15 ., 2 2000 6.50 ‘98 18600 3.35 180 2800
2709779 Y4 14,0 5.95 =107 1600 5,05 ~ =57 1900 6,75 52 1750 3.35 18R - 1200
2717779 102 14.8 5,82 -36 2000 5.98 -30 ,2000 6,42 72 17150 3,47 192 2200
2724779 109 13.6  S.82. 48 2000 S.13 53 2000 - o : ) -

3720779 133 15.7 5.97 S6 2200 S5.05 41 - 2500 6.46 15 4700  3.H) 160 - 2600
3,26/79 139 13.5  5.89 -25 3500 5.15 45 3800 - 6.87 42 4500 3.73 43 - 2500
4702779 146 : 13.5 5.93 25 5400 5.91 65 4400 7.26 10. 5800 4.15 150 3500
4706779 150 .. 16.4  6.69 40 6400 6.23 . 100 5200 6.90 0 7000 4,29 110 ° 3800
4716779 160 17.0 : : . 5.98 1S 4800 6.57 -60 S800 4.09 -80 4300
4s21779 17 , 16,5 5,10 15 4900 4,35 0 5000 6,75 195 5400 5.15 30 S100
S/24779 198 21,0 4,65 . 222 S400 4,65 222 5400 1.80 222 17500 4,65 420 5400

6/09/79 219 17.3 7.23 - 97 7BOQ 6.95 . 157 7009 8,22 - 262 8000 6.29 187 6000
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NO.OF . . _

ATE.  DAYS WFELL TEMP PH EH COND D.0.
12/,06/78 29 PROB 13.1  4.70 425 2030 1.32
2716778 39 PROA 12.7  6.50 293 . 2690 - .94
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133 PrROB  12.9  7.26 13 2640 .04

139  pPRrO8 13.2 7.00 4} 4500 <04

146 PROB  13.3  7.10 32 7400 <08

150 PROB  13.0  7.54 =2 . 7980 .06

160 PROB 13.6 . 7.22 3 6260 «06

171 PROB 14,2 5.58 163 5890 «00

214 1641
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APPENDIX: ROCKY MOUNTAT
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