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L Calip \na1y815 of Magnetic Anomalles Over Yellowstone National Park: Mapping &
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" fl"(;"_-{ =" of Curie Point Isothermal Surface for Geothermal Reconndlssance iy
nlin.ni;;. % S
"*("f]".r- i B. K. BHATTACHARYYA' AND LEI-KUANG LEU® M
—alif . ) R e N
) ; Department of Materials Science and Engineering, University of California, Berkeley, California 94720 y
'lmg poos . . AREA
D035, o
R The bottom of the magnetized crust determined from the spectral analysis of residual magnetic XNY
NS, o anomalies is generally interpreted as the level of the Curie point isotherm. This paper studies the spatial Park
S Ser iy} _ variation of the Curie point isotherm level in Yellowstone National Park with the help of acromagnetic Yellowstr
S data. A very shallow isothermal surfuce at a depth of only 5-6 km below sea level is associated with the h !
TS g central part of the Yellowstone caldera. It seems to extend along a narrow corridor toward the \ISOt e»r‘m

93-piy . southwestern and eastern edges of the map. Except in a few loculized spots, the isotherm deepens con-
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INTRODUCTION

c-{;sml rocks lose their magnetization at the Curie point

gmperature. At this temperature, ferrimagnetic rocks become

3 .amagnetic, and their ability to generate detectable
gagnelic anomalies disappears. Thus the deepest level in the
ot containing materials which credte discernible signatures

4.y magnetic anomaly map is generally interpreted as the

,L;;m to the Curie point isotherm.
Qac_ of the 1mp0rtant parameters that determines the
wutive depth of the isotherm with respect to sea level is the
..+ content in a particular region. The heat content is general-
i proportional to the local temperature gradient, thermal
geacity, and generation of heat. A region with significant
guthermal energy near the surface of the earth is charac-
seed by an anomalously high temperature gradient and
wat fow. It is therefore to be expected that regardless of
i mrﬁposition of the rocks, the region will be associated with
s 2enspicuously shallow Curie point isotherm relative to the
s#eining regions. For example, according to Blackwell [1971]
8¢ Curie isotherm lies at an average depth of approximately
% um in the Basin and Range province, whereas it rises to 10
£ Jim below sea level in Yellowstone National Park [(Smith et
£.1974]. The park is well known for its surface manifesta-
4 of geothermal energy. :
it expected correlation between the spatxal variation of the
fatie isotherm level and the concentration of subsurface
wadermal energy can be tested by means of an analysis of the
esaetic anomalies over a specified region. The anomalies are
siiyeed for estimating the depths to the bottoms of
#zgactized bodies in the crust. These depths, when contoured
¥ the entire area, should provide a picture of the spatial
swation of the Curie isotherm level. This picture, in turn,

i correlate to a significantly high degree with various

Bawn indices of geothermal activity in the area under con-
'.‘f.'&-’al_ion. We chose Yellowstone National Park for such a

#4301 only because of its obvious geothermal manifestations
“‘ +h0 because of the possible presence of molten magma at
“dlow depths, as was strongly indicated by various types of

: “%Y‘ 1Eaton ¢t al., 1975].

3¢ practical importance of a study on the above correla-

“"“ us. Geological Survey, Federal Center, Denver, Colorado

at Mobil Oijf Corporation, Dallas, Texas 75221.
.i’Sh} © 1975 by the American Geophysical Union.
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siderably in the areas outside the caldera. Because the caldera encloses most of the areas of hydrothermal
alteration, fumaroles, and boiling springs in the park, this study indicates a strong correlation between the
spatial variation of the Curie isotherm level and the concentration of subsurface geothermal energy.

tion lies in the possibility of establishing a useful reconnais-
sance method, based on aeromagnetic data, for rapid, regional
geothermal exploration. It is obvious that the principal objec-
tive of this study is to delineate the Curie point isotherm sur-
face over the entire area and thus to trace the changes in the
isotherm level as one moves from the central area of geother-
mal manifestation, the Yellowstone caldera, to adjoining

" areas. These changes are expected to reflect the relative varia-

tion in geothermal activity in the area. For such a study the
average isotherm depth for the whole area [Shuey et al., 1973;
Smith et al., 1974] is not of great importance.

" DATA

The Branch of Theoretical and Applied Geophysics of the
U.S. Geological Survey conducted an aeromagnetic survey
over the Yellowstone National Park area [U.S. Geological
Survey, 1973]. The applied geophysics group of the University
of Utah, Salt Lake City, Utah, digitized the data and removed
the main geomagnetic field. The data were digitized with a
spacing of 2.08 km. The digital data available to us cover an
area, 131 km by 131 km, extending from 44°1'N to 45°7'N
latitude and from 109°40'30"W to 111°15'W longitude. The
area includes all of Yellowstone National Park. The flight
elevation was 3.96 km with respect to sea level over the area
from 44°I'N 10 44°45'N latitude and 109°40'30"W to
110°15'W tongitude. For the rest of the area the elevation was
3.66 km.

TREATMENT OF THE DaTa

Residual. The observed magnetic field at a point is the vec-
torial combination of fields prodiiced by various sources. The
most predominant of these fields is the normal geomagnetic
field entirely uncorrelated to crusted geology. This field, as was
mentioned before, has been removed from the observations.
The remaining field contains not only the effect of bodies of

_finite dimensions in the crust but also the effect of large-scale

geologic features extending considerably beyond the borders
of the limited area of investigation. The latter effect is called
‘regional’ and appears in the form of a smooth surface in the
data. In order to remove this effect a quadratic surface is fitted
to the data by the method of least squares. The mathematical
expression for the surface is given by

T = —69.373 + 5.737y + 1.764x + 0.208y?
+0.172xy — 0.017x2 (1)
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where x and y, expressed in terms of the unit distance of 2.08
km, point to the north and the cast, respectively, and the origin
of coordinates is taken at the center of the area. For a higher-
order polynomial the coefficients of the third-degree terms are
found to be relatively very small, and so they have not been
considered. '

This simple analysis shows that the dVd]ldble data contain
north-south and east-west field gradients of 0.85 ¥/km and
2.76 v/km, respectively. These gradients are significant in
magnitude and are not likely to be produced by bodies limited
in horizontal extent in the crust of the earth. They are,
however, related to the northeast-trending magnetic lineament
or belt which extends from north central Nevada into Canada
through Yellowstone National Park [Eaton et al., 1975, Figure
7. Since for the present study the effects of these lineaments
are not desirable, the values obtained from (1) are subtracted
from the available data. The remaining or residual values are
assumed to be generated by magnetized bodies localized in the
crust. The residual field map is shown in Figure 1.

Filtering. The residual map contains a large number of
small-wavelength, high-intensity anomalies created by
magnetized sources at the surface or at shallow depths. These
anomalies distort and sometimes completely mask the effects
of deep-seated bodies. The study of these deeper seated effects,
which mainly generate large-wavelength anomalies, is greatly
facilitated by a significant reduction of the small-wavelength
components in the data. This reduction requires the use of a
low-pass filter which transmits without distortion wavelengths
larger than a critical or cutoff wavelength and attenuates all
other wavelengths. .

Let us now briefly consider the use of such a low-pass filter
in relation to the objective of the study reported in this paper.
The basic goal of the study is to calculate and map the depths

nes
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“carefully selected and analyzed to determine the vertical uwsi ;

“for analysis of the data corresponding to either a block or il

to the bottoms of the magnetized masses in the cru51 0{5&).
earth. The potential field effects of these bottoms are coni{‘
in the large wavelengths of the. spectrum of the loml'
anomalies. So low-pass filtering does not alter these effac "
any appreciable way, while it removes the short- deelmf
features from the total field map.
For the filtering operation, three different zero ph1sc iy
dimensional low-pass filters are designed with cutoff freq»,g
cies at (1) 0.08 cycles/km, (2) 0.10 cycles/km, and (3) 4z
cycles/km, respectively. Thus the smallest wavelength trie
mitted by these filters is around 10 km. The radial reSpo-»k '
of these filters, as shown in Figure 2, remain flat in the js §
frequency region up to thc cutoff frequency and theri de;g.
very sharply. ]
The three filters were used individually to operate uponu’e;
residual field data. A study of the resulting filtered mdpg,;
dicates that the filter with cutofl frequency at 0.10 cyclesfiz
removes the small -wavelength anomalles w1th the le‘m vishy

ANALYSIS OF THE FILTERED DATA

For determining the bottom depths of deep-sc
magnetized bodies the filtered data have been analyzed in ({fs' s
ways. First, the whole area is divided into separate blocks;’ w ]
the mean bottom depths of bodies causing magnetic dnom:ﬂzf !
are estimated for each block. Second, individual anomdhcs

of causative bodies. The method remains essentially the sz:‘:ﬁ -

anomaly. The two sets of results are then integrated to prodw i
a map showing depths to the base of the magnetized secllon.xk
Curie point isotherm, with respect to sea level. In the followsg

109°40'30"

45° 7

<N

44°01

Fig. 1.

Residual total field aeromagnetic map over the Yellowstone National Park. Both the international geomagnetic
reference field and a least squares quadratic surface fitted to the data have been removed. )
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, then fitted to the data in such a way that the residual field and
;]:)ufhl‘h'; th.e continuity of the first anq second dcrivglives are main-
al g ‘ % tained at each of the data points. These splines are used to
H‘C%‘t: 3 ﬁlenerate (64 X 64) data points over the extended area of the
cleng, | OTC]kl ensional spec ) of the new set of
sE he two-dimensional spectrum Fy(u, ©) of the new set of
S % daty in the bloc!( is obtained ‘Yi‘h the help oftl}e fast Fouﬁcr
‘rcqu: ? transform ul‘gonlhm, Fo(.u, v) is therefore the dlscrete_ Fourier
(3) 0‘:" s transform of the magnetic data. The ungylur frequencies u and
N lru-.-'.' : n , 1 b corrcspond. to \h@ x and y axes, respectively. Now, by using a
-‘Spon;i o ob— 0‘325 055 oo oS oms o0 ous method outlined in a paper by B/zat!acl{ar_vya and Leu [1975],
he ]M" ! Lo FREQUENCY, CYCLE /KM the spectra F’(f(, v} and F¥(u, u") of the first-order x and y mo-
. T3 : . . ments, respectively, of the residual field are computed.
M . 2. Rudial frequency-domain response of three zero phase, In the block under consideration there may be a few bodies
< rpeepass filters with dlﬁercnl’ cutofl frequ_enmes designed for and ap- oducing . ilies. Th an locat o T P
pon i, fied 10 the Y;IIowstone residual magnetic map. producing anomalies. e mean location (X, p, #) of the

ﬂllp_\ i

centroid of these bodies is determined with the help of the fol-

s T ) N o lowing equations in the low-frcquency region:

e § segraphs we shall first consider the analysis of the data in a : o .

SUVInty " s ‘ 7 — i/l _ F—(il_,i) .U

n Fig - r; s noted before, the residual data cover an area, (31 km by s Fou,v) T )
, 1m. and contain (64 X 64) data points. Let us then con- ivF F'u, ) ’ @
; gwn block of (16 X 16) data points with an areal coverage Jom =2

_ b im by 31 km. If the total area is now divided into over- $ Fo(u, v) s

posea ;ﬁ,@,g blocks of this size with one half of the area of one  where s2-= 12 + p2

d 4|n'.~ é g:_,;t‘ shared by the succeeding block, the total number of The above equations are valid at high geomagnetic latitudes.

_“d“\ ey “m:-'c'b‘ available for analysis becomes 49, The frequency range in both u and v selected for this computa-

f‘(_”.“‘”” : “T';g,; data in each block are analyzed in the frequency do-  tion runs from the fundamental frequency to its fifth har-

e ' Let us now consider one block alone. Since discon-  monic. For several frequencies in this region, ¥, $, and i are

‘)l:: 4; spatics in data values at the.edges of th.e area give rise o the  calculated, and the average of their values provides a good

'\ T . b phenomenon and aliasing, it is assumed that the estimate of the location of the centroid. With careful choice of

:h, U: wmsal ficld vanishes at a point which is located at a distance frequencies the accuracy of this estimate can be kept fairly

]I‘!:TA # 4 aaits of data s'pucing fron.x the boundary ofthe block. In-  high. However, it should be noted thuat the effect of shullow

How o g of these points results in (18 X 18) nonequispaced data  sources, unless removed completely from the data, will pro-

in the block. Bicubic splines [Bhattacharyya, 1969] are  duce error in the estimate.

mes' 109°40'30"
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Fig. 3.

44°01’

45°07'

Filtered map of the residual total ficld,
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Next, the radial spectrum Fy(s) is gencrated by evaluating,
with the help of Fy(u, v}, the amplitude spectrum along the line
at 45° with the frequency axes. The spectra F*(s) and F¥(s) of
the first-order x and y' moments of the residual field are then
computed. A combination of Fy(s), F¥(s), and F¥(s) is used to
determine the mean depth 6 the tops of magnetized bodies for
the block. Again, for the sake of accuracy the range of fre-
quency should not exceed the tenth harmonic of the fun-
damental frequency.

With the average location of the centroid and the mean
depth to the tops of magnetized bodies known, it is simple and
straightforward to calculate the mean depth to the bottoms of
these bodies. The calculated depth is interpreted as the depth
to the Curie point isotherm for the block.

The spectral analysis briefly discussed in the preceding
paragraphs is applied not only to the data of each of the 49
blocks but also to individual anomalies found suitable for
study throughout the area. The total number of anomalies
studied in this way was 35.

RESULTS OF ANALYSIS

Figure 4 presents the calculated depths, rounded off to the
nearest whole kilometer, to what we believe to be the Curie
point isotherm with respect to sea level. The circle and triangle
symbols indicate the locations of the centers of anomalies and
blocks, respectively. The central part of the caldera is marked
by a very shallow Curie isotherm at a depth of only 5-6 km.
The closed 6-km-depth contour that is centered within the ring
fracture zone of the caldera coincides very closely with the
zone of observed attenuation for compressional seismic waves
from local earthquakes, as shown by Faron et al. {1975, Figure
5]. The isotherm outside the central part, but within the
caldera rim, lies generally at a depth of 6-8 km. Around the
~ southeastern and southern sections, just outside the rim, there
are a few places with significantly shallow depths (4~6 km) of
the isotherm, possibly indicative of the presence of local hot

nes'
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spots. Small scattered areas of surface hydrothermal zilleralzozx S
are seen to occur in association with them [Eaton et al., {93
Figure 3], but the relationship .is not as marked as in lhé]ri b
terior of the caldera. Further to the southeast, the 1sother.f'
seems to be deepening. In the northwestern section outside] 1h‘
rim, the depths of the jostherm are, in general, greater than | lr
km. 1t is perhaps of significance that the general trend of l]‘k
isotherm contours is northeast-southwest, parallel to ani
coextensive with the axis of the Snake River Plain with \»h]c-
the park his shared a common volcanic history. We a
presently engaged in an examination of magnetic data for 1
Snake River Plain and upon its completion will have'a clears £
understanding of the regional depth to the base of W
magnetized section outside the park. i

The average elevation of the ground surface in Yellowstorf 3
National Park is about 2.5 km above sea level. Taking (hu
elevation intg -acopunt and assuming a Curic pox
temperature of 560°€, the temperature gradient seems to. m
between 66°C/km zmd 72°C/km in the central part of th
caldera. The remaining parts of the caldera have a gradic
somewhere between 53°C/km and 66°C/km. These figures
anomalously high for heat flow in continental areas. Tht::
continuation well to the east of the caldera, into an area’ u,r
derlain by Tertiary volcanic rocks, is puzzling and merw
further investigation.

This study finds a strong correlation between geotherm i
hot regions and the thickness of the magnetized crust. A pH
ture of the isotherm level as shown in Figure 4 suggus\;_\h
presence of an éxtremely high degree of geothermal activity §
This study therefore leads to the conclusion that apprOpnw
analysis of aeromagnetic data can play an important roltr
regional reconnaissance for potential geothermal eners;
resources. : - }-

A(Anouledgm(wls This work has been supported by lhc U
Geological Survey grant 14-08-0001-G-101. The authors are grhm
to Gordon P. Eaton of the U.S. Geological Survey in Denver fow'
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P ‘,gd bcd hills about a mile wide and with outer slopes descending
) - o “ 39 valleys of Benton basal shales. Thermopohs is on the castern
THE HOT SPRINGS AT THERMOPOLIS, .WY_Q: | b of the anticline, the villafre extending across the outcrop zones

N. H. DARTON
,Tl_xere is no cvidence- of igneous rocks in the region.

spring which presents some notable geologic features and an an 3 0

esting question as to the source of the hot water. The c%’:‘_‘; 2

at the town of Thermopolis, a village and health resort whlch éfé _§§ '

its existence largely to the reputed therapeutic value of t};" Y ‘gf:‘;%‘,“ )

The locality is on the bank of Bighorn River, a few miles ng
a high range which may be regarded as the southwestern

tion of the Bighorn Mountains. There arc several springs; s A, <L

one of them has by far the greatest volume. They issuci,;f Mo e o
red beds, here brought to the surface by a prominent lqcalv
cline. The present springs and their predecessors—for the“re

25
has been one of thermal act1v1ty for many centunes—hav <

FIG I. —-Scctxon through the hot springs at Thermopohs, Wyo Looking v;'est.'

some of those in the Yellowstone Natidnal Park > '

owing to the extensive exposures of the formations, it 15 Ee
plain. The cross-section (Fig. 1) shows the relations f
crest of the Bighorn uplift in the mountain summit 10, mlle
to a point a few miles north of the springs.

‘South of the springs there is the long monoclme constites
the north slope of the anticline of Bighorn Mountains, a.nd
vicinity of Thermopolis this monocline is crenulated b'
anticline. The axis of this ﬁcwre crosses Bighorn RIVC

: ga]lons a sccond The water is clear and hot, havmg a tem-
Snture of 1 35°. It flows over a wide terrace built of hot-spring
4osits, over the edge of which it falls into the river. A part,

various bathhouses, and to the reservoirs in which a porti’on
’é.;the water is cooled so that it may be used for diluting the hot
€T to the required temperature for bathing. The spring flows
sah great force, and evidently comes from considerable depth under
3 pressure. - Numerous alge of various colors grow in the hot |
4 cooling water, as in the Yéllowstone Park and other places.

é&mdes the main spring, the
re are on
formations. The dips on the south limb of the anticline & “”&D hot pool whxci dg’es not overf?owtZidea:l(t)niledih(s)tfa;};z ;:;31@2:

50° to 65°, while those on the north side are gentle. The : ﬁh, a hot sulph

ur spring which $
sandstone on either side gives rise to a prommcnt “hogback 1 f «*f‘*" feet qboxpc the pm cé; On gtl}lls}les O?t O(ﬁ the S ertln1e o
| e west side are several small

Chugwater red beds, while on e\thcr side is a succession {
of Sundance (Jurassic), Morrison, Cloverly (“ Dakota”), and;




- Tertiary time. The most recent deposits are being laid "d6

;. up very gradually. No precise estimate has been mede ofgxll iz
+ of increase, but objects placed in the watér are rapidly coated
! the deposit, and a thickness of an eighth of an inch is accuit

196 . N. H. DARTON

Thermopolis indicate a long period of accumulation, for thezé
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';i@eposn from one to the other. It is evident, however, from the
- relations’ that there has been extensive erosion since the e

.

pool. An analysis. of the water from the greaf spring, byP
E. E. Slosson is as follows: - . o g

arliest
:tperiod marked by the higher terraces on which the travertine 'caps

are now found. The high butte near the cemetery—the one shown
'Qlthe left in Figs. 3 and 4—is probably the remnant of a much

Sio, .o ..
-Fe,O; and ALO, .
K Ct ‘
Na,SO,.

Mg,SO, .

Ca SO, .

Ca CO,

NaCIl®

Total

Hot Spring deposits.—The hot-spring deposits in the vg%‘gé 5

on several distinct terraces, some of which date back probablfss

a broad terrace about 30-feet above the river, which is beéing:

108y

N
EE sy

in a short time. "There are wide areas of the depo‘sit onb%tﬁ’g
of the river below the present springs, which were forme

dzat

3 Fi6. 2—Travertine terrace of the Great Hot Spring on the east bank of Bighorn
f\"cr near Thermopolis, Wyo. The spring is under the S.
4unct hot-spring craters and a low ridge with long fissure i
Hturnéd red beds and overlying formations.

In the foreground are
n its summit. Shows

there are caps of hot-spring deposits at various elevationsi¥:
of the relations of these are shown in Figs. 3 and 4. Th
deposit caps a prominent butte near the cemetery, at an_al

e A

of about joo feer above the river. A larger terrace remnant;
on a butte which.rises immediately west of the river t

B
3

e extended sheet of the travertine which was largely removed
or to or during the development of the lower terraces,
It is evident, from the disposition of the material, that the springs
e shifted their position, but.in general the outflow has been in’
?‘f«%’{m}mediate vicinity of the crest of the anticline. The hot~spring
ﬁ#ppsxts show remnants of numerous hot-spring craters and cracks,
_\ 3L§,P(:h0f t}}e most marked of w}n'ch are on the terraces near the river. _
1 the west bank, a short distance north of the bathhouse, there
- M empty crater 30 fect in diameter, shown in Fig. 2, indicating
.;ngHHer existence of a large hot pool, and there is another similar

represent three distinct stages of deposition, and, although:po_ .
hot-spring action has been continuous since the formatigﬁ-
first or highest terrace, most of the deposits at intermédjﬁ
have been removed. As travertine is often deposited onslo
is possible that the hot-spring waters issuing at the level
higher buttes flowed to somewhat lower levels, with a conti
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crater of still larger size, a short distance northeast of thehs
spring on the .east bank. One of the same character, but;
less distinct, is found on the high.terrace_ west of the cemete
feet .above the river. It is probable, from the present apééé

at if the water was not thrown out by geyser action, it at least
wed in large volume. . :

‘;ings is difficult to,ascer'tain_,, but undoubtedly the flow is not
gf,;;fv«:d from theAad]acent Red beds, nor from the underlying Embar
Emestone. Probably the strata are somewhat fractured in

- P T as 4 e . . LTt

“Fic. 4.4—-Hot Sp'ring deposits on old terraces at various heights in western part of
:,‘.i'mopohs, Wyoming. Looking south across Bighorn River.

Fi16. 2a.—Terrace of hot-spring deposit on the bank of Bighorn River.;‘.
south to Thermopolis, with Owl Creck Mountains in the distance. .Sho.vifs
"of hot spring.

£ 7%t of the arch-and permit the escape of the water from deeb-'
Tfﬁ_t‘_ed sources. One of the most likely of these might-be'thought
"’5._. t%le porous Tensleep sandstone which outcrops high on the
.e_a_:?fb'unitaln slopes southward. It undoubtedly carries a water supply
?J?h passes beneath the syncline south of- Thermopolis, and

2ins sufficient head to rise to and ahove the surface 1'1; any
Z:;t to .the northward. If the water is from no greater depth than
e,n honzo’p, there is difficulty in accounting for the high tempera-
2re, for the top of the sandstone does not lie at a greater depth
11 500 feet at the spring and 2,000 feet in the’ bottom of the syn- .

of the deposits, that formerly the hot-spring activity was’
greater than at present. Whether or not there were geysers is:
cult to state, but some of the features of the deposits sternglyﬁg

2 & short distance south. Assuming that the mean annual
;;cptr.ature at Thermopolis is 50° and that the temperature of
T increases one degree for every 50 feet underground: below

Travertina ==

F16: 3.—Cross-section of travertine terraces a short distance north of Therm&e 3
lis; Wyo. Looking north. Length of scction about one mile. - ’

:Source of the water—The source of the water in the Thermﬁpolis

e,
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the first 5o fee

_ sandstone of that formation, it passes underground in the,giit%%}'
R gow

~would be lost in slow percolation through the interstices of th

fthe heat may be due to déep-seated igneous rocks in thiﬁ's.,_
which have not yet cooled. As the nearest outcrops of igneo

'N. H. DARTON
t—where the mean annual temperature is the, undes
e—a depth of 4,300 feet would be required’

ground temperatur

’SE'DIM‘ENTARY ROCKS OF SOUTH MOUNTAIN

the spring water to become heated to 135° under ordinary:Condy
tions. As the granite probably lies only. 2,500 feet below the ﬁnmg; .
S PENNSYLVANIA*

below the surface in the syncline south, this’

or 4,000 feet
increase would indicate a source at least as low as the b

the Deadwood formation. If the water is derived from fﬁé;

GEORGE W.-STOSE

! 'hc area described in this paper is the western portion of South
SEELE E?%?tam, Pa., and the adjacent part of the C_umbcrland.Valley

heated in the bottom of the syncline a short distance south_!_cji‘f: hiy near the Maryland state line to the vicinty of Shippensburg

In order to preserve this heat in its course to the outleky ﬂ% It is about 15 miles in length. The accompanying topo-
@h.c map of this area (Fig. 1) is taken from the Chambersburg

area in the high mountain slopes to the southeast, and'ﬁéco

mopolis.
there must exist cavernous channels affording rapid flow,

It is possible also that the source of the water is Tuch less dgép,

2 .T_‘Llas' of the PennsyIV'arlia Geological Survey. South Mountain
»J;e local name for the Blue Ridge which parallels the Great
{ ghiey ofvlthe Appalachian Province on the east, and Cumberland
Fefidey, a section of the Great Valley. '

are in the Shoshone Mountains 4o miles west, it appears im

that there are any intrusions under the Thermopolis region

TOPOGRAPHY

_:"}"he Cumberland Valley is a broad, rolling lowland éxtending
-.zhe 'Potoma(; River to the Susquehanna River. Its general
tion is from 400 to 8oo feet, and scattered, low eminences rise

k ?z;‘s}ee;.) escarpments. The valley has a width of approximately’
o iles in thg vicinity of Harrisburg, but expands to 20 miles ir};
Fiarea under discussion. The southern half of the valley is drained
péf;q’nococheague Creek and its tributaries into the Potomac
g rorthern half by Yellow Breeches Creek into the Susq'uehanna’
f;‘g!?yth Mountain is a more or less irregular aggrégate of ridges'
4.2 general northeast-southwest trend.. Although cut "across
umerous 82ps, and deflected in places by sharp bends, the
vf;s maintain a marked continuity. ‘The mountain front,rise '
a..?{l_v .from the plain to elevations of 1,700 or 1,900 feef. ’I;hZ
; tr}icei\g:'ecsi'ar-e genél"ally higher, reaching 2,100 feet in places,
g v decline again eastward into lower hills.

Pubiished b - . : :
' JDLsh:d by permission of the Director of the U. S. Geological Survey
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of the United States Geological Survey and the South Moun-

%
e

o

i

SETAE
i ‘ : W

g S e

S
S




T N

L

ROR

TERERE

R

LTS
- 3

A

aeeoy

ol

IAkRh
3
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tains northeastward to the valley of Owl Creek. . The rocks in this
small anticline have been sharply folded and probably sulliciently
fractured along the crest to form passages, thmwh which the heated

\mtcx escapes to the surface.
HOT SPRINGS.

At the present time one mammoth hot spring and several small ones
ave discharging their water into Bighorn River near 'l‘hcrmo]»dlis,
at a fate estimated to be 3,000 t0°4,000 gallons a minute. The water
issues from the large spring at a temperature of 135° I¥.
hydrogen §L11phld(,1> strong about the spring and the quantity of carbon
dioxide escaping indicates that the water is saturated with that gas
also.  An analysis hasshown poLaSﬂum sodium, magnesium, calcium,
and ivon salts in lavge quantities. © These salts arve deposited when Lhn
water spreads out and cools, and in this way the terraces are
built up. ’ : ' ~ :

Though the springs are now buxldmv their terraces mpldl\; the
is evidence that thcv have had a long per iod of activity and that they

hme"beun dlsbubutul over sever (11 square miles, as extinct cones 2

and ferraces along the river show a wider distribution at about the
present leval. ’_l.he earlier” positions of the springs are indicated by
the terraces at various levels along the side and crest of the anticline
One bed of travertine caps a mesa 3 miles northwest of Thermopolis
rand 700 {eet higher than the mammoth spring. th does not m(h-

(Ltc,}ho“ ever, that the travertine is 700 feet thick ab any one point
but-that Lhele has been continuous deposition while the streams of
the region have lowered theiv channels that amount.  Alil zough !hh
travertine is not thick its distribution is rather widespread, as i
shown by remnants of terraces over an area of several square nnlv<
It is most extensive adjacent to Bighorn River, but oceurs at shert
“intervals on the crest and slopes of the anticline between the river
and Owl Creek.  The remnants of the travertine are too Few and scat
tered to determine with precision the pr(,\'iom extent of these beds
or their greatest thickness. The first springs seem to have been
situated at the crest of the anticline, about 3 miles northwest of
Thermopolis; since they began to issue there Mas been ‘a'gr:ulun‘i
progression toward the present site on Bighorn Riveér, the spring
probably following the stream in its meandering uu[ downward

cutting. Yo thc west, however, there seem to ha\'o been two periods
ol activity, onc :Llotw the ucst of the anticline and another, of
later date, during which the trav ertine and sulphur were dcp(u!cu
alotig the ba,s(, o{ the uplile.

)

The odor of - '
© odor ot 7 cr)smls or small nodules, but the quantity . of..the mineral is too -

SULPHUR DRPOSITS NEAR THERMOPOLIS, WYO.

TRAVERTINIE AND SULPHUR.

NATURE AND OCCURRENCE.

; -_,'lhc travertine is composod in part of cmbonatc of lime and in part
of sulphuate of lime in small crystals of the mineral selenite, which
seems to be an alteration product due to the action of the sulphur
Wa.tCLS It-occurs in small ir lecrulm plates formed by the evaporation
‘ of the water on plane surfaces of in fibers when deposited about the
thleads of alff‘e, which are abundant in the thermal waters. The
traveltme gencrally contains some native: sulphur in isolated

small to be extracted w 1th profit. The minable sulphur deposits
doccur in the altered Embar limestone which. lies immediately below
: the travertine and through which the sulphur-bearing waters passed
n their course to'the surface. The sulphur seems to. be prcsant in
| exy irregular deposits or pockets about the sites of extinet springs,
: vhere the sulphur-bearing water came into contact with the lime-
si;one Few if any of these deposits exceed 100 feet in horizontal
iameter; their depth is uncertain, but probably - the beds do not
onnect w1th large deep-seated masses. One diill hole is reported
6 have passed thloucrh 30 feet of barren rock before entering the
e, and then to have continued for 15 feet in the mineral without
eachmw its base. There is nouniformity in the shape, size, or ar-
H ran(mment of these ore-bearing pockets. In gencral they occur in
roups where the sulphur- bezmnor waters found passage to the surface
lirough a number of vents. The number and arrangement of these
_mckots in the groups depend, therefore,” on varying subterranean
%ndltlons which can not -be determined f10m a surface investigation.

ulphur to the structure of Lhc region.

Native sulphur in this district occurs in two foxms—m small yellow
rystals. filling veins or cavitics in the rocks, aud in a massive form
rere- the original structure of the limestone is retained, but where
{‘é calcium carbonate is replaced by. the sulphur. The sulphur is
ound in cwwcos, chzmncls or cavities such - as. w atm courses make

dep031tcd untxl the chfunbors were complctely ﬁlled or, 1n ‘some
‘ places only partly filled before the passage was stopped at some point
nd the w atu div le,l,d to othor channek As ])10V1()usly st‘mted no.

Thc cross section (fig. 28) shows the relation of the travertine and

d pulverized to an impal-
1en sacked and taken to
rious points in - Wyoning

of 20 tons a day, buthas
According to a statement
December 15, 1908, the
5 of sulphur and was then
round sulphur is reported
1.

<]

fter the sulphur is cooled

E

SURVEY PUBLICATIONS ON SULPHUR AND PYRITE

- The list below includes the important publications of the United
{ States Geological Survey on sulphur and pyrite. -

These pubhcatlons except those to which a price is affixed, may be
obtnmed free by applying to the Dirvector, U. 8. Geological Survey,
Fashirigton, D. C. The puced pubhcauons may be puwha,sed from

i the Supumtundent of Documents, Government Puntuw Office,
"Lahmoton D.C. :

The Rabhit Hole sulphur mines, near ]Iumboldt House, \ev

Apaws, G. 1. In
Bullotm\o 225, pp. 4‘)7—300 1904. 35e¢.

3.: Davis, H.J. Pyrites. InMineral Resources U. 8. for 1885, pp. 501-517. 1886. 40c.

Eoxern, B. C. Gold and pyrite deposits of the Dahlonega district, Georgia. In

Bullotin No. _113 pp. 57-63. 1803, 25c.

Pyrite deposits of the castern A(hronddcku, N. Y
260 pp. 387 DSS 1905. 40c.

Lee, W. The Cove Creck sulphur beds, Lt al.
489. 907
*‘Mmrl\ W.

In

Bulletin No.
~In Bulleiin No. 315, pp- 485-

Pyrite. In, Mineral Rcsources U._ S, for 1883-84, pp. 877-905.  1886.

PI{ ALEN, W ¢!, Sulphur and pyrite. In Mineral Rcsoufces U. 8. for 1907, pt. 2,
Bp. 673-683.  1908.
RA\.SO\H I L.
No. 66. (In press. )
¥ RIcHARDSON, G. 1
260, pp. 589-592.

L¥ RoraweLL, R. DL
4 1887, 50c. : , S ,
Seurr, J. B, Alum deposit near Silver Peak, Esmeralda County, Nev.
tin No. 225,.pp. 501-302. 1904. 35c. ‘-
Woonrurr, . G. Sulphur deposits at Coch, Wyo.
1~456.  1908.

L:Lolog) and ore dopoqr: of Gold hcld Nev.." Professional Paper

Native sulphur in El Paso County, Tex,( In-Bulletin No.
1905. 40c. o . . )
Pyrites. In Mineral Resources U. S. for 188G, pp. 650-675.

-In"Bulle-
In Bulletin No. 340, pp.

381,
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EXPLORATION OF . THE BRUTCE. SULFUR OSITS ‘ TR
HOT SPRINGS COUNTY,. WYO.L I

By Forest H. Ma,jcrs,_/

IN‘I‘RODUCTION

.The Brutch sulfur deposite w’ere zejtplor;ed."byff.i:he’.:.,Bureau of Mines during
abe_ bpring end summer of. 191## Old‘workings vere rehabilitated. and sampled.,

aources to the .end- tha’c they make the greates’o possible contribution tot
gsmtional securlty and economy. . Tt Is the policy of" the. Bureau to publish s

The Metallurgical Branch R.: G.. Knicke *bocke Y, chlef, ana.lyzes :
smples and. performs beneficiation teste. Both these branches are under the ‘
g s'npervision of Dr. R, S. Dean, asaistan,t director. N, ‘_ B _.n

i Speoial acknowiedgment is due S. R. Zimmerley, regional engineer, and.
: Fanl T. Allasman, Principal engineer, .Bureau -of Mines,.Salt Lake City, for
:?;neir supervisory aid, and to the metallurgical staff Sal‘b Lake Clty , for
@gneficiation of samples.

i o

N LOCATION 21D ACCESSIBILITY ; :"513

~,’;-_‘“. T . »(' K ey .k'.;" e

: ¢ The' Brutoh property is 5-—1/2 miles northwest Qf Thermopolis v Hot Springs
&’ounty, Wyo. (figa. 1 and 2), ‘It may be reached from. ‘Thermopolis over: State:

’_ghway 120, which continues northwest throagh Cody, Wyo. U. S. highway 20

3gr;':d.so passes through Thermopolisy. . :.. . ‘ ‘

The Chicago, Burlington & Quincy Railroad passes ‘through Thermopolls,
conthects with the. Chlcago & Northwestern J.ine at. Shoshoni Wyo. Coe

N3

JT'he Bureau of Mines will welcome reprinting of this paper provided the
“followmg footnote: aoknowledgmenu s used. : "Reprinted from Bureau of
bﬁnes Report of Investlgatlons 596h "o
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PHYSICAL FEATURES AND CLIMATE

: The topography of the - area is characterlstlc of central Wyoming -m‘{h
relief and.treeless; 3 rolllng hills, - ‘Altitudes’ ra.nge “from 4,600 feet: in Ozg;.,
Creek Valle;y 10 over 5,000 feet at the crest of‘ the asymmetricel anticlin'”
which contains the sulfur depos1ts. Owl Cree;c ’ which flows along the n

[
..\- .
.

is a ;perennial stream fluctuating in yolume w:Lth the -seasons.

The climate in the Thermopolis -area.is typical of central Wyoming.
Summers usually are hot and dry, with cons:.derable wmd. Winters are sev
with high winds and many ground blizzardsi: o

HISTORY AND PRODUCTION b '. N
Mining clsims Were located as early as 1908 m the Owl Creek.side._' K
anticline, and a plant for the extraction of gulfur yas. constructed. X
thermel process was employed, but, as shown by ta.ilmg piles, which asaa,y;
much as 10 percent sulfur, poor: recovery wag,made. The process consistad’
essentially of enclosing cars' of hand-mined and sorted raw ore in‘a cylinrh'*
cal- steel retort and.injecting: steam to melt. the’ sulfur. As late“és »19224‘3"
1923, & gimilar’ plant was operated on the-. opp031te limp-of -the- enticline
shown-by tailings and pit workings in this area,- the. operatlon -did not"‘ .
tinue-long and was terminated by an underground fire in 1923 ‘I‘netmill“he" ;
are:reported. to Yave. been hand-sorted to. a 50-oeroent sulfur' content s THe
portals of the mein workings were closed,, and superficial -investigation: mm
cetes that the workings are caved. Toxlc gases- emanate from: the pOrtals 2%
hydrogen sulfide, carbon u_londe 5 and. sulfur dloxlde, E oL s
Production records are not obteinable.w
the tall:mg dumps and the mine dumps ’ production was not large.

+

PROPERTY AND OW‘%EBSHIP

¢
K .

The Brutch sulfur property comprlses 550 acres- SEl/)-{- sec 20, *M/Eﬁiw
sec, 28; NWl/b NEL/h SWl/k, S1/2 NEL/4 Swi/k, SE1/4 sz/br and w1/2 “SW1/4
sec. 21; ‘and the SE1/4 Nw1/l+ :SI/2 NEL/4; and NEL/4 SE1/% sec. 28, .43
N., Re 95 W., sixth principal meridian. Eighty acres are held by deed. end:
thesremainder by. placer: location. Lin I. Noble,“l’hermopolis ’ Wyo. s isf ;
attorney. in fact for. the. ownersa i ~ ’
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DESCRIP’I’IOI\ OI’ THE DEPOSITS

~The - sulfur deposits of .the; Bmtch are .océur elong both limbs of a"’
west-trending asymetrical antlcllne for. approximately.half a. nnle On the‘
northeast llmb end l-l/2 miles on the southwest limb (flgs. 2 and l&)

v
s*‘“

Suliur pods and- lenses rangjng from

1£60%
in horlzontal diemeter, enclosed in travertine 5. mentel rock or llmestone,t,z""

represent the botter-grade dep081t.> in the c.rea. Other ‘types of deposits &
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Figure 2. - Plan of Brutch Sulphur Property, near Thermooolis,
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Jiwve. .- : . - 5961{
‘_gmstétn.ons along golution channels and. dissemination ofssulfur in, lime- o
Sare, . Gypsum. is assocnated w1th the- deposits ; probably as an altera‘oion

3

jsi.lightly more than 100 feet. These openings further demonstrate,the. erre.tlc
#c;mrrence of the deposits , ik’ Which sulfur is abundantly exposed, ip, Qne
T j erand is entirely absent’’ SRR
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(} Abundant evidence of extinc‘t. hot sprmgs in the a.res and the, ,opcu;r'rence

“the i‘omation of the ‘deposits. , -

No forms of elemental sulfur are found on the property - the 'yellow

: Sulfur is associated 'w'l‘bh soluble
i /,%aal:gswof sodlum, calc;Lum, magnesium, and ‘alunminum.
msfituent in the travertife'lhcrustations of the hot springs..

g Gangue,
,g:rock consists of. altered’ shale and. limestone. - . e

A chemlca.l analysis oi‘ a sample from pit l9 follows.. ' .'

Gypsum is also a common
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_ Samples i«rere cut
ssulfur..

, 219. samples were cut and
B

'-‘-¢-r|.~o'

B e

LS8 a

in, all acce951ble old and. new workings glving evidence'.

assayéd.  WeightBd analyses.of .groups .

The resultant Welghted sudfur. averages

K

; 0@ ‘samples were. made .for convenlence in listing the samplesa +These .combina=-
uons are. shown later in, thls paper@ _
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MINT" WORKINGS

Sulfur has been
ediifrom pits slightly overq.OO est deep on the Owl Creek side of the
tfic'line. These pits ‘are now 1naccessible. T

B

59 hafts ,~ and.trenching’ through'-surface alluvium.< Accessible. workings on.both
sides of the anticline were mapped, dbut -sampling and'exploratory work. were
g’confined to the southwest limb of the anticline. All new and old workings
Bhowing -sulfur were sampled.. A total of 523 vertical feet -of test pits.or
bafte:was -sunk: These shafts. range in depth from 5 to 33 feet. A total.

fxﬁh2 linear-feet of trenching vwas completed,.and 219 se.mples ‘were.cut .and:
) . A total of 32 existing excavatlons was cleaned and. sampled where

ere was evidence of sulfur. - .. = el

: epped. Because of llmlted funds , exploration by the Bureau of Mines
onf:Lned to the more promismg areas on .the southwest Jimb of the s.nti-

v

METAIL'LBGI CAL TESTS

,:%A sample of sulfur. ore from the Brutch property was, submitted to the
ptallurgical. laboratorles for test. The sample assayed 27.8.percent '
jelemental sulfur: - By employlng stage grinding and flotation,:50.5* percent
%v*the sulfur was recovered from:the -ore at a grade. of: 88 0. percent -sulfur. .
1total of ?6 2 percent of the sulfur was recovered at a grade of 70 6 per--
*The addition of scavenger concentrate floatvd from the rougher.tail-~.
gs_increased the recovery to 83.4 percent at ‘a grade’of 66.7 percent sul-~
oA grade of 56 3 percent sulfur was made Wlth a recovery of 88 O

.
KR

Standard fire-rf}ining processes may be used to J_mprove the grade of the
lotation concentrate, ; ,

: FOllowing» is a detailed account'of the metallurgicaal .tests-:
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o A sample of §ulfur ofe from the'Brutch property was submltted to the
... Bureau of Mines metallurglcal laboratorles for test. The sample assayed as
..1.~fOllQWS. “.... ) ~-,-_‘,".~‘."' T ‘ .

o I . et
N R o~ N
’ . . 2T FRERNY

L e ‘ o Percent o S
' ’ ' - - o . HQO soluble;
- Tot. S Ele. 8- Insol SiOg Fe_ Ca0 Alp03- Alp05 '
52 o . 27 8 ' u7 2 r; El.é. 0,75 6.3 k9 L0

By stage gxinding and stage flotation, 50 5 percent of the elemental,_
.sulfur wag recovered. at.a. grade -of 88,0 percent, or 76,2 percent elemental
sulfur was recovered at a grade of 70.6 percent., The - addition of a scaveng‘

recovery to 83.4 percent at a 66, W7 percent grade.- With a drop in grade: to
56,3 percent elemental” sulfur, recovery may be increased to 88.0 percent.:,
"If a high-grade ox ‘pure sulfur product is-desired,. the flotation concentrat~
can be refined by customary pyremetallurglcal methods.

foﬁm of refining for:the concentrates if pure sulfur is desired, it iSm
suggested that direct liquatlon -of. the ore be consldered. :

Treatment - Stage grindlng and flotation. The sample was ground and
floated. The rougher concentrate was stage-ground and cleaned., Rougherwﬁ
tailings were: reground and scavenged.ﬁu~. S L P

Metallurgical data

T Elemental sulfur . Total: Sulfurlfu-
SRRTLINE N Per-‘-f. iCuma u&ﬁ,d : S Cume ; h LM
oL ICent Per-=per-' : Cum..~Per- per-i St
__Product Wt..| wt.!cent centlDist.,dlst.fcent'cent Dist,,
Cleener CONCe lesose 155.0T17.h:88 0 |88. o‘ 50,51 50,5188,0188,0 ;.47:0] b7
Cleanier conCe 2seses (136,00 15:3{51.0 70.6].25.7 | 76.215L.4170.9 3.7} 1
Scavenger concs l.<. | 46,3 5.2i42,0 66.7\ ?.23 83,4 (42,0 ' ‘
- Scavenger. conc..2... | 84,0 9,5 14,8 56,3§"4.6.'88.0 17.3i5 i
_Cleaner tailinm..... | 164.0.18.4/12.5 bk, 1! 7,61.95.6i13,9] B
Scavenger: teilings.. | 303.7 34.2] 3i9 130,31~ u.ugloo,o§ 9. b -
Calculated head.o... | 889,00100.0{30.%3F = :100.0. = 132.8! :
Corrected for wt. -, 'Tﬁ. ] N ‘§< b ¢
lost'in Hp0-soluble | . [, . :ls? 0ol Lo i 5 y
salts (8180:80)).ee 1977.0 =~ i27.61 - | = i - -;51;9j - e

Remarks. ~ With fine grlnding, most of elemental sulfur is free, but

to silica, As is customary with flotation concentrates, grade probably cen’
be increased further by pyrometallurglcal methods, o
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ABSTRACT

The oldest rocks in the Teton Range are
complexly deformed interlayered biotite gneiss,
plagioclase gneiss, amphibole gneiss, and
amphibolite. Also, within these rocks, there are
concordant ‘bodies of strongly lineated quartz

‘monzonite gneiss, here named the Webb
Canyon ~Gneiss, which may be = of

volcanic origin. Coarse metagabbro, . here
named the Rendezvous Metagabbro, s in-
trusive into the layered gneiss sequence and

was metamorphosed and deformed along with -

the enclosing rocks.
These older rocks are cut by discordant
plutons and swarms of undeformed dikes of

.quartz monzonite and associated pegmatite.

The quartz monzonite, which makes up much

of the central part of the Teton Range, is here

named the Mount Owen Quartz Monzonite.
The youngest Precambrian rocks are un-

. deformed dikes of slightly mctamorphoscd
. tholeiitic diabase.

A Rb-Sr whole-rock 1sochr0n on the Webb

; Canyon Gneiss and the Rendezvous Meta-
-, gabbro indicates that these rocks were meta-
* morphosed 2,875 & 150 m:y. ago. The initial
. St. ratio of 0.700 suggests that the original

rocks are probably not significantly older than
the metamorphism. The Mount Owen Quartz
Monzonite has a whole-rock isochron age of
2,495 +-75 m.,y. and an unusually high initial

ratio of 0.732. Plagloclasc—m:croclme isochrons-
- from two samples of the quartz monzonite

indicate partial re-equilibration of the Rb-Sr
system during a thermal event 1,800 m.y. ago.

The age of the diabase dikes has not been
definitely determined, but biotite in the wall
rocks of one major dike has a K-Ar age of 1,450

m.y. This suggests that the dike was emplaced"

during or prior to a thermal event 1,300 to
1,500 m.y. ago that was responsible for resetting

many of the previously reported K-Ar mineral”

ages throughout the range.

The geochronologic reord in the Teton
Range is very similar to that elsewhere in the
Wyoming Precambrian province. Major meta-
morphic events with ages between 2,700 and
2,900 m.y. have been identified in the Bighorn,
Beartooth, Little Belt, and Granite Mountains.

Post-tectonic granitic rocks with ages 0of 2,500

to 2,700 m.y. have been found in the Wind

River Range and the Granite Mountains.

Later thermal events have affected Rb-Sr
systematics of rocks-in the Beartooth Moun-
tains, Wind River Range, and Granite Moun-

tains, as well as in the Teton Range at about -

the same time as major episodes of regional
metamorphism in terranes flanking the Wyo-

ming province in southwestern,Montana and in -

the Front Range in Colorado.

- INTRODUCTION

The Teton Range (Fig. 1) in northwestern
Wyoming affords some of the northwestern-
most exposures of ancient continental crust in
the central Rocky Mountains. The Precam-
brian rocks of the Tetons are part of a terrane
exposed in most of the uplifts in Wyoming and
north-central Montana that has yielded meta-
morphic and plutonic ages greater than 2.5
b.y., similar to those in the Superior province
of the Canadian Shield. This terrane has been
referred to as the Wyoming provmce (Engel,
1963; Condie, 1969).

The Teton Range is a Eragment of a large
northwest-trending Laramide uplift that was
sundered in late Pliocene or Pleistocene time
by a zone of ‘major north-south normal faults
along which the eastern edge of the Teton
block was uplifted and the floor of Jackson
Hole was dropped. The total displacement on
the fault zone is estimated to be as much as

Geological Society of America Bulletin, v. 84, p. 561~582, 12 figs., February 1973
’ 561
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30,000 ft (Love and Reed, 1968). Although the
area of exposed Precambrian rocks in the
Teton Range is only about 170 sq mi (Fig. 2),
the precipitous eastern face of the range pro-
vides a nedrly continuous vertical cross section

with a maximum relief of nearly 7,000 fr (Fig.

3). Problems of exposure in a geologic sense
are less critical than those of exposure in a
mountaineering sense.

Since 1962, mile-to-the-inch scale geologic
mapping of the Precambrian rocks of the

_Tetons has been completed as part of a U.S:

Geological Survey project to produce a geologic
map of Grand Teton National Park and
vicinity, and several nontechnical accounts

of the geology of the Teton Range have been

- published (Reed, 1963; Love and Reed, 1968;

U.S. Geol. Survey, 1971). In the present paper,
we report the results of an investigation of the
geochronology of the Precambrian rocks of the
Tetons that was carried on in conjunction with
the mapping program.

GEOLOGY OF THE PRECAMBRIAN -
ROCKS :

Metamorphic Rocks

Layered Gneiss and Migmatite. The oldest
rocks in the Teton Range are complexly
deformed layered biotite and amphibole

-gneisses, amphibolites, and migmatites that

are believed to be of Precambrian W age in
the interim classification recently adopted by
the U.S. Geological Survey (James, 1972).
The sequence commonly contains lenses and
layers of light-gray to white quartz-plagioclase
gneiss, and in several places pods of layered
magnetite irdn-formation a few feet thick and
a few tens of feet long have been found. No
identifiable quartzite has been found in the
gneiss sequence. The occurrences of quartzite
reported by Horberg and Fryxell (1942) have
all proved to be either light-colored plagioclase
gneiss, sheared quartz veins, or downfaulted
slices of Flathead Quartzite.

The most common mineral assemblages in
the gneisses are

quart: + oligoclase or andesine + biotite +
gamet + potassium feldspar

in the biotite gneisses and

quartz + andesine or labradorite +
hornblende + biotitc + garnet

in the amphibole gneisses and amphibolites.”

Thin layers of amphibole schist interleaved

" with the gneisses locally contain actinolite,

anthophyllite, and cummingtonite in associa-
tion with quartz, andesine or labradorite,
biotite, and garnet. In a few places in the
northern part of the range, the gneisses contain
cordierite and gedrite. Primary muscovite is
rare or absent and no alumino-silicate minerals
have been found. The rock reported as sil-
limanite schist by Reed (1963) on the basis of
study of the hand specimens has proved by
thin section study to be anthophyllite schist.
. In broad areas adjacent to the larger masses
of Mount Owen Quartz Monzonite (Fig. 2),
the. biotite gneisses are lighter colored, - less
coaspicuously layered, and contain abundant
potassium feldspar in porphyroblasts, in
quartzo-feldspathic folia, and in small grains
intergrown with quartz and plagioclase
throughout the rock. These migmatitic effects
are apparently related to the emplacement of
the quartz monzonite and are superimposed
on the older metamorphic assemblages.

Most of the gneisses display some degree of
alteration or retrogression, including chloritiza-
tion of ferromagnesian minerals, sericitization
of feldspars, and partial decalcification of
plagioclase. Some rocks are barely altered,
whereas others are almost completely altered.

- The conspicuous layering in much of the
gneiss sequence {Fig. 4) suggests that most of
the gneisses are supracrustal. Some, such as
the iron formation and the local layers of
marble, are clearly metasedimentary, but
the vast bulk of the sequence could be derived
from volcanic or volcaniclastic rocks. The
mineral assemblages suggest that the rocks were
metamorphosed in the amphibolite facies, and
the occurrence of cordierite may indicate
metamorphism of the low-pressure or low-
pressure~intermediate type described by Miya-

shiro (1961). The scarcity of primary mus-,

covite and the absence of alumino-silicate
minerals is probably due to the absence of
rocks of pelitic composition.

Webb Canyon Gneiss. The name ““Webb
Canyon Gneiss” is here proposed for a medium-
to coarse-grained strongly foliated nonlayered
biotite-and-hornblende-bearing gneiss of
quartz monzonitic composition that forms
several large concordant bodies in the northern
part of the Teton Range. Rb-Sr data discussed
below show that the rock is of Precambrian W
age (James, 1972). The map pattern suggests
that the largest body of Webb Canyon Gneiss
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CORRELATION OF MAP UNITS
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Figure 2. Generalized geologic ma;; of the Precam-
brian rocks of the Teton Range showmg sample
localities.

" is exposed in the core of an isoclinal fold and
that the smaller discontinuous bodies lie at a
different stratigraphic horizon. However, the
structure is so complex that other inter-
pretations are possible. The type locality is
designated as the lower parts of the cliffs on the
northwest side of Moose Creek in the lower
part of Webb Canyon 1.9 mi S. 78° E. of Owl
Peak in the Ranger Peak 714’ quadrangle,
“Wyoming (Fig. 2, sample loc. A, V, and C).

The type locahty is near the northeast end
“of the largest exposed body of Webb Canyon
Gneiss in the Teton Range. The contact of
the body with layered biotite and amphibole
. gneisses to the northwest lies about midway up
the cliffs. The contact strikes approximately
east-west and dips 20° to 40° north, parallel to
* foliation in the Webb Canyon Gneiss and layer-
ing in the layered gneisses.

The Webb Canyon commonly contains
layers of amphibolite a few inches to several
hundred feet thick. Several thick amphibolite
layers are conspicuous in the gneiss at the type
locality. Contacts of these amphibolite layers
are knife-sharp.

Contacts of the Webb Canyon Gneiss with

the enclosing rocks are commonly marked by -

a layer of similar amphibolite. Where amphib-

olite is absent, contacts with the layered bio-

tite gneisses are gradational over a few tens of
hundreds of feet, and the Webb Canyon Gneiss
becomes finer grained and rudely layered near
the contact. _

The origin of the Webb Canyon Gneiss is
uncertain. No primary textures or structures
are preserved. Chemically the rock closely
resembles an alkalic granite or rhyolite; its
texture and grain size suggest that it may be a
plutonic rock, but the lack of intrusive rela-

. tions and the continuity and extent of the

concordant amphibolite layers within it seem
to preclude an intrusive origin. It therefore
seems most likely that the gneiss is derived
from felsic volcanic rocks, either flows or tuffs
interlayered with flows or sills of basalt that
were metamorphosed to produce the amphibo-
lite layers.

Rendezvous Metagabbro. We suggest the
name ‘‘Rendezvous Metagabbro™ in this report
for the coarse-grained mafic rock that is ex-
posed between Open Canyon and Rock Springs
Canyon in the southern part of the Teton

" Range. The unit is believed to be of Precam-

brian W age on the basis of Rb-Sr data dis-
cussed below (James, 1972).

The type locality is designated as thc freshly )

blasted outcrops between elevations 8,400 and
9,000 ft in the small valley on the east slopes

of Rendezvous Mountain, just north of the’

aerial tramway at the Jackson Hole ski’area
(Fig. 2, sample loc. G). The type Iocahty is
about 1.6 mi N. 65° W. of the lower terminus
of the tramway in Teton Village, Teton Village
74" quadrangle, Wyoming. The rock is non-

layered and very weakly foliated. Typically it

has a blotchy appearance due to irregulac clots
of dark-green hornblende 1 inch to several

inches across set in a matrix of light-gray .

plagioclase. Similar rock that occurs in' pods
in the layered gneisses north of Phelps Lake
was aptly described by Bradley (1956) as
*“leopard diorite.” The rock typically consists

of about 60 to 70 percent finely twinned pla- .

gioclase (about Anys) and 25 and 35 percent
hornblende. A few plagioclase grains are faintly

— e —
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Figure 3. Oblique acrial photograph of the east
face of Mount Moran. Direction of view is northwest.
Vertical relief from bottom to summit, as pictured, is
about 3,400 ft. Country rock is predominantly mig-
matitic biotite gneiss. Light-colored dikes, most of
which dip gently to the north (right), are Mount Owen
Quartz Monzonite and related pegmatite. Prominent

zoned. Commonly the plagioclase is partly

sericitized and decalcified. The hornblende, -

which probably replaces original pyroxene, is
partly jacketed with actinolite: and locally
1s partly altered to chlorite and epidote. A few
small grains of quartz occur as poikilitic inclu-
sions in hornblende and between the larger
plagioclase grains, and scattered small flakes

= ; SRR AR

100 to 150 fe thick. Light-
gray cap on summit is Flathead Quartzite of Cambrian
age that rests unconformably on the dike. Sample
locality N is about midway up the lowest outcrop of the
dike visible in the photograph. Photograph by Austin

Post.

of reddish-brown biotite are intergrown with
the hornblende. ,

The northern contact of the metagabbro is
marked by a fault. On the west, the rock passes
beneath Paleozoic sedimentary rocks; on the
east, it passes beneath surficial deposits (Fig. 2)}
The contact between the metagabbro anc
migmatitic biotite gneiss to the south is sharj

T ]




Figurc 4. Photographs of layered gneiss. A. Thinly
layered biotite gneiss, amphibole gneiss, and amphibolite
west of Static Peak, about Z mi northwest of Phelps Lake
(Fig. 2). B. Interlayered plagioclase gneiss (white),

' biotite gneiss (medium gray), amphibole gneiss and

amphibolite (dark gray) displaying rootless isoclinal
folds and sheared-out layers. About 1.5 mi northwest of

Doanc Peak (Fig. 2).




and concordant. The metagabbro near the
contact is finer grained and lighter colored.
The gneiss near the contact is highly contorted
and contains pods of metagabbro a few inches
to a few feet across. The intrusive nature of the
metagabbro is confirmed by the widespread_
occurrence of similar lenses and pods, presum-
ably boudinaged sills or dikes, in the enclosing
layered gneisses, and by the occurrence of
angular inclusions of biotite gneiss in the main
body of metagabbro.

Deformation of the Metamorphic Rocks.
The layered gneisses display at jeast two genera-
tions of folds (Reed, 1963). The earliest folds
are rootless isoclines with axial planes and limbs
parallel to layering. The largest isoclines ob-
served have limbs a few tens of feet long, but
much larger ones may be present. Some layers
are contorted by isoclinal folds, whereas other
layers above and below are not contorted
(Fig. 4B). This suggests that many of the
layers are limbs of sheared-out isoclines and
that, although the layers probably reflect
original compositional differences, their original
sequence has been completely obliterated by
shearing parallel to layering.

Superimposed on the early isoclines are more
open folds with diverse axial orientations. The
folds may belong to several generations, but
analyses of the structures have not yet been

completed and therefore a sequence has not |

been worked out.

Foliation in the gneisses is parallel to the
layering, and mineral lineations are generally
parallel to axes of the younger folds. This sug-
gests that amphibolite-grade metamorphism
was synchronous with the younger {olds. Paral-
lelism between foliation and lineation in the
Webb Canyon Gneiss and similar structures in
the enclosing rocks indicates that the Webb
Canyon was deformed at the same time as the
enclosing rocks.

The Rendezvous Metagabbro does not dis-
play any conspicuous lineation, but the rude
foliation is parallel to that in the nearby
migmatitic gneisses. The occurrence of boudins
and deformed layers of metagabbro in the sur-
rounding-layered gneisses suggests that the
orxgmal gabbro was emplaced prior to or during

deformation and metamorphism of the gne:sses

Younger Intrusive Rocks

Mount Owen Quartz Monzonite. \luch
of the central part of the Teton Range is under-
lain by an irregular pluton of light-colored

568 REED AND ZARTMAN

quartz monzonite and associated pegmatite for -
which we here propose the name ‘‘Mount
Owen Quartz Monzonite.” Isotopic data dis-
cussed below indicate that the rock could be

" Precambrian X or Precambrian W (James,

1972). The rock is named from its exposures
on the slopes of Mount Owen, but the type
locality is designated as the more easily acces-
sible exposures along the trail in the South
Fork of Cascade Canyon at elevation 8,880 ft,
1.9 mi due west of the summit of Mount Owen,
Grand Teton 714’ quadrangle, Wyoming (Fig.
2, sample locality L).

Typically the Mount Owen Quartz Monzo-
nite 15 a medium- to fine-grained light-colored
rock consisting of 30 to 40 percent quartz,
20 to 30 percent potassium feldspar, 25 to 35
percent plagioclase, 5 percent or less biotite,

‘and a trace of muscovite. The potassium feld-

spar is microcline and microperthite; the pla-
gioclase is generally finely twinned unzoned
sodic oligoclase.

The rock is generally nonfoliated but locally
displays a faint foliation marked by biotitic
streaks that is believed to be a flow structure.
Except near fault zones the quartz monzonite
is unsheared, but in many specimens the biotite
is partly altered to chlorite or fringed with
secondary muscovite and the feldspars are
slightly clouded and contain small granules of
clinozoisite.

Dikes, pods, and irregular bodies of pegma-
tite ranging in thickness from a, few inches to
several tens of feet are common throughout
much of the main mass of the Mount Owen
Quartz Monzonite. Locally they comprise a
quarter or more of the rock mass. The pegma-
tites contain irregular masses of gray quartz,
subhedral crystals of milky white oligoclase,
and blue-gray microcline as much as 2 ft long,
muscovite in plumose aggregates or tabular
books as much as 3 in. across, and long flat
blades 1 to 2 in. across and as much as 1 ft
long. Generally an individual pegmatite body
contains muscovite or biotite, but not both.
A few pegmatites contain garnet crystals as
much as 6 inches in diameter (Love and Reed,
1968, Fig. 25).

The contacts of the Mount Owen Quartz
Monzonite are highly irregular-and difficult to
depict on a geologic map. Blocky inclusions of
wall rocks a few {eet to several feet across are
common throughout the pluton (Fig. 5A). As
the margins are approached, these inclusions
become more and more abundant until one
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Figure 5A. Angular inclusions of strongly foliated
Webb Canyon Gneiss in Mount Owen Quartz Mon-
zonite. Note rotation of the foliation in the blocks.
Light-colored slightly sheared quartz-feldspar dike in
inclusion at upper left is truncated by contact; small
biotitc pegmatite dike (left of hammer) cuts across both

the inclusions and the quartz monzonite, although it is

inconspicuous in the inclusions bécause of similarity
in grain size. About 3 mi northwest of sample locality
M (Fig.2). -

YL

Figure 5B. Network of dikes of Mount Owen
Quartz Monzonite and related pegmatite cutting
migmatitic biotite gneiss on the north face of the West
Horn of Mount Moran. Note rude layering in gneiss
dipping about 60° E. (left). Face is about 700 ft high.

passes imperceptibly from quartz monzonite
and pegmatite containing abundant inclusions
of wall rocks into wall rocks containing myriad
cross-cutting dikes of quartz monzonite and
pegmatite. Many of the dikes in the wall rocks

AN

are composed partly of pegmatite and partly
of fine-grained quartz monzonite. The finer
grained rock may occupy either the center or
the margins of an individual dike. Dikes of
quartz monzonite cut dikes of pegmatite and
vice versa, indicating a complex, overlapping

" order of emplacement,

The wall rocks for as much as 5 mi from the
contacts of the main pluton are cut by smaller
plutons and laced with swarms of quartz mon-
zonite and pegmatite dikes, many of which are
emplaced along low-dipping joint sets (Figs. 3

"and 5B). The dikes become less and less abun-

dant farther from the main pluton, and only
a few dikes are found cutting the gneisses in
the northern and southern ends of the range.

Undeformed dikes of quartz monzonite and
pegmatite cut cleanly through complexly
folded layered gneisses, and angular rotated
blocks of wall rock are widespread as inclusions
in the main pluton, showing clearly that the
Mount Owen Quartz Monzonite was emplaced
after the folding and metamorphism of the
enclosing rocks.

Contacts of individual dikes  with the wall
rocks and of individual inclusions with: the
quartz monzonite are generally very sharp.
There is no evidence of local contact meta-.
morphic effects on the wall rocks and only
local evidence of digestion of inclusions. Ap-
parently the Mount Owen Quartz Monzonite
was emplaced in rather brittle country rocks
by some combination of dilation of fractures
and magmatic stoping, without appreciable
deformation of the wall rocks.

Diabase. The youngest Precambrian rock’
in the Teton Range is tholeiitic diabase which
forms a series of west-northwest-trending dikes.
that cut all the other Precambrian rocks but
which are unconformably overlain by the basal
beds of the Flathead Quartzite of Middle Cam-
brian-age. The largest dike is prominently ex-
posed on the east face of Mount Moran (Fig.
3). Tt is about 150 ft thick and has been traced
along strike for almost 10 mi, completely across
the Teton Range. The vertical extent of the
exposures on Mount Moran is more than 5,000

" ft. The prominent dikes exposed on the Grand

Teton and on Middle Teton are 40 to 60 ft
thick; other dikes range in thickness from a
few inches to several tens of feet. Isotopic data
discussed below suggest that the dikes are of
Precambrian X or Precambrian Y age (James
1972). - :

The -diabase consists essentially of subcalcic
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augite, sodic labradorite (Anso_s;), pigeonite,
and opaque ores, and contains a few small
grains of brown hornblende and biotite. Most
of the dikes have chilled margins a few inches
thick that consist of a very fine-grained, dark
felted groundmass containing subhedral pheno-

-crysts of pyroxene and euhedral laths of plagio-

f

" technique described by Dalrymple and Lan- .

clase; some of these display a flow orientation
parallel to the walls (Fig. 6).

Whereas the dikes are undeformed (except
for shearing along faults), most of the diabase
exhibits some evidence of incipient alteration
or metamorphism. Plagioclase is partly altered
to sericite and pyroxene is locally converted to
chlorite, epidote, and bluish-green amphibole.
In some specimens, the pyroxene is almost
completely converted to amphibole, but the
plagioclase is little altered.

N

ISOTOPIC STUDIES
Analytical Methods

Rb and Sr analyses were carried out using
procedures similar to those described by Peter-
man and others (1967, 1968). Preliminary
x-ray fluorescence analyses for Rb and Sr
were made using the technique described by
Doering  (1968). Measurements of isotopic
ratios were made on a 6-in., 60°, single-focusing
mass spectrometer using triple filament surface
1onization. Precision of results is believed to be
about the same as that quoted by Peterman
and others (1968): for individual Rb determi-
nations, +1.5 percent at the 95-percent con-
fidence level; for individual Sr determinations,
+2.2 percent at the 95-percent confidence
level; for Rb/Sr ratios by’ isotope dilution,
+2.7 percent; for Sr¥/Sr® ratios calculated
from measurements on spiked samples, about
+3 percent; and for Sr¥/Sr® ratios measured:
on unspiked samples, *+0.15 percent. All
Sr87/Sr8¢ ratios were normalized to a value
of Si88/5r88 = 0.1194. In all Rb-Sr calcula-
tions, the following constants were used:

ilb"xﬂ = 1.39 X-1071/yr, corresponding to
half life of Rb#?7 = 50 X 10° yrs. Rb¥ =
0.283 g/g Rb.

Rb-Sr ages quoted from the literature have
been recalculated using the 50 X 10° yr half-
life if the original authors used a different
value,

Ar extractions were made using the fusion

phere (1969). Potassium contents of biatites
were determined: by flame photometry; all

Figure 6. Sawed slab showing chilled margin of
diabase dike. Average grain size of diabase in center of
dike is about the same as that of the larger phenocrysts
of plagioclase and pyroxene in the chilled margin. Paper
match shows scale. South wall of 20-ft-thick dike in
Garnet Canyon zbout 2 mi southeast of summit of
Grand Teton (Fig. 2).
other potassium contents were determined by
isotope dilution.

The following constants were used in the
K-Ar calculations:

K40, = 0.584 X 1071/yr
A = 4.72 X 1071 /yr
K* = 1.19 X 10~* moles/mole K ,

All sample localities are indicated on Figure
2. Detailed locations and petrographic dcscnp—
tions are available.!

Age of the Webb Canyon Gneiss
and Rendezyous Metagabbro

The results of Rb and Sr analyses of five
whole-rock samples of Webb Canyon Gneiss,
one sample of plagioclase gneiss in the layered -
gneiss sequence adjacent to the Webb Canyon
Gneiss, and three samples of Rendezvous
Metagabbro are given in Table 1. Taken alone,
the five analyses of the Webb Canyon Gneiss
define a whole-rock isochron with an age of
2,790 + 400 m.y. and an initial Sr87/Sr% ratio
of 0.703 + 0.017 (model 4 of McIntyre and

I

“others, 1966). No meaningful independent

isochron could be calculated for the three
Rendezvous Metagabbro samples because of
their low Rb/Sr ratios.

Although the age relation between the Webb
Canyon Gneiss and the Rendezvous Meta-
gabbro is uncertain, field relations show that

both they and the enclosing gneisses have

! This material (NAPS no. 01969) may be obtained
by writing to Microfiche Publications, Div. of Micro-
fiche Systems Corp., 305 East 46th St., New York, New
York 10017, enclosing $5 for photocopies, or $1.50 for §
microfiche. Make checks payablc to Microfiche Pub-

lications.
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' TABLE.). WHOLE-ROCK RUBIDIUM AND STRONTIUM ANALYSES

?gﬂg}fty* Field no. Rb {(ppm) Sr (ppm) Rb*7/Sr%¢ (Sr"/Sr")f * Age (m.y.)
Plagioclase gneiss adjacent to Webb Canyon Gneiss
A 986A S13.7 o 27 0.140 0.7062*
Webb Canyon Gneiss
B 984A -35.7 76.9 1.35 0.7756°
¢ 985A 41.6 60.9 1.98 0.7770%
] NsIA . 67.1 78.5 2.50 0.8079° -
3 416 63.0 52.2 3.56 0.8464% 2875 + 150
F 437 : 78.3 128.5 5.03 0.8991°%
. Rendezvous Metagabbro
& 12944 1.5 R T ] 0.232 0.7082°
6 12948 23.0 151.8 0.438 0.7192¢
G 12946 39.0 167.5 0.675 . 0.7265%
Mount Owen Quartz-Monzonite
H 421 104.9 68.1 4.54 0.8915%
1 R-1 3.2 65.3 F7.91 . 1,016
J TC-1 210.2 58.8 10.75 110
X 542 161.6 38.9 12.60 1.181 2495 £ 75
L 847 172.6 29.1 17.83 1.346
M 962 215.0 33.0 20.12 1.456

r
*Sample localities are shown on Figure 2.

trormalized to sr®%/sz'" = 0.1194.
§

Indicates determinations made on unspiked sample; all other determinations made on spiked samples.

undergone the same episodes of high-grade
regional metamorphism and deformation. We
have therefore also calculated a single com-
posite isochron (Fig. 7) for all of the Webb
Canyon Gneiss and Rendezvous Metagabbro
analyses, plus the analysis of the plagioclase
gneiss in the layered gneiss sequence. This
yields an age of 2,875 + 150 m.y. with an
initial Sr®7/Sr% ratio of 0.700 + 0.002 (model
4 solution of McIntyre and others, 1966). The
slope of this isochron and therefore the age is

dependent largely on the analyses of the Webb -

Canyon Gneiss; the initial Sr¥7/Sr%¢ ratio is
controlled principally by the metagabbro and
plagioclase gneiss analyses.

Because all the rocks included have under-
gone extensive recrystallization durmg high-
grade regional metamorphism, we interpret
the isochron age to be the approximate date
of the metamorphism. K-Ar ages of 2,780 and
2,800 m.y. on hornblende from amphibolite
interlayered with biotite gneisses on Mount
Moran (Table 4) are in accord with this inter-

pretation. The isochrons constructed for both

the Webb Canyon Gneiss alone and for the

composite samples show scatter in the data

which exceeds the experimental error. The -

basic assumptions of the Rb-Sr dating method
are that all the samples started with the same
Sr¥7/Sr% ratio and subséequently retained all

of their Rb and Sr. The departure of the data
points from a straight line by more than the
experimental error shows that one or the other
of these assumptions is not strictly correct.
However, -the reasonable initial ratio and the
agreement with other geochronologic results
in nearby areas suggest that the isochron age is
probably meaningful to thhm the stated

.uncertainty.

* The initial Sr37/Sr86 ratio (the y-intercept
of the isochron line) is an indication of the
source and history of the strontium in the
rocks. The Sr®/Sr% ratio in the mantle 2.9
b.y. ago is inferred to have-been between 0.700
and 0.701 (Hedge and ‘Walthall, 1963; Hedge,
1966). Because the initial Sr¥/Sr% ratio in
the Webb Canyon Gneiss and Rendezvous

" Metagabbro is in the same range as mantle

strontium 2.9 b.y. ago, we conclude that unless
substantial increases in Rb/Sr ratios occurred
during metamorphism, the orlgmal rocks were
removed from the mantle only shortly before
the episode of high-grade regional metamor-
phism dated by the isochron.

Age and Strontium Composition of the
Mount Owen Quartz Monzonite

Six whole-rock samples of thé Mount Owen
Quartz Monzonite (Table 1) define an isochron
(Fig. 8) with an age of 2,495 1 75 m.y. and
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Figure 7. Rb-Sr isochron diagram for whole-rock

samples of Webb Canyon Gneiss (open circles),
Rendezvous Metagabbro (solid circles), and plagioclase

an initial Sr/Sr8% ratio of 0.732 + 0.009
(modcl 1 of Mclntyre and others, 1966). The
age is consistent with preliminary P’b”’/I’b206
isotopic ages on four separates of zircon {rom
the sample from locality J which range from
2,420 to 2,510 m.y. However, the zircons con-
tain appreciable amounts of common lead and
are highly discordant, making a unique inter-
pretation of their isotopic ages difficult.

The initial Sr¥7/Sr% ratio is extremely high
for a Precambrian rock. There is a possibility
that this is a result of postcrystallization dis-
turbance of the isotopic system. So-called
“rotated isochrons™ characterized by a re-
duced age and an anomalously high apparent
initial ratio arising during postcrystallization
metamorphism have been—documented by
Zartman and Stern (1967) and Zartman and
Marvin (1971) Howevcr, both the 3 very close
fit of the points 16’ the isochron (Fig.- 8) and
the apparent agreement between the isochron
age and the Pb%7/Pb* ages on zircon, are
difficult to éxplain on the basis of isochron
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gneiss (triangle). Horizontal lines through circles
indicate analytical uncertainty in Rb87/Sr35,

rotation. The anomalously high initial Sr8/Sr%
ratio is probably real, and we interpret the
isochron age as being close to the age of ‘em-
placement of the quartz monzonite.

If the high initial Sr¥/Sr® ratio is an isotopic
characteristic of the magma, the magma could
not have been derived directly from the mantle,
which 2.5 b.y. ago should still have had a
Sr¥7/S1% ratio of between 0.700 and 0.701
(Hedge and Walthall, 1963; Hedge, 1966).

Evidently the anomalous strontium was de-
rived from crustal rocks, either at the present
level of exposure or at deeper levels. We have
determined Rb and Sr concentrations and
Rb-Sr ratios on a number of samples of the
wall rocks of the Mount Owen and have calcu-
lated their Sr®/Sr® ratios and radiogenic Sc®
contents 2.5 b.y. ago on the assumption that
they would plot on the same isochron as the
Webb Canyon Gneiss and Rendezvous Meta-
gabbro. The results are summarized in Table 2
and Figure 9. Of the 33 samples analyzed, only
one would have had a Sr%/5r% ratio higher
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Figure 8. Rb-Sr isochron diagram for whole-rock
samples of Mount Owen Quartz Monzonite. Hor-
izontal lines ‘through circles indicate analytical un-

than that of the Mount Owen Quartz Monzo-
nite. This strongly suggests that the anomalous
strontium in the Mount Owen was not derived
from the wall rocks by any process such as
large-scale digestion of inclusions or replace-
ment of wall rocks. This result is in accord with

the field evidence and with the bulk chemistry

of the rocks.
The high Sr® /St% ratio in-the Mount Owen
would appear to be the result of either (1)

certainty in Rb%/Sr%, Dashed line is Webb Canyén
Gneiss-Rendezvous Metagabbro whole-rock isochron
from Figure 7. '

incorporation of strontium representative of
crustal rocks with Sr87/Sr% ratios much higher
than those of the present wall rocks, or (2)
selective incorporation of radiogenic Sr¥
through some process involving isotopic frac-
tionation, perhaps partial anatexis or hydro-
thermal fushing of radiogenic strontium, or (3)
some combination of (1) and (2).

If a process of preferential extraction of

radiogenic strontium from rocks like the

TABLE 2. AVERAGE Rb AND Sr CONTENTS AND Rb-Sr RATIOS FOR VARIOUS ROCK TYPES
AND ESTIMATED Sr®7/5r®® RATIOS AND RADIOGENIC Sr®? CONTENTS 2.5 B.Y. AGD

Estimated

Rumber Estimated radiogenic

of Rb {ppm) sr (ppm) Rb/Sr Sr®7/5r%% Sr®7 2,5 B.Y,

Rock type samples Average  Range Average Range Average Range 2.5 B.Y. ago ago (ppm)
Biatite Gneiss 14 68 16 to 149 220 56 to 917 0.309 0.047 to 2.68 0.7049 0.107
Paphibolite 3 12 St 17 98 86 to 119 0.122 0.063 to 0.192 0.7019 0.018
Rendezvous Metagabbro 7 .23 8 to 43 185 167 to 207 0.124 0.040 to 0.217 0.7019 0.035
Webb Canyon Gneiss 9 69. 35 to 105 87 57 to 109 0,793 0.445 to 1.74 0.727 0.109

Mount Owen Quartz 12 201 116 to 368 48 18 to 74 4.57 1.57 to 12.5) 0.732 --

Monzonite

Rb and Sr contents and Rb/Sr ratios determined by x-ray fluorescence methods similar to those described by Doering (1968)
using samples analyzed by isotope dilution methods (Table 1) as standards. Analyst, W, P. Doering.
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present wall rocks were operative, the volume
of rock involved can be estimated. Assuming
the magma originally contained 44 ppm stron-
tium (Table 2) with a Sr¥/Sr®® ratio of about
0.703 (typical of 2.5-b.y.-old granitic rocks),
the equivalent of 0.13 ppm of pure Sr% must
be added to raise the ratio to 0.732. This would
require complete extraction of radiogenic Sr®
from a volume of rock ‘with radiogenic Sr®
contents like the biotite gneisses or Webb Can-
yon Gneiss slightly greater than the volume of
the Mount Owen Quartz Monzonite or partial
extraction from correspondingly greater vol-
umes. :

Later Events

The only Precambrian events in the geologic
record subsequent to the emplacement of the
Mount Owen Quartz Monzonite are (1) intru-
sion of the diabase dikes, (2) widespread incip-
ient low-grade metamorphism of the dikes and
the older rocks, and (3) local shearing and
alteration along fault zones.

In an attempt to evaluate the effect of later
events on the mineral ages, we have studied the
Rb-Sr systematics in the major mineral phases
in two typical samples of the Mount Owen
Quartz Monzonite and have made a detailed
K-Ar study of the large diabase dike exposed
on the east face of Mount Moran (Fig. 3).
Analytical data on the major minerals from
whole-rock samples of Mount Owen Quartz
Monzonite from localities ] and M are given
in Table 3 and plotted in Figure 10. Whole-rock
analyses of the same samples are given in Table
1. If no redistribution of Rb or Sr had taken
place since crystallization of the quartz mon-
zonite, all of the data points for the individual
minerals would plot on the whole-rock iso-
chron. The fact that most of the minerals do
not fit the whole-rock isochron shows that
significant redistribution of these elements has

" occurred: However, the excellent fit of the

whole-rock analyses to the isochron in Figure 8
shows that the redistribution did not affect
volumes of rock as large as the whole-rock
samples (1 to 5 kg). .

The plagioclase and microcline data from
each of the rocks define mineral isochrons
(Fig. 11) whose slopes correspond within
analytical uncertainty to an age of about 1,800
m.y. Each line passes through the correspond-
ing whole-rock point, but, as has been pointed
out by Naylor and others (1970), this is re-
quired by material balance since most of the

NUMBER OF SAMPLES

cent to the diabase dike on Mount Moran
(Fig. 3). All the samples from locality N were
collected along a single horizontal traverse
northward from the center of the dike at an
elevation of about 9,700 ft where the dike is -
110 ft thick. The sample from locality O came
from near the center of the dike at elevation
8,100 ft. Hornblende {rom locality B came from
a segregation pegmatite in the Webb.Canyon
Gheiss that is unrelated to the Moran dike but
is included for comparison. j

Figure 9. Estimated Sr®/Sr3¢ ratios of various wall
rocks at the time of emplacement of the Mount Owen
Quartz Monzonite. Data from Table 2. Average
values for various rock types are indicated by vertical
arrows.

Rb and Sr in the rocks are contained in the
feldspars. The muscovite from locality ‘M lies
nearly on the whole-rock isochron, indicating
that the mineral did not participate in any
later re-equilibration, but the muscovite for
locality J lies close to the feldspar isochron,
showing that it did participate. Both biotite
points fall well below the mineral isochrons.
The apparent ages of the biotites are 1,440 and
1,550 m.y.

Amphibolite and
Rendezvous Metogabbro

Webb Canyon Gnelss
Mouni Owan
Quartz Monzonirte

"
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2
]

0700’ 0.710 0.720 0.730 0.740 0.750
585,96 .
EXPLANATION
Rendezvous Metagabbro
Amphibolite
Biotite gneiss
Webb Canyon Gneiss

Table 4 summarizes K-Ar ages in and adja-

Hornblende from the wall rocks has ages
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TASLE 3, RUBIDIUM AND STRONTIUM DATA AND APPARENT AGES OF
MINERALS FROM MOUNT.OWEN QUARTZ MON2ONITE

Sample locality* Mineral Rb {ppm) Sr {ppm) Rb®7/5r0¢ (Sr¥7/seo8 )t
" Plagioclase 40.0 56.5 2.10 .0.9808°
M Microcline 539.3 41,2 33.06 1.761
M Muscovite 643.5 40.8 54.62 2.720
L] Biotite 636.9 60.3 33.44 1.662
J Plagfoclase 20.5 50.1 1.24 0.8754
J MicrocTine 409.0 75.2 16.62 . 1.2718 -
J Muscovite 551.2 17.5 18.9 3.852
3 B‘\ntite 1,189,2 9.1 108.0 3.032

*Sample localities are shown on Figure 2,
Hormalized to Sr®/sr'® = 0.1194.

Srndicates determination made on unspiked smpls, all other determinations made an spiked samples.

ranging from 2,800 m.y. to 2,600 m.y. The
older age corresponds very closely to the time -
of regional metamorphism inferred from the
Webb Canyon Gneiss-Rendezvous Metagabbro
whole-rock isochron. The lower age is found

within 2 ft of the dike contact and may be -

due to partial Ar loss from heating of the wall
rocks during intrusion of the dike. The differ-
ence, however, is only slightly greater than
analytical uncertainty, and hornblende from
the Webb Canyon Gneiss well removed from
any known diabase dike is‘even younger.

The three ages for biotite from the wall
rocks (1320, 1350, and 1450 m.y.) are analyti-
cally indistinguishable, and all lie in the same
range as biotite from elsewhere in the Teton
Range. No further decrease in the apparent
age of the wall-rock biotite was found even
within 5 {r (0.045 dike widths) of the contact.
Rock from the chilled margin of the dike has
an apparent age of 775 m.y., whereas plagio-
clase from near the center of the dike has ap-
parent ages of 583 and 396 m.y.

The results are ambiguous as to the time of

T T T T
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Figurc10. Rb-Srisochron diagram for minerals from
Mount Owen Quartz Monzonite samples from localities
J and M. Dashed line is whole-rock isochron from
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Figure 8. Solid lines are plagioclase-microcline isochrons
for éach sample. :
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TABLE 4. POTASSIUM-ARGON AGES FROM THE TETON RANGE, CHIEFLY
FROM THE DIABASE DIKE ON MOUNT MORAN AND 1TS WALL ROCKS

. K 0% Ar*® radiogenict Ar*® radiogenic ‘
Material (percent) (moles x 10°%/gm) (percent) . Age 220 {(m.y.)
. Pegmatite in Webb Canyon Gneiss, sample Jocality 88
Hornblende 1.7+ 13.90 99 2580 £ 25
Wall rocks of diabase dike, Mount Moran, sample locality N .
Hornblende 0.7 ft from dike 0.620* 5.308 . 98 2,650 £ 25
- Hornblende 2.0 ft from dike 0.523* 4,31} 99 2,600 £ 80
Hornblende 10 ft from dike 0.519* 4.535 99 2,800 t 90
Hornblende 20 ft from.dike 0.638% 6.000 - 99 2,780 = 80
Biotitels ft from dike 0.96 3.094 75 1,450 ¢+ 90
Biotite 40 ft from dike 6.20 17.58 . 99 1,320 = 50
Biotite 100 ft from dike 7.65 22.20 88 1,350 £ 50
* Diabase from dike on Mount Moran, sample locality NS
Whole rock from chill zone 0.809* 1.142 90 775 = S0
Plagioclase near center of dike 1.209* 0.7862 - ' 88 396 ¢ 6
i - Diabase from dike on Mount Moran, sample locality of
Plagioclase near center of dike 1.331* 1.343 96 583 + 8

*Indicates determination by isotope dilution, W. H. 'Hendersan, analyst; all other determinations by flame photometer,

violet Merritt, analyst,
H. H. Mehnert and R, F. Marvin, analysts,
Sample localities are shown on Figure 2.

S

emplacement of the dike. The plagioclase ages
are in conflict with the field relations, for the
same dike is overlain unconformably by the
Cambrian Flathead Quartzite (Fig. 3). The
775-m.y. age on the chilled margin is geologi-
cally permissible and agrees approximately with
whole-rock K-Ar ages on the chilled margin of
a similar dike in the Beartooth Mountains re-

" ported by Hanson and Gast (1967) and Condie

and others (1969). Condie, however, found a
wide range of whole-rock K-Ar ages of the
chilled margins of diabase dikes elsewhere in
the Wyoming province. ’

If the 775-m.y. whole-rock age is accepted as
the age of the dike, there is no explanation for
the consistency of the biotite K-Ar ages in the
wall rocks. According to the model of Hanson
and Gast (1967, Fig. 8) a dike 110 ft thick
and having an initial temperature of 1,100°C
will heat the wall rock 5 ft away to a maximum
temperature of nearly 700°C and will keep it
above 300°C—the estimated minumum tem-
perature required for complete loss of Ar from
biotite—for more than 100 yrs. This should
be reflected by a significant decrease in the
apparent age of the biotite near the contact.
We suggest that the dike was emplaced during
or before the time recorded by the biotite
K-Ar ages. According to this interpretation,

the minimum age of the dike is 1,450 + 90
m.y., the oldest apparent age of biotite in the
wall rocks, and the maximum age is 2495 + 75
m.y., the age of the Mount Owen Quartz
Monzonite.

K-Ar and Rb-Sr mineral ages from the Teton
Range available in the literature (Giletti and
Gast, 1961; Menzie, 1966; Giletu, 1968) are
summarized in Figure 11. Except for two
Rb-Sr ages on muscovite {rom pegmatites,
none of the mineral ages approaches those that
are inferred from the whole-rock Rb-Sr iso-
chrons. Muscovite ages scatter all the way
from 2,500 to 1,390 m.y. without any signifi-
cant maxima in distribution.

K-Ar and Rb-Sr biotite ages tend to cluster
in the range 1,100 to 1,500 m.y. A single Rb-Sr
age for microcline from a pegmatite is close to
the age indicated by our plagioclase-microcline
isochrons. .

While data from the Teton Range do not
conclusively demonstrate an 1,800 m.y. thermal
event, events at about that time have been
identified elsewhere in the Wyoming' province
and in adjacent regions. Such an event may be
responsible for re-equilibration of the Rb-Sr
systems indicated by our plagioclase-microcline
- 1sochrons for the Mount Owen Quartz Mon-
zonite. Most of the Rb-Sr and K-Ar ages on
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biotite and some of the K-Ar ages on muscovite
are appreciably younger than the 1,800 m.y.
These lower ages indicate either a prolonged
interval of high temperature following an 1,800
m.y. event or a distinctly younger and less in-’
tense thermal event.

The conspicuous chilled margins dxsplayed
by the diabase dikes suggest that the dikes
were emplaced in relatively cool wall rocks
and thus are compatible with the interpretation
of a later episode of reheating. If so, the local
low-grade metamorphism of the dike rocks and
chloritization and sericitization of some of the
minerals in the older rocks may also date from
this time..We suggest that a distinct thermal
event occurred between 1,330 and 1,500 m. Y-
ago and that the younger biotite and muscovite
ages (Fig. 11) reflect slow uplift and cooling
followmg the thermal maximum. Local shear-
ing and alteration along Precambrian fault
zones were concurrent with or postdated this
event.

REGIONAL INTERPRETATION

Figure 12 is a summary of the Precambrian
geochronology of the Teton Range and of
selected other areas in and adjacent to the
Wyoming province. Catanzaro (1967) sum-
marized much of the earlier data and, although
considerable new data are now available, many
of the conclusions he presented are not sub-
stantially changed.

Ages greater than 3,000 m.y. have been re-

Microcline ) E I

Muscovite | D m] B E E . l

Biotite

1000 : 2000 3000
AGE (MILLION YEARS)

EXPLANATION

E Pagmatite

D Mount Owen Quartz Monzonite
B Webb Canyon Gneiss .

Biotite gneiss

Figure 11. Histogram of K-Ar and Rb-Sr mineral
ages from the Teton Range reported by Giletti and Gast

(1961) and Menzie (1966). Boxes with X’s are-Rb-Sr _

ages; all others are K-Ar ages.

ported in several areas in the Wyoming prov-
ince. Giletti (1966, 1968) found a single Rb-Sr
age of 3,260 m.y. for granitic gneiss from the
Blacktail Range, Montana, and K-Ar ages of
3,220 and 3,270 m.y. on biotite from granitic
gneiss in the Gallatin Canyon, Montana.
Heimlich and Banks (1968) have reported
K-Ar. ages of 3,100 and 3,180 m.y. on biotite
from one body of quartz diorite and 3,060
m.y.-on biotite from a schist skialith in another
body of quartz diorite in the Bighorn Moun-
tains. In view of the uncertainties inherent in
single Rb-Sr and K-Ar age determinations in
complex metamorphic terranes, the significance
of these scattered ages will be in doubt until
they are confirmed by further gcochronologlc
studies.

The only other ages older than 3,000 m.y.
are discordant isotopic ages on apparcntly
detrital zircon from metasedimentary schists,
hornfels (Nunes and Tilton, 1971) and granitic
paragneiss (Catanzaro and Kulp, 1964; Catan-
zaro, 1968) in the Beartooth Mountains. These
ages suggest a source terrane for at least some
of the metasedimentary rocks of the Wyoming
province that is older than 3,140 m.y. (assum-
ing an episodic lead loss. model) or 3,300 m.y.
(assuming a continuous diffusion model).

Ages'in the-range 2,500 to 2,900 m.y. are
found throughout the Wyoming province and
have generally been interpreted as indicating
an episode of intense regional metamorphism,
migmatization, and emplacement of plutonic
rocks. .

The northemmost exposures of rocks from
which ages in this range have been reported
are in the Little Belt Mountains, Montana,
where Catanzaro and Kulp (1964) and Catan-
zaro (1968) have found that zircons from
migmatitic gneisses have discordant ages that
can be interpreted by a continuous diffusion
model as 2,700 m.y. and which they suggest
may date an episode of intrusion and migmati-
zation.

Metamorphic rocks in the Beartooth Moun-
tains, Montana, have yielded a Rb-Sr whole-
rock isochron age of 2,730 + 150 m.y. (Powell
and others, 1969), whereas zircon from the

Stillwater Complex has nearly concordant
Pb¥7/Pb ages of 2,750 m.y. (Nunes and

- Tilton, 1971). Brookins (1968) has obtained a

whole-rock Rb-Sr age of 2,660 m.y. for the
late synkinematic or postkinematic Crevice
Mountain Granite in the southern Beartooth
Mountains in Wyoming.
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Figure 12. Summary of Precambrian geochronology
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province. Sources of data are cited in text. Solid boxes
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Basement rocks exposed in the cores of the
gneiss domes in the Albion Range, Idaho, have
a whole-rock isochron age of 2,610 + 300 m.y.
(Armstrong and Hills, 1967; Armstrong, 1968).
These rocks have undergone amphibolite facies
regional metamorphism during the Mesozoic,
and therefore their Precambrian history is
difficult to decipher, but they represent the
westernmost known accurrence of rocks of the
Wyoming province.

Heimlich and Banks (1968} obtained con-
cordant Pb-U ages of 2,930 m.y. on morazite
from a quartz monzonite gneiss in the northern
Bighorn Mountains which they believe is of

. metasomatic origin. Zircons from the same

rock have Pb7/Pb% ages of 2,820 to 2,830
m.y. Heimlich and Banks suggest that the
zircons may be detrital and that they have
been reset during a metamorphic event that
led to formation of the gneiss. The same authors
found a maximum K-Ar age of 2,780 m.y. on
biotite from nonmigmatitic metasedimentary
goeiss in the southern part of the Bighora
Mountains.

Rb-St whole-rock isochron ages of 2,825 + -

80 m.y. on paragneisses and orthogneisses in the
Granite Mountains have ‘been reported by
Peterman and others (1971) and interpreted
as dating major regional metamorphism. Gran-
ite from small postkinematic plutons has a
Rb-Sr whole-rock isochron age of 2,610 + 70
m.y. In the nearby Wind River Range, Naylor
and others (1970) have found ages on zircons
that suggest primary ages of 2,607 + 15 m.y.
and 2,687 + 15 m.y. for the apparently post-
kinematic Bears Ears and Louis Lake plutons.

Hills and others {1968) have found a whole-
rock isochron age of 2,550 + 50 m.y. for
gneisses from the northern part of the Medicine
Bow Mountains. They interpreted this as
dating a metamorphic event, but concluded on
the basis of the initial Sr ratio that the rocks
are not more than 200 m.y. older than the
metamorphism. Zircon concordia and whole-
rock Rb-Sr isochron ages indicate that their
late synkinematic and postkinematic Baggot
Rocks Granite was emplaced 2,400 to 2,480
m.y. ago.

Rocks comparable in age to those of the
Wyoming province have also been identified in
the Black Hills, South Dakota. Zartman and
Stern (1967) reported a Pb-U concordia age of
2,560 m.y. for the Little Elk Granite in the
northeastern Black Hills, and Ratté and Zart-
man (1970) found a whole-rock Rb-Sr age of
about 2,500 m.y. for granite in the Bear Moun-

tain dome in the west-central part of the Black
Hills. These granitic rocks, which appear in
the cores of gneiss domes, seem to bé part of a
metamorphic terrane that is older than the
bulk of the surrounding Precambrian rocks and
that forms a link between the Wyoming prov-
ince and the Superior province of the Canadian
shield (Zartman and others, 1964).

Thus the inferred episode of migmatization
and metamorphism in the Bighorn Mountains,
the major metamorphism and emplacement of
the Stillwater complex in the "Beartooth
Mountains, a possible episode of intrusion and
migmatization in the Little Belt Mountains,
and the major regional metamorphism in the
Granite Mountains are synchronous or nearly
so with the principal regional metamorphic
episode in the Teton Range. Except for the
3,000-m.y.-old detrital zircon identified in the

‘Beartooth Mountains, there is no direct evi-

dence of the original age of the rocks affected
by these metamorphic eplsodes The inference
from the initial Sr composition that many of
the rocks in the Teton Range are not much
older than the metamorphic event may also
apply to some or all of the rocks elsewhere in
the Wyoming province. Late synkinematic and
postkinematic granitic rocks with ages 100 to
300 m.y. younger than the principal meta-
morphic events have been identified in the
Beartooth Mountains, Granite Mountains, and
Wind River Range, as well as in the Teton
Range.

The principal metamorphic event and the
late synkinematic to postkinematic granite in
the northern Medicine Bow Mountains all
seem to be somewhat younger than those re-
corded farther north and west. Metamorphic
events associated with emplacement of the
older granitic rocks in the Black Hills and.the
poorly dated Precambrian metamorphism in
the Albion Range may be comparable in age
to the metamorphism in the Medicine Bow
Mountains. Although the evidence is far from
conclusive, ages of rocks in the Wyoming
province may decrease toward the western,
southern, and eastern margins.

The effects of younger thermal events like
those recorded by mineral ages in the Teton
Range are widespread elsewhere in the Wyo-
ming province. Brookins (1968) found an 1 850
m.y. potassium-feldspar whole-rock isochron
for the Crevice Mountain Granite in the Bear-
tooth Mountains and K-Ar ages of 1,180 m.y.
for potassium feldspar, 1,650 m.y. for biotite,
and 1,820 m.y. for muscovite. He interpreted
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these ages as indicating a metamorphic episode
1,600 to 1,800 m.y. ago which may have pro-
duced the slightly granulated texture in the
granite. Nunes and Tilton (1971) found evi-
dence of disturbance of the Pb-U system in
apatite {rom the Stillwater Complex about
1,600 m.y. ago.

- In the Wind River Range, Naylor and others

(1970) found evidence of disturbance. of the |

Rb-Sr systems in the 2,600- to 2,700-m.y.-old
granitic rocks less than 2,000 m.y. ago. They

- noted 'no obvious petrographic evidence of

this disturbance,” but mineral isochrons were
appreciably affected, and one biotite-whole
rock isochron is as young as 1,680 m.y. In the
Granite Mountains, K-Ar and Rb-Sr mineral
ages indicate that diabase dikes similar to those
in the Teton Range and associated nephrite
veins were. emplaced about 1,600 m.y. ago
(Peterman and others, 1971).

No large intrusive bodies that might be re-
lated to the 1,600 to 1,800 m.y. events have
been identified in the central part of the Wyo-
ming province, but intrusions in this age range
have been found in several areas near the
margins of the province, and they are wide-
spread in the flanking terranes. They include
the 1,820-m.y.-old Pinto Diorite in the Little
Belt Mountains (Woodward, 1970); the 1,740-
m.y.-old Harney Peak Granite in the Black
Hills, South Dakota (Riley, 1970), the 1,820-
m.y.-old granitic rocks in the southern Medi-

_cine Bow Mountains (Hills and others, 1968)

and the 1,700-m.y.-old Boulder Creek Granite
and related rocks in the Front Range, Colorado
(Peterman and others, 1968). In most of these
areas, the granitic rocks seem to be nearly
synchronous with episodes of medium- and
high-grade regional metamorphism.

The hypothesized-1,300 to 1,500 m.y. ther-

mal event in the Tetons has not been generally

recognized elsewhere in the Wyoming prov-
ince, although mineral ages within this range
do occur in the Black Hills (Aldrich and others,
1958; Zartman and others, 1964). To the
south of the Wyoming province, this interval

includes emplacement of the Sherman Granite

in the Medicine Bow Mountains (Hills and
others, 1968) and the Silver Plume Granite in
the Colorado Front Range (Peterman and
others, 1968).
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Seismic Geyser and Its Bearing on the Origin and Evolution

of Geysers and Hot Springs of Yellowstone National Park

GEORGE D. MARLER Thomton Idaho 83453 '

DONALD E. WHITE U.S. Geologlcal Survey, Menlo Park, Caltforma 94025

ABSTRACT

The ﬁlajor Hebgen Lake earthquake on August 17, 1959, pro-
foundly affected the hot springs and geysers of Yellowstone Na-

.northwest of Upper Geyser Basin, and.its magnitude was 7.1 on the
Richter scale. No earthquake of closely comparable intensity had
‘previously jarred the geyser basins in historic time. By-the day after
‘the earthquake, at least 289 springs in the geyser basins of the
Firehole River had erupted as geysers; of these, 160 were springs
with no previous record of eruption,
New hot ground soon developed in some places or became ap-
parent by the following spring as new fractures in hot spring sinter
" or as linear zones of dead or dying trees. Some new fractures de-
veloped locally into fumaroles, and a few of these evolved into hot
springs or geysers.

One fracture was mspected frequently as it evolved into a

fumarole and, in about 2% yr, into a small geyser. During the next

. few years, it became a very vigorous geyser, now named “Seismic,”
that erupted to heights of 12 to 15 m and explosively excavated a
jagged-walled vent more than 12 m in maximum diameter and
more than 6 m deep. Major ‘eruptions ceased in 1971 when a small
satellite crater formed and then assumed dominance.

The formation and.evolution of Seismic Geyser provide the keys
for understanding the origin of the craters and vents of other gey-
sers and probably also the large smooth-walled nongeysering pools
and springs of the morning glory type that provide no direct evi-
dence of their origin..

Earthquakes, largely localized just outside the Yellowstone cal-
dera, result in violent shaking of the large high-temperature con-
vection systems of the geyser basins. New fractures form in the self-
sealed shallow parts of these systems where high-temperature
watet is confined at pressures much above hydrostatic. As old frac-
tures and permeable channels become sealed by precipitation of
hydrothermal minerals, new channels are provided by the periodic
seismic activity. -

Our explanations for the origin of geyser and hot spring vents
apply specifically to the geyser basins of Yellowstone Park, where
near-surface fluid pressure gradients are commonly 10 to 50 per-
cent above the hydrostatic gradient, and temperature gradients and
thermal energy available for explosive eruption are correspond-
ingly high. The same general explanations seem likely to account
for the origin of geyser tubes and hot spring vents in other less fa-
vored areas where pressures and maXimum temiperatures are lim-
ited by hydrostatic pressures, probably with little or no overpres-
sure being involved. Key words: .geobydrology, geysers, hot
springs, thermal waters, geothermal energy, volcanology,
fumaroles, earthquakes, hydrothermal eriptions.

tional Park. The epicenter of this earthquake was about 48 km .
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‘Lake earthquake, which occurred at 11:37 P.M. on August 17,

1959, with a Richter magnitude of 7. 1. Its epicenter was just west
of the park, about 48 km northwest of the Upper Geyser Basin. No
earthquake of closely comparable intensity had previously jarred
the geyser basins in historic times. A greater number of hydrother-
mal changes occurred in response. to-this crustal disturbance than
during the previous 90 yr of the park’s history (Marler, 1964,
1973).

During the first few days after the earthquake a reconnaissance

" was made of most of the thermal features in the Firehole geyser ba-

sins. Early results.of the survey revealed that at least 289 springs
had erupted as geysers. Of these, 160 were springs with no previous -

record of eruption. Some previously obscure springs had erupted

very powerfully, and large pieces of sinter were strewn about their
craters. g

The beautifully colored and limpid water of hundreds of springs
had become light gray to muddy. An early count revealed that 590
springs had become turbid. During the first few days after the -
earthquake, most springs began 1o clear, but several years passed
before clearing was generally complete.

During the night of the earthquake, all major geysers erupted
that had been recently active, and some that had been dormant for
many years were re]uvenated Several important geysers began to
erupt on shorter intervals, and most of these have persisted in hav-
ing shorter intervals between eruptions. A few geysers soon became
dormant, and some of these are still dormant at the present time
(1974). After varying periods of quiescence of months to years du-
ration, others that temporarily became dormant were rejuvenated.
In .1960, temperature data of all important springs along the
Firehole River showed an average increase of about 3°C above their
pre-earthquake temperatures. By 1964, the average temperature
had declined slightly below the 1960 level. '

One of the important changes in the Firehole geyser basins that

. resulted from the earthquake was the development of new hot

ground. In a few places these hot spots were evident as new frac-
tures that developed in the hot-spring sinter which generally man-
tles the active areas. Most of the less conspicuous hot spots did not
become evident until the spring of 1960 when they were revealed as
linear distributions of dead or dying lodgepole pines, generally
trending northwest toward Hebgen Lake, Twenty-seven such sites

_were counted, most of which were in the Upper and Lower Geyser

Basins. Some fumaroles related to these new fractures later became
the sites of hot springs and geysers. The evolution of one of these
fractures into a fumarole and then into a large geyser (Seismic) has
far-reaching significance in understanding the formation of other
geysers, 'geyser tubes, and hot-spring vents, and is the main subject
of this paper.

Among the thousands of thermal sprmgs in Yellowstone Park

. Seismic Geyser is one of the few that is totally recent in erigin. It is

INTRODUCTION -

The most significant event that has affected the geyser basins of
Yellowstone National Park since its discovery was the Hebgen

not a quiescent or dormant spring that was reactivated but rather is .
one that had its genesis as a direct résult of the earthquake on Au-
gust 17, 1959. The following is a résumé of its development and :
evolutlon durmg its ﬁrst fifteen years of existence.

Geological Society of America Bulletin, v. 86, p. 749-739, 8 figs., June 1975, Doc. no. 50604.
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i o SEISMIC GEYSER AND YELLOWSTONE NATIONAL PARK GEYSERS AND HOT SPRINGS

EVOLUTION OF SEISMIC GEYSER

Within several days dfter the earthquake, two new fractures were
observed in an embankment of old sinter that borders the east bank
- of the Firehole River in Upper Geyser Basin about 550 m south. of

the Biscuit Basin parking area. The fractures were riearly parallel 1o

the river; their orngmal locations, ‘as nearly, as can now be deter-
.mined, are shown in Figure 1. The bredks had a north-northwest

allgnment nearly on. the southeastern extension of the Hebgen

Lake fault, probably reflecting the reglonal stress pattern.. The

break nearest the river was the most conspicuous, being abotit 20

m long. The eastern fracture was about 15 m east of the edge of the

steep declivity to the river and was about 10 m long. Steam was

issuing near the central part of each break. The width of thé upper

(eastern) break near its promineiit steam vent was about 1 cm. Re-

corded temperatures of both the upper and lower fumaroles .wére

about 95°C (but the thermometer had not been standardized). The
fact that steam was escaping under pressure indicates a tempera-
ture above the boiling temperature at this elevation, about 92.9°C.

The upper break traversed an area of densely growing lodgepole

pines that were about 50 yr old. One of the first wagon roads into

the Upper Basin crossed directly over the site of the upper break.

. During the remainder- 6f 1959, the discharge of steam under
sllght -pressure continued unabated from both fumaroles. When
this site was first visited by Marler in the early spring of 1960, not
only was a heavy discharge of steam stlll evident (Fig. 2), but also
the pines over an area of at least 150 m? were either dead or dying.
In addition to the heat that was visibly discharging from the
fimaroles, these dying trees were evidence that new hot ground
had developed, with near-surface temperatures t0o high to be tol-
erated by the vegetative cover.

By the fall of 1960, the evolution of steam from both fumaroles

_had increased in intensity. The shorter break farthest from the river
showed the most pronounced change, and at the point of steam
egress, its width was then about 2%2 cm. By October, its tempera-
ture had risen to 96.1°C, and the ground near this fumaro]e had
stibsided somewhat, suggesting some change in underground con-
ditions. The possibilities seemed excellent for a new spring or
geyser to develop.

During 1961 and 1962, frequent i mspectlons of these steam vents
indicated that the vigor of steam discharged from both fumaroles
was persisting in a manner comparable to that of 1960. During

. both years, it seemed likely that water would start to discharge
from the upper fumarole.

When the site of the fumaroles was first visited in the early spring
of 1963, a major change had taken place: Sometime during the pre-
vious winter, explosive activity had occurred at the site of the upper
fumarole, Where steam previously had been hissing through a nar-
row rift, there was now a large crater. Numerous large blocks of
sinter from 0.3 to 1 m in diameter were strewn about randomly,
bearing evidence that the crater had formed explosively (Fig. 3).
The trees that had formerly been over the site of the crater were
now scattered and prostrate, especially sotith and west of the vent.

The crater was 1.5 to 2 m deep and was elongated perpendicular to

the river, measuring about 2.7 to 4.9 m. Surprisingly, the long axis
was perpendicular to the original break, apparently because of the
angle at which the explosion(s) occurred, from west to east.

During all of 1963, water jets about 1 m high played into the
crater every few seconds; the jets shot at an angle of about 45° from
the west end of the crater. The water drained from the bottom of
the crater immediately after each jetting: Thus, the former fumarole
had evolved into a small geyser.

Further change in the evolution of the new geyser was noted dur- -

ing 1964. The action became more forceful than it was in 1963, but
the eruptions were less frequent. Some of the jets angled eastward
almost the length of the crater, which was then about 4 m long.
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Also, water began to remain in the bottom of the crater between

eruptions. By the end of summer, the water generally stood be-

tween 0.9 and 1.2 m below the rim. The fumarole on the western

fracture along.the steep embankment below the new geyser had
wined in forcefulness and eventually ceased to dlscharge steam as

increased energy was manifésted in the new geyser.

The winter of 1964—1965 resulted in new marked changes in the.
geyser. Sometime prior to April 1965, a new explosion or a series
of explosions occurred near the west end of the crater. Sudden re-
lease of energy had not only greatly enlarged the earlier orifice but
had also torn out obstructions. The water, now discharged in much
greater volume, erupted vertically instead of at an angle.

Yellowstone evidently now had a new geyser of no mean propor-

“tions. Because of the nature of its origin, Marler (1973, p. 53) sug-

gested that it be named ““Seismic.”” During 1963, little change oc-
curred in the nature of its activity. Massive bursts of water rocketed
from the crater every 1 to 3 min. Most of the.bursts were from
about 2 to'6 m high, but oceasxonally, water jetted to a height of
nearly 15 m.

The eruptions increased in vigor in the late winter or spring of
1966 (Figs. 4 and 5). By this time, the diameter of vigorously
washed ground around the geyser was about 21 m, having recenty
incteased to the east by about 3 m. The change was caused by
nearly vertical fall of erupted water on ground not previously af-
fected directly. Broken sinter fragments protected by the tree stump
shown in Figure 5 and by larger fragments were temporarily pre-
served, but all fragments lying on firm sinter closer to the vent had
been swept away. By the fall of 1966 when the area was mapped in
detail (by L.]J.P. Muffler of the U.S. Geol. Survey; Fig. 1), Seismic’s
crater was about 9 by 12 m.

During the years of 1967 through 1969, the pattern of Seismic’s
eruptive activity underwent progressive changes. The length of the
quiet phase between' eruptions slowly increased to about 40 to 50
min. Each eruption was complex, with a duration of about 15 to 20
min, during which 30 or more separate bursts occurred, similar to
the burst shown in Figure 6. The first burst of each sequence explo-
sively broke the surface of the pool, as indicated in Figure 4. The
crater was still slowly being enlarged on its margins.

On several occasions during 1970; Marler spent 2 hr or more at
a time at Seismic to determine the nature of its eruptive pattern,
which seemed to have changed somewhat from that of the three
previous seasons. Each complex eruption consisted of at least three
separate periods of activity, of which the-second was always the
longest, on one occasion lasting.for 19 min. The duration of a

-complex eruption was variable, with extremes from about 19 to 31

Figure 2. Earliest photograph of the fumarole area that later developed
into Seismic Geyser (spring, 1960).



Figure 3. Seismic Geyser after initial eruptions in spring of 1963. ‘Note
large blocks of sinter near the vent, with fine debris absent in splashed area.

min. An unfailing sign of the termination of each complex eruption
was a drop in water level of about 0.35 m in the crater. For com-
parison, during the quiet periods within a complex eruption, the
water stood about 10 ¢cm below the rim. The quiet and eruptive
phases were about equal in duration, with each ranging from about
20 to 30 min. The heights of the 1970 eruptions were similar to
those observed during the 1967-1969 period. The maximum
height was about 12.m or slightly less than the estimated maximum
bursts of the 1965-1966 period; many of the highest bursts came
near the termination of an eruption.

Sometime between late February and late April of 1971, a vent
(now called “Satellite”) developed on the east shoulder of the cra-

ter.-Satellite’s vent, like Seismic’s, resulted from one or more explo-

sions. Sinter fragments were strewn about the small new crater,
which was about 1.8 by 2.4 m when first observed. During the sea-
son, some further enlargement occurred. There was a break of
about 0.6 m in the side next to Seismic, which resulted in the water
of both springs being continuous at the surface.

When first observed in 1971, the water was boiling vigorously in
Satellite’s crater, welling up from 0.6 to 1 m. Steady boiling was
generally characteristic of its pattern throughout the remainder of
the season; but periodically, Satellite erupted, with massive bursts
to a height of about 3'to 3.7 m and occasionally to 6 m. Its erup-

- tions were synchronized with those of Seismic, with both vents
erupting simultaneously. The new geyser’s activity decreased the
vigor of Seismic’s eruptions. However, at times, Selsmlc erupted to
heights as much as 7% to 9 m.

By the spring of 1972, further changes were evident. During the
previous winter of 1971-1972, Satellite’s vent had enlarged to

about 3.7 by 3.7 m, compared with the 1.8 by 2.4 m vent of 1971,

and had become heart shaped. No further change took place in
Seismic’s crater during the 1971-1972 winter, probably because it
had ceased eruptive activity; its crater was then 12.5 m north-

northwest by 13.4 m east-northeast, excluding Satellite’s vent as a_

protuberance on the southeast side. Geyser activity was confined
wholly to Satellite’s vent, while Seismic had become an intermit-
tently overflowing spring.
Intervals between eruptions of the new vent during 1972 ranged
- from 15 to 37 min; each eruption lasted 21 to 31 min and consisted
of either two or three separate periods of spouting. Each eruption
was initiated by a rise in water level of about 20 ¢m in both craters!
During each period of activity, Seismic discharge without boiling at
an estimated rate of about.1,000 Ipm (liters per minute). At times,
Seismic overflowed for a few minutes with no consequent eruption
- of Satellite. Boiling in Satellite was continuous from eruption to

MARLER AND WHITE . ' o oW

eruption, with surges of 0.6 to 1 m between eruptions.’ As each
eruption progressed, massive surges rose from 2 to 3.m high (Fig.
7), with an occasional burst to 6 m. Some eruptions were more
powerful than others. From 30 to 45 m east and southeast of Seis-

" mic, new hot ground had developed klllmg additional lodgepole

pines.

In June 1974, all eruptive act1v1ty was conﬁned to: Satelllte most
commonly surging to heights of about 1 m but with some spurts to
3 m or a little higher. During an eruption, dlscharge at rates esti- -
mated to range from 750 to 4,000 lpm flowed over the sill from

- Satellite into Seismic’s crater, but the net discharge from both vents

(almost éntirely from Seismic) was only 200 to 400 lpm. These rela-
tionships ‘indicate that previously erupted water, probably near

.90°C, was flowing beneath the surface in convective circulation

from Seismic to Satellite and mixing with a small part of new hot
upflowing water.

The duration of observed eruptions of Satellite ranged from 31 -
to 47 min, and the eruption intervals ranged from 49 to 66 min
(data from Roderick Hutchinson, Natl. Park Service). At times, be-
tween eruptions, both pools were quiet (Fig. 8), in striking contrast
to earlier almost constant activity.” Layers of nearly horizontal
sinter were clearly visible in both vents to depths of about 1%2 m;
massive jagged-edged rocks without conspicuous bedding were vis-
ible at greater depths. Within the sinter, individual beds had been
disrupted, with the radius of disruption increasing upward to form

a jagged-walled, funnel-shaped vent.

Seismic’s vent was probed extensively in 1974, but the maximum
accessible depth was 6.6 m, where temperatures ranged from 89.6°
to 95.6°C. Temperatures at the bottom were, in general, slightly
below those'at —3.7 m, where the observed range was 88.9° to
99.0°C. Satellite’s vent was probed to a maximum depth of —3.7
m, where the temperature range was from 94.3° to 97.8°C (temper-
ature data from M. Nathenson, U.S. Geol. Survey). '

INTERCONNECTED THERMAL SPRINGS

Seismic and its satellite vent are evidently connected subterrane-
ously with many other nearby springs as well as the 1959 fumarole
on the river embankment. Hillside Geyser (Fig. 1; Marler, 1973, p.
49) had been very active from 1948 to 1961, w1th some eruptions
as high as 9 m. Eruptions then decreased in intensity and ceased in
1964 as Seismic became more vigorous. As the 1965 season pro-
gressed, Hillside’s water level slowly declined and was 1.0 m below
discharge level when observed in 1966 by L.].P. Muffler (Fig. 1). Its
minimum observed level was —1.2 m in 1970 and, with declining
activity in Seismic and creation of its satellite vent, Hillside’s water
level then rose to —0.6 m in October'of 1972. Observed tempera-
tures in Hillside’s vent were 95°C in 1963 and 75°C in 1970. After
the beginning of Seismic’s major geyser activity, the water levels in
Pulcher and North Pulcher (Fig. 1) dropped quite rapidly at first
arid were 4.3 to 4.6 m below discharge level in 1966. By 1972 their
levels had risen slightly.

Seismic’s indicated underground connection with Hillside Geyser
is not at all surprising, because the initial break in the sinter ex-
tended in the ‘general direction of Hillside (Fig. 1). The fact that
Seismic evidently has underground connections with other hot
springs, several of which were geysers, does not augur well for fu-
ture consistency of performance. Geysers in other groups known to
be connected subterraneously commonly become dormant when -
the thermal energy shifts to one of the related sprmgs (Marler,
1951, 1973).

HISTORIC FORMATION OR ENLARGEMENT
OF OTHER VENTS

-Other less dramatic events recorded by Marler (1973) were
either directly or indirectly related-to the Hebgen Lake earthquake,
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and evolutionary changes were not as diverse or were not
documented at as many stages as for Seismic Geyser.

On the south side'of White Creek about 170 mdirectly south of.
‘Great Fountain Geyser in Lower Basin, one or more violent erup-

tions scattered great quantities of sinter around two existing cra-
ters, probably at the time of or very soon after the 1959 earth-
quake. At some time early in 1960, a new crater formed in Lower
Basin on the eastern shoulder of Honeycomb Geyser in the
Kaleidoscope Group. When first observed, the vent was about 1 by
2.4 m, but it was enlarged to 1.8 by 3.7 m by 1972, and large
blocks were strewn around the crater. As closely as could be deter-
mined by Marler, this vent immediately became an active geyser

that erupted to helghts of 1.5 to 2.4 m; by 1972, the eruptions rose,

to heights of 4%2 10 7% m.

In 1963, about 18 m northwest of Kaleldoscope Geyser, a violent
eruption that may have been a single event scattered scores of
blocks of sinter about a newly créated crater about 3 m in diameter.
The explosmn was directed to the southwest, with a debris ring still
recognizable in 1966 and mapped by White (unpub: data) as much
as 24 m southwest of the vent. In 1972, water nearly filled the new
crater but did not discharge. Also in 1963 two small geysers in Bis-
cuit Basin evolved from earthquake- created fumaroles, with explo-
sions forming the present craters.

At the southern base of a sinter mound on which the cone of
Sponge Geyser is located (Geyser Hill Group of Upper Basin), a vio-
lent eruption in 1969 scattered fragmental sinter about a newly
created crater. Since the initial explosion, occasional geyser erup-
tions from 3 to 4%: m high have further enlarged the crater. In this
same group of springs, two new fumaroles developed soon after the
earthquake, and these were enlarged by explosions. One, named
“Bench Geyser,” is very active and erupts several times dally (1972)
to a height of 1%2 to 2 m. :

Since the earthquake, other explosions have formed craters,
mostly small and in the vicinity of active geysers. One occurred in
1969 on the east shoulder of Spasm Geyser in the Fountain Group,
forming a crater about 1.2 by 1.5 m.

A large explosion that may have occurred in the early 1900s was
responsible for a crater about 15 m in diameter called “Black Opal
Spring” in Biscuit Basin. In 1931 when Marler first observed Black
Opal, large blocks of cemented sandstone were strewn about the
crater. During the winter of 19321933, Frank Childs, a Park
Ranger, reported a powerful eruption from Black Opal that tore
out new sandstone blocks. This eruption was evidently much
smaller than the earlier one(s). The sandstone contains granules of

- rhyolite and obsidian and is similar to the cemented and partly al-

tered drill core from shallow depths in a research drill holé of the
U.S. Geological Survey (White and others, 1975; Y-8, 140 m east-
southeast of Black Opal).

The explosion that created Black Opal’s crater was of considera-
ble magnitude. Since Marler’s first observations in 1931 of the
grear array of sandstone blocks north of the crater, weathering has

* disintegrated most of the smaller blocks, but erupted debris was

recognized in 1966 ( D. E. White, unpub. map) as much as 240 m

north; 180 m west, and 30 m south of Black Opal, thus indicating

explosions directed to the north and west. Some of the blocks near
the crater were as much as 0.6 m thick and 0:9 m in diameter.
Black Opal Pool is immediately east of Wall Pool, and the two

-pools are separated by a narrow septum of cemented gravel. Wall-

Pool is a spring about 9 to 18 m wide.and 58 m long, elongated
northwest. This'vent probably also formed by explosions that may
have occurred concurrently with those of Black Opal. The southern
edge of Wall Pool’s crater is vertical and consists of abruptly termi-
nated horizontal laminated sinter. The evidence for historic explo-
sions from both vents is indirect- Hague’s detailed map of Upper

_Basin (Hague, 1904, sheet XXIV) does not show either of these two
prominent pools in spite of the fact that the wagon road to the Bis-

cuit Basin group was only 15 m to the south, and a discharge

Figure 4. Explosive burst just breaking surface pool of Seismic Geyser

" with water level below level of discharge (May 30, 1966).

stream from Sapphire Geyser was mapped across the middle of .
Wall’s present location. Could Hague have missed these prominent
features, was there a major cartographic error, or did the craters
form w1thm the next 30 yr but were not recorded? The almost total
absence of reliable records from 1904 to 1931 (Marler, 1973) pre-
clude resolution of these questlons but we favor the latter explana—
tion. .

_ Similar evidence suggests that the vent of West Flood Geyser in
the Midway Geyser Basin formed by explosive activity sometime
after 1904 and was enlarged before 1940 (Marler, 1973, p. 389).
Hague's detailed map of Midway (1904, sheet. XXIII) shows no
ventin West Flood’s present location. The crater is about 9 by 10%
m in diameter and was formed in cemented gravels overlain by
sinter. Large blocks or slabs of cemented gravel in the crater indi-
cate enlargement over the years due to undermmmg of the crater’s
walls by explosive eruptive activity.

SEISMIC .ACTIVITY IN AND
NEAR YELLOWSTONE PARK

Historic Record

Since the discovery of Yellowstone . Park, earthquakes of
sufficient.intensity to be recognized have occurred rather frequently
with occasional reports of rattling dishes, swinging lamps, and
creaking buildings. The earliest réport of an earthquake in the Yel-

lowstone country was by the first scientific expedmon to the area
(Hayden, 1872, p. 82): :

While we were encamped on the northwest side of (Yellowstone)
lake, near Steamboat Point, on the night of the 20th of July (1871),
we experienced several severe shocks of an earthquake, and these .
were felt by two other parties, fifteen or twenty-five miles distant,
on different sides of the lake. We were informed by mountain men

_that these earthquake shocks are not uncommon, and at some sea-

sons of the year severe, and this fact is given by the Indians, as the

- reason why they seldom or never visit that portion of the country. 1

have no doubt that if this part of the country should ever be settled
and careful observations made, it will be found that earthquake
shocks are of Very‘common occurrence.

One of the partles to whlch Hayden refers as bemg camped 24 to
40 km distant (Barlow, 1872, p. 38—39) reported: “We experi-
enced last night the singular sensation of an earthquake. There
were two shocks, the first one being quite severe accompamcd by a
rumbling .and rushmg sound.”

After the 1959 earthquake, the National Park Service, in co-
operation with the U.S. Geological Survey, installed three seismo-



Figure 5. Border of splashed area very recently enlarged to 7.6 m east of
vent. Loose debris under tree stump' and large sinter fragments protected
from nearly vertical fall of water (May 30, 1966)

graphs in the park. One was also set up at Hebgen Lake. According
to Keefer (1972, p. 87) seismographs record an average of about
five shocks daily in and around the park; on rare occasions, they
may record ‘100 or more in a single day. Most events are so slight
that they cannot be felt by man; but occasionally strong earth-
quakes occur, such as that of August 17, 1959.

Seismic records indicate that on an average of about once in ten
years, a strong earthquake occurs in the states adjoining Yellow-

stone, particularly in Montana, The last strong earthquake prior to

August 17, 1959, was on November 23, 1947. Although.neither
the 1947 earthquake nor any earlier historical one was sufficiently
intense to produce major hydrothermal changes, some of the evi-
dent changes in hot-spring functioning that have occurred over the

centuries aré probably associatéd with strong seismic activity. The -

Hebgen Lake earthquake, far from being the only incident to
markedly affect the geyser basins, was no doubt preceded by many
earthquakes of equal or greater intensity during the past millenia.

Microearthquake monitoring of the park in recent years by the
U.S. Geological Survey and by the University of Utah has revealed a
pattern of frequent small events that tend to be localized im-
mediately outside of the Yellowstone caldera but rarely occur in-
side the caldera (A. M. Pitt, D. P. Hill, H. M. Iyer, R. B. Smith,
1973, 1974, personal communs.). The active belt extends eastward
from Hebgen Lake to Norris Basin and thence eastward adjacent to
the caldera rim as mapped by Christiansen and Blank -(1975;
Keefer, 1972, Fig.-35). Thus, of the major geyser basins, only Nor-
ris is near the most active seismic belt; Shoshone, the major
Firehole geyser basins, and West Thumb are all within the rela-
tively inactive caldera.

Prehistoric Geologic Record

Recent geologic mapping in Yellowstone Park (U.S. Geol. Sur-
vey, 1972b; Christiansen and Blank, 1973) indicated extensive
faulting associated with the eruption of ash-flow tuffs and collapse
of the double-centered Yellowstone caldera about 600,000 yr ago.
The caldera ring faults approximately underlie the Firchole geyser
basins and seem likely to provide the deep controls over circulation
of thermal fluids. Extensive faulting was also associated with the
resurgent Mallard Lake and Sour Creek domes near the two centers
of the double caldera abouit 150,000 yr ago. Nearly all recogniza-
ble fault scarps inside the caldera are localized within or between
these two resurgent domes (R. L. Christiansen, 1974, oral com-
mun.). A very few faults near the margins of Yellowstone Lake cut
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glacial and alluvial deposits that are less than 150,000 yr old, but
other young fault scarps are scarce throughour most of the caldera
and, specifically, in or near the major Firehole geyser basins. The
steep margins of the geyser basins are the fronts of very viscous
thick rhyolite lava flows that range from about 90 to 160 thousand
years old and are not fault scarps. Thus, the present-day relatively
low level of seismicity within the caldera also seems to have charac-
terized this area for the past 150,000 yr.

-However, this evidence indicates only that fault displacements
and hypocenters of earthquakeés seldom occur within the caldera.
The geyser basins have without doubt been subjected frequently to
seismic shaking from activity outside the caldera, just as in the
1959 Hebgen Lake carthquake. Many springs and geysers in the
geyser basins are aligned on the northeast-, northwest-, and notth-
striking trends that agree with regional tectonic patterns. Local
alignments, probably controlled by fractures, have been recognized
for many years by Marler (1964, 1973), and many are shown on

" detailed maps of the geyser basins (L.].P. Mufflér, R. O. Fournier,

A. H. Truesdell, and D. E. White, unpub. data). Some of these may
be locally controlled, but most aré consistent with regional stress
patterns. '

Specific fracture- controlled vents that can be cited as examples
include Old Faithful Geyser, Fan and Spiteful Geysers, the Chain
Lake group of vents southeast of Morning Glory Pool, and the
Three Sisters in the Myriad Group, all of Upper Basin. Two lines of
vents and visible fractures west and northwest of Clepsydra Geyser
of the Fountain Group and four distinct lines of vents between
Gentian Pool and Deep Blue Geyser of the Kaleidoscope Group of
Lower Basin are also examples.

GENERAL CHARACTERISTICS OF HIGH-TEMPERATURE
GEYSER-BEARING CONVECTION SYSTEMS

Many advances have been made in the past 25 yr in understand-
ing the large high-temperature convection systems of the world that

-are associated with natural geysers. Much of this new understand-

ing has resulted from deep drilling for geothermal energy, but a
significant partis from general scientific study and research drilling.
Wells drilled .in a few geothermal areas .produce dry or
superheated steam with little or no associated liquid water (Lar-
derello, Iraly; The Geysers, California, with no true geysers; and
the Mud Volcano area of Yellowstone)..Such areas have been
called ° vapor-dommated” (White and others, 1971). ,

With only a few exceptions such as the above, most geothermal
areas are dominated by liquid water; including all drilled areas that
have natural geysers. In such areas, temperatures generally increase
rapidly with depth in drill holes and are close to the temperatures
of boiling at existing water pressures. At some depth and tempera-
ture characteristic of each particular system (if drilled deep
enough), temperatures level off and show lirtle further increase
within explored depths (the base temperature of Bodvarsson,
1964). White (1967) listed the maximum temperatures found in 19
drilled areas then thought to have natural geysers. All except five
had temperatures above 180°C; of these five, three are now known
to have intermitcently erupting - hot-water wells bit no natural
geysers. Deeper drlllmg in a fourth (Bradys, Nevada) yielded tem--
peratures as high as 215°C (White, 1970).

Subsurface temperatures, either indicated by the silica geother-
mometer (Fournier and Rowe, 1966; Fournier and Truesdell,
1970) or measured in wells in areas of natural geysers (White,
1970, Table 4) have added Rotorua, New Zealand (~230°C),
Uzon-Geyzerny, Kamchatka, USSR (~200°C) and El Tatio, Chile
(>200°C) to White’s earlier list of geyser areas with temperatures
above 180°C. Siliceous sinter is also characterisnc of geyser-areas,
and its presence indicates subsurface temperatures in excess of
180°C, either now or in the past (White, 1970). _ :

The highest temperatures tend to occur within the central core of
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each system, surrounded by zones ‘of lower temperature (Elder,
1965). The distribution" patterns of temperature demand active
convection with hot water rising in the core of each system because
of thermal expansion, and with descending cold water in other
-parts of the total system. Few details are actually known about the
descending cold parts of these systems, but light stable isotopes

have proved an -overwhelming dominance of water of surface .

origin in the thermal waters. In general, at least 95 percent of the
water is of such origin, with no positively identified water of mag-
matic or other deep origin (Craig, 1963; White, 1970).

. The geyser-bearing convection systems are large and deep —

much deeper than had been assumed prior to geothermal explora-.

tion. Most known geyser arcas have now been drilled to dépths
from 610 m to more than 2,400 m with no evidence that the base of
meteoric convective c1rculat1on was attained in any of them (White,
1970y,
These high-temperature convection systems tend to fill their out-

let channels and pore spaces in adjacent rocks by depositing silica .

minerals, zeolites, calcite, and other minerals (White and others,
1975) as temperatures decrease upward and as mineral solubilities

decrease (calcite because of i increasing pH with'loss of CO; as boil-

ing oceurs) The resultant decrease in permeablllty is called ““self-
sealing.”

SUMMARY OF SUBSURFACE CHARACTERISTICS
OF YELLOWSTONES GEYSER BASINS

The temperature and pressure gradrents in the upper few

hundred feet of Yellowstone’s geyser basins provide the basis for -

understanding how and why new vents form; these data also help
to explain why Yellowstone Park has the greatest display of geysers
and other hydrothermal phenomena in the world

Two research holes were drilled in Yellowstone Park by the Car-’

negie Institution of Washington in 1929 and 1930 (Fenner, 1936),
and thirteen holes were drilled by the U.S. Geological Survey in
1967 and 1968 (White and others, 1975). Depths of the holes
range from 65.5 m to-331.6 m, and maximum measured tempera-

tures in the 13 holes (excluding one in the travertine terrace of |

Mammoth) range from 143° to 237.5°C. Nine of the thirteen holes
artained 180°C or higher, and the four of lowest temperature were
either shallow or were drilled on the margins of upflowing systems.
Most holes were drilled in rocks of initial high permeability, but
permeabilities have decreased greatly from deposition of hydro-
thermal minerals'in fractures and pore spaces.

The depth to the water table ranged from 0.3 m to 8.8 m below
ground depending on local relationships of drill holes to nearby
springs and topography. As drilling progressed, the standing level
of water in each hole rose to the ground surface and then attained
positive pressures (in capped holes) thai ranged up to an equivalent
" level of 65.5 m above ground! The excess pressure gradients above
simple hydrostatic exceeded 10 percent for all holes except one,
and the gradient in one hole exceeded hydrostatic by 47 percent!

The very high near-surface fluid pressure gradients in rocks of
initial high permeability imply that self-sealing has been extensive
(but not complete). Water leaks through any available permeable
channels, generally into near-surface rocks or sediments of some-
what higher permeability. In the geyser basins of Yellowstone Park,
the greatest tendency .for self-sealing occurs in the temperature

range from about 125° to 180°C. Sinter, sands, and gravels near the

basin floors where' temperatures are below 100°C are generally
porous and only partly cemented and hydrothermally altered.
Thus, the high-pressure fluids probably flow upward in a few prin-
cipal channels through the nearly self-sealed zone to the near-
surface, where increasing permcabrhty in channel walls then per-
mits the escape of some water into adjacent ground w1th lower
fluid pressures.

The relat1onsh1ps just described help to explain the otherwrse

SEISMIC GEYSER AND YELLOWSTONE NATIONAL PARK GEYSERS AND HOT SPRINGS

D A

755

Figure 6. Bursting eruption of Seismic Geyser (August 1968).

puzzling occurrence of adjacent springs discharging at different al-
titudes; of-discharging springs located adjacent to nondischarging
vents of lower altitude; and the fact that the water table, as first
identified in drill holes, is generally lower in altrtude than nearby

. discharging springs.

The drill cores also show.that- much of the floor of Upper Basm is
underlain by stream-deposited silt, sand, and gravel ranging in
thickness from more than 61 m in the southern part of the basin to
about 53 m in the northern part (Biscuit Basin). These sediments
were deposited rapidly as kames adjacent to the margins of glaciers
of Pinédale stage (U.S. Geol. Survey, 1972a). Bedrock is shallow,
however, along much of the'northeastern side of Upper Basin and
crops ‘out in places (Christiansen and Blank, 1975; L.].P. Muffler

and others, unpub. data). The depth of stream sediments under -

Seismic Geyser is not.known but is probably less than the 52 to 55
m found in the two Biscuit Basin drill holes about 550 m to the
north.

HYPOTHESIZED EVOLUVTION OF HYDROTHERMAL
ACTIVITY IN UPPER BASIN

No evidence has been found for pre-Pinedale hydrothermal activ-
ity in Upper Basin, although such activity seems likely in-viéw of
evidence for its existence in Lower Basin and Norris Basin (L.].P.

- Mulffler and-others, unpub. data). Relatively well-sorted sands and
“gravels of early or middle Pinedale stages (U.S. Geol. Survey,

1972a) were deposited in Upper Basin by streams adjacent to melt-
ing ice. The core from four research drill holes in the basin shows
no break in the hydrothermal record from the underlying lava
flows up through the entire sequence of stream sediments. Hot-
spring deposits generally overlie the sediments but are absent
within or below. the sediments; soil zones and organic matter also
seem to be absent in the drill core. Thus, regardless of the possibil-

+ity of early unrecognized hydrothermal activity in Upper Basin, the )

sedimentary fill within the basin seems to have evolved as if in re-
sponse to-a single period of thermal perturbation that is still con-

tinuing. The following model of evolution of activity is based on .

this assumption.

When thermal waters: ﬁrst flowed upward into the newly depos-
ited permeable basin sediments, vigorous convection arid mixing
with cold ground warters from the surrounding area must have oc-
curred. Fluid pressures in these sediments must have been hydro-
statically controlled, and temperatures, because of mixing and con-
vection, ‘were probably much below the reference boiling-.
temperature curve except perhaps locally in upflow currents near
the water table. With time, however, permeability decreased drasti-
cally as a result of ‘deposition of hydrothermal minerals and con-
version of abundant obsidian granules into zeolites, partly devit-
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rifying in place but also dissolving and redepositing (with silica
minerals) in pore spaces (Honda and Muffler, 1970; unpub. data
on other drill holes). In some sediments, porosity did not decrease
as much as permeability; in others, both’ porosuy and permeability
decreased greatly. .

In consequence of these changes the ease of upflow of thermal
fluids decreased with time as impedances were’ imposed. Convec-
tive circulation within the sediment pile must have become more
and more constricted, and fluid overpressures only then could start
to develop. With time, thermal water started to discharge over var-
ious parts of the sediment-filled basin with decreasing regard for
differences in surface altitude, in contrast to former outlets that
presumably were localized at low altitudes adjacent to streams.
Temperatures could then generally increase within the sediments,
at first approximately up to the reference boiling-temperature curve
(which assumes a water table at ground level) and then locally ex-
ceeding the curve as water overpressures started to develop. Direct
inflow of cold water from the valley floor and surrounding terrain
gradually decreased as fluid overpressures developed to exclude
such water. Important consequences' of these changes were that,
with time, boiling temperatures at points of discharge became more
characteristic, and the SiO, contentis of discharged waters increased
because of rapld cooling from higher temperatures and also be-
cause of decreased dilution by cold water. Broad shields of nearly
horizontal sinter were deposited around centers of discharge. Gey-
sers, or at least large geysers, were not yet characteristic because the
underlying stream sediments were not yet thoroughly cemented
and average permeabilities were still too high. The broad sinter
shields were probably not strictly contemporaneous with each

other but probably developed at different rates and at different’

times. It is significant that parts of Upper Basin, as in the western
part of the area shown in Figure 1, are still floored by these streamn
sediments, considered to be of the same general age but not yet hav-
ing undergone any of the described changes. The northern Biscuit
Basin drill hole (Y-7) is in the less-cemented outer border of such an
area; its vertical water-pressure gradient is only about 1 percent
above hydrostatic, in contrast to a pressure gradient nearly 30 per-
cent above hydrostatic in the second Biscuit Basin drill hole (Y-8)
only 150 m to the south and 550 m north of Seismic Geyser (White
and others, 1975).

The response to the formation of a new fracture in an overpres-

sured environment is best illustrated by the dara provided here for

Seismic Geyser and other comparable features. In contrast, a new
fracture in bedrock lavas overlain by permeable gravel outside of
an overpressured area probably would not be récognized, and it
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Figure 7. Satellite vent eruptmg, with Seismic Geyser’s pool in back-
ground (August 1972) B
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could not evolve immediately into either a fumarole or a new
geyser. '

The evolution of activity in the parts of Upper Basin where bed-.’

rock either crops out or is at shallow depth, as from Old Faithful
northwestward to Artemesia Geyser (300 m southeast of Seismic;
Fig. 1)is less predictable. Similar stages of self-sealing, develop-
ment of high near-surface overpressures, and exclusion of abun-
.dant cold meteoric water were probably necessary before sinter
shields and then major geysers could form, but these stages in
evolution may already have occurred in the bedrock lava flows be-
fore the stream sediments were deposited in Upper Basin. At least
in favorable places the rate of evolution to major geysers was prob-
ably much faster than in areas underlain by deep permeable stream
sediments. In fact; the localization of major geysers along the
northeast side of Upper Basin may be related to shallower depths to
competent bedrock.

EVOLUTION OF VENTS FORMED BY
SEISMIC DISTURBANCE OF AN

- OVERPRESSURED HYDROTHERMAL SYSTEM .

A high-temperature hydrothermal system characterized by near-
surface pressure gradients 10 to 50 percent above the simple hy-
‘drostatic gradlenkt has subsurface temperatures that may be much
above the reference boiling-temperature curve (Honda and
Muffler, 1970; White and others; 1975). The seismic response of
such a system evidently differs greatly from place to place. Some
responses are nearly instantaneous, but others evolve slowly over a
period of years. Most previously existing spring vents, sufficient-
ly disturbed in 1959 to permit increased discharge from the over-
pressured -system, erupted immediately as geysers. A few vents,
such as that of Clepsydra in the Fountain Group of Lower Basin,
evidently tapped one or more deep aquifers that were sufficiently
high in permeability to maintain continuous discharge, much like a
continuously erupting geothermal well.

The new fractures formed by the 1959 earthquake provided new
channels for escape of thermal fluids from the overpressured sys-
tems. Some_new fractures were immediately conspicuous, such as
the one that evolved into Seismic. Others did not become promi-
nent untl enough thermal fluid had escaped to produce near-
surface ground temperatures that were too high for pine trees to
tolerate. How are these delayed reactions best explained?

A new fracture first permits the upflow of some fluid and heat at
a locus where near-surface températures were formerly controlled
by conductive gradients, as in the shallow parts of most of the re-
search drill holes in Yellowstone (White and others, 1975). As a
consequence of the new upflow, temperatures rise, and if liquid ac-
companies steam, the added supply of water raises the local water

‘table, eventually to the surface if surrounding ground is not very

permeable. The vent then changes from a fumarole to a spring, a
perpetual spouter, or a geyser.!

Thie historic record of development of vents suggests that some
may form ‘as results of single explosions but that others evolve
gradually from a continuing series of eruptions of increasing vigor.
The single explosions (or a closely spaced flurry. of explosions) are
similar to (but much smaller in scale than) the major hydrothermal
explosions that océurred in 1951 in northeastern California
(White, 1955) and that formed Pocket Basin in Lower Basin

1A perpetual spouter (also called a “steady geyser” in Yellowstone) forms where

- high-temperature water flows up a channel of restricted dimensions and where a local

reservoir is absent; the rate of total mass discharge of water and steam (but with pro-

, portion of steam increasing upward) is nearly constant, equaling the rate of supply

from depth. Wherever a vent is large enough and a local reservoir can form (by proc-
esses to be described), discharge tends to become intermittent with rates during erup-
tion exceeding the rate of supply from depth. An interval of repose, with both fluids
and heat being supplied from depth are essential before the geyser can erupt again
(White, 1967).
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{Muffler and others, 1971). All of these explosions, as well as
geyser eruptions, derive their energy from hot water at initial tem-

peratures much above surface boiling, permissible where pressures ’

are higher than atmospheric. Single explosions are especially likely
to occur where near-surface fluid pressure gradients are much
above hydrostatic and locally exceed the lithostatic gradient.
"The explosions are not simple steam explosions resulting from
rapid expansion of stéam decompressing from an initial high pres-
sure to a lower pressure. Instead, they are caused by the thermal
energy contained in liquid water at temperatures above the new
boiling temperature at the new decompression pressure; this extra
thermal energy is utilized to convert part of the water to steam.

White {1955, p. 1124) calculated that one volume of water decom- .

pressing from a témperature of 200°C and 225 psia (pounds per
square inch, absolute or '15.82 kg/cm?),
spheric pressure assumed) increases its initial volume by 278 times
as 19.2 percent of the original water is converted into low-density
steam.

If this expansnon were contained in a vent of constant diameter,
such as a well casing, a mass unit of liquid water ﬂowmg upward
and flashirig to a mixture of water and steam must increase in ve-
locity by 278 times, assuming equilibrium ar ground level and ar-
mospheric pressure. Instead, in natural vents, the rising column ap-
proaching the free face (ground surface) tends to expand horizon-
tally by enlarging its channel as well as to increase. in veloc1ty up-

_ ward.

The water 1mmedlately involved in formmg new geyser vents is
likely to be supplied relatively near the surface where deep temper-
atures of 200°C or more have already decreased to the general
range of 150° to 125°C. Corresponding volume increases of water
when flashed from 150° or 125°C to mixtures of water and steam
at atmospheric pressure (calculated to 100°C or sea-level boiling
rather than 92.9°C for surface boiling in Upper Basin) are approx-

“imately 145 and 75 times the initial volumes, respectively. This
large increase in volume of a given mass of fluids as the ground sur-
face is approached, along with decreasing cementation of sinter
and sediments upward, explains the general tendency for the up-
ward flaring of vents.

Other relationships help to explain the enlargement of deep
channels and the increasing volume of the immediate reservoir of
an evolving geyser. When' an eruption occurs and water is dis-
charged faster than its rate of supply through narrow fractres
from the overpressured environment at depth, the local reservoir
becomes depleted, with consequent decreases in fluid pressures.
Liquid in pores in adjacent sinter and cemented sediments is then
exposed to lower fluid pressures and consequently lower tempera-
tures of boiling than immediately priof to eruption. The pore water
thus tends to flash into steam, with additional heat being supplied
by the rocks. If permeabilities are low enough, the high fluid pres-
sures within the pores cannot be relieved rapidly, and pressure gra-
dients? may be sufficiently high to break and disrupt the rocks.

For.the most part, channels are widened and cavities are created
and enldrged in the less competent layers of rock where initial
porosity or degree of fracturing is greatest. Especially subject to
disruption are the less thoroughly cemented beds of sediments. As a
consequence of such enlargements the magmtude and vigor of

eruptlon of a geyser can increase as its local reservoir increases with

time. .
. Each explosion that ejects fragments tends to clear and enlarge

% Pressure gradients locally may greatly exceed the lithostatic gradient in channels
that feed directly from a highly overpressured environment into the local reservoir of a

geyser; the water in this local reservoir is in direct contact with the atmosphere, and

pressures are therefore controlled by a hydrostatic gradient down to the feeding chan-
nels. In and near these channels where pressure gradients'may be extremely high, the
tendency for enlargement during and immediately after an eruption is great and can
be resisted only by hard competent rocks that are not intimately fractured.

to .100°C (sea-level atmo-
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the channel near the surface as well as at depth, thus increasing the
rate of discharge and also the average heat content of the escaping
fluids as a smaller proportion is lost by conduction. Eventually,
however, a vent attains some maximum surface diameter and
deep-channel dimensions. This attainment of stabtlity probably oc-
curs when dimensions become so large and remaining constrictions
are so limited that convection within the reservoir becomes com-
pletely dominant. The excess energy contained in the very hot re-
charging water from depth can then be lost by steady-state proc-
esses, including surface evaporation from hot pools, the rise of in-
dividual steam bubbles, near-surface boiling, and conductive loss
of heat from the channels to cooler adjacent rocks. Dominance of
these mechanisms is probably also fostered by deposition of silica .
and other minerals in the deep channels, now no longer subjected
to the extreme pressure gradlents resulting from eruption and res-
ervoir depletion,

New fractures that develop in bedrock lava ﬂows competent
sinter, and thoroughly cemented gravels with large heavy interlock-
ing blocks may commonly evolve into cone geysers with near-
surface vents and tubes of relatively small diameter. In contrast,
where an evolving geyser of increasing vigor can fragment and eject
near-surface incompetent rocks, an upward-flaring vent and a
geyser with fountain-type activity are the normal-consequences.

EXPLOSIVE. ORIGIN FOR ALL GEYSER VENTS

The known craters that resulted from the disruption and ejection
of near-surface sinter and cemented sediments suggest a similar ex-
planation for all of Yellowstone’s spring and geyser vents. Like
Seismic’s crater and other similar craters of recent origin, jagged
ledges of sinter and sediments in the crater walls bear mute evi-
dence that powerful eruptions were responsible for the origin of
such vents. The vents of the following well-known springs are typi-
cal examples: in the Upper Basin, Oblong Geyser, Rainbow Pool,
Emerald Pool, Green Spring, Artemesia Geyser, Cauliflower Gey-
ser, and Sapphire Pool; in the Lower Basin; Celestine Pool, Silex
Spring, Fountain Geyser, Gentian Pool, and Diamond Spring.

Our hypothesis of explosive origin of geyser vents is especially
attractive for Yellowstone’s-geyser basins where fluid-pressure gra-
dients are commonly 10 to nearly 50 percent above the hydrostatic
gradient and very high temperatures are correspondingly closer to

Figure 8. View southeastward across vent of Seismic Geyser toward
Satellite’s vent during a quiet interval between eruptions. Individual beds of
sinter are visible; each bed was originally continuous but was fragmented as
the geyser increased in vigor. The vent flares upward, probably as.a conse-
quence of increasing volume of an erupting two-phase mixture as pressure
decreases upward (June 16, 1974).
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the surface. A similar explosive origin of vents is also indicated in
other less favored geyser areas where pressure and temperature
gradients are probably not so high. .

_If geyser craters are generally formed by hydrothermal explo-
sions, why then are rock fragments not found around most of
them? This question was consideted by Allen and Day (1935, p.

RENE Three examples of known explosions that ejected great quan-
tities of disrupted rock illustrate how rapidly the surface evidence is
obliterated.

The sundered rock is most-commonly hot-spring sinter or partly
cemented stream sediments that are porous and dlsmtegrate rapidly
when exposed to weathering and especially to frost action.-Less
commonly, the ejected fragments are either dense sinter _or
thoroughly cemented sediments that do not disintegrate casily.
During the 1957 and 1958 seasons, unusually powerful eruptions
of Link Geyser in the Chain Lake Group of Upper Basin tore a
score or more of large blocks of sinter from its crater walls. Some of
these blocks were fully 1 miin diameter and were deposited 4Y to'6
m away from the vent (Marler, 1973, p. 88-92). Ten years later, all

of these blocks had dlsappeared and no direct evidence exists -

today.

Four days after the 1959 earthquake Sapphire Pool of Blscult
Basin became one of the park’s most powerful geysers-(Marler,
1973, p. 26—34) with eruptions up to 45 m’high and jetting to
widths of as much as 75 m. With diminishing frequency, the mam-
~ moth eruptions continued through 1960 and 1961, and the geyser

then declined in force and power. Due to the explosive nature of

the major eruptions, the crater nearly doubled in surface diameter.

Layers of sinter 0.2 to 1 m thick, including most of the ornate fring:
' ing “biscuits,” were torn from the shallow borders of the original

vent, thus increasing the upward-flaring of its margins, as discussed
for Seismic’s vent. The great deluge of water from each major erup-
tion, estimated to weigh about 50 tons, washed the broken sinter
fragmenfs 18 to 30 m away from the crater and formed an encir-
cling wall about 1 m high. Two large deltas of sinter fragments
formed in the Firehole River to the south and east, The clastic rim
was still sharp and easily recognized when mapped in detail by
White in 1966 (unpub. data) but by 1974 was evident only when
specifically sought.

Excelsior Geyser of Mldway Basin was one of the'most powerful
geysers in the park and is now the most copiously flowing thermal
spring (Marler, 1973, p. 367-368). Its huge crater is 45 to 75 m
wide and 107 m long and elongated to the northeast; it clearly was
formed by explosions, The crater walls rise almost vertically as
much as 4 m above the water level of the spring. These walls, which
encircle Excelsior on all sides except onthe northeast near the
Firchole River, consist of thinly laminated sinter that was probably
deposited by Grand Prismatic Spring over a period of many cen-
turies. ‘These sinter deposits rise unchanged in character through
the 4-m-thick section visible in Excelsior’s southwest crater wall.
Excelsior’s crater abruptly terminates these beds and thus is of
comparatively recent origin. Further, observational data indicate
enlargement of the crater to its present dimensions in .the early.

years after the park was established. Colonel F. P. Norris (1881, p.

60), then superintendent of Yellowstone Park, described an erup-
tion of Excelsior in 1878:

Crossing the river above the geyser and hitching my horse, with
bewildering astonishment I beheld the outlet at least tripled in size,
and a furious rorrent of hot warer escaping from the pool, which
was shrouded in steam, greatly hiding its spasmodic foamings. The
pool was considerably enlarged, its immediate borders swept en-
_tirely clear of all movable rock, enough of which had been hurled
or forced back to form a rldge from knee to breast high at a dis-
tance of from 20 to 50 feet from the ragged edge of the yawning
chasm

MARLER AND WHITE

Excelsior was not known to erupt dgain until 1881 when much .
eruptive activity was observed. In reference to the power of the

“eruptions and the discharge of rocks, Norris (1881, p. 61) stated,

“During much of the summer the eruptions were simply incredible, .
elevating to heights of 100 to 300 feet sufficient water to render the
rapid Firehole River nearly 100 yards wide, a foaming torrent of
steaming hot water, and hurling rocks from 1 to 100 pounds
weight, like those of an exploded mine, over surrounding acres.”

Today, 90 vr after the great discharge of sinter “knee to breast -
high,” not a shred of direct evidence remains that solid matter ever
was disgorged from Excelsior’s crater. .

SPECULATIONS ON THE ORIGIN OF
HOT-SPRING VENTS NOT KNOWN
TO HAVE ERUPTED AS GEYSERS

The geyser basins contain hundreds of vents that lack direct evi-
dence of their origin. The smooth upward-flaring margins of Morn-
ing Glory’s classic vent in Upper Basin are characteristc of many of
these, ranging from a few feet in diameter up to the magnificent
symmetrical funnel of Grand Prismatic Spring in Midway Basin,
which is about 180 m in diameter. The internal structures of the-
vents are largely concealed by deposits of sinter, algae, and silica

" gel, at least partly in layers parallel to the borders of the funnels.

Fracture-bounded blocks and irregular surfaces, such as are visible
in-the vents of Seismic (Fig. 8), Excelsior, West Flood, and Ar-
temesia, are generally absént. Can'small pools and vents evolve into
large- diameter pools by some nonviolent process such as an
upward-flaring deposition of scores or hundreds of feet of sinter?
Or have these vents formed explosively by Seismic’s general

‘mechanism, followed by evolution from rough-walled geyser vents

to quietly discharging smooth-walled pools and eventually to'inac-
tive vents as maximum dimensions are first attained and then as
self-sealing of channels becomes significant. In our opinion, the
evidence is indirectly but strongly in favor of the second
mechanism. .

The broad terraces of sinter in. genéral exténd only to depths on
the order of 1% to 5 m but most of the large morning glory vents
extend down into underlymg rocks. Six of Yellowstone’s research

. drill holes were collared in hot-spring sinter, and these, with only

one exception, penetrated only 1.5 to 3.5 m of sinter. The single
‘exception, near Hot Lake in Lower Basin, penetrated alternating
sinter and hot-spring travertine to 10.0 m, with travertine being
dominant (but rare elsewhere in the geyser basins). The depth of
vertical penetration of large funnels such as that of Grand Prismatic
is not known, but the intense blue color of this pool suggests a
depth of scores of feet. Smaller flaring funnels have been probed to
depths as much as 11 m, and others no doubt penetrate deeply into
cemented stream sedlments and perhaps into underlying -volcanic
rocks. The nearly vertical throats of these funnels could not have
been maintained in these stream sediments prior to their
lithification.

A jagged-edged, exploswely formed geyser vent probably evolves
into a smooth-walled hot spring funnel as silica is deposited on the
margins; the rate and temperature of discharge from the vent de-
crease with time as a consequence of self-sealing. The jagged near-
surface borders, initially showing a clear sequence of sinter overly-
ing cemented stream sediments or a lava. flow, are eventually con-
cealed by deposits of new sinter, algae, and silica gel.

Most hot spring vents, especially those that flare upward in
geyser areas, probably involve the disruption and violent ejection
of previously existing competent rocks. This mechanism of explo-
sive ejection also helps to explain the nearly vertical tubes that
characterize the throats of most geysers. Such openings must have
formed mechamcally and were not inherited from previously exist-
ing rocks. : :

a—



CONCLUSIONS

The ev1dence suggests that the great ma]orlty and perhaps all
vents in geyser areas were formed by mechanical enlargement of in-
itial narfow channels. Inthe geyser basins of the Firehole River, the
evidence is convincing that many hot springs started as fractures in
older sinter. These rifts or breaks resulted largely and perhaps en-
tirely from seismic shaking and fracturing of hydrothermal systems

characterized by fluid pressures much above hydrostatic but below -

the lithostatic gradient. The epicenters of the earthquakes were
largely outside the Yellowstone caldera, and appreciable fault dis-
placements in the 'geyser basins were rarely if ever involved. Ini gen-
eral, geyser craters evolved from fractures by repeated explosive

decompressmn of hot water at local temperaturés as high as 150°C .

and pressures at least as high as 4.85 kglcm?2 Pressure gradients
locally exceeded the lithostatic gradient, thus favoring the disrup-
tion, fragmentatron and ejection of rocks, thereby enlarging flow
channels and i mcreasmg the volumes of individual local geyser res-
ervoirs.

We suggest that cone-type geysers tend to form where near-

surfdce rocks are competent and not easily fragmented and that .

fountain-type geysers with upward-flaiing funnels tend to form
where the near-surface rocks are easily broken and can be ejected.
Some effects of the 1959 earthquake include new breaks, many
but not all of which show the same riorthwest-trending alignment
as do many of the earlier breaks. These breaks provide evidence
that earthquakes have played an'important role in creating new
channels for discharge of thermal fluids as old channels become
clogged with hydrothermal minerals and cease discharging.-
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AND ACKNOWLEDGMENTS

Marler was a naturalist and geyser specialist for many years in
Yellowstone with the National Park Service; he was privileged to
observe the profound changes that have.occurred, especially during
and soon after the Hebgen Lake earthquake in 1959. White desires
this opportunity to express his deep appreciation for many years of
association and access to Marler’s detailed knowledge and observa-
tiorisin the geyser basins. Both authors are especially indebted to
L.J.P. Muffler, R. O. Fourniér, A. H: Truesdell, and Manuel
Nathenson for products of their geologic mapping, observations,
and critical reviews that are incorporated in the present report.

" REFERENCES CITED

Allen, E. T., and Day, A. L., 1935, Hot springs of the Yellowstone Na-
tional Park: Carnegie Inst. Washington Pub., p. 134-135.

Barlow, J. W., 1872, Report of d reconnaissance of the Upper Yellowstoné
in 187 1: Washington, D.C., U.S. Govt. Printing Office, p. 38-39.

Bodvarsson, Gunnar, 1964, Physical characteristics of natural hear re-
sources in lceland: United Nations Conf. New Sources of Energy,
Proc., Rome, 1961, v. 2, p. 82-98.

Chrnsnansen R. L., and Blank H. R, Jr., 1975, Quarternary volcanism of
Yellowstone rhyolite plateau region of Wyoming, Idaho, and Mon-
tana: U.S. Geol. Survey Prof. Paper 729 (in press).

SEISMIC GEYSER AND YELLOWSTONE NATIONAL PARK GEYSERS AND HOT SPRINGS

White, D. E., Muffler, L.].P., Fournier, R. O., and Truesdell; A. H.,

759
Craig, Harmon, 1963, The isotopic geochemistry of water and carbon in
. geothermal areas, in Nuclear geology in geothermal areas; Spoletto:
Consiglio Nazionale della Ricerche, Laboratorio de geologianucleare,

Pisa, p. 17-53.

Elder, John "W., 1965, Physical processes in geothermal areas, in Lee,
W.H.K., ed Terrestrial heat flow: Am. Geophys. Union Mon. 8, p.
211-239,

Fenner, C. N., 1936, Borehole investigations in the Yellowstone Park: Jour.
Geology, v. 44, p. 225-315.

Fournier, R. O. and Rowe, ]. J., 1966, Estiimation ofunderground temper-
ature from the silica content of water from hot springs and wet-steam
wells: Am. Jour. Sci., v. 264, p. 685-697.

Fournier, R. O., and Truesdell A.H., 1970, Chemical indicators of subsur-
face temperature applied to hot spring waters in Yellowstone National
Park, Wyomrng, U.S.A.: Geothermics, Spec. Issue 2, v. 2,p. 1,p
529-535.

Hague, Arnold, 1904, Atlas to accompany Monograph XXXII on the geol-
ogy of the Yellowstone National Park:. U.S. Geol. Survey.

Hayden, F. V., 1872, U.S. geological and geographical survey of the ter-
ritories: Washington, D.C., U.S. Govt. Printing Office, p. 81-131.

Honda, Sakuro, and Mulffler, L.J.P., 1970, Hydrothermal alteration in core
from research drillhole Y-1, Upper Geyser Basin, Yellowstone Na- -
tional Park, Wyoming: Am. Mineralogist, v. 55, p. 1714-1737.

. Keefer, W. R., 1972 The geologic story of Yellowstone National Park U.S.

Geol. Survey Bull. '1347, 92 p.

Marler, G. D., 1951, Exchange of function as a cause of geyser irregularity:*
Am. Jour Sci., v. 249, no. 5, p. 329-342.

—— 1964, Effects of the Hebgen Lake earthquake on the hot springs of the
Firehole Geyser Basins, Yellowstone National Park: U.S. Geol. Survey
Prof. Paper 435-Q, p. 185-197.

——1973, Inventory of thermal features of the Firehole River Geyser Basins

 and other selected areas of Yellowstone National Park: Natl. Tech.
Inf. Service Rept., PB 221,289, 648 p. :

Muffler, L.J.P., White, D. E., and Truesdell, A. H., 1971, Hydrothermal
exploslon craters in Yellowstone National Park Geol. Soc. America
Bull., v. 82, p. 723-740.

Notris, F. P 1881, Fifth annual report of the Superintendent of Yellow-
stone National Park: Washington, D.C., U. S Govt. Printing Office, p.
60-61.

U.S. Geological Survey, 1972a, Surficial geologlcal map of Yellowstone Na-
tional Park: U.S. Geol. Survey Misc. Geol. Inv. Map 1-710.

——1972b, Geologic map of Yellowstone National Park: U.S. Geol. Survey
Misc. Geol. Inv. Map I-711.

White, D. E., 1955, Violent mud-volcano eruption of Lake City Hot
Sprmgs northeastern California: Geol. Soc. Amerrca Bull,, v. 66, p:
1109-1130.

——1967, Some principles of geyser activity, mainly from Steamboat
Springs, Nevada: Am. Jour. Sci., v. 265, p. 641-684.

——1970, Geochemistry applied to the drscovery, evaluation, and exploita-
tion of geothermal energy resources: Geothermics, Spec. Issue 2, v. 1
(in press).

White, D. E., Muffler, L.].P., and Truesdell, A. H., 1971, Vapor-dommated
hydrothermal systems compared with hot-water systems: Econ. Geol-
ogy, v. 66, p. 75-97. :

1975,

Physical results of research drilling in thermal areas of Yellowstone

National Park, Wyommg U.S. Geol. Survey Prof. Paper 892 (in

press).

1

MANUSCRIPT RECEIVED BY THE SOCIETY DECEMBER 2, 1974

Printed in U.S.A.



~
S DL

K-Ar Apparent Ages, Peninsular Raﬁgés Bva_tho-lith,/
Southern California and Baja California

DANIEL KRUMMENACHER
R. GORDON GASTIL-
JONATHAN BUSHEE*
JOAN DOUPONT*

ABSTRACT

More than 200 K-Ar apparent ages have been determined from
minerals from the, Peninsular Ranges bath@llth of southern -

California and northern Baja California. In genéyal, the apparent
ages show a progressive  decrease from about m.y. in the

southwestern (coastal) part of the batholith to lessigan 70 m.y. in -

the northeastern (desert) part.- The gradients for\ biotite and
-hornblende ages can be represented by contours of equa| ages. Both
concordant and discordant hornblende-biotite pairs and\minerals,
from a variety of plutonic and metamorphic rock types, ;}h\a{e in the

than the ages for coexistent biotite. Isotopic U-Pb and Pb-a\mea-
surements on zircon indicate ages greater than those calculated
" from K-Ar ratios of hornblende or biotite. Tt is believed that in the
Peninsular Ranges province, the U-Pb ages for zircon approximat
the ages of emplacement, whereas concordant K-Ar ages may
may not approximate the ages of emplacement, depending on fthe
depth of emplacement and the rate of uplift and denudation

apparent-age gradient. Ages for homblende average 5 m.y\(f)rl‘der :

INTRODUCTION

The Peninsular Ranges province is.bounded by the Pa/ciﬁc bor-

derland on the west, the Gulf of California on the east/ the Trans-
verse Ranges of Califorriia on the north, and lat 28° N. in Baja
California on the south. The K-Ar data presented in this paper were
obtained (by us and by several students) from rocks in that'part of
the Peninsular Ranges which lies in Baja California north of lat 31°
N. and in southern California to 50 km north’of the international
border. The work of Larsen and others (1958), Banks and Silver
(1969), Silver and others (1969), Evernden and Kistler (1970), and
Armstrong and Suppe (1973) is integrated with our work to dem-
onstrate that the trends which’ we found to the south'continue to
the north(see Figs. 1 and 2). )
" -The objective of this paper is not to determine the emplacement
ages of the Peninsular Ranges batholith but to interpret the_spacial
pattern of K-Ar apparent ages. To make this interpretation, how-
ever, it is necessary to consxder the evidence for the age of em-
placement.

STRATIGRAPHIC LIMITS FOR
THE AGE OF THE BATHOLITH

Ay
In the Santa Ana Mountains at the northern end of the province,

granitic rocks intrude strata of Middle and Late Jurassic age’

(Imlay, 1963, 1964). In San Diego County, the granitic rocks in-
trude strata of Late Jurassic age (Fifé and others, 1967). In north-
«ern Baja California, rocks of the batholith intrude strata of:

* Present address: (Bushee) Department of Geoloéy, Northern Kentucky State
College, Covington, Kentucky 41011; (Doupont) Lawrence Livermore Laboratory,
‘Livermore, Cahfomla 94550. :

o

Department of Geology, San Diego Staté University, San Diego,

" Albian-Aptian a

before 70 m.y.

(Allison, 1955; Allen and others, 1960; Silver

and others, 19¢3). These observations, however, only limit the'

as Aptfan (112 m.y. B.P.) and that others are at least as old as Port-
landjdn (135 m.y. B.P.; time scale from Harland and others, 1964).
ranitic rocks are overlain by Turonian strata (~90 m.y. B.P.)in -
Santa Ana Mountains (Popenoe and others, 1960). Unfos- -
liferous strata tentatively correlated with Popenoe’s Turonian
rocks are widespread i western San Diego County (Luzardi For- .
mation of Nordstrom, 1970), and possible equivalents have been
found in northern Baja California (Redonda Formatlon of Flynn,
1970).

Some of the undated Cretaceous strata in San Diego County and

- nyrthern Baja California rest on amphibolite-grade metamorphic

ent rocks in the desert ranges that border the Gulf of
California.\So, although, the evidence is-fragmentary, it suggests
that the bathyglith was unroofed along the Pacific margin before 90

m.y. B.P. and Was unroofed as far to the east as the desert ranges
P,

U-P8 AND RB-SR GES!
The first extensive migeral dating of the Peninsular Ranges was

done by the Pb-a method\Larsen and others, 1958). These authors
dated 24 rocks from southgrn California andithe northern part of

Baja California. These determjnations indicated ages of 92 to 136

m.y.; the median age was abodt 110 m.y. The ages reported from
tonalite are generally older than‘those from more siliceous rocks,
but the two groups overlap con51derably Because of the dlfﬁculty

. of obtaining appropriate minerals, no dates were reported for gab-

bro. Bushee and others (1963) reported 15 analyses that confirmed
the results of Larsen and his colleagues. The Pb-a ages do not show
a consistent pattern of age variation across the peninsula. Pb-«

. dates-on zircons in plutonic rocks may be in error because of either

loss of lead (which makes ages too young) or inherited zircon
(which makes ages too old). In the volcaniclastic western part of "
the Peninsular Ranges, inheritable zircons are rare and the Pb-a
dates can therefore be considered as minimum ages. Lepidolite from

U'We are not suggesting that the c’redibiliry of nonisotopic ages compares with that
of, for example, isotopic U-Pb work on zircons. The point we are trying to make is that
all of these methods yielded a range of ages compatible with the strangrapluc limita-
tions, whereas K-Ar does not:

Geological Society of America Bulletix},'.v. 86, p. 760-768, 5 figs., June 1975, Doc. no. 50605.
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RESISTIVITY, SELF-POTENTIAL, AND INDUCED-POLARIZATION
SURVEYS OF A VAPOR-DOMINATED GEOTHERMAL SYSTEM{

N

A.A.R. ZOHDY*, L. A. ANDERSON*, axp L. J. P. MUFFLER

The Mud Volcano area in Yellowstone Na-.

tional Park provides an example of a vapor-
dominated geothermal system. A test. well drilled
to a depth of about 347 ft penctrated the vapor-
dominated reservoir at a depth of less than 300 it.
‘Subsequently, 16 vertical electrical soundings
(VES) of the Schlumberger type were made along
a 3.7-mile traverse to evaluate the electrical re-
sistivity distribution within this geothermal field.

Interpretation of the VES curves by computer
modeling indicates that the vapor-dominated

layer has a resistivity of about 75-130 ohm-m and

that its lateral extent is about 1 mile, It is charac-

teristically overlain by a low-resistivity layer of
about 2-6.5 ohm-m, and it is laterally confined by
a layer of about 30 ohm-m. This 30-ohm-m layer,
which probably represents hot water circulating
in low-porosity rocks, also underlies most of the

survey area at an average depth of about 1000 {t.

Horizontal resistivity profiles, measured with
two electrode spacings of an AMN array, qualita-
tively corroborate the sounding interpretation.
The profiling data delineate the southeast bound-
ary of the geothermal field as a distinct transition
from low: to high apparent resistivities. The north-
west boundary is less distinctly defined because

- of the presence of thick lake deposits of low re-

sistivities. -
A broad positive self-potential anomaly is ob-

served over the geothermal field, and it is inter--

pretable in terms of the circulation of the thermal

waters. Induced-polarization anomalies were ob- -

tained at the northwest boundary and near the
southeast boundary of the-vapor-dominated field.
These anomalies probably are caused by rela-
tively high concentrations of pyrite.

INTRODUCTION

Geophysical surveys of geothermai areas, par-
ticularly with electrical methods, have been made
in several parts of the world. In Italy, Schium-
berger electrical soundings were made in Lar-
derello (Breusse and Mathiez, 1956) and in the
two areas of Monte Labbro and San Filippo near
Monte Amiata (Alfano, 1961). These surveys
were made in order to map high-resistivity lime-
stone bedrock under a low-resistivity and imper-
meable cover. Faults thus delineated in the lime-
stone bedrock were interpreted to be zones where
natural steam was most likely to be found. In
New Zealand the boundaries of geothermal fields
in the Taupo volcanic zone were outlined by the
use of Wenner soundings, Wenner horizontal pro-

files, and bipole-dipole total field apparent re-
sistivity mapping (Banwell and MacDonald,

1965; Hatherton et al, 1966; Risk et al, 1970). In
Turkey (Duprat, 1970) and in Taiwan (Cheng,

1970}, Schlumberger soundings were used to map

geothermal areas. In the U.S., reconnaissance re-
sistivity measurements vere made in the Salton
Trough, Imperial Valley, California, by Meidav
(1970) and by McEuen (1970). ~
Geothermal systems, according to White et al
(1971), are of two types: hot-water systems and
(of less common occurrence) vapor-dominated
systems. The Geysers, California, Larderello,
Italy, and the Mud Volcano area, Yellowstone
National Park, are examples of vapor-dominated
systems. Geochemically, water samples from

t Publication authorized b}} the Director, U.S. Geological Survey. Presented at the Svmposium on Electrical
Properties of Rocks, Salt Lake City, Utah, March 16, 1972. Manuscript received by the Editor June 6, 1973; re-

vised manuscript received July 24, 1973.
* U.S. Geological Survey, Denver, Colo. 80225,
1 U.S. Geological Survey, Menlo Park, Calif. 94025,

® 1973 Society of Exploration Geophysicists. All rights reserved,
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sj)rings and drill holes in the vicinity of vapor-
dominated systems are characterized by high
concentrations of sulfate anions and low concen-
trations of chlorides (<20 ppm). Less cpmmoxﬂy
the spring waters may be rich in sodium bicar-
bonate instead of sulfate. The pH values of the
sulfate-rich spring waters are also characteristi-
cally low (2 to 3) because of the formation of sul-
phuric acid from oxidation of rising HsS gas. The
sodium bicarbonate waters discharge feebly and
have neutral pH values. In contrast, most hot-

water systems are characterized by high con--
centrations of chlorides, and those systems with .

subsurface temperatures of 180°C or higher pro-

- duce hot springs that deposit sinter.

In May 1968, hole Y-11 was drilled by the U.S.
Geological Survey in the Mud Volcano area,
Yellowstone National Park. Alter the core was
pulled from-depths of both 307 and 347 it, a vio-
lent eruption of water occurred, followed by an
eruption that consisted almost entirely of steam.

White et al (1971) estimated that in these erup-
tions steam was associated with less than 10 per-

“cent liquid water by weight. For a hot water

system to yield a comparable ratio of vapor to
liquid, the permeability of the rocks must be low;
but in Y-11, high rock permeabilities were evi-
denced by. the large losses in.circulation at all
depths below 122 ft. Therefore, it must be the

- deficiency in liquid water, rather than the low

permeability of rocks, that caused the steam to
dominate the eruptions. Furthermore, according

to White et al (1971), all the geochemical mani- .

festations of vapor-dominated systems are ex-
hibited in the Mud Volcano area.

Subsequent to the drilling of Y-11, the USGS
. made VES (vertical electrical sounding), resistiv-

ity horizontal profiles, SP (self-potential), and

IP (induced-polarization) measurements 'in the

Mud Volcano area to evaluate the geoelectrical

properties of a section containing a vapor- '

dominated geothermal system.
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Fic. 1. Index map showing locations of VES stations{(numbered ttiangles) and drill hole Y-11 in the Mud Volcano

thermal area. Resistivity, SP, and IP profiles were measured along the road from 4 to 4’.
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GENERAL SETTING

The Mud Volcano area (Figure 1) lies along the
Yellowstone River approximately 5 miles north
of Yellowstone Lake. Most of the area is covered
by glacial silt, sand, and gravel which are undér-
lain by rhyolitic ash-flow tuff; the area contains
numerous mud pots and acid-sulfate springs.
Some nearly neutral bicarbonate-sulfate springs

occur along the river, but there are no chloride- -

rich springs in the area.

The location of the 16 VES stations, the test
well Y-11, and the resistivity, SP, and 1P profiles
(which were made along the road from 4 to 4’)
are shown in Figure 1. The approximate bound-
aries of the geothermal field, as inferred from
geologic data are also shown.

THE GEOELECTRIC SECTION

Figure 2 shows the geoelectric section obtained
from the interpretation of the VES curves. In the
middle of the section, beneath VES 7 to VES 12,
there are basically four electrical units. The first
unit is composed of several near-surface layers,
some of which are of small lateral extent (about
1,000 ft or less) and of variable resistivities. The
second electrical unit is a fairly uniform single
layer of remarkably low resistivity of about 2-6.5

ohm-m. It occurs at an average depth of about 50
it and extends to an average depth of about 250
ft. This low-resistivity layer is interpreted as a
layer where steam condenses into hot water, and
where pyrite and clay minerals (kaolinite and
montmorillonite) are present. The third electrical
unit is a’ high-resistivity layer of about 75-130
ohm-m. Where this laver underlies the 2-6.5-ohm-
m layer, it is interpreted as a zone where “dry
steam,” rather than liquid water, dominates the
larger pores and open fractures in the rocks. The
maximum depth to the bottom of this layer is
unknown, but the minimum depth is about 1000
ft, and its lateral extent is approximately 1 mile,
On both the northwest and southeast boundaries
of this layer is the fourth geoelectric unit, a layer
which is characterized by a resistivity of about

30 ohm-m and which is interpreted as a layer of

hot water in low-porosity rocks.

At the northwest end of the section, beneath
VES 1, there is a thick (about 600 ft) low-
resistivity (1012 ohm-m) layer which represents
lacustrine deposits in Hayden Valley. In the
southeastern part of the section, however, be-

neath VES 16 and VES 2, the layer resistivities -

generally are high (40-800 ohm-m) to depths of
at least about 600 ft, thus reducing the probabil-

ity for the
comparable
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ity for the presence of thermal activity at depths
comparable to those at the middle of the section.

INTERPRETATION OF VES CURVES

The 16 vertical electrical soundings were made
using the Schlumberger array with maximum
electrode spacings (AB/2) ranging from 500 to
3000 ft. Interpretation of the VES curves was
made by curve-matching procedures in which al-
bums of theoretical curves (Orellana and Mooney,
1966; Rijkwaterstaat, 1969), auxiliary point dia-

"grams (Zohdy, 1965), Dar Zarrouk curves, and a
_ method for the automatic interpretation of VES

curves (Zohdy, 1972) were all used to reach a
geologically and geoelectrically acceptable solu-
tion as well ‘as to achieve excellent fits between
observed and calculated VES curves.

The curve of VES 1 is shown in Figures 3 and 4,
where it is matched with two theoretical curves,
one calculated for a six-layer model (Figure 3),
based on auxiliary point interpretation, and the
other calculated for a 19-layer model that was
obtained by the computer using the automatic in-
terpretation program. The interpretations indi-
cate the presence of either a sequence of low-

'

resistivity layers (5~23 ohm-m) that extends from
a depth of about 100 ft to a depth of about 1000
ft, or a single low-resistivity layer (11~12 ohm-m)
that extends from a depth of about 100 ft to a
depth of about 700 ft. This low-resistivity layer is
probably composed of clayey and silty lake de-
posits and is not necessarily related to the geo-
thermal system. It is underlain by one layer of
125 ohm-m or by two layers of 50 and 125 ohm-m,
respectively. These layers are underlain by a
thick layer of low resistivity (<35 ochm-m). Be-
cause of the lack of geologic information and
other VES data in the immediate vicinity of this
sounding, it is difficult to decide which interpreta-
tion is more accurate. The two interpretations are
presented here to illustrate the problems of
equivalence between multilayer sections in the
interpretation of a single VES curve.

Figure 5 shows the curve of VES 7 and its in-

terpretation in terms of a five-layer section. The

third, fourth, -nd fifth layers are not clearly mani-

fested on the VES curve, but correlation with the
curves of VES 5 and VES 6, which are shown in
Figure 6, clearly indicates that the small maxi-
mum and minimum on the curve of VES 7 (be-

\
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tween 4B/2=100 and 1000 ft) are meaningful.
They express the presence of the same layers that
are represented by the well-developed maxima
and minima on the curves of VES 5 and VES 6.
. The value of the apparent resistivity on the mini-
mum of VES 6 is about 6.2 ohm-m and this is the
first concrete evidence obtained on the northwest
side of the section of the presence of a layer that
must have a true resistivity of less than 6 ohm-m.
For VES 6 the true resistivity of that layer is in-
terpreted to be about 2 ohm-m, whereas for VES 5
and VES 7 it is interpreted to be about 4 and 4.5
ohm-m, respectively. The rising terminal branch
on VES 7 curve is not well developed, but on the
VES 5 curve the well-developed terminal branch
indicates that the bottommost layer must have a
resistivity of about 30 ohm-m. The curvature of
the terminal branch of VES 6 curve is fitted best
with a theoretical curve for a section in which a
layer of about 75 ohm-m (or more) must exist
- between the very low (2 ohm-m) resistivity layer
and the bottommost layer of about 30 ohm-m.

This 75-ohm-m layer is interpreted to represent
the northwest edge of the vapor-dominated layer.

The center of VES 4 was located about 100 ft
north of well Y-11. The observed curve and its
interpretation are shown in Figure 7 together with
the geologic log of Y-11. The curve was inter-
preted in terms of a five-layer geoelectric section,
the first layer of which has a resistivity of about
1700 'ohm-m and a thickness of about 7 ft. The
first layer corresponds to the layer of dry river

gravel which lies within 6 inches above the water

table. The second and third layers have resistiv-
ities of about 170 and 28 ohm-m, respectively,
and extend to a depth of-about 60 ft. These two

layers correlate well with a layer of conglomerate

composed of white pumice and black obsidian un-
derlain by a layer of sandstone of the same com-
position. The depth to the bottom of the sand-
stone laver is about 65 ft which is in good agree-
ment with the interpreted depth of about 60 ft.

‘The fourth layer, on the interpreted geoelectric

section beneath VES 4, has a low resistivity of

about 6.3
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about 6.3 ohm-m and extends to a depth of about
195 {t where it is underlain by a high-resistivity
layer of about 120 ohm-m of large thickness. The
corresponding geologic formation encountered in
the well is composed of rhyolitic ash-flow tuff,
and it extends to the bottom of the well at 347 ft.
Mineralogical analysis of core samples from well

Y-11 (unpublished data of K. E. Bargar and.

L. J. P. Muffler) indicates that clay minerals and
pyrite are present from a depth of about 50 ft
to the bottom of the well. Some chalcedony de-
posits occur at a depth of about 200 ft and con-
tinue to exist to the bottom of the well. The depth
at which these chalcedony deposits occur is in ex-
cellent agreement with the interpreted depth of
195 {t to the high-resistivity layer of 120 ohm-m.

Therefore, it is tempting to conclude that it is

the chalcedony deposits that have caused the’

rise in resistivity. However, because the porosity
of the ash-flow tuff (according to drilling data)
did not change significantly at the depth of 200
ft, and because the conductive clay minerals and
pyrite continue to exist in essentially the same
amounts to the bottom of the well, we interpret
the decrease In resistivity to about 6.3 ohm-m
and its subseQuent increase to about 120 ohm-m
(on the curve of VES 4, as well as on the curves
of VES 8, VES 9, and VES 10) to be governed
mostly by the abundance of hot liquid water in
the 2-6.5-ohm-m layer and by the dominance of
steam in the 75-130-ohm-m layer. The drilling
results of well Y-11 indicate that steam dominates
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- the system from a depth of at least 307 {t to the

bottom of the hole (White et al, 1971), but ac-

cording to the interpretation of VES 4 the steam
may dominate the system to a depth as shallow as
200 ft. ’ '
Figure 8 shows the curve of VES 10 which was
obtained near the middle of the geothermal field

(see Figure 2). The magnitude and the direction '
of the discontinuities on the observed curve -

(which were observed upon the expansion of the
potential electrodes) are not in agreement with
those prescribed for horizontal layering (Depper-
mann, 1954; Zohdy, 1969). Following a procedure

which has been found to be most satisfactory in -

practice, .the various segments on the VES curve
were shifted to conform to the position of the last

G

segment on the curve. The shifted segments then
are smoothed, to remove cusps which are caused

by the crossing of lateral heterogeneities by the

current electrodes, and the smoothed curve is

“fitted with a theoretical one as shown in Figure 8

for VES 10. Similar smoothing was made for VES
5 and for other curves. This smoothing procedure
results in modifying the interpreted true resis-
tivities of the shallower layers in the section;
which in general are quite variable, but it does
not alter their interpreted. thicknesses nor does it
create undulations.on the smoothed curve (which
may be interpreted as layers) that were not ac-
tually manifested on the observed curve, These
undulations often are created when the smoothing
is made by drawing a curve that passes between
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significantly displaced segments. For VES 10 the
interpreted depth to the vapor-dominated layer,
beneath the low-resistivity layer, is about 300 ft.

-The curves of VES 8, VES 9, and VES 3 and
their interpretations are shown in Figure 9 to il-
lustrate the continuity of the detection of the
conductive (2.4-5.2 ohm-m) and the resistive
(90-100 ohm-m) bottom layers on the VES
curves. The interpreted depths of about 340 ft
and about 400 ft, beneath VES 9 and VES 8§,
respectively, are the largest interpreted depths to

the resistive bottom layer over the middle part of -
. the geothermal section.

Figure 10 shows the curves of VES 15, VES 14,
and VES 13 and their interpretations. Using the

‘automatic interpretation computer program, the
curve of VES 15 is the only curve in this group of
VES curves that can be interpreted so that a
layer with a low resistivity of about 5 chm-m can
“be included legitimately in the section. Thus VES
15 reflects the nearness of the southeastern bound-
ary of the geothermal system. On all three VES
curves there is a strong indication that the bot-
tommost layer, which lies at an average depth of
about 530 ft, has a resistivity of about 30 ohm-m.
This layer bounds the geothérmal system on the
southeast as it did on the northwest.

The curves of VES 12, VES 16, and VES 2 are
shown in Figure 11 together with their interpreta-
tion as obtained for the reduced model of the
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automatic interpretation computer program. The
30-ohm-m bottom ‘layer is not detected on the
VES 2 curve, and if it exists it must be at a depth
greater than about 1500 ft. Instead, high-
resistivity layers of 800 and 300 ohm-m form the
bottom layers in the automatically interpreted
section, which indicates that there is no shallow
thermal activity beneath VES 2 and that the
rhyolitic ash flow tuff believed to form the bed-

rock in the area is probably replaced by rhyolite
rocks of intermediate to high resistivities.

From the preceding description and documen-
tation of the VES curves,.-and from the hydro-

_geologic information obtained from well Y-_l 1, we

conclude that the shallow vapor-dominated reser-

“voir in the Mud Volcano area has ahigh resistivity

of about 75-130 ohm-m and that it is character-
ized by the presence of a low-resistivity layer

F16. 9. Curves of VES 8, VES 3, and VES 9 obtained over the center of the geothermal field.
o Numbers in bars designate interpreted true resistivities, in chm-meters.’
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F16. 11. Curves of VES 2, VES 12, and VES 16 obtained south of the southeastern boundary of the geothermal
field. Numbers in bars designate interpreted true resistivities, in ohm-meters. Layering is based on automatically

calculated models.

(2-6.5 ohm-m) above it, and a moderately resis-
tive layer (~30 ohm-m) around it. It is interest-
ing to note the similarity between this interpreted
geoelectric section and the general model of a

vapor-dominated system presented by White et

al (1971). A simplified version of White’s model
is presented in Figure 12.

RESISTIVITY, SP, AND IP HORIZONTAL PROFILES

In 1971, two years after the VES data were ob-
tained, horizontal profiles of resistivity, SP, and

IP were made along the road from point 4 to 4’

(see Figure 1). The resistivity and the IP were

measured at two electrode spacings of a three-
electrode (AMN) array. The electrode spacings
(AOQ) between the current electrode (A) and the
center (O) of the potential electrodes (M and N)
was 600 ft for one profile and 1000 ft for the other.
The distance (MN) between the potential elec-
trodes for both profiles was 400 ft. The SP meca-
surements were made prior to the 600-ft resistivity
measurement. The IP measurements were made
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in the frequency domain at 0.1 and 1.0 hz, and

the percent frequency effect (PFE) values were

calculated using the formula

PFE = 217 P9 Log
V/Po.1"pr.0

where po1 and g0 are the apparent resistivities
measured at 0.1 and 1.0 hz, respectively.

The lowest apparent resistivities of the hori-
zontal profiling data were measured over the cen-

ter of the geothermal field, where the thickness of

the 2- to 6.5-ohm-m layer is largest. Along this
segment of the profiling data, the apparent re-
sistivity values measured with the AO spacing of
1000 ft are larger than those measured with the
smaller AO spacing of 600 ft. This increase in ap-
parent resistivity at larger electrode spacings cor-
roborates the VES data interpretation in terms of
the presence of a deep high-resistivity layer
{vapor-dominated layer) beneath a shallower low-

resistivity cover. To the northwest of the geo-

thermal field, the apparent resistivity is generaily
low because of the presence of a thick section of
lacustrine deposits in Hayden Valley. To the
southeast of the geothermal field, a marked in-

-crease in apparent resistivity is observed on the

resistivity profiles and a broad resistivity high is
formed which externds to the southeastern bound-.
ary of the section. Within this broad resistivity
high, there are three zones of lower resistivity
which can bé interpreted as due to alteration
zones resulting from the upward movement of
thermal waters at a time when near-surface geo-
thermal activity may have existed to the south-
cast of the presently active zone. :

SP measurements, referenced to the first station
on the northwest end of the traverse, produced the
broad, positive anomaly shown in Figure 13. The
amplitude of the anomaly is small and may be
attributed to a variety of electric potential pro-
ducing. effects. However, an experiment by
Poldini (1938 and 1939) proved that upward-
migrating water, confined within a column, pro-
duced a positive potential when a measurement
was made near the top of the column with respect
to an arbitrary distant point. The potential at-
tributed to solutions moving through porous
media has been observed by several investigators
and is known by various names such as electro-
filtration, streaming, flow, and clectrokinetic po-
tentials (Sato and Mooney, 1960). This type of
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F16. 12. Model of a vapor-domi’naied reservoir surrounded by water-saturated ground: (1) Springs and fumaroles
rich in sulfates. (2) Zone between ground surface and water table. (3) Zone where liquid water, largely derived

" from condensing steam, is dominant (2-6.5-ohm-m laver in geoelectric section). (4) Zone where convective and/or

conductive heat flow exists, with heat supplied from condensing steam in zone 3 (30-ohm-m layer in geoelectric
section). (5) Vapor-dominated reservoir (75-130-ohm-m layer in geoelectric section). (6) Deep zone of convective

. heat flow above which is a boiling-water table (simplified from White et al, 1971).
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potential is caused by cation enrichment of the

' pore waters owing to the preferential adsorption

of anions by the rock. The upward-moving waters
concentrate the cations near the surface resulting
in a positive anomaly over the zone of migrating

- . water.
\‘ 4 © On the basis of Poldun s work, it is reasonable
‘to assume that the broad SP anomaly, at least the

portion directly over the thermal zone, arises
from upward-moving waters set in motion by con-

_ vection currents emanating from the thermal en-

ergy source. The low SP values bordering the
northwest edge of the thermal area are possibly a
result of downward-moving waters, part of the
cycling process involved in the movement of
thermal waters (compare Figures 12 and 7 of
White et al, 1971).

The reason for the continuation of the SP.

anomaly beyond the southeast boundary of the
geothermal field (as interpreted from VES data)
is not understood. Possibly, however, significant

R " amounts of the thermal waters upon approaching

the ground surface move laterally, and not until

* they reach the more permeable altered zones of

low apparent resistivity do they begin to descend.
The downward-moving water would produce the
observed low level of SP coincident with the

- zones of low resistivity.

The two IP profiles were plotted on-semilog-

arithmic scale in the upper part of Figure 13.

The profiles are similar, both indicating a rela-
tively high IP ba kground level of about 3 per-
cent which is attri. stable to a wide distribution
of clavey materials and pyrite in the near-surface
layers. Differences between the profiles occur in
the amplitude of the observed anomalies, par-
ticularly in the vicinity of the northwest boundary
of the inferred vapor-dominated zone. The in-
crease in the polarization effect is probably caused
by an increased quantity of disseminated pyrite
deposited by circulating thermal waters.-Indeéd,
the mineralogical analysis of well Y-11 indicates
that pyrite exists froimn a depth of about 50 ft to
the bottom of the well at 347 ft, The fact that the
AO=1000 ft anomaly is significantly larger than
that seen on 'the shorter spaced profile suggests

that the pyrite and its distribution increases with -
‘depth at the boundary of the thermal zone. Pos-

sibly a similar pyrite enrichment exists beneath
the small IP anomaly shown on both profiles in
the vicinity of VES 16.

SUMMARY, AND CONCLUSIONS

Vertical electrical soundings in the Mud Vol-
cano area of Yellowstone National Park indicate
that the vapor-dominated reservoir is character-
ized by high resistivities and that it occurs under
a cover of very low resistivity. Because of this
low-resistivity layer, reconnaissance surveys with
horizontal profiling will delineate the thermally
active zone by a low-resistivity anomaly. The
boundaries of the geothermal field as defined by
the quantitative interpretation of the VES curve

‘is in excellent agreement with the approximate

boundaries inferred from mapping the surface
geology. Beneath VES 1 and VES 16, the geo-
thermal conditions may exist at depths slightly
greater than about 1000 ft, whereas beneath VES
2 the thermal activity, if it exists, must be at
depths greater than 1500 ft.

The SP anomalies seem to be directly related
and interpretable in terms of the thermal water
circulation system, and although the SP anomaly
observed in the Mud Volcano area is relatively
small, its existence warrants the further study
and measurement of SP in other geothermal areas.

The IP anomalies observed at the northwestern
boundary and south of the southeastern boundary
were interpreted in terms of pyrite concentrations

“deposited by sulfur-rich thermal waters at those

locations where the thermal waters intermix with
meteoric waters and begin a downward move-
ment in the hvdrological recycling process sur-
rounding the geothermal cell.
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CRESISTIVITY, SELF-FOTENTIA
SURVEYS OF A VAPOR-L i

A.ACR.ZOWEDY*, L. AL ANDE

The Mud Voleano arca in Yellowstone Na-
tiona! Vark provides an exomple of a \-'xpor
dominated geothermal system. A test well dri)
to a depth of about 347 1t penetrated the va
dominated reservoir at a dqw 1 of jess than 300°1t.
Subsequently, 16 vertical” electrical soundings
(VES) of the Schlumberger 1_\'1)0 were made along

pPor-
1t

a 3.7-mile traverse to evaluate the elecirical re-

sistivity distribution within this geothermal field.

Internretation of the VES cury
I T

es by computer
meodeling

indicates that the vapor-dominated
layer has a resistivity of about 753-130 ohimi-m and
that its lateral extent iz about ! mile. It is charac-
teristically overlain by a low-resistivity laver of
about 2-0.3 ohm-In, and it is laterally confined by

a layer of about 3¢ Shrem. This 3G-ohim-m layer,

which probably represents hot water circulating -

in low-porosity rocks, also underlics most of the

CEDPOLARIZATION
§ IRAL SYSTEMY

ERSON*, axnp L. J. P, MUFFLERZ

survey area at an average d( sth of about 1000 [t
Horizontal resistivity profiles, measured with
two electrode <rm<mfr~ of an AMN array, qualita-
tivc‘\' corroborate the sounding Interpretation.

The proiling data delincate the southeast bound-
ary of the geothermal ficld as a distinet transition
from low to high apparent resistivities. The north-
west boundary is less distinetly defined because
of the presente of thick lake deposits of low re-
sistivities.

A broad positive sell-potential znomaly is oh-
served over the geothermal field, and it is inter-
pretable in terms of the circulation of the thermal
waters., Induced-polarization anemalies were ob-
tained at the northwest boundary and near the

southieast boundary of theé vapor-doininated held.
These anomalies probably are caused by rcla-
tively high concentrations of pyrite. '

INTRODUCTION ,

Geophysical surveys of geothermal arcas, par-
ticularly with clectrical methods, have been made
in several parts of the world. In Ttaly, Schlum-
berger electrical soundings were made in Lar-
derello (Breusse and MMathiez, 1936) aud in the
two arcas of Monte Labbro and San Tilippo near
Monte Amiata {Alfano, 1961). These surveys
were made in order to map high-resistivity lime-
stone bedrock under a low-resistivity and imper-
meable cover. Faults thus delineated in the lime-
stone bedrock were interpreted to be zones where
natural stcam was most likely to be found. In
New Zealand the boundaries of geothermal fields
in the Taupo volcanic zonc were outlined by the
use of Wenner soundings, Wenner horizontal pro-

1 Publication. authorized by the Director, U.S
vised manuscript received July 24, 1973,
* U.S. Geological Survey, Denver, Colo. 8§0225.

1 U.S. Geological Survey, Menlo Park, Calif. 94025,
© 1973 Society of Exploration Geophysicists. All rights re

. Geological Survey. Presente
Propertics of Rocks, Salt Lake City, U mh March 16, 1972, \I.muscnpt received by the 1

files, and bipole-dipole total ficld apparent re-
sistivity mapping (Banwell and MaeDanald,
1963; Hatherton et al, 1866, Risk ¢t al, 1970). In
Turkey (Duprat, 1970) and in Taiwan (Cheng,
1970}, Schlumberger soundings

were used to map
geothermal arveas. In the US

S., reconnaissance re-
sistivity measurements were made in the Saiton
Trough, Imperial Valley, California, by Meidav
(1970} and by McIiuen {1970).

Geothermal systems, according to VWhite et al
(1971), are of two types: het-water systems and
(of less common occurrence) vapor-dominated
systems. The Geysers, California, Larderclio,
Ttaly, and the Mud Volcano arca, Veliowstone,
National Park, are examples of vapor-dominated
systems. Geochemically, water samples from

od at the Symposium on hkunc‘xl
dxtor]unt 0, 1973; re-

rved.
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springs and drill holes in the vicinity of vapor-
dominated systems arc characterized by high
concentrations of sulfate anions and low cencen-
trations of chlorides (<20 ppm). Less commonly
the spring waters may be rich in sodium bicar-
bonate instead of sulfate. The pH values of the
sulfate-rich spring waters are also characteristi-
cally low (2 to 3) because of the formation of sul-
phuric acid from oxidation of rising 11.S gas. The
sodium bicarbonate waters discharge feebly and
have neutral pH values. In contrast, most hot-
water systems arc characterized by high con-
centrations of chlorides, and those systems with
subsurface temperatures of 180°C or higher pro-
duce hot springs that deposit sinter.

In May 1968, hole Y-11 was drilled by the U.S.
Geological Survey in the Mud Volcano arca,
Yellowstone National Park. After the core was
pulled from depths of both 307 and 347 it, a vio-
lent eruption of water occurred, followed by an
eruption that consisted almost entirely of steam.

L SN P SR NSO VI
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White et al (1971) estimated that in these crup-
tions steam was associated with less than 10 per-
cent liguid water by weight. For a hot water
system to vield a comparable ratio of vapor to
liguid, the permeability of the rocks must be low;
but in Y-11, high rock permeabilitics were evi-
denced by the large Josses in circulation at all
depths below 122 it. Therefore, it must be the
deficicney in liquid water, rather than the Jow
permeability of rocks, that caused the steam to
dominate the eruptions. Furthermore, according
to White ct al (1971), all the geochemical mani-
festations of vapor-dominated systems arc cx-
hibited in the Mud Volcano area.

Subsequent to the drilling of Y-11, the USGS
made VES (vertical clectrical sounding), resistiv-
ity horizontal profiles, SP (seli-potentizl), and
IP (induced-polarization) mecasurements in the
Mud Voleano area to cvaluate the geoelectrical
propertics of a section containing a vapor-
dominated geothermal system.
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F16. 2. Geoelectric section of the Mud Volcano area, Yellowstone National Park.

GENERAL SETTING
The Mud Volcano area (Figure 1) lics along the
Yellowstone River approximately 3 miles north
of Ycllowstone Lake. Most of the arca is covered
by glacial silt, sand, and gravel which are under-
lain by rhyolitic dsh-flow tuff; the area contains
numecrous mud pots and acid-sulfate springs.

Some nearly ncutral bicarbonate-suliate springs -

occur along the river, but there are no chloride-
rich springs in the area.

The location of the 16 VES stations, the test
well Y-11, and the resistivity, SP, and IP profiles
(which were made along the road from . to 4')
aries of the geothermal field, as inferred from
geologic data arc also shown.

THY GEOELECTRIC SECTION

Figure 2 shows the geoelectric section obtained
from the interpretation of the VES curves. In the
middle of the section, beneath VES 7 to VES 12,
there are basically four clectrical units. The first
unit is composed of several near-surface lavers,
somc of which are of small lateral extent (about
1,000 [t or less) and of variable resistivities. The
second clectrical unit is a fairly uniform single
layer of remarkably low resistivity of about 2-6.5

S Y

ohm-m. It occurs at an average depth of about 30
ft and extends to an average depth of about 250
ft. This low-resistivity laver is interpreted as a
layer where steam condenses into hot water, and
where pyrite and clay minerals (kaolinite and
montmorillonite) are present. The third electrical
unit is a high-resistivity layer of about 735-130
obm-m. Where this layer underlies the 2-6.3-ohm-
m layer, it is interpreted as a zone where “dry
steam,” rather than liquid water, dominates the
larger pores and open fractures in the rocks. The
maximum depth to the bottom of this layer is
unknown, but the minimum depth is about 1000
ft, and its lateral extent is approximately 1 mile.
On both the northwest and southeast boundaries
of this laver is the {ourth geoclectric unit, a layer
which is characterized by a resistivity of about
30 ohm-m and which is interpreted as a layer of
hot water in low-porosity rocks. »

At the northwest end of the section, heneath
VES 1, there is a thick (about 600 ft) low-
resistivity (10-12 ohm-m) layer which represents
lacustrine deposits in IMayden Vallcy. In the
southeastern part of- the section, however, be-
neath VIS 16 and VES 2, the layer resistivitics
generally are high (40-800 ohm-m) to depths of
at least about 600 ft, thus reducing the probabil-
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vity at depths

ity for the presence of thermal acti
comparable to those at the middle of the section.

INTERPRETATION OF VES CURVES

The 16 vertical clectrical soundings were made
using the Schlumberger array with maximum
clectrode spacings (AB/2) ranging irom 300 to
3000 {t. Interpretation of the VIS curves was
made by curve-matching procedures in which al-
bums of theoretical curves (Orcllana and hlooncey,
1966; Rijkwatcrstaat, 1969), auxiliary point dia-
grams (Zohdy, 1965), Dar Zarrouk curves, and a
method for the automatic interpretation of VES
curves (Zohdy, 1972) were all used to reach a
geologically and geoclectrically acceptable solu-
tion as well as to achieve excellent fits between
observed and calculated VES curves.

The curve of VIES 1is shown in Figures 3 and 4,
where it 1s matched with two theoretical curves,
onc calculated for a six-layer model (Figure 3),
based on auxiliary point interpretation, and the
other calculated for a 19-laver model that was
obtained by the computer using the automatic in-
terpretation program. The interpretations indi-
cate the presence of cither a sequence of low-

1133

resistivity layers (3-23 ohm-m) that extends from
a depth of about 100 ft to a depth of about 1000
{t, or a single low-resistivity layer (11-12 ohm-m)
that extends from a depth of about 100 {t to a
depth of about 700 ft. This lew-resistivity layer is
probably composed of clayey and silty lake de-
posits and is not necessarily related to the geo-
thermal system. It is underlain by one layer of
125 ohm-m or by two layers of 30 and 125 ohin-my,
respectively. These layers are underlain by a
thick layer of low resistivity (<35 ohm-m). Be-
cause of the lack of geologic information and
other VES data in the immediate vicinity of this
sounding, it is difficult to decide which interpreta-
tion is more accurate. The two interpretations are
presented here to illustrate the problems of
cquivalence between multilayer sections in the
‘interpretation of a single VIIS curve.

Figure 3 shows the curve of VIS 7 and its in-
terpretation in terms of a five-layer section. The
third, fourth, snd filth layvers are not clearly mani-
fested on the VES curve, but correlation with the
curves of VES 3 and VES 6, which are shown in
Figure 6, clearly indicates that the small maxi-
mum and minimum on the curve of VES 7 (be-
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116, 4. Equivalence between 19-laver automatic interpretation and
six-laver auxiliary point interpretation of VES 1 curve.

tween AB/2=100 and 1000 ft) are mecaningful.
They express the presence of the same layers that
arc represented by the well-developed maxima
and minima on the curves of VES 5 and VIS 6.
The value of the apparent resistivity on the mini-
mum of VES 6 is about 6.2 ohm-m and this is the
first concrete evidence obtained on the northwest
side of the section of the presence of a layer that
must have a true resistivity of less than 6 ohm-m.
For VES 6 the true resistivity of that layer is in-
terpreted to he about 2 ohm-m, whereas for VES 3
and VES 7 it is interpreted to be about 4 and 4.5
ohm-m, respectively. The rising terminal branch
on VES 7 curve is not well developed, but on the
VES 5 curve the well-developed terminal branch
indicates that the bottommost layer must have a
resistivity of about 30 ohm-m. The curvature of
the terminal branch of VIS 6 curve is fitted best
with a theoretical curve for a section in which a
layer of about 73 ohm-m (or more) must exist
between the very low (2 ohm-m) resistivity layer
and the bottommost layer of about 30 ohm-m.

This 75-chm-m layer is interpreted to represent
the northwestiedge of the vapor-dominated layer.

The center of VES 4 was located about 100 {t
north of well ¥-11. The observed curve and its
interpretation are shown in Figure 7 together with
the geologic log of Y¥-11. The curve was inter-
preted in terms of a five-layer geoelectrie section,
the first layer of which has a resistivity of about
1700 ohm-m and a thickness of about 7 it. The
first layer corresponds to the layer of dry river
gravel which lics within 6 inches above the water
table. The second and thivd lavers have resistiv-
itics of about 170 and 28 ohm-m, respectively,
and extend to a depth of about 60 ft. These two
layers correlate well with a layer of conglomerate
composed of white pumice and black obsidian un-
derlain by a layer of sandstone of the same com-
position. The depth to the boitem of’ the sand-
stone luyer is about 6§ ft which is in good agree-
ment with the interpreted depth of about 6O ft.
The fourth layer, on the interpreted geoclectric
section bencath VIES 4 has a low resistivity of
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Resistivity of a Geothermal System 1135
about 6.3 chm-m and extends (o « depth of about  Therefore, it is tempting to conclude that it is
195 ft where it is underlain by a high-resistivity  the chaleedony deposits that have caused the
layer of about 120 ohm-m of large thickness. The  rise in resistivity. However, because the porosity
corresponding geologic formation cnccuntered in of the ash-flow tulf (according to drilling data)
the well is composed of rhyolitic ash-flow tuff, did not change significantly at the depth of 200
and it extends to the bottom of the well at 347 ft. i, and because the conductive clay mincerals and
Mineralogical analysis of core samples from well  pyrite continue to exist in essentially the same,
Y-11 (unpublished data of K. f. Bargar and amounts to the bottom ol the well, we interpret
L. J. P. Muffler) indi¢ates that clay minerals and  the decrease in resistivity to about 6.3 ohm-m
pyrite are present from a depth of about 30 [t and its subscquent increase to about 120 ohim-m
to the bottom of the well. Some chalcedony de-  (on the curve of VES 4, as well as on the curves
posits occur at a depth of about 200 {t and con-  of VLS &, VES 9, and VIIS 10) to be governed
tinue to exist to the bottom of the well. The depth mostly by the abundance of hot liquid water in
at which these chalcedony deposits oceur isinex-  the 2-6.5-ohm- layer and by the dominance of
ccllent agreement with the interpreted depth of  steam in the 75-130-ohm-m layver. The drilling

195 {t to the high-resistivity layer of 120 ohm-m.  results of well ¥Y-11 indicate that stcam dominates
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tlie-system from a depth of at least 307 {t to the
bottom of the hole (White et al, 1971), but ac-
the steam
may dominate the system to a depth as shallow as
200 ft.

Tigure 8 shows the curve of VES 10 which was
obtained near the middle of the geothermal field
(see Figure 2). The magnitude and the direction
of the discontinuitics on the observed curve
(which were observed upon the expansion of the

-potential clectrodes) are not in agreement with

thosc prescribed for horizontal lavering (Depper-
mann, 1934; Zohdy, 1969). Following a procedure
which has been found to be most satisfactory in
practice, the various segments on the VES curve
were shifted to conform to the position of the last

segment on the curve. The shifted segments then
are sinoothed, to remove cusps which are caused
by the crossing of lateral heterogencities by the
current clectrodes, and the smoothed curve is
fitted with a theoretical one as shown in Figure 8
for VES 10. Similar smoothing was made for VES
5 and for other curves. This smoothing procedure
results in modifying the interpreted true resis-
tivities of the shallower layers in the scction,
which in gencral are quite variable, but it does
not alter their interpreted thicknesses nor does it
create undulations on the smoothed curve (which

may be interpreted as layers) that were not ac-

tually manifested on the obscrved curve. These
undulations often are created when the simocthing
is made by drawing a curve that passes between
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Resistivity of a Geothermai System 1137

significantly displaced segments. Tor VES 10 the
interpreted depth to the vapor-dominated laver,
beneath the low-resistivity layer, is about 300 ft.

The curves of VES 8, VES 9, and VIS 3 and
their interpretations are shown in Figure 9 to il-
lustrate the continuity of the detection of the
conductive (2.4~3.2 ohm-m) and the resistive
(90-100 ohm-m) bhottom lavers on the VES
curves. The interpreted depths of about 340 it

and about 400 ft, beneath VES 9 and VES S, -

respectively, arc the largest interpreted depths to
the resistive bottom layer over the middle part of
the geothermal section.

Figure 10 shows the curves of VES 15, VES 14
and VES 13 and their interpretations. Using the

automatic interpretation computer program, the
curve of VIES 13 s the only curve in this group of
VES curves that can be interpreted so that a
Tayver with a low resistivity of about 3 ohm-m can
be included legitimately in the section. Thus VES

15 reflects the nearness of the southeastern hound-
ary of the geothermal system. On all three VES
curves there Is a strong indication that the bot-
tommost layer, which lics at an average depth of
about 530 It, has a resistivity of about 30 ohm-m.
This layer bounds the geothermal system on the
southeast as it did on the northwest,

The curves of VIES 12) VIS 16, and VES 2 are
shown in ¥igure 11 together with their interpreta-
tion as obtained for the reduced modcel of the
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F1c. 7. Comparison between interpretation ¢f VES 4 curve and geologic data of well Y-11. Numbers in bar
designate interpreted true resistivitics, in ohm-meters. Conglomerate and sandstone layers in well Y-11 are com-
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F16. 10. Curves of VES 13, VES 14, and VES 15 obtained near the southeastern boundary of the geo-
thermal fickd. Numbers in bars designate interpreted true resistivities, in ohm-meters.

automatic interpretation computer program. The
30-ohm-m bottom layer is not detected on the
VES 2 curve, and if it exists it must be at a depth
greater than about 1300 ft. Instead, high-
resistivity layvers of 800 and 300 ohm-m form the
bottom layers in the automatically interpreted
section, which indicates that there is no shallow
thermal activity bencath VES 2 and that the

rhyolitic ash flow tufl believed to form the bed-

rock in the area is probably replaced by rhyolite
rocks of intermediate to high resistivities.

From the preceding description and documen-
tation of the VES curves, and from the hydro-
geologic information obtained from well Y-11, we
conclude that the shallow vapor-dominated reser-
voir in the Mud Volcano area has a high resistivity
of about 73-130 ohm-m and that it is character-
ized by the presence of a low-resistivity layer

<&

F16. 9. Curves of VES 8, VES 3, and VES 9 obtained over.the center of the geothermal field.
Numbers in bars designate interpreted true resistivities, in ohm-meters.
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Fic. 11, Curves of VES 2, VES 12, and VIS 16 obtained south of the southeastern boundary of the geothermal
field. Numbers in bars designate interpreted true resistivities, in ohm-meters. Layering is based on automatically

calculated models.

(2-6.5 ohm-m) above it, and a modcrately resis-
tive layer (~30 ochm-m) around it. It is interest-
ing to note the similarity between this interpreted
geoclectric section and the general model of a
vapor-dominaicd system presented by White et
al (1971). A simplificd version of White’s model
is presented in Figure 12. '

RESISTIVITY, SP, AND IP HORIZONTAL PROFILES
In 1971, two vears alter the VES data were ob-
tained, horizontal profiles of resistivity, SP, and

IP were made along the road {rom point 4 to A’
(sec Tigure 1). The resistivity and the IP were
measured at two clectrode spacings of a three-
electrode (AMN) array. The clectrode spacings
(AO) between the current electrode (A) and the
center (O) of the potential electrodes (M and N)
was 600 ft for one profile and 1000 {t for the other.
The distance (MN) between the potential clee-
trodes for both profiles was 400 ft. The SP mea-
surements were made prior to the 600-[t resistivity
measurement. The 1P measurements were made
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in the frequency domain at 0.1 and 1.0 hz, and

~the percent frequency effect (PFL) values were

calculated using the formula

B0y — B1 o)
PEE = P01 1), 100,
V/Po.1pio

tivities

where poa and pre are the apparent resiy
measurcd at 0.1 and 1.0 hz, respectively.
The lowest apparent resistivities of the heri-
zontal profiling data were measured over the cen-
ter of the geothermal ficld, where the thickness of
the 2- to 6.5-ohm-m layer is largest. Along. this
scgment of the profiling data, the apparent re-
sistivity values measured with the AO spacing of
1000 ft arc larger than those measured with the
smaller AQ spacing of 600 1t. This increase in ap-
parent resistivity at larger electrode spacings cor-
roborates the VES data interpretation in terms of
the presence of a deep high-resistivity laver
(vapor-dominated layer) beneath a shallower low-
resistivity cover. To the northwest of the geo-
thermal ficld, the apparent resistivity is generally
low because of the presence of a thick scetion of
lacustrine deposits in Havden Valley. To the
soutlicast of the geothermal field, a marked in-

o bt KDL 0 20 et o ks e » . by

IR N

1141

crease ln apparent resistivity is ohserved on the
resistivity profifes and a hroad resistivity high is
formed which extends to the southeastern bound-
ary of the section. Within this broad resistivity
high, there are three zones of lower resistivity
which can be interpreted as due to alteration
zones resulting from the upward movement of
thermal waters at a time when near-surface geo-
thermal activity may have existed to the south-
east of the presently active zonc.

SP measurements, referenced to the first station
on the northwest end of the traverse, produced the
broad, positive anomaly shown in Figure 13. The
amplitude of the anomaly is small and may be
atiributed to a varicty of clectric potential pro-
ducing eficets. IHowever, an  experiment by
Poldini (1938 and 1939) proved that upward-
migrating water, confined within a column, pro-

duced a positive potential when a measurement
was made near the top of the column with respect
to an arbitrary distant point. The potential at-
tributed to solutions moving through porous
media has been observed by several investigators
and is known by various names such as clectro-
filtration, streaming, flow, and clectrokinetic po-
tentials (Sato and Mooney, 1960). This type of

F16. 12. Model of a vapor-dominated reservoir surrounded by water-saturated ground: (1) Springs and fumaroles

rich in sulfates. (2) Zone between ground surface and water table. (3) Zonoe where liquid water, largely derived
from condensing steam, is dominant (2-6.3-chm-m layer in geoelectric section). (4) Zone where convective and/or
conductive heat flow exists, with héat supplied from condensing stecam in zone 3 (30-ohm-m laver in geoclectric
section). {3) Vapor-dominated reservoir (73-130-ohm-m layer in geoelectric section). (6) Deep zone of convective
heat flow above which is a boiling-water table (simplified from White et ul, 1971).
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potential is caused by cation cnrichment of the
pore waters owing to the preferential ud
of anions by the rock. The upward-moving waters
concentrate the cations near the surlace ;(,-_;uh‘[ r
in a positive anomaly over the zone of migrating
water.

On the basis of Poldint’s work, it is reasanable
to assume that the broad S anomaly, at least the
portion dircctly
from upward-moving waters sct in motion by con-

0rPt lon

over the thermal zone, arises

vection currents emanating from the thermal en-

ergy source. The low SP values bordering the
northwest edge of the thermal arca are poszibly a
result of downward-moving waters, part of the
cvcling process invelved in the movement of
thermal waters {compare Figures 12 and 7 of
White et al, 1971). -

The rcason for the continuation of the SP
anomaly bevond the southeast boundary oi the,
geothermal ficld (as interpreted from VES data)
is not understood. Possibly, however, significant
amounts of the thermal waters upon approaching
the ground surface move lateraliy, and not until
they reach the more permeable altered zones of
low apparcent resistivity do they begin to descend.
The downward-moving water would produce the
observed low level of SP coincident with the
zones of low resistivity.

The two IP profiles were plotted on semilog-
arithmic scale in the upper part of Tigure 13.
The profiles are similar, both indicating a rela-
tively high IP ba kground level of about 3 per-
cent which is attric :table to a wide distribution
of clayey materials and parite in the near-surface
layers. Difierences between the profiles occur in
the  amplitude of the observed anomalies, par-
ticularly in the vicinity of the northwest boundary
of the inferred vapor-dominated zonc. The in-
creasce in the polarization cfiect is probably caused
by an increased quantity of disseminated pyrite
deposited by circulating thermal waters. Indeed,
the mineralogical analysis of well Y-11 indicates
that pyrite exists from a depth of about 30 {t to
the bottom of the well at 347 {t. The fact that the
AO=1000 ft anomaly is significantly larger than
that scen on the shorter spaced profile suggests
that the pyrite and its distribution increases with
depth at the boundary of the thermal zone. Pos-
sibly a similar pyrite enrichment exists beneath
the smal} 1P anomaly shown on both profiles in
the vicinity of VES 16.
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SUMMARY AND CONCLUSIONS
Vertical clectrical soundings in the Mud Vol-
cano arca of Yellowstone National Park indicate
that the vaper-dominated reservoir is character-

tivities and that it occurs under
istivity., Because of this
reconnaissance surveys with
thermully
a low-resistivity anomaly. The

izced by high re

a cover of very low ¥
Jow-resistivity laver,
horizonial profiling will delineate the
active zone by
houndaries of the geothermal field as defined by
the quantitative interpretation of the VIS curve
is in excellent agreement with the approsimate
boundarics inferred from mapping the surface
acology. Beneath VES 1 and VES 16, the geo-
thermal conditions may exist at depths slightly
greater than about 1000 ft, whereas beneath VIS
2 the thermal activity, il it exists, must be at
depths greater than 1500 {t.

The SP anomalies scemn to be directly related
and interpretable in tenms of the ther mul water
stem, and although the SP anomaly
AMud Volcano area is relatively

circulation s

observed in the
small, its evistence warrants the further study
and measurement of SP in other geothermal arcas.
The TP anomalies observed at the northwesiern
boundary and south of the southeastern boundary
were mlcrp‘rclcd in terms.of pyrite concentrations
dcposit.cd by sulfur-rich thermal waters at those
locations where the thermal waters intermix with
meteoric waters and begin a downward move-
ment in, the hydrological recveling process sur-
rounding the geothermal cell.
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'GEOTHERMAL INFRARED ANOMALIES OF'LOW INTENSITY,
' YELLOWSTONE NATIONAL PARK
ﬁ " By Donald E. White and Lee D. Miller
U.S. Geological Survey, Menlo Park, California,’

and Department of Recreation and Watershed Resources,
- - Colorado State University, Fornt Collins, Colorado

INTRODUCTION

E Infrared remote sensing of hot springs and other high~temperature
geothermal phenomena has been feasible for many years; its usefulness

.in.séarching for inconspicuous anomalles of low intensity has not been

demonstrated in the past, TFuture search for sources of geothermal energy

,mﬁst aim at deep{reserv01rs of hot vater and steam at temperatures gen-

erally above 200° C. Hot sprlngs are associated with some of these

(~-reserv01rs but :most. hot springs are unrellable evidence for commercial
‘reserv01rs. The’ most s1gn1f1cant ev1dence for a concealed geothermal

reservoir would be temperature gradients and heat flows three to 10 times

~ higher than the worldwide averages. . "Normal" gradients average about

1° ¢/50 meters in deptn and "normal™ conductlve neat tlow averages

1.5 ucal/cmesec, .Solar energy is- roughly lOOO tlmes this value there-

fore, the "noise" problem is severe.

OLD FAITHFUL TEST SITE o
Infrared (IR) anomalies -are actually differences in apparent surface
temperature whieh shows wide da1ly, seasonal, and microclimatic differ-

_ences. Can IR anomalles -also be calibrated in terms of heat flow, which

is of motre fundamental geothermal interest than temperature alone? A
small. .area around Old Faithful: was being used last year to test a new
rapld method for mapplng dlfferences in heat flow, utilizing individual
heavy snowfalls as calorimeters. These heat-flow data are also useful

in attemptlng to calibrate IR data recently acquired and computer
‘processed by the University of ‘Michigan Infrared and Optical Sensor

Laboratory for the U.S.G.S. Heat- flow contours of 1000 and 450 pcal/

2
.. ecm: sec were mapped in thls test area.
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The oral presentation included the following:

. 1. A vertical color photograph of the test area, showing locations

of 014 Faithful and other thermal anomalles to be discussed and the dif-
ferent surface materials of the area

2. A heat-flow map of the test area

- 3. Analeg thermal IR, 8u to lhﬁ,-cenventional unprocessed scanner

-imagery, taken at 2:00 a.m. and showing the anomalies; of these,

0l1d Faithful being the only visible c¢onspicuous one.

4. Analog cdmputer processing of the original magnetic tape data,
quantized between 0° and 20° C into eight levels, each with an interval

of 2 l/2°

_ ‘5. pApparent surfaee temperatures, contoured by intervals of 5° C;
not-as“effective'in black and white as some otlier types of processing
S . 5

6. Separate images, each of a dlfferent temperature interval, w1th

Q° to 20° C divided into 16 dﬂfferent levels, each w1th 1-1/L° C temper-.

ature span ,' C
The! flrst 1nterval (16 l).inEﬂudes all temperatures above 18-3/4° C
Several visually inconspicuous| anomalies are more pronounced on IR than
Old Faithful, but other anomalies-are not yet evident.. Representatlve
levels or slices, with decrea51ng temperature, first show the appearance
and then the erlargement of other anomalies. Separate images of temper-
ature -intervals below 10° C are’ espec1ally useful Interval 16-14
(2-1/2° to. 3=-3/L° C) shows anomalies that, are 51m11ar in shape to the

.1000-pcdl contour, and interval 16~ 15 (l 1/h° to 2-1/2° C) is most

nearly similar to- the hBO—ucal contour. The eastern anomalies have
apparent surface temperatures 3° to 4L° C lower than equivalent heat
flows in the western part, because of dlfferences elther in real temper-
atures or in em1351v1t1es of ground materials. .

BLACK SAND TEST. SITE

Exten51ve phy51cal studles have been made of a geothermal anomaly
northwest of 01d Falthful Winter mapping of snow lines and snow depths

-adJacent to .this warm ground provides qualltatlve differences in heat

flow. Temperature—depth profiles permit calculation .of heat .flow by

' assuming reasonable thermal conduct1v1t1es A map of the radiation tem-

perature of the warm area was made on the ground with a radiometer durlng_
one of the series of IR overflights. This. radiation temperature map

N approx;mates & redl surface temperaturelmap for the surface material of
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A the area which-is black sand with emissivity near 1 and little vegeta-

. ' tlve}cover Anglog computer processing of the thermal IR imagery taken
- at. thls time produced multiple images, each representing the ground area
with a different preselected 1-1/4° C radiation temperature range. Tem-
perature separates were prepared for the temperature interval of -5° to
20° C. A system was developed for presenting these individual tempera-
ture| separates in a single reconstituted color image by color coding the
separates and rephotographing them. This color-coded image differs from
a continuous-tone, black and white thermal IR image in that the boundaries

, between the colors represent isotherms of known value. The 1sothermal
. map obtained 1n this fashion correlated closely with the ground rradiome-

ter map Heat flows between 5500 and 300 ucal/cm2sec have been ,meas=-
ured 1n thls test area.

~

e |
The oral presentation included the following: ,
B T A map presentlng 1sollnes of equal snow depth around tge test
site - : :

‘ '-2;; Winter'soil tenperature profiles for various positions on the ;.
test'site b ' ' ' '

i{f‘ , .'.A ]”3.' A-soiléheatrflow map of the test area _ . ' '

‘ ) , ) 1 . .

h. ‘An- isollne map’ of radlatlon temperatures recorded on the 31te
with a radlometer ‘during the m1551on overfllght
‘ |
.5 A-tolorécoded thermal image of the!site

;
[
1
!
i

'Separate 1mages representlng each 1= l/h° C temperature span in the orlgl-
nal.0° to 20° €, interval B8-1L image obtained at 2:00 a.m. were prepared
Each of these separate images was transformed 1nto a colored image. A
“sandwich was made by reglsterlng these colored separates A color pho~

' tograph of the sandwich is a colored thermal image on which: each- color
‘represents a different radiation temperature interval. The colors are
selected so that the "hotter" colors such as red represent the warmer |
ground areas and 80 forth

In summary, IR ea51ly 'sees" the obv1ous geothermal anomalles and
also sees, by ‘means of computer proce551ng, inconspicuous anomalies not
readily visible by ground inspection at intensity levels near and even
below the average "noise" level. Low-intensity anomalies can be cal-
ibrated, at least roughly, in terms of hedt flow at rates that range .
.down to about Lo0 ucal/cmgsec or somewhat-less. Equal radiation ground;
temperatures at any instant, even in early morning, cannot be equated.
strictly with heat flow. We are.still considerably above our hoped-for

et e e o
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objectlve of detectlng heat flows only three to lO times "normal," but
major progress, has been made in calibrating low-intensity anomalies- and
in computer processing of the data. The limits of both calibration and
processing have not yet. been fully tested; future investigations will
-explore these limits further. :
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, . Seismicity. Western Yellowstone and ~  activity extends 80 km west fromi Nérris T — , M% .
. * 7o the Hebgen Lake fault zone to the.west - geyser basin along a N. 80° W, trend: - - b S /
'} i..r correspond to the most seismically active  Earthquakes in western Yellowstone'are  to 17 ki in western Yellowstone (Fi
o - .- ared of the Intermountain Seismic Belt; not located on mapped faults but appear  In the northwestern calders’ dreal the
_— - Activity is characterized by shdllow focal: | along a diffuse trend indicative of a broad - maximum focal depth is only km,
s +, “depths and pronounced carthquake _ - zone of deformation, perhapsalenga” . his changes abruptly ncar the dalde
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o The zone of most pronournced seismic’ Focal'depthsrange from near surfsce 512 km. iy
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