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the Chugwater and Embar formations ' These forma 
^ tions contain gypsum, hmestone iron both m the-form of pyrite > ^ \ r 
1 t. and as an oxide also magnesiuni sodium and potassium A de (' ^ t 
E ^ , tailed study of the chemistry and'geology'of these hot mmeral ' ' ' ' 
= springs undoubtedly would throw more light On' the origin of " "̂  
0 { these hot mineral waters and will be taken up by the State Geolo-'T - ' ' * M 
1 . ; , gist in^a later Bulletin ^ . ̂  ,̂  ^. ^ . ^ ^ J ^ ^ ^ 

" , P BIG HORN MINERAL HOT S P R ^ N G ' S ' " ^ } ' ^ '̂̂ ^^ ^ 
, By an Act of Congress approved June' 7,1897,* these springs J * '̂  \ \ i V , 

. werc^made the property of the State of Wyommg .There^was a P . . - A ' V * 
\ treaty m connection with this Act providing that^the Big Horn C^^^A v.̂ ^^ 

Mineral Hot Springs should be^ free t o ^ h e ^ u b h c , always, 7 " % ^ 
^ Washakie Chief of the Shoshone Indians .deserves c r ' e d i t W ^ ? M p ^ y 
, this wonderful gift to humanity which has broUghf relief from dis- ^ \ - / "̂  

ease and suffering to many men i f •"'̂  " ".̂  Y7 1 >• ̂  * "s " '̂3 
The Wyoming Legislature m 1899 enacted a law providing " M ' '^' 

for bath house, to be constructed open and free to'the:Use.of the 7 ^ ̂  
' P . u ' ? r ^ ?^ *™^ ^^^ S^^^^ Legislatures have appropriated ' ' P ^ 
.about a hilf, million dollars for parking streets 'lighting'system ^ i« ^ 
^ater systems bridges and buildings "̂  A* bath house^at axost o f * A^'-"* ^^ 7^ 

,$50000 was built and state appointed attendants are, constantly ,* T>-*>s^ '^~ 
I m charge ^ * " x. "̂  ''^ i.̂ -'p ̂ i-p ^ ^yp^. ^C 

>• These baths are located at the city of'Thermopohs Wyoming'' ' ' ' ' p - ' ' ^ ) 
which is about five miles north of the Wind Riven Canyon one of" "̂  ^ *, "̂  , 
the most interesting natural formations of^the world *- Thermopo- ' " M ^ P 
lis IS about ninety miles southeast from Yellowstone ^National ^ ' ^ ^ -^ ? 

, 7 V n ''". ° " ^ '^J" .^ ' " i ' "^ °^ ^̂ '̂  Burlington R^uteVlt is on the'^ , ^ 3 ^ % 
7 . Yellowstone Buffalo Park to Park and/Atlantic ^YelldW^tofie Pa- s"t ^ ^T ^^ 

(, cific Highways , ^ ' ' ' ' t73 \ ^̂  ^ ' - ^ ^ P ->- ''̂  ^ ' ^ . * ' V 
There are several go'od hotels there" open^all year and having / , 7 , ^V 7 , 

all modern conveniences There ar6 also a number" of (up to^dateV ^ 1 ^ 7 
..apartments and boarding houses offering accommodations ^at" , K ^ ' P c f 

reasonable rates In addition to the hotels and'roomingihduses k ^ J i ^ M J ^ 
there is a tourist camo eround 'whprp a fVinVcra ,̂<4.fi<:*,A.,i..4.- '̂ ^̂ T k̂X-̂ î̂ /̂ ŝ  

Here one may spend an ideal Vacation\n^thirItm&^^^^ ^^t< V l ^ ^ 
pure mountain air Ther^^are ample opportunitils fo7 out door% y k Tl T^ 

', \ - amusements golf tennis, horseback tiding mountain climbing, and < A ^ P * 
K motoring down the scenic rdadwa/of the^-Wind River Canyon, 3 ^ % 1 ( \ 

which was opened m July 1924 ^ In this canyon are three Jun^^ V -^i 7 
nels which ^^ere cut through solid'rock at 'a cost^fubout "a mil- i \ P ' h ^ 7 
hon dollars to the statp anrf fprfprni W«„„ . . o J l " . " ^ '^* ' . /^ '7 
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«" of which add to Z / ^ ^ ' ^ ' " & streams an^^^^ '".^ 'healthful' 

fhe altitude ,s fi L "^ '^'^'^ cool refresh.nf ? " " ^ being not ' 
the iVorth Plltte ^ | ? ' ' ' ^^^ >^oocS , '"! j '&hts " ' ^"nfmer 
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^ Analysis byvProf M r> o " "̂̂ ^ State Reserve ^ '^ I ?^"^°"" ta ins and j ! ̂ ." '^ '"^""tam water tl^i,^^^^^ 
France of'the waters o f l ^ ^ Scheutzenburger of fh 7 ,. J f ° ' ' ^^^nd^t'ons for renL ' ' ' ^ ° ' " ^'^"^ "Jlk^h m-L "^"'̂  ^"- f'-om 

C, . . - 7 ' ' r ' " ' ' *^? ^P""g« follows^ "^ "^^ C«^%e .Of ^ | % tubercular troub es^^f!'^'?," '̂"̂ "̂  o v e r w l r n p r v ' """^"^"^ 
(-' " '̂  *• V r^ff-^i-^ V , '̂"^ ^"^ cured bv fhp , . T ^tc Catarrh an.? T r "^'^^^ and brain i ' 
> - : - ' :^ , - ' « - W p e r U r n 1 M ^ anafyst'oTU'e^'"'^"""^->• "̂  ^'^^^ 

Iro„.„^^.. , ^ ' ^ . 5P ^.ter Gra.„ ,n„.o. J ^ew, York foJJows ^^'^^'^^^ Water by C P PK 
^ ^ .r .r i„nandler Ph D ^ 

*• , Monument HI,, ^„^ Terr<,e.»7I ^ ^ ^ ^ £ 1 , ^ = ^ ^ ^ ^ ^ ^ 
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^fThe!,medicinar waters bring thousands of visitors to this re

mote place each year for the purpose of resting recovering lost 
J. ^̂  ̂  health or'•for the^ enjoyment of the fishing and hunting m the 

*-?v "̂  H ' J valley^or hillsJ^ Notable personages from all over the west become" 
" enamored of the beautiful surroundings and comp year after year 

^ Physicians whose names are known throughout the west visit the 
^^i^ * ^ springs and^advise many patients to try the waters for stubborn ^ 
'" "̂  „ ^and chronic diseases Helpless rheumatics have been cured in 

/ ^ from;itwo to^six weeks Victims of the liquor and tobacco habits 
:> ^ have been entirely cured Sufferers from stomach and intestinal 

r 
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^ diseases (jhave been sent away happy at the first freedom from 
^ pain, completely cured ^ 

3 The^Medicinal Well at Saratoga deserves,mention From this 
''̂ Vwelly'fcomes a wonderful Radio active" Mineral Water which is 

bottled and soldtthroughout the country some carbonated and 
somcf' still ^ or ju$t a§,it pomes from the well 

J Th^^continued use of^the water stimulatesf th'e actaon of and 
ix fi'j^^^l^restores to^-i,. normal condition, all the organs engaged in the"" 

process jiJf digestion assimilation secretion and ejccretion It is 
•v -1 ^a laxative when drupk in the morning before breakfast used dur 

y mg the day and afternoon itlacts as an alteritive and diuretic and 
' t cures all aoid and gaseous conditions of the stomach In fune 

•̂  5,,; 1911 Its \yonderful remedial properties were discovered ,and since 
that time this mineral water has rapidly increased in fa\or At 
a first glance one asks what accounts for Nature storing up this 

^ wonderful>medicinal water in such an apparently remote out of 
the way pl?tce as Saratoga Wyoming However when one in 
vestigates, it is found that Nature has selected the ideal on ac
count of the fact that the mountains and brooks around Saratoga 

^ Wyoming abound in mineral and medicinal properties 

^ *" ' ' i , ' . ^Vi^] ' 'ALCOVA'HOT SPRINGS ' " ^ , 
(.ThetAlcova Hot Springs are located in Natrona County about 

' thirty five miles (southwest of Casper The water from these 
•• springs is noted for medicinal properties and the place will become 

famous^as a health resort The country abounds in picturesque 
scenery, is rich in''minerals and rock formations and is favored ' 
with a delightful climate The land in the valleys is fertile and 
suited to agriculture The Fremont Canyon where the springs 
gush out from the base of a rock 700 feet high into the Morth 
Platte River is the nucleus of a town Two and one half miles up 
the river is another canjon more wonderful being six miles long 
and in some places i "500 feet high Gypsum marble graphite sap 
onite agates coal̂  oil and paint rock lime stone chy quartz bear 

'' ing gold and silver are found in this vicinity Extensive improve ' 
•_ ments are being made in hotels and bath houses this season No 
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country can be found more interesting to prospectors and those 
seeking pleasure One can find accommodations at the Fremont ^ ' < / ' ' • 
House on the bank of the river with delightful boating and fishing ^ * '^t^.?' 
The Red Reef Chute will be an addition this summer , r L,'^-^^^ î  Jjî  I 

r ""• ^ '•• , i r ' 

The following is an analysis of the water of the Alcova^Hot '̂ i <"' ' ' ' \ i,'̂ W' 
Springs ' \ > " ^ i ' , ( ' P ' h , h I 

•y f., ',./ ^ Grams . ^ Grains i r ̂ ''̂  j>'"'V \\ Analysis o i Wate r „.i^, -
Silica S iO. ' ^ 
Iron and Alumina Fes 0« AlaOs^ 
Lithia L I 20 
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Hydrochlonc Acid Cl 
Sulphuric Acid SOo 
Carbonic Acid COa Ccalc) 
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"̂  ^ The Mammoth Hot^-Spnng^ are located near the^Gardiner, "̂ i-ii r >^^ 
, Montana, or northern entrance tojthe Park at^ap altitude of 6 284 

'feet 1; Located there are the Administrative^ Offices of the Park, 
'tK the Superintendents Office United States Commissioners Office,)< / 
'̂ ^ Mammoth Hotel, postofiice curio store etc Mammoth Camp is U , " i 

(,̂ ^ straight ahead and not far distant a herd of buffalo is run ^̂  o *'' ^ A/^^ C \ 
' ' / The large and wonderful hot springs and terraces are the i <̂ ! 
.„ chief attractions at i Mammoth ^̂  These terraces and springs*are ^^ 

nurtierous The deep coloring at Mammoth Hot Springs is due 
h s to minerals in the water and to a low form of vegetable life which 

will grow in the.water up to a temperature of 180° F however at 
I Jupiter Spring^and many places elsewhere in the Park the deep 

blue coloring of the water is not a reflection of the sky nor is it 
^ due to vegetable matter but is natural and ancomparably beautiful 

Some of the most important springs besides Mammoth Hot 
Springs are the Jupiter, Canary Glen Orange Dedolph and Diana 

> '̂  
An analyses of the Mammoth Hot Springs follows 
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' " A hot spring deposits clear water into Bath^Spring, and the 
luke warm water there is excellent for bathing ^ ^ 

There are many enjoyable side trips from Mammoth Springs 
•r consisting of beautiful walks and drives Mountain climbers find 
^ It a place of delight for there are many mountains to climb, the 

principal ones being Electric Peak ( i r 555 feet), Bunsen Peak^ 
(8600 feet) Mount Everts (7900 feet), and Sepulcher Moun- 1 
tain (9500 feet) ^ v, 

The general panorama at Mammoth Hot Springs is one of 
the most striking in the Park The steaming tinted terraces and 
Fort Yellowstone near by the long palisaded escarpment of ^ 
Mount Everts to the east the dominating presence of Bunsen 
Peak to the south with Gardiner Canyon and the distant eleva ^ 
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analysis of Magnetic Anomalies Over Yellowstone National Park: Mapping 
/" • of Curie Point Isothermal Surface for Geothermal Reconnaissance 

B. K. BHATTACHARYYA' AND LEI-KUANC LEU^ 

Deparlmeni of Materials Science and Engineering, Universily of California. Berkeley, California 94720 

The bottom of the magneti'zed crust determined from the spectral analysis of residual magnetic 
anomaUes is generally interpreted as the level o f t h e Cnrie point isotherm. This paper studies the spatial 
variation o f t h e Curie point isotherm level in Yellowstone National Park with the help of aeromagnetic 
data. A very shallow isothermal surface at a depth of only 5-6 km below sea level is associated with the 
central part of the Yellowstone caldera. It seems to extend along a narrow corridor toward the 
southwestern and eastern edges of the map. Except in a few locali'Md spots, the isotherm deepens con
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. 
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INTRODUCTION 

Cruslal rocks lose their magnetization al the Curie point 
sp-tralure. At this tentperature, ferrimagnetic rocks become 
j-'iinagnetic, and their ability to generate detectable 
ijrnclic -anomalies disappears. Thus the deepest level in the 
•-is! containing materials which create discernible signatures 
-1 '1 magnetic anomaly map is generally interpreted as the 
,fc-th 10 the Curie point isotherm. 

Or,c of the important parameters that determines the 
;?̂ i5ivc depth of the isotherm with respect to sea level is the 
^,i;content in a particular region. The heat content is general-
;i';foportional to the local temperature gradient, thermal 
;ij0iidty. and generation of heat. A region with significant 
.̂ tfccrmal energy near the surface of the earth is charac-
,;ft:td by an anomalously high temperature gradient and 
^it flow. It is therefore to be expected that regardless of 
ivti composition ofthe rocks, the region will be associated with 
t-jenipicuously shallow Curie point isotherm relative to the 
,»!|ijining regions. For example, according to Blackwell [1971] 
*« Curie isotherm Ues at an average depth of approximately 
Siffl in the Basin and Range province, whereas it rises to 10 
111(1) below sea level in Yellowstone National Park [Smith et 
il, 1974], The park is well known for its surface manifesta-
.fe'it of geothermal energy. 

liccipected correlation between the spatial variation ofthe 
Cifi< isotherm level and the concentration of subsurface 
SSsJwrnial energy can be tested by means of an analysis ofthe 
•?5=.js«ic anomalies over a specified region. The anomalies are 
«%«d for estimating the depths to the bottoms of 
-ti'ificiizcd bodies in the crust. These depths, when contoured 
te Uit entire area, should provide a picture of the spatial 
'i?ri;iiion of the Curie isotherm level. This picture, in turn, 

-ifetdd correlate to a significantly high degree with various 
Sw>n indices of geothermal activity in the area under con-
*^ntion. We chose Yellowstone National Park for such a 
** sot only because of its obvious geothermal manifestations 

uso because ofthe possible presence of molten magma at 
.<iav depths, as was strongly indicated by various types of 

^H^aionet ai , 1975]. 
•"f practical importance of a study on the above correla-

^^•* ai U.S, Geological Survey, Federal Center, Denver, Colorado 

\^>»ai Mobil Oil Corporation, Dallas, Texas 75221. 
''••F)fighl © 1975 by the American Geophysical Union. 

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 a i , 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 ofthe 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°rN to 45°7'N 
latitude and from 109°40'30"W to lll°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 to 44°45'N latitude and I09°40'30"W to 
I 10° I 5'W longitude. 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 uncorrected 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 

r = -69.373 + 5.737>' + \.lM.x + 0.208/ 

+ O.I72.Y>' - O.OI7x' (1) 
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where .v and y, expressed in terms of the unit distance of 2.08 

km, point to the north and the east, 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 sho.ws that the available data contain 

north-south and east-west field gradients of 0.85 7 / k m and 

2.76 7 / k m , respectively. These gradients are significant in 

magnittide 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 froin (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 

smal l -wavelength , high-intensi ty anomal ies 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 

faiiilitated by a significant reduction of the small-wavelength 

components in the data . This reduction requires the use o f 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 o f the study reported in this paper. 

The basic goal of the study is to calculate and map the depths 

45° 07 

to the bottoms of the magnetized masses in the crust ol̂ î 
earth. The potential field effects of these bottoms areconiaf.-
in the large wavelengths of the spectrum of the tota].'i' 
anomalies. So low-pass filtering does not alter these elfKn. 
any appreciable way, while it removes the short-waveioatv 
features from the total field map. '..'î :r. 

For the filtering operation, three different zero phaseffe. 
dimensional low-pass filters are designed with cutoff freq^, 
cies at (I) 0.08 cycles/km, (2) 0.10 cycles/km,, and (3)g| 
cycles/km, respectively. Thus the smallest wavelength irs-v 
mitted by these filters is around 10 km. The radial respo.in 
of these filters, as shown in Figure 2, remain flat in the Ifj 
frequency region up to the cutoff frequency and then de» 
very sharply. "Ji-

The three filters were used individually to operate uponsV 
residual field data. A study of the resulting filtered mapss 
dicates that the filter with cutoff frequency at 0.10 cyclesA-s 
removes the small-wavelength anomalies with the least MSSS 
sign of distortion. The corresponding map is shown in Figi.-
3 -f , 

ANALYSIS OF THE FILTERED DATA <7'. 

•J 
For determining the boltom depths of deep scto 

magnetized bodies the filtered data have been analyzed in W 
ways. First, the whole area is divided into separate blocks F« 
the mean bottom depths of bodies causing magnetic inomî j 
are estimated for each block. Second, individual anom \\KSSt. 
carefully selected and analyzed lo determine the vertic il n»'4 
of causative bodies. The method remains essentially tht. ss.-* 
for analysis of the data corresponding to either a block otSf 
anomaly. The two sets of results are then integrated to prodw 
a map showing depths to the base ofthe magnetized section «*' 
Curie point isotherm, with respect to sea level. In the follo«i< 

IO9°40'30" T 

44° or 

— Boundary ot Ihe Pork 

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 lo the data have been removed. 
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f j 2, Radial frequency-domain response of three -/.ero phase, 
* -jss fillers with different culolT frequencies designed for and ap-

•»'• to the Yellowstone residual magnetic map. 

•>v.«£r3phs we shall first consider the analysis ofthe data in a 

S|;d'.-'-. 
,V* noted before, the residual data cover an area, 131 km by 

,.»| vni. and contain (64 X 64) data points. Let us then con-
wfe a block of (16 X 16) data points with an areal coverage 

.-1'Iff. by 31 km. If the tolal area is now divided inlo over-
»'P«S blocks of this size with one half of the area of one 
•,î i% shared by the succeeding block, the total number of 
'Hsiik.i available for analysis becomes 49. 
•.n<it data in each block are analyzed in the frequency do-

*!:*. Lei us now consider one block alone. Since discon-
iMSji'Jcs in data values at the edges of the area give riselb the 

. gjaijs. phenomenon and aliasing, it is assumed that the 
•4«fefal lield vanishes at a point which is located at a distance 
-jfia.tiis of data spacing from the boundary of the block. In-
..isScnof ihcse points results in (18 X 18) nonequispaced data 
Imtn in ihe block. Bicubic splines [Bhattacharyya. 1969] are 

'••.; * f . : 

7y.̂  
4 5° 07' 

then fitted to the data in such a way that the residual field and 
the continuity of the first and second derivatives are main
tained at each of the data points. These splines are used to 
generate (64 X 64) data points over the extended area of the 
block. 

The two-dimensional spectrum Fa(u, u) of the new set of 
data in the block is obtained with the help ofthe fast Fourier 
transform algorithm. Fo{u, u) is therefore ihe discrete Fourier 
transform oflhe magnetic data. The angular frequencies u and 
u correspond lo the .v and y axes, respectively. Now, by using a 
method outlined in a paper by Bhattacharyya ami Leu [1975], 
the spectra F^(i(, u) and P'(u, v) of the first-order .v and ;• mo
ments, respectively, of the residual field are computed. 

In the block under consideration there may be a few bodies 
producing anomalies. The mean location (.v, y, }i) of the 
centroid of these bodies is determined with the help ofthe fol
lowing equations in the low-frequency region: 

iuh F'{u, v) . u 

(2) 

where s'̂  '= u'' -\- v̂ . 
The above equations are valid at high geomagnetic latitudes. 

The frequency range in both u and v selected for this compula
tion runs from the fundamental frequency to its fifth har
monic. For several frequencies in this region, .x, y, and h are 
calculated, and the average of their values provides a good 
estimate ofthe location ofthe centroid. With careful choice of 
frequencies the accuracy of this estimate can be kept fairly 
high. However, it should be noted thai the effect of shallow 
sources, unless removed completely from the data, will pro
duce error in the estimate. 
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Fig. 3. Filtered map of the residual lotal field, after application of the 0.10-cycles/km low-pass filler. 
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Next, the radial spectrum Fo(s) is generated by evaluating, 
wilh the help of F^iu, o), the amplitude spectrum along the line 
at 45° with the frequency axes. The spectra P(.9) and P'CO of 
the first-order .v and ;>'moments of the residual field are then 
computed. A combination of Fo{s), F'is), and P \ s ) is used lo 
determine the mean deplh to the lops 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 lo the tops of magnetized bodies known, it is simple and 
straightforward lo calculate the mean depth lo the bottoms of 
these bodies. The calculated depth is interpreted as the depth 
lo 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 Eaton et al. [1975, Figure 
5]. The isotherm outside the central part, but wiihin 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 

y 
',#' 

•'••fie's 

m 
spots. Small scattered areas of surface hydrothermal alteratio;j 
are seen to occur in association wilh them [Eaton et ai , 197_̂  
Figure 3], but the relationship is not as marked as in the'irn 
terior of the caldera. Further to the southeast, the isolher̂ - i 
seems to be deepening. In the northwestern section outside ibi 
rim, the depths ofthe iostherin are, in general, greater than 10 
km. It is perhaps of significance thai the general trend of_ii» 
isotherm contours is northeast-southwest, parallel to an̂ ' 
coextensive with the axis of the Snake River Plain wilh whjd [ 
the park hiis shared a common volcanic history. We -aj! 
presently engaged in an examination of magnetic data forilk 
Snake River Plain and upon ils completion will have a clea'rq. 
understanding of the regional depth to the base of,'ihr | 
magnetized section outside the park. ' pK i 

The average elevation of the ground surface in Yellowstois f 
National Park is about 2.5 km above sea level. Taking this 
elevation into^a'cGount and assuming a Curie. poiS 
temperature o P b O p , the temperature gradient seems to.f!|i 
between 66°C/T<m and 72°C/km in the central part of ih; 
caldera. The remaining parts of the caldera have a gradif̂  
somewhere between 53°C/km and 66°C/km. These figuresaA 
anomalously high for heat flow in continental areas. Ihte 
continuation well to the east of the caldera, into an area ijtV 
derlain by Tertiary volcanic rocks, is puzzling and merilv 
further investigation. . . p j ' 

This study finds a strong correlation between geothernialh | 
hot regions and the Ihickness oflhe magnetized crust.-A pii | 
lure of the isotherm level as shown in Figure 4 suggests ite 
presence of an extremely high degree of geothermal aclivilj 
This study therefore leads to the conclusion that appropriau 
analysis of aeromagnetic data can play an important rolcB |. 
regional reconnaissance for potential geothermal energ 
resources. 'Mi. 
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i-mb, 1 ^ t i r 

I.—Section through the hot springs at ThermopoHs, Wyo. Looking west. 
section about fourteen miles. 

-J hown in the distance in the upper \aew in Fig. 2, facing a region 
% -> f t?red bed hills about a mile wide and with outer slopes descending 
" I SO valleys of Benton basal shales. Thermopolis is on the eastern 

T H E HOT SPRINGS AT THERMOPOLIS, WYOMIKC^^rb of the anticUne, the village extending across the outcrop zones 
__: ; • . ^, I j{ the Siindance, Morrison, and Cloverly formations, locally covered 

N! H. DARTON >" ^ T, 1 ^ ap alluvial plain which extends back a few hundred rods from. 
"̂  f^ nver. There is no evidence of igneous rocks in the region. 

At the southern end of the Bighorn Basin there i; a great *4 „ . 
spring which presents some notable geologic features and^anV-ss g « 
esting question as to the source of the hot water. The spniij | ^ , j | o.| 
at the town of Thermopolis, a village and health resoIt^^hachc-1 ? I ' l a l i „ . f I 
its existence largely to the reputed therapeutic value of the^iW* 3 7 5 ^ 
The locahty is on the bank of Bighorii River, a few miles ^ " ^ 4 S^p i^^^ ,^^ ,^^ 
a high range which may be regarded as the southwestern conbR||4-" ^ ^ ^ S ^ ^ ^ ^ ^ ^ ^ ^ 
tion of the Bighorn Mountains. There are several spnngs, ' | | -^ ' ' ' ' ' ^3y '373^^^^pip:> 
one of them has by far the greatest volume. They iisue from3|^' ^°'"'"''- '''""""''"'"^'^" 
red beds, here brought to the surface by a prominent local afi ^̂ '̂̂ j 
cline. The present springs and their predecessors—ior the_.regĉ  " 
has been one of thermal activity for many centuries—have \ ^ ? ' ^ pnngs rise from the middle beds of the Chugwater formation, 
extensive terraces of travertine or hot spring deposits simtkr j « ^ ..̂ ^YJ through a number of deep cracks. The largest one 
some of those in the Yellowstone National Park. , ,̂̂  | ^s-.^ fi.ojn fĵ g foot pf a high bank of 80 feet of red sandstones, 

The geologic structure at ThermopoHs is relatively simple i-Jj^^hown in Figs. 2 and 2a, with a volume stated to be o'v'er a thou-
owing to the extensive exposures of the formations, it is V^^^trA gallons a second. The water is clear and hot, having a tern-
plain. The cross-section (Fig. i ) shows the relations from ^v^^ture of 135°. It floWs over a wide terrace built of hot-spring 
crest of the Bighorn uphft in the mountain summit to miles S-I^^^^g^ over the edge of which it falls into the river. A part, 
to a point a few miles north of the springs. ^ '^|t>rever, is diverted into conduits of various kinds which lead to 

South of.the springs there, is the long monocline constll̂ ^̂ |'=t̂  \ irious bathhouses, and to the reservoirs in wliich a portion 
the north slope df the anticline of Bighorn Mountains and la"!^ jĵ g ^.^^^j. j ^ c.oo\cA so that it may be used for diluting the hot 
vicinity of ThermopoUs this monocUne is crenulated by a '* | r t i«- to the required, temperature for bathing. The spring flows 
anticline. The axis of this flexure crosses Bighorn Ri\er a - ^ . ^ j , ^j.^^^^ force, and evidently comes from considerable depth under 
distance north of Thermopolis, and along it there aie cxposed^|.^^ pressure. Numerous algje of various colors grow in the hot 
Chugwater red beds, while on either side is a succession co"J-^>'*^ csoling water, as in the Yellowstone Park and other places, 
of Sundance (Jurassic), Morrison, Clovcrly ("Dakota") and B^^.^des the main spring, there are on the east side of the river a 
formations. The dips on the south limb of the anticline are £=.£-,_ },ot pool which does not overflow and, some distance farther 
50° to 65°, while those on the north side are gentle. The Clo r,*Ji^ ^ ^^^ sulphur spring which gushes out of the travertine bank 
sandstone on either side gives rise to a prominent " hogback nC,^ t̂  ^̂ ^̂  ^^^^^ ^^^ .̂̂ ^̂ ^̂  ^.^ ^^^ ^̂ ^̂ ^ ^.^^ ^^^ several small 

I Published with permission of the Director of the U. S. Geolog il Surrey 4''*"'g^, one of which is Utilized for a bathhouse and swimming-
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pool. An analysis, of the water from the great spring, by .ProfJ^f.? deposit from one to the other. It is evident, however from the 
E. E. Slosson is as foflows: . .;.f=^|||Vrelations'that there has been extensive erosiJn since the eariiest 

• • ; '* '?^ i | :^P^"°^ '"^'••'^^ ^>l,''^e f '̂gher terraces on which the travertine caps ANALYSIS OF -WATER FROM HOT 

SiO. . . . . . ' . 
Fe .Oj and AUO3 . 
K C l 
Na.SO^-

M g . S 0 4 ' . . . . . . 
Ca SO4 
Ca CO3 

Na Cl • . . . . . 

Total . . . . 

SPRINGS AT T H K R M O P O L i s | ^ | , ^ „ow found. The high butte near the cemetery-the one s h o T 

' ' ^ ^ ^ ' l l ^ r o " ' ' ' ^ ' *''̂ ' ' " ^ '^ ' ' ^ """"̂  ^ ~ ' ' probably the remnant of a much 
4 986 
0.227 

10.249 
15.110 

19.443 
. 13.156 

40.454 
26.195 

129,820 

Hoi Spring .deposits.—The hot-spring deposits in the McinitYf-
. Thermopolis indicate a long period of accumulation, for they^w' 
on several distinct terraces, some of which date back probablCJ-

, Tertiary tirne. The most recent deposits are being laid dom 
a broad terrace about 30 feet above the river, which is being ]?„ 

.;. up very gradually. No precise estimate has been mc.d( of thCii 
,. of increase, but objects placed in the water are rapidly coated 

; the deposit, and a thickness of an eighth of an inch is accumuli^ 
in a short time. There are wide areas of the deposit on both'*J| ^ 

of the river b e l o w t h e p r e s e n t s p r i n g s , w h i c h were formed '41J^ ^ ' "̂^ ^•'"Travertine terrace of the Great Hot Spring on the east bank of Bighorn 
d i s t a n t d a t e , w h i l e , o n t h e b u t t e s w h i c h r ise a b o v e t h i s terrace f ^ r ^ P ^ "• "''^'' Thermopolis, Wyo. The spring is under the 5. in the foreground are 

there are caps of hot-spring deposits at various e l e v a t i o n s i r f Z y : : y : ! 7 : : 7 ' : 7 7 : t : y y 7 y ' ' '°"^ "̂ ^̂ "̂  '" "= -"^"'''- ' ' ^ 
of the relations of these are shown in Figs. 3 and 4. The higi-^ ' 

deposit caps a prominent butte near the cemetery, at an%lU-J ^>rc extended sheet of the travertine which was largely 
of about 700 feet above the river. A larger terrace remnant reoff ff'or to or during the development of the Inwor tlrrarpc 

removed 

on a butte which, rises immediately west of the river to a \ i \ It is evident, from the disposition of the material that the springs 
of about 350 feet above the water: It is probable that these ten>« ^.< shifted their position, but in general the outflow has been in 
represent three distinct stages of deposition, and, aUhough pos^| > 5 'nimediate vicinity of the crest of the antidine. The hot-spring 
hot-spring action has been continuous since the formatio'n ofS> ^^po îts show remnants of numerous hot-

-spring craters and cracks, 
vtr. 

is possible that the hot-spring waters issuing at the level ofJ| -̂  an empty crater'30 feet in diam7ter,"rhown i'^ F k ^ ' r i T ' 
higher buttes flowed to somewhat lower levels, with a contie.-|' fe* former existence of a large hot pool, and there is another 

.first or highest terrace, most of the deposits at interm. diate Je''*! ^ e of the most marked of which are on the terraces near the. rive 
have been removed. As travertine is often deposited on slopi-" On the west bank, a short distance north of the bathhouse the 

indicating 
similar 
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crater of still larger size, a short distance northeast of the s u ^ ^ g ^ j a t if the water was not thrown out by geyser action, it at least 
spring on the east bank. One of the same character, ,butjja|i^';ife^^-ed in large volume. 

less distinct, is found on the high terrace west of the cemete^^|,0^|;:5aur(;e 0/ the -water.—The source of the water in the ThermopoHs 
feet above the river. It is probable, from the present appearag| |v|^rings is difficult to ascertain, but undoubtedly the flow is not 

: ^ f «ien\cd from the adjacent Red beds nor from the underiMng Lmbar 
Pi'ol^ably the strata are somewhat fractured in the 

FIG. 4.—Hot Spring deposits on old terraces at various heights in western part of 
T .S ?3te!mopol s \ \yo ng Look ng south across B ghorn R ver 

FIG. 2a.—Terrace of hot-spring deposit on the bank of Bighorn River... . J^hsl l^^^ 

south to Thermopolis, with Owl Creek Mountains in the distance. S h o w s ^ i ^ ^ t of the arch and permit the escape of the water from deep-

° ' ' ' ' " " ' ' . 1 ? ^ : ^ f e | 5 d ^ ° " ' ^ c e s . One of the most likely of these might be thought 
of the deposits, that ' formerly the hot-spring activity was^^W.|;|» be the porous Tensleep sandstone which outcrops high on the 
greater than at present. Whether or not there were geysers j | | | | ^ u n t a i n slopes southward. It undoubtedly carries a water supply 
cult to state, but some of the features of the deposits strongly | i ^ ^ ? i i c h passes beneath the syncline south of Thermopolis ^ d 

' • ' ^ ^ ^ W | J = ' " s sufficient head to rise to and above the surface in anv 

^ " ' S ® ' / ° ' ^ ' northward. If the water is from no greater depth than 
M % f " " ' ^^""^ '^ difficulty in accounting for the high tempera-
m 7 p ' ^ ' '^^ t°P of the sandstone does not lie at a greater depth 
" ^ W y ^°° ^̂ *̂ *̂ ^^^ ^P""g â f̂  2,000 feet in the'bottom of the svn 

West 

FIG. 3.—Cross-section of travertine terraces a short distance north 
lis, Wyo. Looking north. Length of section about one mile. 

" ^ P ^ l C " ^ '^''^^"''^ ' ° " * - Assuming that the mean annual 
ofThei#ilLv;P"i^'"'-e at Thermopolis is 50°, and that the temperature of 

^ • y 7 0 ^ P ^ increases one degree for every 50 feet underground' below 

' i & "' ""* 

•n*lh 
p\ 
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the first 50 feet—where the mean annual temperature is t h e ^ M ^ | ^ ; , . . . 
ground temperature-a depth of 4,300 feet would be r e q u i | e ^ ^ ^ > : , ' ' 
the spring water to become heated to 135° under o rd inary | , ( | ^m^g. SEDIMENTARY ROCKS OF SOUTH MOUNTAIN, 
tions As the granite probably lies only. 2,500 feet below the s j l ^ f e y PENNSYLVANIA' 
or 4 000 feet below the surface in the syncline south, t h i s ^ r a t ^ J g . . ' 
increase would indicate a source at least as low as t h e ^ ^ ^ l ; GEORGE W. STOSE 
the Deadwood formation. If the - t e r ^ d e r i v e d ^ - ^ ^ h | g | g ^ ^^^^^.^^^ .^ ^^.^ .̂  ^^^ ^^^^^^^^ ^^ 
sandstone of that formation, it passes underground m tiie, omgiR.*,...• f-̂  t- f i 

^^iXri 

area in 
•- " . y ~ . fU„ e^iittiAict and KprfmS^l^ontain, Pa., and the adjacent part of the Cumberiand Valley 
the high mountain slopes to the southeast, ana b § c o ^ | g r ^ 3-. \ r 1 A 7 , y . .u • • . r cu- u 
" ^ , , P v,̂ ,f ^icrtonrp =;niith o f - T f e S l ^ near the Maryland state line to the vicinty of Shippensburg, 

heated in the bottom of the syncline a short distance soutn oi-^'fi^^jl.^vi , , . , . , .1, r^i • 
, . ' . ' ° r , to nreserve this heat in its course to t h ^ : ; ^ ^ ^ ^ ,3 about 15 miles m length. The accompanying topo-

mopohs. In order to preserve ttiis neat flow'M»Hic map of this area (Fig. i) is taken from the Chambersburg 
there must exist cavernous channels ^ " ^ ^ ; ; ^ ^ j ^ ^ | ^ P of the United States Geological Survey and the South Mouif 
would be lost in slow percolation through th ^ ^ ^ ^ ^ ^ of the Pennsylvania G^logical SiJrvey. South Mountain 
It is possible also that the source of he water IS much l e ^ ^ H ^ S . ^^^^ ^^^ ^^^ ^^^^ ^ ^ which parallels the Great 

'^y of the Appalachian Province on the east, and Cumberland 
•X ^ •̂  ..^,,^.,,-c ,m3rMi\M'€^^; a section of the Great Valley, 

are in the Shoshone Mountains 40 n^iles^west, it appears i m { ^ ^ ^ , . y 
^, ..,_ ..1 lon^:.^%M&rmi,r:- TOPOGRAPHY that there are any intrusions under the Thermopolis reg' . ^ p j ^ g s , ^ ^ 

^...^t,^.,.. -" •„„^^„^ rnrl.-<; in this vici'mliSFJje local name for the Blue Ridge which parallels the Great 
the heat may be due to deep-seated Igneous rocks m t h i s ^ i ™ ^ , & 1̂  , 
wliich have not yet cooled. As the nearest outcrops of igneotgr- ' • 

7p^71^ : :Th t Cumberland VaUey is a broad, rolhng lowland extending 
;i^i-i|^^.f^%i''the Potomac River to the Susquehanna River. Its general 

''^'"'^^'&'^^?'^'°" 'S from 400 to 800 feet, and scattered, low eminences rise 
'"-73^^^-93>^°° feet. These hills are usually of the rounded form char-
;v^| l^ |S»i?jst ic of Hmestone country, but in part they are shale tablelands 

. ' •.'•"-1^*'l^.steep escarpments. The valley has a width of approximately 
••' •5l|^S:5l§|'i'es in the vicinity of Harrisburg, but expands to 20 miles in 

: .3i7^%Si^3, under discussion. The southern half of the valley is drained 
'•.;,j!S'̂ ^-:c|fc,P^Dococheague Creek and its tributaries into the Potomac, 

'.: ii;i'i|g^^^s»3rthern half by Yellow Breeches Creek into the Susquehanna. 
.-f;t;^;'t^MjJ'?^th Mountain is a more or less irregular aggregate of ridges 
• '"v-f t^l^^i ' :^ generail northeast-southwest trend., Although cut across 
s,','-.;'';.k^5^^^?""^"°"s gaps, and deflected in places by sharp bends, the 
' ' ^ : ^ ^ 3 7 ^ ^ rnaintain a marked continuity. The mountain front ri.ses 

y ^ 7 ^ ^ ^ y from the plain to elevations of 1,700 or 1,900 feet. The 
• • S ' ^ l ^ ^ ^ ^ ' " ridges are generally higher, reaching 2,100 feet in places, 

'"''• - ' j ' j ^ T ^ ^ ^ they decline again eastward into lower hills. 

• • ' p i iW7W7if^^ i :d bv permission of the Director of the V. S. Geological Survey. 
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tains northcastwanl to tlic valley of Owl Groek. . The rocks in tliis 
small .aiiticliiie have been shar]ily foklcd and probably sudicienth-
fractufcd along tlio crest to form pa.s3ages, through which the hoatccl 
water escapes to the surface. 

HOT SPRINGS. 

At tlic present time one inainnioth hot spring and several small ones 
aro discharging their water into Biglrom River near Tiierino]iolis. 
at a rate estimated to be 3,000 to 4,000 gallons a minute. The water 
issues from tho large sj^ring at a temperature of 135° F. Tlit; odor of 
hydrogen sulj:)ludei3 strong about the sjjringand the quantit\^of carbon 
dioxide escaping iiidiciitcs that the water is saturated with that gas 
also. An anah-sis has shown potassium, sodium, uragnesium, calcium, 
and iron, salts iti largo quantities. These salts are deposited whoii the 
water spreads out and cools,, aird in this way the terraces arc 
built UJ). . . 

Though the springs are now building their terraces rapidl}^, there 
is evidence that they have had a long period of activity and that they 
havefbecn distributed over several square miles, as extinct cones 
and 'terraces along the river show a wider distribution at about thn 
preseiit level. The earlier']')o,sitions of the springs are indicated by 

Igjjthe terraces at various levels along the side and crest of the anticlinp. 
^f'sOne bed of traA'crtine ca]:)s a inesa 3 miles northwest of Thennopolis 

• and 700 feet higlier than tho mammoth sj:!ring. This does not iiidi-
catCjfhowever, that the travertine is 700 feet thick at an_y one point, 
but-.that there, has been continuous deposition while the streams of 

, the region have lowered their channels that amount. Although \hc 
travertine is not thick its distribution is rather witle3i,n'ead, as is 

• shown by remnants of terraces over au area of several square miles. 
It is,most exiicnsive adjacent to Bighorn River, but occurs at'short 

'intervals on the crest and slojies of the anticliin.! between the li'-'cr 
and Owl Creok. The remnants of the travertine aro too few and scat
tered to determine with precision tho jjrevious extent of these beds 
or their greatest thickness. The first springs seem to have i.'een 
situated at the crest of tho anticline, about 3 miles northwest of 
Thermopolis; since they began to issue there Has beeJi a'gradtt.'^i 
progression toward the jn'osent site on Bighorn River, the sjjringK' 
pt'obably following the stream in its meandering and downward 
cutting. To the west, however, there socnr to have l)oen two periods 
of activity, one along the crest of the anticline and iinoiher, of 
later date, during whieh the travertine and sulphur were doposiieu 
aloiig tho base of the uplift. 

.=iULrjl.'L'E DEPOSl'i'f; KEAli THEEMOPOLIS, WVO. , 3 7 7 

ff TllA^'iJ:RTl^^K A N D S U I ^ P H U U . 

P ' ' • . 
I N A T U R E AND O C C U R R E N C E . 
S ' ' • • • 

,J.Thc travertine is composed in part of carbonate of lime and in part 
of sulphate of lime in small ciystals of the mineral selenite, whieh 
sSems to be an alteration product due to the action of the sulphur 
waters. I t oecufs in small irregular plates formed by the evaporation 
of the water on plane surfaces or in fibers when deposited about the 
Ikreads of alga3, which are abundant i n ' t he thermal waters. The 
ffavertiiio generally contains some native; sulphur in isolated 
crystals or small 'nodules, but the quantity, of:.the mineral is too 
small to be extracted with profit. The minable sulphur deposits 
occur in the altered Embar limestone which. Hes immediately below 
the travertine and through which the sulphur-bearing waters passed 
iii their course to' the surface. Tho sulphur seems to. be present in 
TCry irregular deposits or pockets about the sites of extinct springs, 
where the sulphur-bearing water came into contact with the liiiie-
stone. ' Few if anv of these cleposits exceed 100 feet in horizontal 
^ • ^ . . ^ , . 

diameter; their depth is uncertain, but probably the beds do not 
connect wdth large clee]5-seated masses. One drill hole is reported 
Ip have passed throngh 30 feet of barren rock before entering the 
ore, and then fo have continued for 15 feet in the mineral without 
ilaching its base. There is no uniforrait}' in the shape, size, or ar
rangement of these ore-bearing pockets. In general they occur in 
'groux ŝ wdiere the sul])hur-bearing waters found passage to the surface 
through a number of vents. ' The number and arransrement of these 
pockets in tho groups depend, therefoi'e, on varying subterranean 
(!onditions which can not be determined from a surface investitration'. 
^The 'cross section (fig. 28) shows the relation of the travertine and 
lulpliur to the structure of the region. 
g'JSTative sulphur in this district occurs in two forms—in small yellow 
crystals, filling veins or cavities in the rocks, aird iti a massive form 
Where the original structure of the limestone is retained, but where 
tne calcium carbonate is replacecl by. the sulphur. I.'he sulj)hur is 
found in crevices, channels, or cavities such as.water courses make 
where they traverse limestone beds. . The ctivities seem to be por
tions of subterranean channels through \vliich the hot sul]:)liur-bea.ring 
vSaters flowed and on tho walls of which tho suljihur was gradually 
deposited until the chambers were completely^ filled or, in some 

^places, only parti}' filled before the passage was stopped at some point 
tod the water diverted to other channels. As previously stated, no. 
ffigular arrangement of the cavities can be discovered, though they 

;gs|em to occur in groups at places whore the water found free passage, 
ff'the areas between the groups of cavities onl}' a sinall amount of 

1 

iftor the sulphur is cooled 
i pulverized to an imp al
ien sacked and taken to 
rious points in Wyoming 

Df 20 tons a day, but has 
According to a.statement 
December 15, 1908, the 

3 of sulphur and was then 
round sulphur is reported 
1. 

m 

•«(?.; 
!• SURVEY PUBLIGATIOIfS ON SULPHUR All) PYRITE. 

I'd.' 
3 The list below includes the important pubhcations of the United 
jStates Geological Sut'vey on sulphur and pyrite. 
3 ' These publications, exce])t those to Avhicli a price is affixed, may' be 
iSbtained free,by applying to the Director, IJ. S. Geological Survey, 
MVashiilgton, 13. C. The priced ])ublications may be purchased from 
llhe Superintendent of Docutnents, GoA^ornment Printing Oflice, 
fW.ashington, D. C. 

77 AD.i:M.s, G. I . The Kabbil. Hplo sulphur mines, ttoar HumV)okU, Houso, Nev. In 
5i)ulletiu Ivo. 2-2.5, pp. 497-.500. 1904. 3.5c.. . •' ' 
I'. D-WLS, H . J . Pyrite.s. In Mineral Resources U. S. for IS85, pp! .50i-.5i7. 1886. 40c. 
IT; KcKE/-, E . C. Gold and pyrite deposits of the Dahlonoga di.strict, Georgia. In 
^Bulletin No. 213, pp. 57-63. 1903. .2.5e. 
% Pyriie deposits ot the eastern Adirondack.s, N. Y. In Bulletin No. 
'•260,pp..587-.5SS. 1905. 40c. ' . 
'":'I.Ei;, W. T. The Covo (?rook sulphur beds, Utali. l a Bulletin No. 315, pp . 485-
|89 . 1907. ' . , ' . ' 
^•'M.iimN-, W. . Pyrito. In. Mineral Kesources U. S. for 1S83-S4, pp. 877-905. 1886. 

l y • • 
-^SPH.VLPJ.N','W. C. Sulphur and pyrite. In Miueral Kesources U. S. for 1907, pt. 2, 
•|p', 673-GS3. 1908. • 
|,.R.iN.S0Mi.:, F . L. Geology and ore deposits of Goldfiold, Nev.. Professional Paper 

. ^^>. 66. (Ill press.)' ' / . 
si ?f RiCHARDSO,\, G. B. Native sulphur in El Paso County, Tex., In Bulletin No. 

260, pp. 589-592, 1905. 40c. ' " . . 
|*.ROTHWELL; K . P . Pyrites. In AUneral Re.sources U. S. for 1886, pp. 650-675. 
1887. 50c. - . . • . 
'$SruRR, ,T. E . Alum deposit near Silver Peak, Esmeralda County, Nev. lu 'Bullc-
ImNo. 2'25,,pp. 501-.502. 1904. 35c. 
%,\Vo6i)ituFi.', E . G. Sulphur deposits at Cody, 'Wyo. In Bulletin No. 340, pp . 
'451-45G. 1908. 
f '. . 381, 
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'< I . ••EXPLOMTION OF.Mi;,BEUTCH.SULFUR IffiPOSITS - ••: : ••-'.•: ' .-..• 

. HOT SPRINQS-COUKTX.,'. WYO.-i/ .".... . ' • . . . • • : , . - • ' •• , • ' 

•:;'..- , - 'By Fores t . ,H;- -Mg.Jors^ . . " ." ! ' , . ' . . ; ' • ' 

i w r n o w g r i m - 7 y 7 : - . • . • • • • ' . . 7 ^ • ,.r,.:.. -,•• • -.•.<• 
The Brutch svilfur deposits were lexplorie'd'.by'^the.vBureau of Mines during 

spring and suimier of 1 9 ^ . Old workings were rehab i l i t a ted and sampled, 
IVItS9t pits',and shafts were sunk:, and. trench.ea.'vere cut through' the surface • ' 
^^liXuvium. V •'. • ..' . . 7 • .... : . : r - r r - - ' : . . ' . . •••••''•':• ••'••• ' •'•:.'•,.• .;' • 7 7 : - r - •,.'.',••' 

' j " , ' •' , ' , : . • ' ' . . , . ' , . : : • • , . . , . . , • . ^ ; , ^ . . . ; ' . ' • • • . • , ' • . . ; ' ' • ; . ; . ' . ' : • - ' ; • ' : • , • : ' , 7 7 ' - ' ' ' 

\ j j ;..::•.. .. ACaSOWLEDGMENTS'••.•,',•:...,' .. : r . . - 7 : . : , . . ' . " . 
t u / / I -^ . -^ - . . . ' ' . ' • . . . ; . ^ ; ' ^ . ' . • . - : .• • . • ' . , " • • : : • : ^ " : • . • • • • . ' , • • • ' . : . ' • , . . V ^ ' ' ' ^ ' ' ' 

P W 7 ^ ' ' ' ^ ^^^ program of ez5lorati.ori'of„E3ineral-.. depos i t s , ' - the Bureau' of Hin-es'"'.' 
i.*/3r§i Iflfl as i t s primary objective the .more, e f fec t ive .u t i l i za t ion of. our'mineral •' 

^floui'ces tQ,'the .^xid'.that they make the,.greatest-.pdssible-contribution'to'. '• ' 
>ltltional security, and. economy,,,'It i s the policy, of the .Bur^u to-ptiblish. '- "• 

* / , « the facts developed ,b*y.,each exploratory project.-as -soon as ' .practicable.after ' • 
^i'.f^'^^fl conclusion. .Th,e Mining Bran..ch',.' Lowell.B.,.'Moon, chief,; conduct's'preiikL'-':''' 
""ij^/M^jf examinations, .performs the -actual .exploratory work.,; and prepares' the . .' '' 

I'f'f.^'Vlnal report. The Metallurgical branch, E..- G....Kn,ickerbockBr,, chief,' analyzes' 
^̂ ^ staples and performs benef i c i a t ion t e s t e . Both these branches are under .the 

sapervision.of Itf. E , S . Dean,, asqistan^t dire.ct.or,..','• . • '. 3 : ..•: • 

33W3''^ Special acknowledgment i s due S. 'E. Zimmerley, regional engineer, and 
''.t^'^"')^'^ ^' Allsman, pr inc ipa l engineer, ..Bureau-of MiJi'es,..Salt Lake City, for ' 

-M&'A...Q̂  supervisory a id , and to the metal lurgical s taff . Sal t Lake City, for • i t W 

ri#„j|fai8ficiation of samples'. 

7m'3 LOCATION'.'AKD .ACCESSIBILITY•.'.•• 

TheBrutch- pi*,operty i s 3-1/2' miles'nprthw9St.:Qf,.' Thermopolis, , Hot Springs • 
^^yCounty, Wyo. ( f igs , l ' and 2 ) , I t may be reached .frGm.^Thermopolls oVer-'State : 

t^j^At^ghway 120, which continues -northwest through Cody, Wyo. U. S. highway 20 
.,o'̂ «\lftlfio passes through Thermopolis',' 

vThe Chicago, Burlington & .QuincyEailroad passes.c.'.through Thermopolis, 
N^^B^toi connects with the., Chicago & Korthwesterrn,line •at.::Shoshoniy.WyOi,',' 

' r rMji^«, — • — : : _ . . „ ^ _ . ^ ^ . . ' - ' ' ' ' • , " • ' ' 

% ^ ' l / ^® Bureau of Mines wi l l welcome repr in t ing of this,.paper, provided the ' 
4 W t ^following footnote,'acknowledgjneiit' is''Us e'di' • "Eeprinted from Bureau of 
//IS^'^"' ^Min^.8.'Report of "Investigations'596J+-,.''' ••• ••••'•••••••••••••;• ' •_ • 
tWf^^ Mining engineer. Sal t Lake. City'Division,''Min'ing Brail'dh,'^'Bureau, of' Mines. 
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PHYSI CAL FEATUEES, AND' .CLIMATE 

The topography of the_area la'characteristic 'of central Wyoming 
relief and-.treeless', rollin.g. hills.. •:.'Altitudes.'range'/'from 4,600 .feet In Oi^ 
Creek .Valley :to over 5,000 feet.at the. crest, of the.asymmetrical,anticlin^g. 
which contains the 'sulfur, deposits-, ; Owl'Creek',' which flows along the nor4, 
east side of the anticline, and-emp-ties"into'.the-Big Horn,.Eiver at ThermopaJi.̂  
is a perennial stream fluctuating in;-.y6lume'with the .-seasons. _ ,̂  '**'' 

The climate in the Therm'opolis.J-area.is'typical, of centrial Wyoming. 
Summers usually are hot and dry, with consideraKie. wind...' 'Winters are sevi 
with high winds and many ground blizzards'.'.'.; , 

.HISTORY AND PEODUCTION;' '^ i- Yii: 

..Mining claims were located^aa'early.as 1908,,in the;.Owl•.Creekvsi^^o^"^1 
anticline, and a plant for the extraction df sulfur .wasvconstructed. ik>-^i^Hj' 
thermal process was employed, but, as shown by tailing piles,• which asaa,|F'«,' 
much as 10 percent sulfur, poor .recovery .was.made. ' The ;.pracess cohsi3te4« i 
essentially .of enclosing cars'of hand-mined and sorted raw. ore' in'-̂  cyllnfeif̂  
cal'.steel. retort, and,injecting': steam, to melt, the sulfuri: ;:As ,.iate*'ds 1922 «r J 
1925.,.' a.'.similar.plant .was operated'on' the-.-opposite ,limb-.of'•.the-.ar.iticliQe.''Ĵ î  
shown "by tailings and pit workings .in this .'area,,-the...operation did •not̂ coa*̂ !*̂  
tinue'long ..and. was. terminated by an .uî der ground fire.'in .1923 •'.''•''The •̂.inill̂liei' 

are.;'r.eported,to have, been hand-sorted to. a 30''-percent :s.ulfur.'content. iTHXQ 
portals of,; the main.,workings were. closed,, and superficial .investigation tol?^'| 
cates that the workings .are caved. ' Toxic gases-emanate from-'.ihe'pbrtals 
hydrdgen sulfide, carbon dioxide, and. sulfur-dioxide,,. r f m̂̂  

Production records are ,not,,obtainable.-'.However, judging-by;the^size <^^ 
the tailing dumps and the mine dumps, production was not large. 

...,,. , . . . ," -, *> -

' ' ' ' : 7 " ' . : ••-. • • " • ' . ' i7%4^ .PROPERTY AND'.OWKERSHIP.. 

/- -.1̂' 

sec 
sec 

The Brutch sulfur property comprises.-.550'acres:., SEl/4: set5.-'20; hl/2'*{ ̂ J| 
28; KWl/if m i / k S ^ l / k , Sl/2 MEl/i+ SWl/4, SElA 3Wl/î ,..'and Wl/2 S^/ll/k,, 
21; and the SEl/4 NWl/¥,-.:Sl/2 KEl-A,..and.-HEl/4, SEl/h- sec, 28,- T. h^ 

N,, R, 95 W.,' sixth principal meridian,' Eighty acres';are held by ,deed and ^ ^ i 
the ..-remainder by.'placer'..locatipn.-, Lin I, „,Noble>.. Thermopolis, Wyow, is 4' " •"*' ̂  
attorney-in fact, for .the, owners ,•-, - ' .-,-,'•., ';:''.,'.- '.-. .' '''• •; '̂  ,̂  

• " • •• ..'..,.- 3 ^ 't4^f 
DESCEIPTIOK OF THE DEPOSITS, 

sm V 

*ife 

1 ^ 

m ,.,-The-sulfur deposits',':df .the-Brutch:..are .occur along-'.both limbs..of a nort^|^ 
west-trending-asymmetrical anticline- for.'approximately-.'.-half a, mile.on tho f y 
northeast limb and 1-1/2 miles on the southwest limb (figs., 2 and h ) . 

J^ 
.''W.J 

4il 
'x̂  

i f « 
. ^ 1 . Ij? 

tfl 

W37 

..'"'"Sulfur'pods. and lenses "ranging .'from a fdw'* inches to'mbre'than'lOO feet'^ 
in 'hor izon ta l diameter,' enclosed in t r ave r t ine , , mantel', rock, or limestone, ̂ jî ^ 
represent the bet ter-grade deposi ts ' in, the ai^ea. ", Other types of deposits isf ^ml 
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• i , ^ Figure I . - Locat ion Map, Brutch Su lphur , Thermopol is , Hot Spr ings Co...Wyoming-
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Plon Map showing Topography, Locotion of Exptorotion Cuts. Shofts. and Old Workings. 
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SCALE OP FE£T 
JULY 10. 1945. . 

Figure 2. - Plan of Brutch Sulphur Property, near Thermooolis, 
Hot Springs Co., Wyoming. 
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Section C-C' 
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ASSAYS <X PITS 2 6 , a 26A 
NO. 

1 . 
t 
5 
4 

5 
6 

« 
9 

10 
II 

li 
I J 
| 4 

15 
16 

wi»™ %US'. 
l l . O 
1 2 . 6 

T.O 
1 4 . 8 

5 , 0 
1 S , 0 

I S . « 
1 3 . 0 
O . O 
1 0 , 0 

ftO 
7 , 5 

r.O 
5 . 0 
1 0 . 0 

xs 
i i i 
v n 
5f H 
J 1 2 

« ? « 
3 « . 6 

M,9 
f 4 l 
? 7 . 4 

5<?.0 
| 4 , 7 
2 1 . 0 

l « . l 

li-l 
Si.i 

Na 
[7 

18 

19 
2 0 

7 1 
2 2 

2 4 
2 5 
2 6 

WOTH S A W . 

6 . 0 
4 . 0 

8 . 5 
1 7 . 0 

IB .O 
1 8 . 0 
a.r 

1 7 . 0 
1 0 , 0 
8 , 0 

» V M M: 

xs 
?a6 
? 7 1 

1 1 1 
laa 
2 5 . 2 
24 f 
5-«,S 
* \ ( l 
4 6 . 7 
? 7 . 6 

^ K 

ASSAYS OF PITS 19, I9A, a AIS 
Na 
51 
5 2 
3 5 
3 4 
3 5 
3 6 
3 7 

_ 3 B _ J 
3 9 
4 0 

W O T H SAMP. 

5 , 0 
6 . 0 

17,1 
1 1 , 5 
1 5 , 6 . 
1 5 , 0 
1 7 , 5 

7 , 5 
13 ,2 

?.? 

XS 
0 . 8 

2 9 . 0 
2 2 2 
1 7 . 3 

2 3 
1 3 , 8 
2 6 . 7 
J M 
S O S 
? l . 5 

NO, 

4 1 

4 2 
4 3 
4 4 
4 5 
4 6 

WIDTH SAMP, 

6 , 0 
6 , 0 
5 , 0 
6 . 0 
6 . 0 -
6 , 0 

XS 
2 4 , 0 

9 , 9 
1,4 

2 4 , 0 
1 4 , 4 

1 6 1 

Y M g h n d JW.: 19,1 % S 

SCALE OF FEET 

JULY 10, I94S. 

Figure 3. - Plans, Sections, Assays, 8r Inferred Ore, Brutch Sulphur Property, near Thermopolis, 
Hot Springs Co., Wyoming. 
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Figure 5. - Assay Map of Brutch Sulphur Property, near Thermopolis, 
Hot Springs Co., Wyoming. 
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rliacrustations alon,g s o l u t i o n .channels and d i s semina t ion of s s u l f u r in. l i m e -
^ f ^ M , Gypisum, i s . a s s o c i a t e d with t h e d e p o s i t s , probably as an a l t e r a t i o n . . 

'̂feduct. '"7: 7 , , ' \ '^\ ' ' '. ' ' "'77. ;,;̂ , 
Sji>? .. , Jj'v ' ... , . , ' 

,, Mi^j,.Excavatioi;is in t h e s u l f u r a reas have exposed . su l fu r t o a d e p t h , 9 f . . , . , .' ' 
' ^ ^ p l l ^ t i y more than 100 t e e t . " These openings f u r t h e r demonstrate , tlp^P. er3r9.-f;ic. 
^ K l ^ i i r r e n c e of the depos i t s ' , ' i h 'which s u l f u r i s abundant ly: exposed, i?i. pnp, , , ^ 
•^P-E^iiftciii-and I H . e n t l r e l v abf?ent*.' ' ' ' • . jikcij'fand i s en . t i re ly absent*.' 

SSfi | '^ ; ' i^undant evidence',of' ext ' ihct h o t sp r ings i n t h e area, and the, ,op,cu^rence 
:t^£|f |;hot water in. ^one work ' ing/ ihdi ' ca te- tha t ho t water may have be!en..,an., agent 
l ^ r iS t tEe ' fo rma t ion of the'dep'oa' i ' t^. .' ' ' , , . , , 
• ̂ ^ ^ n P t - ' . . ^ ' y . . - . . , , : • • . ,;• _ . • " • ' • ' -

." THE ORE' ' ,' : ' - . " ' ' -, ,. . 

a»tly i s a replacement 
IfM^ialisyOf sodium, calci-um','magnfe&ium, and'aluminum. Gypsum i s a l s o a c9ffimon, 
Jjg^liJDBiltuent. i n . t h e t r a v e r t i n e ' I h c r u s t a t i o n s . of t h e ho t s p r i n g s . . Gangue, 
l ' ;»|cock^consists of, a l t e r e d ' sha l e and l i m e s t o n e . 

•̂̂ ;';'̂ . A chemica l ' ana lys iV of'"a, sample from p i t .19' fo l lows; 

'-M7. Tota l S 
•,t:¥mm«?*H WW ^ . 0 

'•f\-VtfAt..-k. V ' •-'-»• 

. Element'ai 'S ' ' I r i so l . 
27.8. 

HgO.so'HsO . so l . 
SiOg -Ee CaO • AI2O3' , AI2O3. 

" " i i 7 . 2 . . 4 1 . 6 0.75 6.5 4 .9 - . - l ^ O . . , 

Sampling and 'Analyses 

;̂ P̂f̂ .%'; Samples/were cut, in,all^accessible old ̂ and new workings giving evidence'. 
"'•̂ ^̂ -.iBulfur.., 219. samples.-were. cut. and assayed, ; 'Weighted analyses, of .groups , ', 
'.X̂ |̂ '̂̂ ''"eamples were.-made -for . convenience in li.^ting theeSnples, . These . combina-
'.̂ iMfitions are shovm-.later, in̂  this^ .T.he resultant weighted sulf ur. averages 
.vl»?Md'sample widths are'shown, in'the following table.. ̂. Sample, locations .are .•'. 
Ŝ ^̂ îiown on figure 5,-,'"'•"''. ' ' . ....,..,'. : .... 

' ^ M y ' ' ^ ^ ^ " • " • ' " " • • • • • - ' " • - ' ' • • • • • ' • • • " • • • ' • • - ' • • ' • • • - " ^ - • 

• T ^ M ^ y ' r - • 

i
,?/-̂ ' Sample 
n—-^— 
7-0 '> 

1X4- . . 

W*..*':•. • • • • 
';i,y. • . . . . . . 

•s'i , ' '• " 

a^v •**,•'"• 
f r* * * • • • • * 

'iy-\*''?^,* * ••• • 

IP,«^« o^« « « • • 
l i t • tt • • 0 « o 

' ^ ^ - ' 

{.'..: > , •Widijii.'..;.. -. [.Percent •.-, 11 
i sampled 1 . f t ; .i j, sulfur"' x '' 

Width Percen t 
Sample sampled,- ' f t .»i . •, sulfur". 

. 

* 

,- lo .Q. . . . ' ^ 
3 ' 9 , 2 . . ; . , ' 

.' ^^.P ^ 
•; . Uns^mp^g^. - J 
^ 7 -5^P.. . , .J 
' •• -6..Q...,-« 

•.: • ^ • y . : i : i . , X . . . . . 

-••••• y ^ ' 3 > . . . . , 

. . • ' 1 5 ^ . ' . . - . ' . 
15.0 , 

, 17.5 

, . . 0 . 7 
. ,52.2 

.8.0 
f • 

.-.:../.9 
. .29.0 
,',22.2 
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• ( >y> - ' • 

Unsampled 

' 3 5 . 1 
50 .5 . 

- '31.5 ' 
24.0-, 
• 9 . 9 " 

. . . 1 . 4 ; 
. 24 .0 . ' ' 
...14.4 • 

1 6 . 1 
.6 

- 5 -

V 
J) 

V*-

* ' ' * ' - * • « - , ; - . ' * .^^.* 

- • '- 4 ' * ; ^ ' ^ ^ 
'" 'iiiisj^ii^^p 

. ('• •' 3 7 - S ( 7 % ^ ^ ' , 
• ' • ' , i , ' i , : l f j p | ? i 

i ir'^iiiil 

•'-'»'»:''.'l^l;M',tw•^ 

;iSBkii|»r' 

7 iffejf ̂ * 

• Jf y | # S ' : 

".'.''' .Pm:wi-3P'mm3^^ 
- r ' s-vVJiW-' 

-!:?|ifetls^' 
• > ' ' i 5 ^ | » 

-''•;:.:-3Sli^ 
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, i f ^ f L 

'*4.*f 

4lif;/» * 1 

p ^ 'MP 11. 

t p f il 3)it 

-J' 1 1 

7m4 

% ' 

* . 5 ,S ' 

•̂ 3 r -

7yy 
'S^^c'^ , 1 , 

Wl 

» ' i Wi3\ 3J7¥-'̂  f i y i 7 i 

as A 
h 1 

E . I . 5964 
''*••> f '?^ . . -^n-

•i?*-. 

S a m p l e . : - • 

^ . p . . • p • . . . . . . ' .1 

2 4 . . . . - . • . , . • . . . ' 

?6 
^ 1 • • • • « . • • • o o , * « • 

2 9 . . . . V . . . : . . 

y - ^ f_ f ? .* <*.- < : • . • . • * • • 

3)ci% • *. fi.,».̂ « « , • • •« • 

3 6 , , . . . . . i . . . 
.P [. « 0 a • • « .0 >'•«'• «' 

' x A - ' " • '• 
^ W » » O ^ O - ^ , - * • » - f I'B O • • 

y ) p « « « « f t a « o ' « « e 

4n ' "" '-
^ X . 9 « • « « ».« • ' » O-'t 

4 2 . . . . . . . . . . • . 

4 4 . . . . . . . . . . . 

•47 
' 48 -. 

i ^9 . . . 
5 0 . . . . . . . . . . . 
51 

5 4 . . , . . . : . : . , . . 
,55..:..; ' . . .v,. 

^ O • • • • • • 'o o • • • 

5 7 . . . . . . . ' . . . . 
5 8 . . 
3)y • « • • • • « • • • • 

O U • • 0 • 6 • • ' • • • • ' 

Oc.» • • • • «'• • "«• '« 

6 5 . . . . . 
6 4 . ; 
6 5 . . . . . ; . . , . . 
6 5 . . . • . ; ; . . . . . 
6 7 . . . . ' . ' . . . . . , 
6 8 . . . . . . ; 

( V a • • • e . e » > • « « 

1189 -" 

i Width , 
{'3.ampled,--£fr'e'' 

!Percent 
\-'. sulfur 

I 

\:> 

» 0 o • • o < 

I e 9 • 9 o • • < 

. t : i : - ' 

, Unsampled-
10.0 

.-16'.0 
12,9 »:'. 

..•',v20;.0y' '.. 
... ai^i^-;; 

12 .6 
7 .0 

,::.14.S';;. 
•i y 0 i Q 7 . . 

13.0 
. 13 .6 

13.0 
10.0 

- 10,0 . . 
: :9'..0 • 

-•-' 7..3 
. 7 .0 

, . ^ p 
10.0 

6.0 
4.0;-
8 .5 

17.0. 
19 .0 . 
18.0 ..• 

• 8 .7 
17.0 
-10.0 

...-. 8.0 
• 14 .3 

" . 5.0' 
. 5.0 

5.0 
15.0 
16.2 

. " • : a . 2 ' ' 
' 1 0 . 8 

', . 4 . 0 
12.0 

, • 5.0-
. 8 . 9 ' 
. 16.2 

1.3 
- 11 .8 

... "9.2 
2 . 8 

3.7 

:= '25.1 ' 
35.9 
32 .5 

>;35v2' 
• 4̂2 i 6 

36 .6 
24 .8 
2 4 . 1 
27.4 
50.0' 

•14'.7 
• ' 2 1 . 0 
.-' 18 i i " 
•••22.3 

52.3-
' 2 8 . 6 

'••-27.1-
27.7 
10 ,3 
23,2 

, ; '24.2 
3^.3 
43.0 
46,7 
,27.6 
• 5 .2 
21.6 
. 4 . 2 , 
36.4 
15.6' 

2 . 6 
33.5 

•" 4 . 6 
•11:. 9 

. 5.4, 
3 A . 
2.7 

3 .2 
' 11 .9 

. 2 . 1 
... 2 .7 
. . . . 6 

ij . _; ... . . . :. ., W i d t h ->.:•., 
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I. ( ^ • • • • • o • •• o • , . I ... ^ 3 . . y • . *' • 
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( v J e o * c f ) o » « - f f « ' j • • y o y 

! ; 7 7 - • " • " • " ' i i . Q - " 

. I -7 o o. p • • • ^ 0 • • , •-• ' • • • * ? 
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il- 8 1 , , . . . ; . . ' ; , ; •• ' 5 . 0 
11 ftp ' s n 

, w c . • . o » , * o , o , j • • ^ 

0 , p , « « . , O t t « . . l ^ . U 

\l 84.,...........1 .2,7 ' 
11 ^ y «• • â  • ^ -fl ft • , • • ! . 3y • - • • 

'I • - O D * o « * 9 e ^ o o « ' : ^ 0 ^ 

••i'!'""fi7' ' " • ' . . ' 'i • ii 0 
I ; CX^ a a f t « o « e » f t « ; a i -W«U 

i I 90 • , ' . . ' 5 0 • o . . I Unsampled 
i I ^ X « « « o » 9 « « « * ! y ^ i 

ji ' 9 2 , . . , ! Unseimpled 
'I 9 5 « « » » o . . . , , i Unsampled 
j j 94 . . t o . : ' Unscimpled 
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j j ^ O o e * o O ' « « f t O o . P * ^ 

il 97 !' 4 .0 
I ' q8 "- - ' '- 5 0 

j{ 99 . j - Unsampled... 
li • - 1 0 0 . , , , . , . . . . j Unsampled, 
i.l. .101. i .- . , ' . ' . . ,».; ' . • Unsampled-
''; -102 ," . . . o . . ' . . , j "iJiisampled ' 
ii 1 0 3 . ; ; ; . . . . ' . . ' i ;,' Unsampled 

,'!i- .'104, 'o'.; '. Unsampled 
:| 105 \ Unsampled 
li 106.,., i , Unsampled 
.ji 10,7.,.,,.,,». .j,,,, Unsampled'. 
jj 108,;-,,-. ,;•.,.. i ,-;.;Unsampled 
j j 3L \ Jy • o • e o « e 0 • » I . . • ' • [ 3 ^ m\J 

. ll 110 . ' . , . , i -• .Unsampled. 
. . j : X J L J . o « * ' o « . e « o e « ' - p 9 ^ 

. . •; J 3L3x.d. • o • o « o 4 A • 0 ' \ *" £1 • W 

.11 .113« ••ooo«o6«!" '.. Unsampled.. 
- I; X J L ' T « e « « f t « » » o « ! p e v J 

;' i; 1 1 5 . » . . « » . . . . ! . Unsampled. 
• -j 116, ' . . , . , ' .....Unsampled. 
. .J! 117 i , '.. Unsampled • 
» • ' • X J U O • o » * « 9 f t o « f t ' •» y ^ \ j 
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&4> 
The LS workings ' on the .property consist, of numerous open .'cuts, pits, shafts, 

•&ldfiroom-ahd-pillar stopes.on both .limbs of the anticline'. Sulf ur has been 
•^edifrom pits- slightly- over 100 feet deep on the Owl Creek--side of .the ' 

SAQticHne.'; These pits are now-inaccessible. „ v . .:•;..:.;.•/ .'.. 

'S7!:i:-i. WOEK. BY THE BUEEAUiOP MEEES' 

t-rvf The Bureau of Mines exploratory work on the Brutch.,sulfur property con-
|istedi-of'rehabilitation and sampling of. old workings, sinking.test pits or 

l^ahafts, (and,, trenching through- surface alluvium. " Accessible . workings.', on both 
^Msides of the anticline were; mapped; but sampling: and'exploratory "work, were .-
Î Jconfined to the southwest limb of,"the anticline. All new and old workings 
|flhowing sulfur'were sampled. A total of 523 vertical ;feet of test pits.or 
|0hafts,'''was sunk. These shafts,range in depth from 5 to 35 feet. : A total. . 
||0f 442 linear-feet of trenching was completed,,. and 219 samples were. cut and: 
laesayed. A total of 52 existing excavations was cleaned and sampled where 
t̂here was evidence of siilfur. '• ' .' 

'Wh\'i 
^^^i-^trM--.. .- . . . ' . . . . . .. . • . , , 

iMij .,-All;fworkin,gs on both limbs of-the .anticline were, surveyed by transit 
land mapped. Because of limited funds,' exploration by the Bureau of Mines 
^mst'C'onfined to the more promising areas on the southwest limb of the anti-
Fclllne.*:on}property controlled by Lin I. Noble. 

^ t i V ] :,./'.•.:-.', :.'• • METAllUEGICAL.'MESTS" •..:.• . ,.•..• , ,.,•,••;• 
lit v t " • • . . . . ' • ' ' • ' • • . . . - * ' . - ' - . ' . • , ' . , . . - ' . . . . 

m r ^ ^ y . ' "• '••'•• " • ' • . ' ' • • • . • • • , ' - • • • . - : • r . r .„•.;;. -

|4 ̂ ^̂ .ifA-'sample, of..; sulfur-, ore from the Brutch.prop^rty was, submitted'to :,the- •••" 
'||a*etallurgical.laboratories for. te&tv The sample;assayed 27..8.percent ,..,.;-•; 
jelemental. STAlfuri -By employing stage'grinding and flotation,':. 50.5'percent 
^of^the'sulfur,wets recovered from the ore at a gr^de. of .88.0. percent-sulfur. • 
yk%ois3i- 'of 76.2. percent of the sulfur was recovered at "a grade, of 76.6 per-' 
^|cent, 'The addition of scavenger concentrate floated from the rougher-.tail-. 
j|tags increased the recovery to 83.4 percent at a grade;of 66.7 percent sui-

f̂ lffur.. A grade of 56.3 percent sulfur was made with a recovery of 88.0 
Isercent.. . • .... ,. ; -..^•, - -•'. ...... . .. • , ....... 

^ • ? u . . ' . , ' - • . - ' . - . . . -' -• ——--.-

m ^ % i c r : . : : : : . . H - •̂ . . • .' -. " .. ,'.• .'•-. / . -.•••: , .. ..-- ... . ....• ..• ...... :', •. ;:•,•, ., .••• 
. a y • • S t a n d a r d , f i r e - r f i n i n g p r o c e s s e s ' may b e u s e d - t o . - i m p r o v e the" , g rade ' . . o f ; t h e " 
[ f l o t a t i o n c o n c e n ' t r a t e . . . . ' , • . : . . • • . ... :• :.' .. .. .-•... . ,-, 

sr<'%' 

' W' 

'U-d 

Following is a detailed account'of the metallur.gical tests: '"^n^i;i 

•̂ U89 - 5 -, 
Ji \3 
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••'•'•A"sample of qnlfur'Ore fr:om the "i^rutch, property was submitted to the ., 
Bureau of Mines meliaHuscgicai lati.oratbries'for t e s t . The .sample'assayed'aa 
follows:-, .->-'- . ., .^^^^.'"*•'•'' ' .,1 . -P *" 

--'•"•' Perc.ent ' ' , ' 

4<\« 

Tot. S .'Ele.':S,. 
3/270' 27.8 

Itisol. 
-47'. 2 

'SiOg Fe 

.0.75 

CaO' 

6.3 

H2P soluble' '-fe.̂ Jf 
AI2O5 AI2O5 

1.0 
* ^ *^ .?J 

• ,, By. stage grinding and stage f lotat ion' , 50.5 percent of the elemental j ^ 
euifur waa recovered, a t . a grade of 88.0 percent , -or 76,2 percent elemental-if 
sulfur was recovered, a t ' a grade.:of..70.6 percent..;. The addition.'of. a scayengaB''»i 
concentrate f loated from, the :rougher, tailing,increased:.the'.elemental-sulfur,f| |^ 
recovery to 83.4 percent at a 66*7 percent-grade. - With.a'drop in grade,;to-\i'^^j 
56.3 percent elemental' 'sulf ur , reco'very may be increased to 88,0 percent, ^̂ f̂"* 
I f a.'hlgh-grad!^' oii-pu're su l f i^ produpt . i s -des i red , - the f lo ta t ion concentrate*] 
can be refined,by-.customary pyrometailurgical methods. f 

',..„ .",'••' .':'""'••,;••.• - ;' :'.-•-.',• J. .' ' .•'.; ..".. '... - , , • : , : , . : , - P i » 5 

-.•' ' As: an-'ait'ernative- tb flotation''concentration, which necessitiates'-80116 '"441 
form, of, refining, for ithe concentrates if. pure sulfur is desired,, it,.is. ''"̂  '* 
suggested that direct liquation of.the.ort be' considered,. , i • 

Stage grinding end flotation 

* . 
h 

Treatment, The' sample ..was ground-,andjif/̂ -l 
The rougher concentrate-was stage-ground and cleaned, •- Eougher c " floated. 

tailings were reground and scavenged. 

Metallurgical data 

Product 
Cleaner cone.. 1 
Cleaner cone. 2...., 
Scavenger cone, 1... 
Scavenger conc..-:„2.,. 
Cleaner tailing..... 
Scavenger,tailing... 
Calculated head..... 
Corrected for wt, • 
lost' in-120 -.soluble 
_ salt s (ais o: S0i|.)... 

Elemental sulfur- Total-, sulfur , 
;-Per-|. ," iCum.*. 

:!.cent!Per- per-: 
Wt, •wt.! cent cent:-|Dist.'' Idis t . .jcent j cent. jDlst. 

155,01 17,4188.0 
156.0! 15.5i51.0 70.6 

46,3; 5.2! 42.0 
84,0l' 9.5i 14.8 

164. (^,.18.4 i 12,5 

!, > " j --'jCum. 
iCum, ,-lPer-.iper-

88.0! 50.51 
25.7 j 

66,7 1 7.2 1 
5 6 . 5 ' ' 4,6.j' 
44 . l i . -7.6'i. 

303.7! 34,21 •3;9 b c ^ ' : - 4.4il00.,0l 9.4132,8 
889.0100.0130.51 - jioo.o..; -..-i.32.8; - ' 

50.5 188.0188.d" 
76.2i51.4'70.9 
85.4 142,0!66.9 
88.0!i7.5i57,o 
.95.6113.9168.2 

-Cum.?* 
dist: 

..47iOi 47.0* 
::25,7'l 70,7 ' 

6.7! 77.1* 
:'5.ol/:82.r 
: 7.8|.'-90.2r.^ 

i- '.9.8il00.0! 
100.0''. - 3 

* mc 

I*-

971.d' ' - 127.6 iiliSi 
Remarks. - With f ine grinding, most of elemental sulfur i s free,, but ->• k ^ 

gangue i s f loated because of surface coatings of sulfur tha t cl ing tenaciousljf 
t o s i l i c a . As i s customary with f lo ta t ion concentrates, grade probably can 
be increased further by pyrometallurgical methods. 
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X573 
137'' 
137" 
157' 
157J 
137^ 
1377 
137d 
137S 
138c 
l j8i 
138.: 
138, 
138. 
138J 
138if 
1381 
138̂ , 
138^ 
139( 
1.9 
139' 
159: 
118' 
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' ''tiir?. 

as* 
'^^p' ,\8sa/ ; Chan-1 

lab, Loca-.-) ..nel 
t ion ' i 'No . ' 

Width. ; Sui 

f; sol 

of . 
sample, 

f e e t ' 

T o t a l 
fur, j-width of i Sulfur., j As say j 
per- • channel, | percent j,-. map. j 
'cent'! feet jwt, aV;"l',.No.' •Pemarks 

' i ' ^ 

me 

nd 

^ ' i 1551 ,^~26 

' 4,1555 t-26 I 
. my^K p.26 i 
^,^Wi555 P-26 i 

;^ \ * 1 5 5 6 P.26 
(t J* 1557 P-26 \ 

"^f <T^l558 P-26 ; 
liy 4^' m P-26 
' . ""A^lJ^l P-26 ! 
'• '•^ ' 'Yl$h^2 p-26 

pC 1363 p-26 
\ y 11364 p-26 

1.0565 tp-26 
^ v l 1566 iP-26 
' ' t 1567 ^-26 
. i 1568 t-26 

, i^f I 1569 p.26 
^''X eaapld 

' ^ : 1 H 7 1 2 I 
'^ ^Jl'1370 te-26;.. 

T 5-a571 !Pr26 
7, - ^ i 1572 t.,26,., 

\ " ^-f 1573 ^-26 
TTo ^L^^^5 P-26 

• zJ'? ^7k 1576 t-26 
7?'! . 1 ^ 5 7 7 P-26 
Q0 2^^^sri579 P-26 
00*0̂ ^ T -1380 P-26 

- ^ /J/a382 P-26 
, 7 ; . t . l384 ?-26 

at 1^^1586 P-26. 
fiousij 4urtjs r̂ ^ 

^ , i s ^ , -1388 p-26 
"1589 p-26 

>-26 

can -̂  • ^^'' 

^ % 1390 . 
" ; '# ; 1591 p-26 

11592 p-26 
|7'^1393 P-26 

n89 

1 
1 
1 
2 
2 
2 
3 

.3 
4 
4 
4 
4 
5 
6 
6 
6 
8 
8 ' 
8 

8 ' 
: -9: 
.'9... 

9 
10 
10 
11 
11 
12 
12 
12. 
13 
13 
13 
14 
14 
15 
16 
16 
17 
17 
18 
19 
19 

2 ,0 
4 , 0 
5.0 
5.0 
4 , 0 
5.6 
3 .0 
4 .0 
1.5 
3 .3 
5 .0 
5 .0 
^ . 0 
4 . 0 
4 ,0 
5 .0 
4 , 0 
3.6 
3 .0 

1 4 . 0 
4 . 0 
5 .0 
5 .0 
5 .0 
5 .0 
5 .0 
4 ,0 
2 .0 
3.0 
1.5 
3 .0 
5.0 
3 .0 
4 , 0 
5.0 
5 .0 
5.0 
4 ,0 
2 ,0 
4 .0 
3.0 
3oO 

^18.71 
' 34 .6 i 
:15.71 
J36.3! 
,39.9; 
i30.91 
:32 .7 i 

'•^32.3! 
! l 6 . 2 i 
i24 ,6 i 
•40 .4 ; 

136.91 
!42.6i 
127.5i 
i 2 8 . 8 ! 
i5p.o! 
-24.9; 
i24.6: 
i17.51 

11.0 

12 .6 

- 7 . 0 

14 .8 
. 5 . 0 

' . . , | . jP i t 26 i s a combination 
. . .-. j - I .room and p i l l a r s tope 

2 3 . 1 I - 28 ,i and open p i t ; See . f i g . 
. ' • j , . ; ' i 5 f o r l o c a t i o n of 

samples. 
3 5 » 9 ' | . - 2 9 : 

•52.5: . IG'30, 

33.2 
42 .6 

-:31 
..•.52 

13.0 i 36 .6 r ; 33 

5.0 ! 3 2 . 1 K 13 .6 ; , ' 2 4 , 8 : j 3^ 
)L n i n n 7 i 

!32.11 
i i o . 7 
;33.0i 
| 2 7 . 7 ' 
' 3 3 . 1 ; 
; 2 1 . 8 ; 
!25 .2 ; 
| 3^ .9 i 
110.6i 
127.1! 
' 1 2 . 0 ; 
138.8i 
116.9 
jl6.li 
!l4.6i 
120.8 ' 
^22 .3! 
i24 .4 i 
140,2 I 
127.31 
; 31 .2 ; 
127.1i 
j4o.8-j 
:16.0 ; 

13 .0 I 2 4 . 1 : 55 j 
' I ! ! 

10.0 j 27 .4 I 36 I 

10.0 i . . i30.q •-5;-';37 

9 .0 

.?7.5 

7 .0 
5.0 

10.0 

-6.0. 
4 ,0 

I 
i4 . r ' j J 38 •. 

-.,"' I 

21.0 39 

1 8 . 1 ! 40:'> 
,22.5 •[ . 4i .^ 

• v 1. ' ••' 

32.5 •!: ^2-', 

28.6. 1;" 
2 7 . 1 -I.' 

45 •, i.'. 
44;;iV 

.'i'" 

- 7 -
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flSI' 
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•3.-31 
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Assay 
lab. 
No. . 

1394 .... 
1395 
1396 -' 
-1397 '-
1398 ' 
1399 
1400 
1401 
1402 
1403 
1404 
1405 
1406 
14 07 
1408 
l409 
I4l0 
l4li 
1412 
I4l3 
I4l4 
l4l5 

Sui-I . Total,, 
fur, jwidth.of 
perr I channel,. 

I Sulfur; 
_ jpercert 

feet -i cen.t I' -feet • -;wt.• av. 

: Assay 
j - -map M i i 

Eemarke 

1467 IP-19 

Ee- I 
sampled! 

4719 I 
-1468 - ; 
1469 j 
1470 J 
,1471 I 
1472 i 
1473 ; 
1474' i 
1475 i 
1476 i 
1477 I 
1478 i 
1479 I 
1480 j 

- 1481 • ! 
1482 : 
1485 i 

. 1484 

1189 

1 

18,0 

42,7! 10.0 

5.0 • 

15.8 

15.0 

37.2 1 

"! 27.7'. 

10.3 

" |. 

.9 

29.0. 
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I f i g s . 3 and 5' 
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•iVfp^^ly 

• •^k iP ' - ' •7m$m''-

^m^3 :̂- E . I . ' 5 9 6 4 ' 

Wid th ' ' 'Su i - i T o t a l | . . ' j " j 
of i fur , , iwith. of i Sulfur,.! Assay j •JMAssayl jChan 

•f'spl^jLab. -Loca- i n e l jsample,! p e r - [channel,; percenti --map 

''«i2l. t i o n , I No. f e e t i cen t : . : f e e t i wt., .i'v..!'.'.No.'-'--! 
,.^„ •'P-19' :• 

W p 6 . •:P-19 !' 
P-19 

B5«W1^^. P - 1 6 

I» l2 ! f i i p ' -17^ ' 
P-17 'Mmf%i 

mK2feî p-i7--
• m m i-p-18 

^Wf88] 
'^^! !#^-
•Mf-PiP"r 
iK-»«S»ff^-"^' 

•-'»#4-'—1 

P-19A 

P-19A. 
P-19A 

A-19 

A-19 i 
^ ' ' " 7 ! i A - 1 9 : j 

stA;t>/3.H A-19 .•••'. i' 
' M P ' -'•'•: ..-'. --.: 

• « 5 9 > . 
i ^ l * ' - - ' 
'tWF|«|H'^*''• 

Mm.':'AP.--

' ' S 

A-19 

P-20' 

P - ^ 1 
- t 

P-22-, 

P-23 

7 
,8 
.8 

; i 

1 

• 1 

1 
2. 

3 : 5 
•4.0-': 

. 3 .5 

,7-.^l0 

• 5 .0 

•37.5.1 17 .5 
• 2 7 . 9 ' 
43 .4 

.5 

.9 

5 .0 ' 2 4 . 3 ! 
4 .2 ; 4 i . 7 ; . 
4,0. I 8.0i 

I ' - I 

1" 
,:i 

-5.0 • 131.3 

-.:5'.0 -^32.2 
' . 3 . 2 - : 26 .5 

' I . 
I 

5.5 'i31.5 

2, I 6.0 
3 ! :' ^.0 
4;'! .5.0 
5 
6 

124.0. 
[ • • 9 . 9 
' • a . 4 

..7 

:5...0.- ; ; :5.8 

7 .5 

1 0 . 0 \ 

9.2. 
4,0 

13.2 

6.0 
6.0 

: . 5 . 0 . 
.6.0 

• 6 . 0 ' 
• 6 .0 

, 6.Q..'; 24 .0 I 
! ' 6 . 0 i l 4 . 4 j 
' ' 6 . 0 - i l 6 . 1 i 
I . ' 1 3 8 . 3 ! '. 

I . • . 1 3 5 . 2 1 ' 
r '..•• P . . ' 

; ^ . 0 .: 0.6.; - 5 .0 

26.7 ' : ' 

3 5 . 1 

.7 

52.2 
8,0 

Remarks' 

50.5 : 

31 .5 \ 
* • 

24.0 j 
-9.9'i 
1.4.;. 

24'. 0 ; 
14,4 ! 
16.1 j 

0,6 

11-

12'--
1 

> iShaft '3 by l 4 by i f f e e t ; 
*! 7 f e e t of a l luv ium. 

. . - ' l I Sampled top .to/bottom,,;., --

2 'i 
. 3 . ! ':.. , ;„ .' • ; '• " . 7 y i . 

7h 'jshaft 5 tiy 7i.5 ' ty ;^ ••: JUV 
• 'j f e e t . ' - ' 7 • '..•-.:-̂ --"-: 

.' iBarren' shale, unsampled. 

^ Shaft 4 by 6 by 15..5-:.̂ ; 
! feet in floor of'pit 

; 19' 
IShown on fig, 3. 

13 

14 lAdit d r iven from p i t l l 9 . 
' .' jshown' o h - f i g , - 3 . - •-' •-:•-. .' 
.15 .r • p -^ "7 ' 
,16 \'-', ' '--: '-..:-. 
•;i7-r",. , ^ . "• .̂ - . ' . -
• 1 8 ' ! ' • - . . : ' " : . ' . . - . : , - . 
. 1 9 ' 'i - ' : • 
'20\ 7 . 1 . . : :. •' r. •....':. .̂ . 

IGrab sample from stock-
• I -pile pit 19. .'.: • .'.'.: 
j-Grab sample from 'stopk-
1 'pile pit 19, '....••.;, .':.'..,.' 

- :21. jShaft 5 by 6 by 15: feet 
: iSample from bottom 5;".--..' 

.-:'•• ' feet;of- shaft; . '• 

^22 |shaft;4.5 by 4^by:-8.'6 -.3 
..- .. ! feet, 'v ';•- -.-: '.' •;-.;; 

iUnsampledo ' .! 

•25 iShaft 4 by 5.5>y:-5 feet. 
jUnsampled. ,., •,-. • „•.,. 

.'- . 73:- • ' • ' ' •'• ' i ' •••':.•' 

•,.C' iShaft 6 by 6 by'27 fe.e't;. 
ii7 "f eet of alluvium. 
'Sampled from bottom 10 ; 
: f e e t . 
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tom 5 feet of trench 
sampled. 

.7 112 Cut 4 by 15 by I5 f eet^^l^^. 
Soil and shale. SampU'fP*^"-' 
from bottom 7 feet, isj 

ic 

4706 
=-41̂ 707 

J 7̂08 ,_ 
113 I Cut 5 by 10 by 5.5 feet?«'*^709 ! C 

Gypsum and altered 
shale, Unsampled. 

0.6 ' l l 4 J5 feet cut a t bottom cf 
; j shale scarp, 

'115 Cut 4 by 14 by 12^feot.S1 
Altered, barren shalo«S 
Unsampled, f * 

I 

"116 Cut 5 hy 14 by 9 feet, 
Altered, barren shale, r' 
Unsampled,, 

117 Cut 6 by 15 by 12 feet. 
Barren shale . Unsampled̂  

• ' ' * ' ' ^ ' 

.6 \ • 118 I Cut 4.5 by 8 by 10 feotr 
5 feet of alluviimi. J. 
feet of shale . Sampleî ' 
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R. E. ZARTMAN 

U.S. Geological Survey, Federal Center, Denver, Colorado 80225 

Geochronology of Precambrian Rocks 
of the Teton Range, Wyoming 

iVo/tf: This paper is dedicated to Aaron and Elizabeth 
Waters on the occasion of Dr. Waters* retirement. 

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, is 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 metamorphosed 
tholeiitic diabase. 

A Rb-Sr whole-rock isochron 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 
Sr. 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. Plagioclase-microcline isochrons 
from twii 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 record 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 of 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 (Eig. 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 province (Engel, 
1963; Condie, 1969). 

The Teton Range is a fragment 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 
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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 nearly continuous vertical cross section 
with a maximuni relief of nearly 7,000 ft (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 T H E 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 iron-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 FryxeU (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 

quarti -f oligoclase or andesine H- biotite + 
garnet ± potassium feldspar 

•n the biotite gneisses and 

quartz -(- andeslne or labradorite 4-
hornblende ± biotite + garnet 

'n 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 ofthe 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 
conspicuously layered, and contain abundant 
potassium feldspar in porphyroblasts, in 
quartzo-feldspalhic 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 ferromagneslan 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 volcaniciastic 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 
b io t i t e -and-hornblende-bear ing gneiss of 
quartz monzonitlc 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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brian rocks of the Teton Range showing sample 
locaUties. 
< ; 
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. 7%" E. of Owl 
Peak in the Ranger Peak 73^ ' quadrangle, 
Wyoming (Fig. 2, sample loc. A, V, and C). 

The type locality 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 dipw 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 the freshly 
blasted outcrops between elevations 8,400 and 
9,QQQ 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 locality is 
about 1.6 mi N. 65° W. of the lower terminus 
ofthe tramway in Teton Village, Teton Village 
73^' quadrangle, Wyoming. The rock is tion-
layered and very weakly foliated. Typically it 
has a blotchy appearance due to irregular clots 
of dark-green hornblende 1 inch to several 
inches across set in a matrix of light-gray . 
plagioclase. Similar rock that occurs iri 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 Anvj) and 25 and 35 percent 
hornblende. A few plagioclase grains are faintly 
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Figures. Oblique aerial 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 

dark band is a diabase dike 100 to 150 ft 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 ofthe 
dike visible in the photograph. Photograph by Austin 
Post. 

zoned. Commonly the plagioclase is partly 
sericitized and decalcified. The hornblende, 
which probably replaces original pyroxene, is 
partly jacketed with actinolite and locally 
is 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 

of reddish-brown biotite are intergrown with! 
the hornblende. I 

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 anr 
migmatitic biotite gneiss to the south is sharj 
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Figure 4. Photographs of layered gneiss. A. Thinly biotite gneiss (medium gray), amphibole gneiss and 

layered biotite gneiss, amphibole gneiss, and amphiboUte amphibolite (dark gray) displaying rootless isoclinal 
west of Static Peak, about 2 mi northwest of Phelps Lake folds and shearcd-out layers. About 1.5 mi northwest of 
(Fig. 2). B. Interlayered plagioclase gneiss (white), DoanePeak (Fig. 2). 
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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 ofthe 
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 least 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 folds. 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 
original gabbro was emplaced prior to or during 

^deforrriation and metamorphism oflhe gneisses. 

Younger Intrusive Rocks 

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

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 l } p quadrangle, Wyoming (Fig. 
2, sample locality L). 

Typically the Mount Owen Quartz Monzo
nite is 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 irregularand difficult to 
depict on a geologic map. Blocky inclusions of 
wall rocks a few feet 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 
biotite pegmatite dike (left of hammer) cuts across both 
the inclusions and the quartz monzonite, although it is 
inconspicuous in the inclusions because of similarity 
in grain size. About 3 mi northwest of sample locality 
M (Fig. 2). • 

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 

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 ofwhich 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). It 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 ori 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-ss), 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
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. 

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 
ionization. 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^V^r*^ ratios calculated 
from measurements on spiked samples,, about 
±3 percent; and for Sr"/Sr*^ ratios measured' 

on unspiked samples, ±0.15 percent. All 
Sr'VSr^' ratios were normalized to a value 
of Sr«VSr«« = 0.1194. In all Rb-Sr calcula
tions, the following constants were used: 

Rb"x^ = 1.39 X 10~"/yr, corresponding to 
half life of Rb" = 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 
technique described by Dalrymple and Lan- . 
phere (1969). Potassium contents of biotites 
were determined- by flame photometry; all 
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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 about 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: 

K<% = 0.584 X 10-^Vyr 
X3 = 4.72 X 10-"Vyr 

K'" = 1.19 X 10-* moles/mole K . 

All sample localities ate indicated on Figure 
2. Detailed locations and petrographic descrip
tions are available.' 

Age of the Webb Canyon Gneiss 
and Rendezvous 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 Sr"/Sr'^ ratio 
of 0.703 + 0.017 (model 4 of Mclntyre and 
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 payable to Microfiche Pub
lications. 

.... . -^ .H.- , . . . , ,... . . .. •^^^l^..•..;^,L.^...y,,,Lll.^,-^_ . 
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TABLE,1. WHOLE-ROCK RUBIDIUM AND STRONTIUM ANALYSES 

Sample 
loca l i ty* 

A 

B 

C 

D 

E 

F 

G 

G 

G 

N 

I 

J 

K 

L 

M 

•Sample 

Field no. 

986A 

9S4A 

985A 

nsiA 
416 

437 

1294A 

1294B 

1294G 

421 

R-l 

TC-1 

542 

847 

962 

loca l i t ies are shown 

Noruiallzed 

Indicates 

to S r ' V s r " 

daterninations 

. 0 

Rb (ppra) 

Plagiocl 

13.7 

-35.7 

41.6 

67.1 

63.0 

78.3 

11.5 

23.0 

39.0 

104.9 

173.2 

210.2 

161.6 

172.6 

215.0 

on Figure 2. 

l i s t . 

ase gne 

Sr (ppm) R b " / S r " 

iss adjacent to Webb Canyon 

282.7 

Webb Canyon Gneiss 

76.9 

60.9 

78.5 

52.2 

128.5 

Rendezvous Metagabbro 

Mount 

made on unspiked sample 

144.7 

151.8 

167.5 

0.140 

1.35 

1.98 

2.50 

3.56 

5.03 

0.232 

0.438 

0.675 

Owen Quartz Monzonite 

68.1 

65.3 

58.8 

38.9 

29.1 

33.0 

- a l l other determl 

4.54 

• 7.91 

10.75 

12.60 

17.83 

20.12 

Gneiss 

' 

nations made on 

(Sr ' " /Sr " ) -^ 

0.7062* 

0.7756^ 

0.7770' 

0.8079* 

0.8464* > 

0.8991* 1 

0.7082* 

0.7192* 
0.7265* 1 

0.8915* \ 

1.016 , 

1.110 I 

1.181 f 

1.346 

1.456 

spiked samples. 

' Age (m.y.) 

2875 1 150 

2495 t 75 

undergone the same episodes of high-grade 
regional metamorphism and deformation. We 
have therefbre 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"/Sr8« ratio of 0.700 ± 0.002 (model 
4 solution of Mclntyre and others, 1966). The 
slope of this isochron and therefore the age is 
dependent largely on the analyses of the Webb • 
Clanyon Gneiss; the initial Sr^'/Sr*' ratio is 
controlled principally by the metagabbro and 
plagioclase gneiss analyses. 

Because all the rocks included have under
gone extensive recrystallization during 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 aimphibolite 
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" /Sr ' ' ratio and subsequently 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 within the stated 
uncertainty. 

• The initial Sr"/Sr^^ 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 original 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 the Mount Owen 
Quartz Monzonite (Table 1),define an isochron 
(Fig. 8) with an age of 2,495 ± 75 m.y. and 

:jk";.tjuR-„vj;jjj..*.VVTJ^.a^ 
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0.90 

0.80 

"T 1 r 1 r 

' - 0 -985 

r. = 0.700 ±0.002 

3 

Rb" /Sr ' 

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^/Sr*^ ratio of 0.732 ± 0.009 
(model 1 of Mclntyre and others, 1966). The 
age is consistent with preliminary Pb^'VPb^"^ 
isotopic ages on four separates of zircon from 
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'VSr'^ 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). However, both the very close 
fit of the points to the isochron (Fig. .8) and 
the apparent agreement between the isochron 
age and the .Pb^'VPh^"^ ages on zircon ^ are 
difficult to .explain on the basis of isochron 

gneiss (triangle). Horizontal lines through circles 
indicate analytical uncertainty in Rb'^/Sr*'. 

rotation. The anomalously high initial Sr"/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*VSr'' 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 
Sj.87/Sr88 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'VSr'^ ratios and radiogenic Sr*' 
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. Ofthe 33 samples analyzed, only 
one would have had a Sr*'/Sr*° ratio higher 

i;;ivt^;!f"v.. 

.7 

'•:f3 " , ^ 1 

^4 
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1.5 n i I n I r 

Rb"'/Sr' 

Figure 8. Rb-Sr isochron diagram for whole-rock certainty in Rb"/Sr ' ' . Dashed line is Webb Canyon 
samples of Mount Owen Quartz Monzonite. Hor- Gneiss-Rendezvous Metagabbro whole-rock isochron 
izontal lines through circles indicate analytical un- from Figure 7. 

than that ofthe 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'VSr*' ratio in the Mount Owen 
would appear to be the result of either (1) 

incorporation of strontium representative of 
crustal rocks with Sr'VSt^^ 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 flushing 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 S r ' " / S r " RATIOS AND RADIOGENIC S r " CONTENTS 2.5 B.Y. AGO 

Rock type 

Hunber 
of 

samples 
Rb (ppm) 

Average Range 
Sr (ppm) 

Average Range Average 
Rb/Sr 

Range 

Estimated 
Estimated radiogenic 
Sp ' ^Sr ' * S r " 2.5 B.Y. 

2.5 B.Y. ago ago (ppm) 

Biotite Gneiss 

Sinph ibo l i t e 

Rendezvous Metagabbro 

Webb Canyon Gneiss 

Mount Owen Quartz 
Monzonite 

14 

3 

7 

9 

12 

68 

12 

23 

69. 

201 

16 to 149 

5 to 17 

8 to 43 

35 to 105 

116 to 368 

220 

98 

185 

87 

44 

56 to 917 

86 to 119 

167 to 207 

57 to 109 

18 to 74 

0.309 

0.122 

.0.124 

0.793 

4.57 

0.047 to 

0.063 to 

0.040 to 

0.445 to 

1.57 to 

2.68 

0.192 

0.217 

1.74 

12.51 

0.7049 

0.7019 

0.7019 

0.7127 

0.732 

0.107 

0.018 

0.035 

0.109 

-

Rb and Sr contents and Rb/Si l a t l o s determined by x-ray fluorescence methods s imi lar to thosa described by Doering (1966) 
'^Ing samples analyzed by isotope di lut ion metbodg (Table 1) as standards. Analyst, tt. 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 S r" 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 orJy 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 J 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 fot 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 

vz. Z 

I s 

0.-700 0.710 0.720 0.730 0.740 0.750 

S r " / S r " 

E X P L A N A T I O N 

p l l Rendezvous Meiogobbro 

^ Amphibol i te 

IS I B io l i te gneiss 

^ Webb Conyon Gneiss 

Figure 9. Estimated Sr''/Sr'° 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 rnuscovite 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. 

Table 4 summarizes K-Ar ages in and adja
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 from locality B came from 
a segregation pegmatite in the Webb.Canyon 
Gneiss that is unrelated to the ^'foran dike but 
is included for comparison. 

Hornblende from the wall rocks has ages 

T 
'• '" " p 7 ^ 

• . • ' " • - • ^ M 
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TABLE 3. RUBIDIUM AND STRONTIUM DATA AND APPARENT AGES OF 
MINERALS FROM MOUNT.OWEN QUARTZ MONZONITE 

Sample locality* Mineral Rb (ppm) Sr (ppm) Rb'VSr* (Sr"/Sr'")n^ 

Plagioclase 

Microcline 

Muscovite 

Biot i te 

Plagioclase 

Microcline 

Muscovite 

B io t i te 

40.0 

539.3 

643.5 

636.9 

20.5 

409.0 

551.2 

1.189.2 

56.5 

47.2 

40.8 

60.3 

50.1 

75.2 

17.5 

39.1 

2.10 

33.06 

54.62 

33.44 

1.24 

16.62 

118.9 

108.0 

0.9808 

1.761 

2.720 

1.662 

0.8754 

1.278 

3.852 

3.032 

•Sample l o c a l i t i e s axe shown on Figure 2. 
^normalized to S r " / S r " - 0.1194. 
' Indica tes determination made on unspiked sample/ a l l o ther determinations made on 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 ft (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 
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Figure 10. Rb-Sr isochron diagram for minerals from Figure 8. Solid lines are plagioclase-microcline isochrons 
Mount Owen Quartz Monzonite samples from localities for each sample. 
J and M. Dashed line is whole-rock isochron from 
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Material 

TABLE 4. POTASSIUM-ARGON AGES FROM THE TETON RANGE, CHIEFLY 
FROM THE DIABASE DIKE ON MOUNT MORAN AND ITS HALL ROCKS 

KiO* Ar" ' radiogentc-f Ar" ' radiogenic 
(percent) (moles x lO-'/gm) (percent) Age l2o (m.y.) 

Pegmatite In Webb Canyon Gneiss, sample loca l i ty B* 

Hornblende 1.7)1* 13.90 99 2580 t 25 

Wall rocks of diabase dike,.Mount Moran,-sample loca l i t y N* 

Hornblende 0.7 f t from dike 

Hornblende 2.0 f t from dike 

Hornblende 10 f t from dike 

Hornblende 20 f t from.dike 

B io t i te 5 f t from dike 

Bio t i te 40 f t from dike 

B io t i te 100 f t from dike 

0.620* 

0.523*. 

0.519* 

0.638* 

0.96 

6.20 

7.65 

5.308 

4.311 

4.535 

6.010 

3.094 

17.68 

22.20 

98 

99 

99 

99 

75 

99 

88 

2,650 1 25 

2,600 i BO 

2,800 1 90 

2,780 1 80 

1,450 i 90 

1.320 1 50 

1,350 1 50 

Diabase from dike on Mount Moran. sample loca l i t y N* 

Whole rock from c h i l l zone 

Plagioclase near center of dike 

0.809* 1.142 90 

1.209* 0.7862 ' 88 

775 t 50 

396 t 6 

Diabase from dike on Mount Moran, sample loca l i t y 0* 

Plagioclase near center of dike 1.331* 1.343 96 

• Ind ica tes determination by isotope d i l u t i o n , 1̂ . H. Henderson, analyst / a l l other determinations 
v io le t Wexri t t , ana lys t . 

+H. H. Mehnert and R. F. Marvin, ana lys t s . 
^Sample l o c a l i t i e s are shown on Figure 2. 

iy f laae 

583 ± 8 

jjhotometex. 

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 mininium age of the dike is 1,450 + 90 
m.y., the oldest apparent age of biotite in the 
wall rocks, and the tnaximiim 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 hterature (Giletti and 
Gast, 1961; Menzie, 1966; Giletti, 1968) are 
summarized in Figure 11. Except for two 
Rb-Sr ages on muscovite from 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 microchne 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 
isochrons for the A-Iount Owen Quartz Mon
zonite. Most of the Rb-Sr and K-Ar ages on 

r';pry);Si.n;ygija;̂ aiWM 
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biotite and some ofthe 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 displayed 
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 
following 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 ofthe 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-
. 1 I I 1 I I 1 I I I 1 I I I I I n 

I I I I I I I I I Ix l I I I I I I I I t I 

I . . n r m a ja_ 
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AGE (MILLION YEARS) 

E X P L A N A T I O N 
[ • ] Paqmotif* 

I I Mount Owfn Quor l i Monzonitf 

^ a Wtbb Canyon Gneist 

^ Biot i t t gnai i i 

Figure I I . 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 frona 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 geochronologic 
studies. 

The only other ages older than 3,000 ni.y-. 
are discordant isotopic ages on apparently 
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 northernmost 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 inttusion 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 
Pb207/pb206 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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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 occurrence of rocks of the 
Wyoming province. 

Heimlich and Banks (1968) obtained con
cordant Pb-U ages of 2,930 m.y. on monazite 
from a quartz monzonite gneiss in the northern 
Bighorn Mountains which they believe is of 
metasomatic origin. Zircons from the same 
rock have Pb^'VPh^os 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 ofthe gneiss. The same authors 
found a maximum K-Ar age of 2,780 m.y. on 
biotite from nonmigmatitic metasedimentary 
gneiss in the southern part of the Bighorn 
Mountains. 

Rb-Si" whole-rock isochron ages of 2,825 ± 
80 m.y. on paragneisses and orthognelsses 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 ofthe 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 iri.y. for the Little Elk Granite in the 
northeastern Black Hills, and Ratt6 and Zart
man (1970) found a whole-rock Rb-Sr age of 
about 2,50() m.y. for granite in the Bear Moun

tain dome in the west-central part ofthe Black 
Hills. These granitic rocks, which appear in 
the cores of gneiss domes, seem to be part of a 
metamorphic terrane that is older than the 
bulk of the surrounding Precambrian rocks and 
that fotms a link belween 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 episodes. 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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tTiese ages as indicating a metamorpKic 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 from the Stillwater Clomplex 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 l,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 l,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). 

ACKNOWLEDGMENTS 

We are Indebted to T. B. Ransom, J. V. 
Dieterich, D. B. Steller, A. C. Chidester, D. 

A. Coates, and R. W. Blair for assistance in the 
field. The co-operation and interest of the per
sonnel of Grand Teton National Park were 
essential. We especially acknowledge the help 
of Howard C. Chapman, Willard C. Dilley, 
Charles H. McCurdy, R. Alan Mebane, and 
the late Fred C. Fagergren. }. David Love, 
with his deep interest in all phases of Teton 
geology, was a constant source of advice and 
encouragement. ---

The senior author is deeply grateful to the 
personnel of the U.S. Geological Survey geo
chronology laboratories in Denver for their 
patient instruction, generous forbearance, and 
unselfish sharing of space and equipment while 
he was a guest in their facilities. Individuals 
who performed or assisted with specific analyti
cal procedures are W. T. Henderson, R. F. 
Marvin, H. H. Mehnert, R. A. Hildreth, W. 
P. Doering, C. E. Hedge, and Z. E. Peterman. 
C: E. Hedge and Z. E. Peterman deserve 
particular thanks for their continued interest 
in the project and their advice in Interpreting 
some of the analytical results. 

REFERENCES CITED 

Aldrich, L. T., Wetherill, G. W., Davis, G. L., and 
Tilton, G. R., 1958, Radioactive ages of micas 
from granitic rocks by Rb-Sr and K-A 
methods: Arri. Geophys. Union Trans., v. Vi, 
no; 6, p. 1124-1134. 

Armstrong, R. L., 1968, Mantled gneiss domes in 
the Albion Range, southern Idaho: Geol. Soc. 
America Bull., v. 79, no. 10, p. 1295-1314. 

Armstrong, R. L., and Hills, F. A., 1967, Rubidium-
strontium and potassium-argon geochronologic 
studies of mantled gneiss domes, Albion Range, 
southern Idaho, U.S.A.: Earth and Planetary 
Sci. Letters, v. 3, no. 2, p. 114-124. 

Bradley, C. C , 1956, The pre-Cambrian complex 
of Grand Teton National Park, Wyoming, in 
Wyoming Geol. Assoc. Guidebook, 11th Ann. 
Field Conf: p. 34-50. 

Brookins, D. G., 1968, Rb-Sr and K-Ar age deter
minations from the Precambrian rocks of the 
Jardine-Crevice Mountain area, southwestern 
Montana: Earth Sci. Bull., v. 1, no. 2, p. 5-9. 

Catanzaro, E. J., 1967,.Correlation of some Pre
cambrian rocks and metamorphic events in 
parts of Wyoming and Montana: Mtn. 
Geologist, V. 4, no. 1, p. 9-21. 
1968, The interpretation of zircon ages, in 

Hamilton, E. I., and Farquhar, R. M., eds.. 
Radiometric dating for geologists: New -york, 
Interscience, p. 225-258. 

Catanzaro, E. J., and Kulp, ]. L., 1964, Discordant 
zircons from the Little Belt (Montana), Bear-



' •^:T.. 
-r-.-ii^'i.miii&l-^ :-.: 

GEOCHRONOLOGY OF PRECAMBRIAN ROCKS, TETON RANGE, WYOMING 581 

tooth (Montana), and Santa Catahna (Ari
zona) Mountains; Geochim. et (Cosmochim. 
Acta, V. 28, no. 4, p . 87-124. 

Condie, K. C., 1969, Geologic evolution of the 
Precambrian rocks in northern Utah and 
adjacent areas: Utah Geol. and Mineralog. 
Survey Bull. 82, p. 71-95. 

Condie, K. C , Leech, A. P., and Baadsgaard, H., 
1969, Potassium-argon ages of Precambrian 
mafic dikes in Wyoming: Geol. Soc. America 
Bull., V. 80, p. 899-906. 

Dalrymple, G. B., and Lanphere, M. A., 1969, 
Potassium-argon dating: San Francisco, W. H. 
Freeman and Co., 258 p. 

Doering, W. P., 1968, A rapid method for mea
suring the Rb/Sr ratio in silicate rocks, in 
Geological Survey research 1968: U.S. Geol. 
Survey Prof. Paper 600-C, p. C164-C168. 

Engel, A.E.J., 1963, Geologic evolution of North 
America: Science, v. 140, no. 3563, p. 143-152. 

Giletti, B. J., 1966, Isotopic ages from southwestern 
Montana: Jour. Geophys. Research, v. 71, no. 
16, p. 4029-4036. 

, 1968, Isotopic geochronology of Montana and 
Wyoming, in Hamilton, E. I., and Farquhar, 
R. M., eds., Radiometric dating for geologists: 
New York, Interscience, p. 111-146. 

Giletti, B. J., and Gast, P. W., 1961, Absolute age 
of Pre-Cambrlan rocks in Montana and 
W^yoming, in Geochronology of rock systems: 
New York Acad. Sci. Annals, v. 91, p. 454-458. 

Hanson, G. N., and Gast, P. W., 1967, Kinetic 
studies in contact metamorphic zones: Geo
chim. et Cosmochim. Acta, v. 31, no. 7, p . 
1119-1153. 

Hedge, C. E., 1966, Variations in radiogenic 
strontium found in volcanic rocks: Jour. 
Geophys. Research, v. 71, no. 24, p. 6119-
6129. 

Hedge, C. E., and Walthall, F . G., 1963, Radio
genic strontium-87 as an index of geologic 
processes: Science, v. 140, no. 3572, p. 1214-
1217. 

Heimlich, R. A., and Banks, P . O., 1968, Radio
metric age determinations. Bighorn Moun
tains, Wyoming: Am. Jour. Sci., v. 266, no. 3, 
p. 180-192.. 

Hills, F. A., Gast, P. W., Houston, R. S., and 
Svvainbank, I. G., 1968, Precambrian geo
chronology of the Medicine Bow Mountains, 
southeastern Wyoming: Geol. Soc. America 
Bull., V. 79, no. 12, p. 1757-1784. 

Horberg, C. L., and FryxeU, F. M., 1942, Pre-
Cambrian metasediments in Grand Teton 
National Park: Am. Jour. Sci., v. 240, no. 6, p. 
385-393. 

James, H. L., 1972, Subdivisions of the Precam
brian: An interim scheme to be used by the 
U.S. Geological Survey: Am. Assoc. Petroleum 
Geologists Bull., v. 50, no. 6, p. 1026-1030. 

King, P. B., compiler, 1969, Tectonic map of 

North America: U.S. Geol. Survey, scale, 
1:5,000,000. 

Love, J. D., and Reed, J. C , Jr., 1968, Creation of 
the Teton landscape-^The geologic story of 
Grand Teton National Park: Moose, -Wyo
ming, Grand Teton Nat. History Assoc, 120 p. 

Mclntyre, G. A., Brooks, C , Compston, W., and 
Turek, A., 1966, The statist'ical assessment of 
Rb-Sr isochrons; Jour. Geophys. Research, v. 
71, no. 22, p. 5459-5468. 

Menzie, J. C , 1966, Potassium-argon ages of the 
Teton Range, Wyoming [M.A.T. thesis]: 
Providence, Rhode Island, Brown Univ. 

Miyashiro, Akiho, 1961, Evolution of metamorphic 
belts: Jour. Petrology, v. 2, p. 277-311. 

Naylor, R. S., Steiger, R. H., and Wasserburg, 
G. J., 1970, U-Th-Pband Rb-Sr systematics in -

- 2700 X 10' year old plutons from the southern 
Wind River Range, Wyoming: Geochim. et 
Cosmochim. Acta, v. 3, p. 1133-1159. 

Nunes, P. D., and Tilton, G. R., 1971, Uranium-
lead ages of minerals from the Stillwater 
igneous complex and associated rocks, Mon
tana: Geol. Soc. America Bull., v. 82, p. 
2231-2250. 

Peterman, Z. E., Doe, B. R., and Battel, Ardith, 
1967, Data on the rock GSP-1 (granodiorite) 
and the Isotope-dilution method of analysis for 
Rb and Sr, in Geological Survey research 1967; 
U.S. Geol. Survey Prof Paper 575-B, p. 
B181-B186. 

Peterman, Z. E., Hedge, C. E., and Braddock, 
W. A., 1968, Age of Precambrian events in the 
northeastern Front Range, Colorado; Jour. 
Geophys. Research, v. 73, no. 6, p. 2277-2296. 

Peterman, Z. E., Hildreth, R. A., and NKomo, 
Ignatius, 1971, Precambrian geology and geo
chronology of the Granite Mountains, central 
Wyoming: Geol. Soc. America, Abs. for 1971, 
v. 3, no. 6, p. 403-404. 

Powell, J. L., Skinner, W. R., and Walker, D., 1969, 
Whole-rock Rb-Sr age of metasedimentary 
rocks below the St'illwater complex, Montana; 
Geol. Soc'America Bull., v. 80, p. 1605-1612. . 

Ratte, J. C , and Zartman, R. E., 1970, Bear 
Mountain gneiss dome. Black Hills, South 
Dakota—Age and structure: Geol . . Soc. 
America, Abs. for 1970, v. 2, no. 5, p. 345. 

Reed, J. C , Jr., 1963, Structure of Precambrian 
crystalline rocks in the northern part of Grand . 
Teton National Park, Wyoming, in Short 
papers in geology and hydrology: U.S. Geol. 
Survey Prof Paper 475-C, p. C1-C6. 

Riley, G. H., 1970, Isotopic discrepancies in zoned 
pegmatites. Black Hills, South Dakota: 
Geochim. et Cosmochim. Acta, v. 34, p. 713-
725. 

U.S. Geological Survey, 1971, Grand Teton Na
tional Park topographic map, scale, 1:62,500. 

Woodward, L. A., 1970, Time of emplacement of 
Pinto Diorite, Little Belt Mountains, Mon-



ritfmi<.'fi.irt irirfiT '̂.itfi-. 

REED AND ZARTMAN 

582 

tana: Earth Sci. Bull., v. 3, p. 15-26. 
Zartman, R. E., and Marvin, R. F., 1971, Radio

metric age (Late Ordovician) of the Quincy, 
Cape Ann, and Peabody Granites from eastern 
Massachusetts: Geol. Soc. America Bull., v.-
82, p. 937-958. 

Zartman, R. E., and Stern, T. W., 1967, Isotopic 
age and geologic relationships of the Little Elk 
Granite, northern Black Hills, South Dakota, 
in Geological Survey research 1967; U.S. Geol. 
Survey Prof Paper 575-D, p. D157-D163. 

-•^^^P7::;^ppsiii. 
South Dakota; Science, v. 145, no. P 
479-481. 

M.NUSCK,PTRECEtVHt,BVTHES0C.ETvMAVl5,-

K.vrM. .usc .PTRECE-v.A^^^^^^^^^^^^^ 
PUBLICATION AUTHORIZED BY THE UIREC 

GEOLOGICAL SURVEY 

^34 
h\'''^4'P7 



Seismic Geyser and Its Bearing on the Origin and Evolution 
of Geysers and Hot Springs of Yellowstone National Park 

GEORGE D. MARLER Thornton, Idaho 83453 
DONALD £.• -WHITE U.S. Geological Survey, Mento Park, California 94025 

ABSTRACT 

The major Hebgen Lake earthquake on August 17, 1959, pro
foundly affected the hot springs and geysers of Yellowstone Na
tional Park. The epicenter of this earthquake was about 48 km 

. 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 inspected frequently as it evolved into a 
fumarole and, in about 2y2 yr, into a smaH 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 rn deep. Major eruptions ceased in 1971 when a srnall 
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-ternperature con
vection systems of the geyser basins. New fractures form in the self-
sealed shallow parts of these systems where high-temperature 
water 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 temperatiire gradients and 
thermal energy available for explosive eruption are correspond
ingly high. The same general expla:nations seem likely to account 
for the origin of geyser tubes and hot spring vents in other less fa
vored areas where pressures and maximum terriperatures are lim
ited by hydrostatic pressures, probably with little or no overpres
sure being involved. Key ivords: ..geohydrology, geysers, hot 
springs, thermal waters, geothermal energy, volcanology, 
fumaroles, earthquakes, hydrothermal eruptions. 

INTRODUCTION 

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

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 tothis crustal dismrbance than 
during the previous 90 yr of the park's history (Marier, 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. 

The beautifully colored and limpid water of hundreds of springs 
had become hght gray to muddy. An early count revealed that 590 
springs had become turbid. During the first few days after the 
earthquake, most springs began to 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 rejuvenated. 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 springs in Yellowstone Park, 
. Seismic Geyser is one of the few that is totally recent in origin'. It is 

not a quiescent or dormant spring that was reactivated but rather is 
one that had its genesis as a direct result of the earthquake on Au-
giist 17, 1959. The following is a resume of its development and 
evolution during its first fifteen years of existence. 
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Figure 1. Geologic map of the area near Seisinic 
Geyser, Upper Basin, Yellowstone National Park 
(map and 1966 data by L.J.P. Muffler, U.S. Geol. 
Survey);. 
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EVOLUTION OF SEISMIC GEYSER 

Within several days after 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 to 
the river; their original locations, as nearly as can now be deter
mined, are shown in Figure 1. The breaks had a north-northwest 
ahgnment, nearly on the southeastern extension of the Hebgen 
Lake fault, probably reflecting the regional stress pattern. The 
break nearest the river was the most conspicuous, being aboiit 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 the upper 
(eastern) break near its promineht steam vent was about 1 cm. Re
corded temperatures of both the upper and lower fumaroles were 
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 direcriy over the site of the upper break. 

During the remainder of 1959, the discharge of steam under 
slighf-pressure continued unabated from both fumaroles. When 
this site was first visited by Marier in the early spring of 1960, not 
only was a heavy discharge of steam still 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 
fiimaroles, these dying trees were evidence that new hot ground 
had developed, with near-surface temperatures too 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 
sho-wed the most pronounced change, and at the point of steam 
egress, its width was then about IVi cm. By October, its tempera
ture had risen to 96.1°G, and the ground near this fumarole had 
subsided 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 inspections of these steam vents 
indicated that the vigor of steam discharged from both fiimaroles 
was persisting in a manner comparable to that of 1960. During 
both years, it seemed Hkely 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 beeri 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 south and west of the vent. 
The crater was 1.5 to 2 m deep arid 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 fo-rceful than it was in 1963, but 
the eruptions wei-e less frequent. Some of the jets angled eastward 
almost the length of the crater, which was then about 4 m long. 

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 
waned in forcefulness and eventually ceased to discharge steam as 
increased energy was manifested 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 natureof its origin, Marier (1973, p. 53) sug
gested that it be named "Seismic." During 1965, little change oc
curred in the nature of its activity. Massive bursts of water rocketed 
from the crater every 1 to 3 rriin. Most of the.bursts were from 
about 2 to 6 m high, but occasionally, 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 recently 
inci-eased 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, Marier 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 l9 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). ' 
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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 frpm 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. Seismic erupted to 
heights as much as I'̂ h 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 cm in both craters. 
During each period of activity, Seismic discharge without boiling at 
an estimated rate of about. 1,000 1pm (liters per minute). At times, 
Seismic overflowed for a few minutes with no consequent eruption 
of Satellite. Boiling In Satellite was continiipus from eruption to 

eruption, with surges of 0.6 to 1 m betvveen 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, killing additional lodgepole 
pines. .. ' 

In June 1974, all eruptive activity was confined to Satellite, most 
comrnonly surging to heights of about 1 m but with some spurts to 
3 m or a little higher. During an eruption, discharge at rates esti
mated to range from 750 to 4,000 1pm flowed over the sill from 
SateUite into Seismic's crater, but the net discharge frbm both vents 
(almost entirely from Seismic) was only 200 to 40.0 1pm. 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 IVi m; 
massive jagged-edged rocks without conspicuous bedding weire 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 (i.G rn, where temperatures ranged from 89.6° 
to 95.6°C. Temperatures at the bottom were, in general, slightly 
below thoseat —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; Marier, 1973, p. 
49) had been very active from 1948 to 1961, with 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 decUned and was 1.0 m below 
discharge level when observed in 1966 by L.J.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 ih 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 ih 
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 undergroimd 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 springs (Marier, 
1951, 1973). . ^ 

HISTORIC FORMATION OR ENLARGEMENT 
OF OTHER VENTS 

•Other less dramatic events recorded by Marier (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 m directly 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 iri 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 Marier,.this vent immediately became an active geyser 
that erupted to heights of 1.5 to 2.4 m; by 1972, the eruptions rose 
to heights of 4y2 to 7V2 m. 

In 1963, about 18 m northwest of Kaleidoscope Geyser, a violent 
eruption that may have been a single, event scattered scores of 
blocks of sinter abbut a newly created crater about 3 m in diarneter. 
The explosion 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. Ih 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 vvhich 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 41/2 m high have further enlarged the crater. In this 
sarne 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 daily (1972) 
to a height of iy2 to 2 m. • 

Since the earthquake, other explosions have formed craters, 
rnosdy 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 vvas 
responsible for a crater about 15 m in diameter called "Black Opal 
Spring" in Biscuit Basin. In 1931 when Marier first observed Black 
Opal, large blocks of cemented sandstone were strewn about the 
crater. During the winter of 1932-1933, Frank Childs, a Park 
Ranger, reported a powerful eriiption 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 hole 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 
great 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 within the next 30 yr but were not recorded? The almost total 
absence of reliable records from 1904to 1931 (Marier, 1973) pre
clude resolution of these questions, 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 (Marier, 1973, p. 389). 
Hague's detailed map of Midway (1904, sheet.XXIII) shows no 
vent in West Flood's present location. The crater is about 9 by lOVi 
m in diameter and was formed in ceriiented gravels overlain by 
sinter. Large blocks or slabs of cemented gravel in the crater indi
cate enlargement over the years due to undermining 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 report of an earthquake in the Yel
lowstone country was by the first scientific expedition 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 infomied 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 
reasori why they seldom or never visit that portion of the country. I 
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 parties to which Hayden refers as being 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 accompanied by a 
rumbling and rushing sound." 

After the 1959 earthquake, the National Park Service, in co
operation with the U.S. Geological Survey, installed three seismo-
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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 
rhay 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 are probably associated 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, 1975) 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 Firehole 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 about 150,000 yr ago. Nearly all recogniza
ble fault scarps inside the caldera are locahzed 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 

glacial and alluvial deposits that are less than 150,000 yr old, but 
other young fault scarps are scarce throughout 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 earthquakes 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 Flebgen Lake earthquake. Many springs and geysers in the 
geyser basins are aligned on the nonheast-, northwest-, and north-
striking trends that agree with regional tectonic patterns. Local 
alignments, probably cbntrolled by fractures, have been recognized 
for many years by Marier (1964, 1973), and many are shown on 
detailed maps of the geyser basins (L.J.P. Muffler, R. O. Fournier, 
A. H. Truesdell, and D. E. White, unpub. data). Some of these may 
be locally controlled, but most are 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-temJDerature 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 part is 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, Italy; The Geysers, California, with no true geysers; and 
the Mud Volcano area of Yellowstone).. Such areas have been 
called "vapor-dominated" (White and others, 1971). 

With only a few exceptions such as the above, most geothermal 
areas are dominated by liquid water, including i?// 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 little 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 intermittendy erupting hot-water wells biit no natural 
geysers. Deeper drilling in a fourth (Bradys, Nevada) yielded tem
peratures as high as'2]5°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 characteristic 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 te'mperature (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 ofthe 
water is of such origin, with no positively identified water of rhag-
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 gey.ser areas have now been drilled to depths 
from 610 m to more than .2,400 m with no evidence that the base of 
meteoric convective circulation was attained in any of them (White, 

. 1970). 
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 increasing pH with loss of CO2 as boil
ing occurs). The resultant decrease in permeability is called "self-
sealing." 

SUMMARY OF SUBSURFACE CHARACTERISTICS 
OF YELLOWSTONE'S GEYSER BASINS 

The temperature and pressure gradients 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 Institutibn 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 
attained 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) that 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 pemieability in channel walls then per
mits the escape of some water into adjacent ground with lower 
fluid pressures. 

The relationships just described help to explain the otherwise 

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

puzzlirig 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 altitude than nearby 
discharging springs. 

The drill cores also show that much of the floor of Upper Basin 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 Pinedale 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.J.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 ih the.two Biscuit Basin drill holes about 550 m to the 
north. 

HYPOTHESIZED EVOLUTION OF HYDROTHERMAL 
ACTFVrfY IN UPPER BASIN 

No evidence has been found for pre-Pinedale hydrothermal activ
ity in Upper Basin, although such activity seems likely in-view of 
evidence for its existence in Lower Basin and Norris Basin (L.J.P. 
Muffler 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 ofthe 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 waters 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 belovv the reference boiling-, 
temperature curve except perhaps locally in upflow currents near 
the water table. With time, however, permeabihty 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 porosity 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 Si02 contents of discharged waters increased 
because of rapid coohng 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 permeabihties .were still too high. The broad sinter 
shields were probably not strictly con tern po ran eous 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 strearri 
sediments, considered to be of the same geneiral 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 data 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 recognized, and it 

Figure 7. Satellite vent erupting, with Seismic Geyser's pool in back
ground (August 1972). 

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 
nonhwestward 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, biit 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 gradient 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 evidentiy 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 until 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 temperatures 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.' 

The 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 occurred in 1951 in northeastern California 
(White, 1955) and that formed Pocket Basin in Lower Basin 

' A perpetual spouter (also called a "steady geyser" in Yellowstone) forms where 
higli-temperature water flows up a channel of restriaed dimensions and where a local 
reservoir is absent; the rate of total mass discharge of water and steam (but with pro-

, portion of steani 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 empt 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 steani explosions resulting from 
rapid expansion of steam 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 temperature of 200°C and 225 psia (pounds per 
square inch, absolute or 15.82 kg/cm^), to .100°C (sea-level atmo
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 expansion were contained in a vent of constant diameter, 
such as a well casing, a mass unit of liquid water flowing upward 
and flashirig to a mixture of water and steam must Increase in ve
locity by 278 times, a.ssuming equilibrium at ground level and at
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 velocity up
ward. 

The water immediately involved in forming new geyser vents is 
likely to be supplied relatively near the surface where deep temper
atures of 200°C or rnore 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 boihng 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 fractures 
from the overpressured environment at depth, the local resei-voir 
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 prior 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 enlarged 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 magnitude and vigor of 
eruption of a geyser can increase as its local reservoir increases with 
time. 
. Each explosion that ejects fragments tends to clear and enlarge 

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. Evenmally, 
however, a vent attains some maximum surface diameter and 
deep-channel dimensions. This attainment of stability 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 sihca 
and other minerals in the deep channels^ now no longer subjected 
to the extreme pressure gradients resulting from eruption and res
ervoir depletion. -

New fractures that develop iri 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 esp>ecially 
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 ro 

' 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 arc 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. 

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 bf 
them? This questiori was considered by Allen and Day (1935, p. 
135). 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 mostxommonly hot-spring sinter or partly 
cemented stream sediments that are porous and disintegrate 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 easily. 
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 min diameter and were deposited 4̂ /2 to-6 
m away from the vent (Marier, 1973, p. 88-92). Ten years later, all 
of these blocks had disappeared and no direct evidence exists • 
today. 

Four days after the 1959 earthquake. Sapphire Pool of Biscuit 
Basin became one of the park's most powerful geysers (Marier, 
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 doiibled 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 wafer from each major erup
tion, estimated to weigh about 50 tons, washed the broken sinter 
fragments 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 Midway Basin was one of the most powerful 
geysers in the park and is now the most copiously flowing thermal 
spring (Marier, 1973,.p. 367-368). Its huge crater is 45 to 75 m 
wide and 107 m long and elongated to the northeast; it cleai-ly 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 on the northeast near the 
Firehole River, consist of thinly laminated sinter that was jjrobably 
deposited by Grand Prisrriatic 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 1 beheld the outlet at least tripled in size, 
and a furious torrent of hot water 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 ridge from knee to breast high at a dis
tance of from 20 to 50 feet from the" ragged edge of the yawning 
chasm. 

Excelsior was not known to erupt again 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 rriuch of the summer the eruptions were simply incredible, . 
elevatirig'to heights of lOO to 300 feet sufficient water to render the 
rapid Firehple River nearly 100 yards wide, a foaming torrent of 
stearriing hot water, and hurling rocks from 1 to 100 pounds 
weight, like those of an exploded mine, over surrounding acres." 

Today, 90 yr after the great discharge of sinter "knee to breast 
high," riot 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 characteristic 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 blocksand irregular surfaces, such as are visible 
in.the vents of Seismic (Fig. 8), Excelsior, West Fjood, and Ar
temesia, are generally absent. 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, follovved by evolutibn from rough-walled geyser vents 
to quietly discharging smooth-walled pools and evenmally 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 strorigly in favor of the second 
mechanism. 

The broad terraces of sinter in general extend only to depths on 
the order of IVi to 5 m but most of the large morning glory vents 
extend down into underlying 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, biit 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 sediments and perhaps into underlying volcanic 
rocks. The nearly vertical throats of these funnels could not have 
been maintairied in these stream sediments prior to their 
lithification. 

A jagged-edged, explosively 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 conr 
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 mechanically and were not inherited from previously exist
ing rocks. 
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C O N C L U S I O N S 

The evidence suggests that the great majority and perhaps all 
vents in geyser areas Were formed by mechanical enlargement of in
itial narrow channels. In-the 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 arid 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. Iri gen
eral, geyser craters evolved from fractures by repeated explosive 
decompression of hot water at local temperatures as high as 150°C 
and pressures at least as high as 4.85 kg/cm^. Pressure gradients 
locally exceeded the lithostatic gtadient, thus favoring the disrup
tion, fragmentation, and ejection of rocks, thereby enlarging flow 
channels and increasing the volumes of individual local geyser res
ervoirs. . . 

We suggest that cone-type geysers tend to form where near-
surface rocks are competent and not easily fragmented and that 
fountain-type geysers with upward-flaring 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, mariy 
but not all of which show the same northwest-trending alignment 
as do many of the earlier breaks. These breaks provide evidence 
that earthquakes have played an important role in creating nevv 
channels for discharge of therrrial fluids as old channels become 
clogged with hydrothermal minerals and cease discharging. 

GENERAL CONSIDERATIONS 
A N D A C K N O W L E D G M E N T S 

Marier was a naturalist and geyser speciahst 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 ear thquake 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
tions in the geyser basins. Both authors are especially indebted to 
L.J.P. Muffler, R. O. Fournier, A. H; Truesdell, and Manue l 
Nathenson for products of their geologic mapping, observations, 
and critical reviews that are incorporated in the present report. 
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K-Ar Apparent Ages, Peninsular Ranges Batholith^ 
Southern California and Baja California 
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ABSTRACT 

Department of Geology, San Diego S0te. University, San Diego, (jdlifomia 92182 

More than 200 K-Ar apparent ages have been determined from 
minerals from the. Peninsular Ranges batholith of southern 
California and northern Baja California. In general, the apparent 
ages show a progressive decrease, from about 120 m.y. in the 
southwestern (coastal) part of the batholith to less than 70 m.y. in 
the northeastern (desert) part. The gradients foX biotite and 
hornblende ages can be represented by contours of equal ages. Both 
concordant and discordant homblende-biotite pairs anckminerals, 
from a variety of plutonic and metamorphic rock types, share in the 
apparent-age gradient. Ages for hornblende average 5 rn.y. older 
than the ages for coexistent biotite. Isotopic U-Pb and Pb-aVnea-
surements on zircon indicate ages greater than those calculated 
from K-Ar ratios of hornblende or biotite. It is believed that in Hie, 
Peninsular Ranges province, the U-Pb ages for zircon approximat^ 
the ages of emplacement, whereas concordant K-Ar ages may or 
may not approximate the ages of emplacement, depending on/the 
depth of erriplacement and the rate of uphft and denudationj 

INTRODUCTION 

y. The Peninsular Ranges province is. bounded by the Pacific bor
derland on the west, the Gulf of California on the east; the Trans
verse Ranges of Cahforriia on the north, and lat 2^° 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 CaUfornia north of lat 31° 
N. and in southern California to 50 km norrh 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 foimd 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 consider the evidence for the age of em
placement. 

STRATIGRAPHIC LIMITS FOR 
THE AGE OF THE BATHOLITH 

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 (Fife and others, 1967). In north
ern Baja California, rocks of the batholith intrude strata of 

Albian-Aptian age (Allison, 1955; Allen and others, 1960; Silver 
and others, 1960). These observations, however, only limit the 
maximum age/f specific plutons. In western San Diego County, a 
variety of gtariitlc clasts have been found in volcaniciastic strata 
that are believed to be Portlandian on the basis of paleontology. 
And, near/Guadalupe Valley, northern Baja California, volcanic-
volcanicUistic strata rest on granitic rock (Ashley, 1972, unpub.: 
data), y e know, therefore, that some plutons are at least as young 
as Aptran (112 m.y. B.P.) and that others are at least as old as Port
landian (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 
th^ Santa Ana Mountains (Popenoe and others, 1960). Unfos-
iliferous strata tentatively correlated with Popenoe's Turonian 

/rocks are widespread iri western San Diego County (Luzardi For
mation of Nordstrom, 1970), and possible, equivalents have been 
found in northern Baja California (Redonda Formation of Flynn, 
1970). , 

Some of the undated Cretaceous strata in San Diego County and 
them Baja California rest on amphibolite-grade metamorphic 

roCks; this indicates that considerable erosion of the bathohth pre
ceded their deposition. John Minch (1972, oral commun.) believed 
that sVne of the clast types in the upper portion of the Rosario 
Group (Campanian-Maestrichtian, ~70 m.y. B.P.) were derived. 
from basftment rocks in the desert ranges that border the Gulf of 
Cahfornia.NSp, although, the evidence is fragmentary, it suggests 
that the batnolith was unroofed along the Pacific margin before 90 
m.y. B.P. and Vas unroofed as far to the east as the desert ranges 
before 70 m.y. B,P. 

U-PB A N D RB-SR AGES' 

The first extensive rriineral dating of the Peninsular Ranges was 
done by the Pb-a methodXLarsen and others, 1958). These authors 
dated 24 rocks from soutnfejn CaUfornia and'the northern part of 
Baja CaUfornia. These determinations indicated ages of 92 to 136 
m.y.; the median age was about 110 m.y. The ages reported from 
tonalite are generally older than\hbse from more siliceous rocks, 
but the two groups overlap considerably. Because of the difficulty 
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-o: ages do not show 
a consistent pattern of age variation across the peninsula. Pb-a 
dates on zircons in plutonic rocks may be in error because of either 
loss of lead (which makes ages too yoiing) or inherited zircon 
(which makes ages too old). In the volcaniciastic western part of' 
the Peninsular Ranges, inheritable zircons are rare and the Pb-a 
dates can therefore be considered as minimum ages. Lepidolite from 

* Present address: (Bushee) Department of Geology, Northern Kentucky State 
College, Covington, Kentucky 41011; (Doupont) Lawrence Livermore Laboratory, 
Livermore, California 94550. ' 

' We are not suggesting that the credibility 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 stratigraphic limita
tions, whereas K-Ar does not." 

Geological Society of America Bulletin,.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 SYSTEMt 

A. A. R. Z O H D Y * , L. A. A N D E R S O N * , AND L . J . P . M U F F L E R J 

survey area at an average depth of about 1000 ft. 
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 geotherrnal 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 thevapor-dominated field. 
These anomaUes probably are caused by rela
tively high concentrations of pyrite. 

The Mud Volcano area in Yellowstone Na-. 
tional Park provides an example of a vapor-
dominated geothermal systerii. A test-well drilled 
to a depth of about 347 ft penetrated the vapor-
dominated reservoir at a depth of less than 300 ft. 
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 
modeUng indicates that the vapor-dominated 
layer has a resistivity of about 75-130 ohm-ra 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 

INTRODUCTION 

Geophysical surveys of geothermal areas, par
ticularly with electrical methods, have been made 
in several parts of the world. In Italy, Schlum
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 ia 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 
liatural 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 were 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 by the Director, U.S. Geological Survey. Presented at the Symposium 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., • . 
t U.S. Geological Survey, Menlo Park, Calif. 94025. 
© 1973 Society of Exploration Geophysicists. All rights reserved. 

1130 

springs a: 
dominate-
concentra 
trations c 
the sprin; 
bonate in 
sulfate-rit 
cally loNV 
phuric ac. 
sodium b 
have neu 
water sy; 
centratioi 
subsurfac 
duce hot 

In May 
Geologica 
YeUowstc 
pulled fro 
lent erup 
eruption i 

^--y~^^ 



•d^^0ii,i^sM2s^:^&£k^&:i2iiadkMi.£dl^ ii:-d,i^y-!k..^iiSSa, miiSsi^ikMmkP'sMikiSiiSJiA^jP. ̂  

>U, 13 FIGS. 
Resistivity of a Geothermal System 1131 

lut 1000 ft. 
sured vvith 
y, qualita-
rpretation. 
ast bound-
: transition 
The north-
id because 
of low re-

springs and drill holes in the vicinity of vapor-
dominated systems are characterized by high 
concentrations of sulfate anions and low concen
trations of chlorides (<20ppm) . 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 H2S 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 thpse systems with 
subsurface temperatures of 180°C or higher pro
duce hot springs that deposit sinter. 

In May 1968, hole Y-l l 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 ft, 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 
Uquid, the permeability of the rocks must be low; 
but in Y-l l , high rock permeabihties were evi
denced by the large losses in circulation at aU 
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-ll , 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 coritaining a vapor-
dominated geothermal system. 

.FIG. 1. Index map showing locations of VES stations (numbered triangles) and drill hole Y-11 in the Mud Volcano 
thermal area. Resistivity, SP, and IP profiles were measured along the road from .i to .4'. 
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FIG. 2. Geoelectric section of the Mud Volcano area, Yellowstone National Park. 

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 under
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- l l , and the resistivity, SP, and IP profiles 
(which were made along the road from A to ^ ' ) 
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 interpretatiori 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. I t occurs at an average depth of aboiit 50 
ft 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 layer 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 (10-12 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 1 
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 (.\B/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 auxiUary 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 systeni. I t is underlain by one layer of 
125 ohin-m or by two layers of 50 and 125 ohm-m, 
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 
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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FIG. 3. Six-layer interpretation of VES 1 curve. Interpretation initially made with auxiliary point method and 
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tween ^ B / 2 = 1 0 0 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-tn, 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 yery 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-l l . The observed curve and its 
interpretation are shown in Figure 7 together with 
the geologic log of Y- l l . 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 layer 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 
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about 6.3 ohm-m and extends to a depth of about 
195 ft where it is underlain bj' 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-l l (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-
ceUent agreement with the interpreted depth of 
195 ft 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 tb driUing 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 drilUng 
results of well Y-l l indicate that steam dominates 
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FIG. 5. Interpretation of VES 7 curve in terms of a five-layer model. Numbers in and below bar designate 
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1000 

the system from a depth of at least 307 ft 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 dn 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 

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 ciirve (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 lovif-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 resistlvlfy of about ,5 ohm-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 550 ft, 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 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-ll , we 
conclude that the shallow vapor-dominated reser
voir in the Mud Volcano area has a high resistivity 
of about 75-130 ohm-m and that it is character
ized by the presence of a low-resistivity layer 

\ -mi. 

FIG. 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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m 

(2-6.5 ohm-rn) 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 
vapdr-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 4̂ 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 
(.A.O) between the current electrode (A) and the 
center (0) 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 mea
surements were made prior to the 600-ft resistivity 
measurement. The IP measiirements were rnade 
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in the frequency domain at 0.1 and 1.0 hz, and 
the percent frequency eflect (PFE) values were 
calculated using the formula 

•\7po.\-pi.o 

where po.i and pi.o are the apparent resistivities 
measured at 0.1 and 1.0 hz, respectively. 

The lowest apparent resistivities of the hori
zontal profiUng 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 nieasured 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 laj-er) beneath a shallower low-
resistivity cover. To the northwest of the geo
thermal field, the apparent resistivity is generally 
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 extends to the southeastern bound
ary of the section. Within this broad resistivity 
high, there are three zones of lower resistivity 
which can b6 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 showri 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 electrokinetic po
tentials (Sato and Mooney, 1960). This type of 
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333) ' 
FIG. 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) Zone where liquid water, largely derived 
from condensing steam, is dominant (2-6.5-ohm-m layer in geoelectric section). (4) Zone where convective and/or 
conductive heat flow exists, with heat suopiied froin 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 iibnvective 
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. 
' On the basis of Poldini'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 
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 5 per
cent which is attri . ;table to a wide distribution 
of clayey materials and p3Tite 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. Indeed, 
the mineralogical analysis of well Y-ll indicates 
that pyrite exists from a depth of about 50 ft to 
the bottom of the well at 347 ft, The fact that the 
A 0 = 1000 ft anomaly is significantly larger than 
tha.t 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 activit)', 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 hydrological recycling process sur
rounding the geothermal cell. 
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RESlSTIVfTY, 3ELF.'POTE?v!TiAL, AND li^DUCiPiD-POLARIZATiOf^ 
SURVEYS OF A VAPOR-DOiVfir^lATED GEOTHi^RMAL SYSTEIV|-|- . 

A. A . R . Z O IT Jj •:*' * , L . A . A N 'D E R S O N *, ,\ x D L . J . V. M' U ).• F L E R J 

The M u d \''olcaiio area m Yellov.'r.toi-iC Na-

tion;^! Pa rk i)rovidcs an e:'::'.n-iplc o! a vapor-

domiiiatcd .sjcol'licrmal system, .A lest v>-el! driUcd 

to a dcj)tli Oi .ibout 317 i l j.K-i-ietraLcd the vapor-

dominated reservoir a t a depth of iess f.lian 300'ft. 

Subsccjucntly, 16 vcriical- eh:ctrical so"i;ndinj.;s 

(Vf-S) of tlie Schlumberger -i,\"pc were ii-iade aloii.r,' 

a 3.7-mile traverse to evaUiiite the electric.^! re

sistivity (iistrib-alioii wiiliin tjiis geoihermal .field. 

Jntcrprclatioi-i of tlie \ ' E S c-urvos by cornp-aier 

modeling indicates t h a t the vapor-doininated 

layer has a rcsistivit}- ol about 75-130 ohm-m and 

t h a t its lateral cxieijt is aboui; 1 mile. I t is charac-

tcr!Sticall.v overlain by a low-resistivity layer oi 

about 2-6.5 ohni-in, and it is lateral!}- coiifined by 

a b.)^cr of .-.bout 30 olim-rn. Tliis 30-ohni-i-n la\-er, 

which probably represents liot water circulating 

in low-porosity rocks, also underlies most of the 

IK'TROnUCnON' 

Geophysical surveys of geothermal areas, par

ticularly v.'ith electrical methods, liavc been made 

in several pa r t s of the world. In I ta ly , Schlum

berger electrica! soundings -.verc made in Lar-' 

dcrello (Breusse and ;*[athicz, 1956) and in the 

two areas of Jd'ontc k a b b r o and San Fiiippo near 

. M o n t e Amiata (.-Mfano, 1961). Tliesc surveys 

were made in order to mail high-rcsistivit\- lime

stone bedrock under a lo'.v-rcsistivity and imper

meable cover. Faul t s thus delineated in the lime

stone bedrock were interpreted to be zones where 

liatural steam was most likely to be found. In 

New Zealand the boundaries of geoLhernial fields 

in the T a u p o volcanic zone were outlined by the 

use of Wenner soundings, Wenner liorizontal pro-

survc>- area at an average depih of aboul 1000 It. 

Korizontal resistivity i.irofilcs, mcasiircd '.vilh 

two electrode spacings of an .-\.!;*.f .\' arraj ' , c|ualita-

tivcly corroborate tlie sounding intcrj^retation. 

Thl- profiling data delineate the sontlieasl bound

ary oi the gcotlicrmal field as a distinct transition 

from low to liigli aj.iparent resistivities. Tlic north-, 

west boundar)- is less distinctly defined because 

of the prcsciice of thick lake deposits of low re

sistivities. 

A broad positive self-potential anomaly is ob

served over the geotherma] iieid, and it is inter

pre table in terms of t!ie circuialicn of tlie vhcrm.rd 

v.'aters. Induced-polarization anomalies v-.'erc ob

tained a t the northwest boundary and near the 

soutlieast boundary oi llie vapor-doininatcd field. 

'J'hcsc anomalies probalaly are caused by rela

tively high concentrat ions of jiv-ritc. 

files, and bipolc-dipolc tola! lield apparent re

sistivity majjping (Banwell and i\JacDonaid, 

1965; H a t h e r t o n ct al, 1966; Risk ct ai, 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 nicasurenients were made in tlie Saitoii 

Trough, Imperial Valle\., California, by IMcidav 

(1Q70) and by McEuen (1970). 

Geothermal systems, according to While et al 

(1971), are of two t\-pcs: hol-walcr systems and 

(of less common occurrence) vaiior-doniinalcd 

systems. T h e Gc)-sers, California, Larderclio, 

I ta ly , and the Mud V'oicano area, Yeliowstone. 

Nat iona l Park, arc examples of vapor-dominated 

sys tems. Geochemically, water samples from 

t Publicatior. authori;'.cd by the T'Jircctor, U.S. Geological Survey. Presented at the S.vnifiosiuni on Klectriad 
Properties of Rocks, Salt Lake City, Ulah, Marcli 16. 1972, Manuscript received by the Editor June 6, 1973; re
vised man'.iscript received Jul.y 2-1, 1973. 

* U.S. Geological Survey, Denver, Colo. 8022S. 

J U.S. Geological Survey, Menlo Park, Calif. 94025. 

© 1973 Society of Exploration Geophysicists. .All rights reserved. 
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springs and drill holes in the vicinity of vapor-
dominated systems arc characterized by higli 
concentrations of sulfate anions and low concen
trations of chlorides (<20 ppm). Less con-jmonl},-
the spring waters may be ricli in sodium bicar
bonate instead of sulfate. The p l l vahies of Ihe 
sulfatc-rich spring waters arc also characteristi
cally lev,' (2 to 3) because, of the formation oi sul
phuric acid from oxidation of rising U S gas. The 
sodium bicarbonate waters disciiargc iccbl\- and 
have neutral pH values. In contrast, most hot-
v.'ater systems arc characterized by high con
centrations of chlorides, and those systems with 
subsurface temperatures of 1S0°C or higher pro
duce hot springs that deposit sinter. 

In May 1968, hole Y'-ll was drilled by the U.S. 
Geological Survey in the Mud Volcano area, 
YeUowstone National Park. After the core was 
pulled from depths of both 507 and 347 ft, a vio
lent eruption of water occurred, follov/ed by an 
eruption that consisted almost entirely of steam. 

White ct :d (1971) estimated that in these cruji-
tions sti;ani was associated with less than 10 per
cent liquid water by \v-eight. For a hot water 
system to yield a com])arab!c ratio of vnpoi to 
)iq-i)id, the pcrmcabililv of the rocks rnust be low; 
but in Y-ll , liigli rock pcrnic;ibilitics were evi
denced l.iy tlie large losses in circulation al all 
dcDths below 122 ft. Tlierefore, it must be the 
dcncicnc.v in liquid water, ratlicr than the low 
permeability of rocks, that caused the steam to 
dominate the oru]3tions. Furthermore, according 
to White et al (1971), all the gcocliemical mani
festations of vapor-dominated systems arc ex
hibited in'the ]\iud Volcano area. 

Subsequent to the drilling of Y-l l , the USGS 
made ^''ES (vertical electrical sounding), rcsistiv-
it.\- horizontal profiles, SP (self-potential), and 
IP (induced-polarization) measurements in the 
Mud Volcano area to evaluate tlic geoelectrical 
properties of a section containing a vapor-
dominalcd geothermal system. 

FiG. 1. Index map showing locations of VES stations (numbered triangles) and drill hole Y-ll in the Mud Volcano 
thermal area. Resistivity, SP, and IP profiles were measured along the road from .4 to A'. 
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FIG. 2. Geoelectric section of the Mud Volcano area, Yellowstone National Park. 

G E N E R A L S E T T I N G 

The j\lud Volcano area (Figure I) lies along the 
Yellowstone River approximately 5 n-iilcs north 
of Yellowstone Lake. Most of the area is covered 
by glacial silt, sand, and gravel wliicli are under
lain by rhyolitic ash-fiow tuff; the area contains 
numerous mud pots and acid-sulfate springs. 
Some nearly neutral bicarbonate-sulfate springs 
occur along the river, but tliere are no chloride-
rich springs in the area. 

The location of tlic 16 VES stations, the test 
well Y-ll , and the resistivitv, SP, and IP profiles 
(which were made along the road from -.1 to .4') 
are shown in Figure 1. The approximate bound
aries of the gcotlicrmal field, as inferred from 
geologic data are also shown. 

T H E Gl iOELKCTRIC SKCTIOi-4 

Figure 2 shows the geoelectric section obtained 
from the intcrpret:ition of the VES curves. In the 
middle of the section, beneath VES 7 to VES 12, 
there arc basicall)- four electrical units. The first 
unit is composed of several ncar-suiface layers, 
sonic 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 resistivitv- of about 2-6.5 

ohm-ni. It occurs at an average depth of about 50 
ft and extends to an average depth of about 250 
ft. This low-resistivity layer is interpreted as a 
layer where steam condenses inlo hot water, and 
where pvTite 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 layer underlies the 2-6.5-ohm-
m layer, it is interpreted as a zone where "dry 
steam," rather than liquid water, dominates the 
larger jiores 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 approximatcl)' 1 mile. 
On both the northwest and southeast boundaries 
of this layer is the fourth geoelectric unit, a layer 
which is characterized by a resistivitj' 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 (10-12 ohm-ni) layer vvhich 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 o!ini-ni) to depths of 
at least about 600 ft, thus reducing the probabil

ity for the p 
comparable 
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SE 
ity for the presence of thennal activity at depths 
comparable to those at the middle of the section. 

INTERPREI-ATION 0 ^ VES CURVES 

The 16 vertical electrical soundings were made 
using the Schlumberger array vvith niaximum 
electrode spacings (.-\B/2) ranging from 500 to 
3000 ft. Interpretation of the VES curves was 
made by curve-matching proccdur-js in which al
bums of theoretical curves (Orellana and Ivlooncy, 
1966; Ri.ikwaterstaat, 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 VI'.S 1 is shown in Figures 3 and 4, 
where il is matched wilh tvvo 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 vvas 
obtained by the computer using the automatic in
terpretation program. The interpretations indi
cate the presence of cither a sequence of low-

resistivity layers (5-23 ohni-m) that extends from 
a dcjith of about 100 fl to a deplh of about 1000 
ft, or a single low-resistivity layer (11-12 ohni-ni) 
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-
l.)osits and is not necessarily related to the geo
thermal systeni. It is underlain by one layer of 
125 ohm-m or by tvvo layers of 50 and 125 ohm-m, 
respectively. These layers are underlain by a 
tb.ick lav-cr of low resistivitv- (<35 ohm-m). Be
cause of tlic lack of geologic inforniaiion and 
other \ 'ES data in the immediate vicinity of this 
sounding, it is diflicult to decide which interpreta
tion is more accurate. The two interpretations are 
presented here to illustrate the problems of 
equivalence between nuiltilaycr sections in the 
interpretation of a sin.glc VES curve. 

Figure 5 shows the curve of V'F̂ S 7 and its in
terpretation in terms of a five-layer section. The 
third, fourth, .-nd fifth lavcrs arc not clearly mani
fested on the VES curve, but correlation vvith the 
curves of VES 5 and \-'ES 6, vvhich arc shown in 
Figure 6, clearly indicates that the small maxi
mum and minimum on the curve of VES 7 (be-

to 
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ELECTRODE SPACING I AB/2), AN'D DEPTH, IN FEET 

I'lG. 4. Equivalence between 19-!ayer autonicilic interpretation and 
six-layer au.x'iliary point interpretation of VES 1 curve. 

tween >-lZJ/2=100 and 1000 ft) arc meaningful. 
Thcv- express the |3resencc of tlic same layers that 
arc 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 VlvS 6 is aboul 6.2 ohm-ni 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 ohni-ni. 
For VES 6 the true rcsistivit}- of that laj-cr is in
terpreted to be aboul 2 ohm-m, whereas tor VkiS 5 
and VES 7 il is interpreted lo be about 4 and 4.5 
ohni-ni, rcspcctivcl3'. The rising terminal brancli 
on VES 7 curve is not well developed, but on the 
VES 5 curve the well-devcioped terminal branch 
indicates that the boUomniost layer must have a 
resistivity of about 30 ohni-ni. The curvature of 
tlic terminal branc!i of VES 6 curve is fitted best 
with a theoretical curve for a section in which a 
laj-cr of about 75 ohni-ni (or more) must exist 
between the very low (2 ohni-ni) resistivity layer 
and the bottommost layer of aboul 30 ohni-ni. 

This 75-ohni-m layer is interpreted to represent 
the nortlivvcsliedgc oi the vapor-doniinalcd layer. 

The center of VMS 4 was located about 100 ft 
north of well Y-l l . The observed curve and its 
interpretation arc shovvn in Figure 7 together with 
the geologic log of Y-11. The curve vvas inter-
liretcd in terms of a five-layer geoelectric section, 
the first layer of which, has a resistivity of about 
1700 ohm-ni and a thickness of about 7 ft. The 
first layer corresponds to the layer of dry river-
gravel vvluch lies vvithin 6 inches above the water 
table. The second and third layers have resistiv
ities of about 170 and 28 ohm-ni, respectively, 
and extend to a depth of aboul 60 ft. These two 
layers correlate well vvith a lav-cr of conglomerate 
composed of vvljitc jjiiniicc and black obsidian un
derlain bv a layer of sandstone of the same com
position. The dcjith lo the bottoni of.'the sand
stone layer is about 65 ft vvhich is iu good agree
ment vvith the interpreted depth of aboul 60 ft. 
The fourth layer, on the interpreted geoelectric 
seciion beneath VES 4, has a low resi.stivity of 

about 6.3 ohm-m a 
195 it where it is 
layer of about 120 
corresponding gco 
the well is compo 
and it extends to I 
iSlincralogical ana 
Y- l l (unpublishc 
L. J. P. Mu filer) i 
pyriie are presen' 
to the bottom of 
posits occur at a 
tinue to exist to tl 
at vvhich these ch. 
cellent agreement 
195 fl to the high 

2000 r 

IOOO 

cn 
cc 
UJ 
I -
lU 
5 

I 

X 

o 

ici:ioo 

> 

h-(/> 
</) 
UJ 
o: 

1-z 
U J 

OC 

< 
D-
CL 
< 

i ~ r 

FIC. 5. Interj 
intci 

y 



u x J . ; ^ :> ̂ i. i '^i 't^i.:^:, 

"P 

Resistivity of a G e o i h e r m a l System 1135 

" '~r -n-n 

3 

about 6.3 ohm-m and extends to a depth of about 

195 ft where it is underhiin bv- a high-resistivity 

layer of about 120 obm-ni of large thickness. Tiie 

corresponding geologic formation encountered in 

the well is composed of rhyolit ic asli-ttow tufi', 

and it extends to the bottoni of the well a t 347 ft. 

jVlincralogical anal>-sis of core samples from v-cll 

Y - l l (unpublished da ta of K. E. Bargar and 

L. J . P . INlufllcr) indicates t h a t clav minerals an.d 

pvri te are present from a depth of about 50 ft 

to the bot tom of the well. Some chalcedony.de

posits occur a t a depth of abou l 200 fl and con

tinue to exist lo the bot tom of the well. The depth 

a t vvhich these chalcedony deposils occur is in ex

cellent agreement with the interpreted depth of 

195 ft to the high-resistivity layer of 120 ohm-m. 

Therefore, it is tempt ing to conclude tha t it is 

the clialcedony deposits t ha t have caused the 

rise in resistivity. However, because the porosity 

of llic ash-fiow tuff (according to drilling data) 

did not change significantly a t the depth of 200 

fl, and because the conductive clay minerals and 

pyr i te cont inue to exist in essentially the same. 

a inounts to tlie bo t tom of the well, wc interpret 

tiic decrease in resistivity to about 6.3 ob.ni-ni 

and its sub.scqucnt increase to about 120 ohm-m 

p i the curv'-e of VES 4, as well as on the curves 

of VES S, VES 9, and VES 10) to be governed 

mostlv- by the abundance of hot liquid water in 

the 2~6,5-olini-in layer and by the dominance of 

s team in the 75-!30-o!!m-n5 lavcr, 'Phe drilling 

results of well Y - l l indicate tha t steam dominates 
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the-systcni from a depth of a l least 307 ft to the 

bot tom of the hole (White et al, 1971), bu t ac

cording lo the interpretat ion of \-"ES 4 the s team 

maj ' dominate the system to a depth, as shallow as 

200 ft. 

Figure 8 shows the curve of VES 10 vvhich vvas 

obtained near the middle of the geothemia l field 

(see Figure 2). The magni tude and the direction 

of the discontinuities on the obscr\-ed curve 

(which were observed upon the expansion of the 

potential electrodes) arc not in agreement with 

those prescribed for horizontal lavering (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 posit ion of the last 

segment on the curve. The shifted segments then 

arc smoothed, to remove cusps which arc caused 

by the crossing of lateral heterogeneities by the 

current electrodes, and the smoothed curve is 

filled with a theoretical one as.sliown 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 arc quite variable, but il does 

not alter their interpreted thicknesses nor docs it 

create undula t ions on the smoothed curve (which 

may be intcrjirctcd as layers) tha t were not ac

tual ly manifested on the observed curve. These 

undula t ions often arc created when the smoothing 

is made by drawing a curve that passes between 

Hitnificani 

i i l h r | ) r v | r 

lii;ni':iih I 

T i i c cu-

liii-ir inti.-i 

Inst r a l e ! 

(.(jnducliv 

(Vi)-lOn 

c u r v e s . 'I 

: tnd ;d)o: 

rcs]>vcli\-i 

t h e resisi 

I h e g e o l l - j 

I ' i g u r c j 

and V1::S i 

looor ' 

CE 
Ul 

UJ 
'.^ 

I 
o 

y-

lU 
cr 
t -
z 
UJ 
cc 
.... 
a 
a. 

F I G . 

dcF.igna 
posed II 

I 

"arjTOrST^iTi^?^;.-'̂ .? '̂- '̂̂ '.-.; -^^-VJ^il^p 



Resistivity of a Geothormcd System 1137 

significantly displaced segments. For V.ES 10 the 
interpreted depth lo the vapor-dominated layer, 
beneath the lov\--rcsisli\-ity laver, is aboul 300 fl. 

The curves of VES 8, VES 9, and VES 3 and 
their intcr].-)rctalions arc shovvn in Figure 9 to il
lustrate the continuity of the detection of th.e 
conductive (2.4-5.2 ohm-m) and the resistive 
(90-100 ohm-ni) bottom layers on the VES 
curves. The interpreted dc'ptlis of aliout 3.J.0 It 
and about 400 ft, beneath VES 9 and VES 8, • 
respectively, arc the largest interpreted depths lo 
the resistive botlom layer over the middle part of 
the geothermal section. 

Figure 10 shows the curves of VES IS, VI:;S 14, 
and VES 13 and their interpretations. Using the 

:iutomatic interpretation conijnitcr program, the 
curve of \-T',S 15 is the only curve in this group of 
X'TiS curves that can be interpreted so that a 
layer with a low resistivity of about 5 ohni-ni can 
be included legitimately in the section. Thus VES 
15 reflects the nearness of the southeastern boiind-
ary of the geothennal system. On all three \''ES 
curv-cs there is a strong indication that the bot-
ionimost layer, which lies at an average depth of 
about 550 fl, has a resistivity of aboul 30 ohni.ni. 
Tliis layer I'jounds the geothermal system on the 
southeast as it did on the northwest. 

The curves of VES 12, VES 16, and VES 2 are 
shovvn 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 bottoni layer is not detected on the 
VES 2 curve, and if il exists it must be al a depth 
greater than about 1500 ft. Instead, high-
resistivity layers of 800 and 300 ohm-m forin the 
boltom 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 tbe area is probably replaced by rhyolite 
rocks of intermediate lo high resistivities. 

From the preceding description and documen
tation of the VES curves, and from the hydro-
geologic information obtained from well Y-l l , we 
conclude that the shallow vapor-doniinalcd reser
voir in the Mud Volcano area has a high resistivity 
of about 75-130 ohm-m and that it is character
ized by the presence of a low-resistivity layer 

-<Hm 

'000 
FiG. 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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(2-6.5 ohm-m) above il, and a moderately resis
tive layer ('^30 ohni-ni) around it. It is interest
ing to note the similaritv- between this interpreted 
geoelectric section and the general model of a 
vapor-dominated system presented bv̂  White et 
al (1971). i\ simplified version of White's model 
IS presented in Figure 12. 

R E S I S T I V I T Y , S P , A N D I P HORIZO.NTAL P R O f l I . E S 

In 197), two years afler the VES data were ob
tained, horizontal profiles of resistivity, SP, and 

IP were made along the road from point A to A' 
(sec Figure 1). The resistivity and the IP were 
measured at two electrode spacings of a Ihrcc-
clectrode (AiVl,\') array. The electrode spacings 
{.\0) between the current electrode {.\) and the 
center (0) 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 fl. The SP mea
surements were made prior lo the 600-ft resistivity 
measurenicnl. The IP measurements were niade 
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in the frequency domain a t 0.1 and 1.0 hz, and 

the percent frccjuency effect ( P F E ) values were 

calculated using the formula 

PFE 
{po Pl.O,.' 

s/p 
100, 

VPo.i-Pi .o 

where po,i and pi.c are the apparen t resistivities 

measured at 0,1 and 1,0 hz, respectively. 

The lowest ajiiiarent resistivities of the hori

zontal profiling da ta were measured over the cen

ter of the geothermal field, vvhcre the thickness of 

the 2- to 6,5-ohni-ni layer is largest, .Along this 

segment of the profiling da ta , the aj iparcnt re

sistivity values measured with tlie .AC) spacing of 

1000 fl arc larger than those 'measured with the 

smaller AO spacing of (iOO it. This increase in ap

parent resistivitv a t larger electrode .spacings cor

roborates the VES da ta in terpre ta t ion in terms of 

the jircscncc of a deep liigli-rcsisiivity layer 

(vapor-doniinaled lav-er) beneath a shallower low-

rcsistivitv- cover. To the nor thwest of the geo

thermal field, the appa ren t resistivity is generally 

low because of the jircscnce of a thick section of 

lacustrine deposits in Idav'dcn Vallev. To the 

southeast of the geothennal field, a marked in-

crcTisc in :i]!parcnt resisliviiy is ol.iscrvod on the 

rcsist.ivity jirofiles and :\ broad resistivity high is 

formed -ivliich extends to the soulheastern bound

ary of the section. \Vitliin this bi-oad resistivity 

liigh, there are three zones of lower resistivity 

whicli c:in be interjircted as due lo altenifion 

r'.ones result ing from the u])ward movement ot 

llierrna! waters a t a lime when near-surface geo

thermal act ivi ty may have existed lo the south

east of the ])resenll.v active zone. 

SP measurements , referenced io the first station 

on the nor thwest end of the traverse, produced the 

broad, posiliv-e anomaly shown in l''igure 13. The 

ampl i tude of the anomaly is sinall and may be 

a t t r ibu ted to a warielv of electric jiotential pro

ducing effects. However, an exjierinicnt by 

Poldini (193S a n d 1939) proved tha t upward-

migrat ing water, confined within a colunni, )iro-

duced a positive potential vvlien a measurement 

vvas made near the toj:) of the cohinin wilh resjicct 

to an arbilrarv- d is tant jioint. The potential at

t r ibuted to solutions nioving-_ through porous 

media has been observed b\- several investigators 

and is known bv various names such as electro-

filtration, s treaming, fiow, and electrokinetic po-

tcniials (Sato and ?iIooney, 1960). This type of 
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\ 

FIG. 12. Model ofa vapor-dominated reservoir surrounded by water-saturated ground: (1) Springsand fumaroles 
rich in sulfates. (2) Zone between ground surface and vvater table. (3) Zono vvhcre lic|iiid water, largely derived 
from condensing steam, is dominant (2-6.5-ohm-ni layer in geoelectric section). (-1) Zone where convective and/or 
conductive heat flow exists, with heat suuplied from condensing steani in zone 3 (3()-ohm-ni Uiyer in geoelectric 
seciion). (5) Vapor-dominated reservoir (75-130-ohm-m lav'cr in geoelectric seciion). (6) Deep zone ot convective 
heat flow above which is a boiling-water table (simpliticd from White el al, 1971). 
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potential is caused by cation enr ichment of the 

]jore waters owing lo the prcferentia! adsorption 

of anions by the rock. The n]3vvard-mov-ing waters 

concentrate the cations near the surface resulting 

in a positive anomaly over the zone of migratin.g 

water. 

On the basis of Poldini 's work, it is reasonahile 

lo assume t h a t the broad SP anomaly, a t least the 

portion directly over tlic thermal zone, arises 

from upward-moving waters set in motion bv con

vection currents emanat ing from the thermal en

ergy source. The low SP values bordering tlie 

northwest edge of the thermal area arc jiossibly a 

result of downward-moving waters, j jart of the 

cycling process involved in the. mov-enienl of 

thermal waters (compare Figures 12 and 7 of 

Whi te e t a l , 1971), 

The reason I'or the continuation of the SP 

anomaly beyond the southeast boundary of the, 

geotherinal field (as interpreted from ^•ES data) 

is not understood. Possiblv, however, significant 

amounts of the thermal waters upon approaching 

the ground surface move lateraliv, and not until 

they reach the more permeable altered zones of 

low apparen t resistivitv do they begin to descend. 

The downvvard-niov-ing vvater would produce the 

observed low level of SP coincident with tlic 

zones of low resistivitv. 

• T h e tvvo I P profiles were plotted on scmilo.g-

arilhniic scale in the upper par t of Figure 13. 

The jirofilcs are similar, both indicating a rela

tively high I P ba kground level of about 5 per

cent vvhich is attri^ :tablc to a wide distr ibution 

of cla.vcy materials am! pyri te in the near-surt'acc 

layers. Differences between the profiles occur .in 

the^^aniplilude of the observed anomalies, par

ticularly in the vicinity of the nor thwest boundary 

of the inferred vapor-dominated zone. The in

crease in the polarization effect is probably caused 

by an increased quan t i t y of disseminated pyri te 

deposited bv' circulating thermal waters. Indeed, 

the mineralogical analvsis of well Y - l l indicates 

t h a t pyr i te exists from a depth of about 50 fl to 

the bot tom of the well a t 347 ft. The fact tha t the 

A O = 1 0 0 0 fl anomaly- is significantly larger than 

tha t seen on the shorter spaced profile suggests 

t h a t the pyri te and its distr ibution increases vvith 

depth a t the boundary of the thermal zone. Pos

sibly a similar pyr i te enr ichment exists beneath 

the small I P anomaly .shown on both profiles in 

the vicinity of VES 16. 

SUM.MARY AND CONCLUSIONS 

\ 'erlicai electrical soundings in llic Mud Vol

cano area of ^'eliovvst()ne National Park iiidic;it.c 

I ' lat llli- va!-)or..doniinat.ed reservoir is character

ized b.v- higli resistivities and that it occurs under 

a cover of very low resistivity. Eccausc of this 

lovv-rcsislivit.v- la\-cr, reconnaissance surveys with 

horizonlal profiling will delineate l:lie thermally 

activ-c zone by a low-.resistivity anomaly. The 

boundaries of the geothermal field as defined by 

the quan t i t a t ive interpretat ion of the Vl'iS curve 

is in excellent agreement vvith the apjiroximatc 

boundaries inferred from majjping llic surface 

geology. ]k:ne:it.h VES I and VES 16, the geo

therrnal conditions mav- exist a l depths sliglitly 

greater tlian about 1000 ft, vvhere:is bcneallh VES 

2 the thenna l act ivi tv, if it exists, must be a l 

depths greater than toOO It. 

T h e SP anomalies seem to be directly related 

and intcr]irctable in terms of the thermal water 

circulation system, and :ilrhough the S i ' anomaly 

observed in the M u d X'olcano are.a- is relatively 

small, its existence warrants the further s tudy 

and measurement of SP in other geoihermal areas. 

T h e I]"' anomalies observed a t the noriliwestern 

boundary and south of the southeastern boundary 

were inlei-i.irctcd in terms.of pvTitc concentrations 

dejiositcd by sulfur-rich thermal waters a t those 

locations where the thermal waters intermix vvith 

meteoric waters and begin a downward move

ment in, the hvdrological recycling process sur

rounding the geotherma! cell. 
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GEOTHERMAL INFRARED ANOMALIES OF iX)W INTENSITY, 

. YELLOWSTONE NATIONAL PARK 

c 

•G 

By Donald E. White and Lee D. Miller 
U.S. Geological Survey, Menlo Park, California, 

emd Department of. Recreation and Watershed Resources, 
Colorado State University, Fort Collins, Colorado 

INTRODUCTION 

Infrared remote sensing of hot springs and other high-temperature 
geothermal phenomena has been feasible for many years; its usefulness 
in', searching for'iriconspicuous anomalies of lo-w intensity has not been 
demonstrated in the past. Future search for.sources of geothermal energy 
.must aim at deep reservoirs of hot water and steam at temperatures gen
erally above 200° C. Hot springs ârei associated with some pf these 
res.ervpirsj but most, hot springs arie unreliable evidence for commercial 
reser-voirs. The' mos-t significant evidence for a concealed geothermal 
reservoir woiild be temperatiire gradients £ind heat flows -three to 10 times 

"normal" 
Normal gradients average about 
conductive heat fiow ei^erages 

higher than, the woi*ldwide averages 
1° C/50 meters, in depth, and 

• • ' • • . : . 2 

1.5 wcal/cin sec. .Solar energy is roughly 1000 times this value; there
fore, the "noisis" problem is severe. 

OLD FAITHFUL TEST SITE 

Infrared (IR) anomalies are actually differences in apparent surface 
temperature, whifth shows wide daily, seasonal, and microclimatic differ
ences; Can IR anomalies also be ceuLibrated in terms of heat flow, which 
is of more fundamental geothermal interes-t them temperature alone? A 
small area around Old Faithful was being used last year to test a new 
rapid method for mapping differences in heat flow, utilizing individual 
heavy snowfalls as calorimeters. These heat-flow data are also useful 
in attempting to csilibrate 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 ^50 ycal/ 

2 " ' 
cm sec were mapped in this test area. 
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The oral presentation included the following: 

1. A vertical color photograph of the test area, showing locations 
of Old Faithful and. other thermal anomalies to be discussed and the dif
ferent surface materials of the area 

2. A heat-flow map of the test area 

• 3. Analog thermal IR, 8y to lUy,-conventional unprocessed scanner 
imagery, taken at 2:00 a.m. and showing the anomalies; of these. 
Old Faithful being the only visible conspicuous one. 

h. Analog computer processing of the original magnetic tape data, 
quantized between'0° and 20° C into eight levels, each with an interval 
of 2-1/2° C ,' 

5- :'Apparent surface temperatures, contoured by intervals of 5° C; 
hot as effective in black ahdjwhite.as some other types of processing 

' ' ' . ' ' : ' - . - . ' • . ' ' . . • 
,6. Separate images,- each of a different temperature interval, with 

0° .to 20° C divided into l6 di'fferent levels, each with 1-1/^° C temper
ature span • i 

. " , - , . • . - i • • -

The. first interval (l6-l) iricludes all temperatures, above l8-3/*+° C. 
Several visually inconspicuous! anomalies are more pronounced on IR than 
Old Faithful, but other anomalies are not. ye-t evident.. Representative 
levels or slices, with decreasing temperature, first show the appearance 
and then the eriiargemen-t of other anomalies.. Separate images of temper-
.ature intervals below 10° C. are'especially useful. . Interval 16-1̂ * 
(2-1/2° fo. 3-3/^° C) shows anomalies that, are similar in shape'to the' 
. lOOO-pcal contour, and interval 16-15. (l-lA° "to 2-1/2° ,'C) is most 
nearly similar to the U50-iJcal contour. The eastern anomalies have 
apparent surface temperatures 3° to k° C lower than equivalent heat 
flows in the western part, because, of differences either in real temper
atures or in emissiviti'es'of ground materials. ' 

BLACK SAND TEST.SITJS 

• - ' • • ' ' • • • ' • ! . 

Extensi-ve physical studies nave been made of a geothermal anomaly 
northwest of. Old Faithful. Winter mapping of snow liniss emd snow depths 
adjacent to this warm ground provides qualitative differences in heat 
flow. Temperature-depth profiles permit calculation of heat .flow by 
assuming reasonable thermal conducti-y-ities. A map of the radiation tem
perature of the. warm area was made on the grotind with a radiometer, during 
one of the series of IR overflights. This, radiation temperature map 
approximates a real surface temperature map for the surface material of 
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the area which is black sand with emissivity near 1 and little vegeta
tive!, cover. Analog computer processing of the thermal IR imagery taken 
at.this time produced multiple images, each representing the ground area 
with a different preselected 1-1/U° 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 ih 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 iso-thermal 
map obtained in this fashion correlated closely with the ground>radiome-

j . • • 2 ' • • • 

ter map.. Heat flows .between 5500 and 300 ycal/cm sec have beenimeas-
ured! in this test area. 

The oral presentation included the following: 

1; A map presenting isolines of equal snow depth around the test 
site ' • . 

2. Wititer soil temperature profiles for various positions on the 
tesit si-te ; 

3. A soiliheat^flow map of the test area ' 

, • . • I . . . . . . • . . . '. •' 

4.. An isolihe map' of 'radiation temperatures, recorded on the site 
with a radiometer during the.mission overflight 

. 5. A 'color-coded thermal image of the; site ! 

Separate images representing each 1-1/U° C temperature span in the origi
nal. 0° to 20° C, interval 8-lU image obtained at 2:00 a.m. were prepared. 
Each of these separate images was transformed into a colored image. A 
sandwich was made by registering these colored separates. A color pho
tograph of the sandwich is a colored thermal image oh which each color 
represents a different radiation temperature interval. • The colors are ; 
selected so that the "hotter" colors such as red represent the warmer j 
grotihd areas and sd forth. . . j 

In summary, IR'easily "sees" the obvious geothermal anomalies arid 
also seesj, by means of comptiter processing, inconspicuous anomalies not 
readily visible by grbtind 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 heat flow at rates that range 

• 2 ' 
down to about 1+00 ycal/cm sec 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 
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objective of detecting heat flows only three to 10 times "normal," but 
major progress; has been made ih cali'brating, low-intensity anomalies- and 
in computer processing of the data. The limits of both calibration and 
processing have not yet. been fully tested; future investiga-tions will 
explore these limits further. 
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Figure 
4. Interpretation of magnetic 

stone. Solid "12 ~ "-f" jTono'tn 

of 0.004 cgs. 

Figure 3. Pseudogravity map of Yellowstone. Contour interval = 5 mgal. Computation assumed 
olensity/susceptibility ratio of IOO CGS iinits, for example, density contrast of 0.1 gm/cc and sus
ceptibility contrast of 0.001 emu/cc. For lower assumed density/susceptibility ratio, p.seudogravity 

• effect in milligals would be proportionally less. Residual magnetic field data were simply bordered 
.with zeros prior to computation, therefore contours shown are unreliable near map edges. 
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CYCtES PER KILOMETER i 

- Seismicity. Western Yellowstone'and 
• the Hebgen Lake fault zone to the.west 
.' cprrespond to the most seismically active 

area of the Intermountain Seismic.Belt: 
.Activity is characterized by shallow focal 
-dcptlis unci pronounced o.irlhtjiiakc 

i swiirnis, p^iiliciil.irly ill :isS()ciali<.)ii wilh 
-.soiiic i-'coilicniial l'c;ii ures and doiiiinant • 
Jilong a zo,ne from Norris geyser basin 

.' to the western boundary of the parlc. '. • 
.. .To investigate the seismicity of 

,,Yellowstone, the University of Utah 
has conducted detailed earthquake 
surveys using portable high-gain seismo-

• graphs. The 1 972 survey'(Trimble and 
Smith, 1973) was conducted throughout -

;th'e Hebgen Lake-West YeUowstone area, 
and the 1973 survey was conducted in 
southeastern Yeliowstone. Epicenters 
from these surveys are plotted-in Figure 2. 
'. The zone of most pronounced seismic' 

•'iSEOLOGY .. :'••.. •• . 

activity extends 80 km west from Norris 
geyser basin along a N. 80° W, trend-. • •-
Earthquakes in western Yellowstone are 
not located on mapped faults but appear 
along a diffuse trend indicative of a broad 
zone of deformation, pcrhap.s-aion,R a." 
pic-cxisliiij.'. zone of weakness. Acli.viiy . 
iiniiiodiiiloiy iiorlhvvcsl of Norris'I'leyscr 
basin appears to correlate with northwest-
trending normal faults, but the activity 
abruptly,decrea.ses at the caldera bound
ary. Exten.siye swarms occur through
out western Yellowstone with prono.iinced 
activity in Norris geyser basin. Episodic 
earthquakes occurring at constant inter-^ 
vals of several seconds are closely con
fined to Norris geyser basin and' may 
reflect pDre-;pressufe variations', not '.: ' 
tectonic strain release (Trimble and'^' 
Smith, 1973). -. ' ;; y-

Focal depths range from near surface 

Figure S. Fourier amplitudespcctrum 
(logarithmic scale) for area of Yellov ŝton 
caldera. Dashed lines have logarithmic 
slopeJof -27r>0, where D is indicated,dept 

i . • ' 3 I 

to 17 km in western;.Yellowsj;bne'{Fi 
In the northwestern'caldera areal thf 

• maximum focal depth is only 5 km, 
this ciiangcs abruptly ncar,t'hc c'liklc 
boiiiulary.,Sea tiered,eartiui'iiakcs w 
shallow focal ijcpllis occurred I'liio 
out/!li'e-cc.iih-ai caldera area, altlioi 
apiiear lo foltew^i.'northwesi I'icn 
extends to an acfi.ye-.scismi'c zone 
beneath Ye'llowstone Lakfe>J?'iffL-
northwest-trendinl activity with 
central.Yeliowstone plateauIma' 
a/more brittle zone.scparating t' 
calderas. At Yeliowstone Lake 
earthquake swarm'was outllnef 
two north-trending zon;es of ai 

/out.side the caWera boundary. 
Jdepths ranged.'.Trom near surfa 
?12 km. ' ' " 

• 7 . . 

7 ,< • 
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GENERALIZE:.D CRUST/iL MODEL 

''' l-'igiiro d. Norlluvosl profile, A - A ' , across Yellowstone calileras.'Top: projected focal deptlis; 

- middle: smoothed -jcroinagnetics; bottom: generalized interpretation of magnetics based on 

filtered maps and spectral a'nalysis. - . : 

. . T h e decrease in 'frequcncy of occur-
.rence and the abrupt decrease in.fo'cai 
dep ths wiihin the calderas may reflect, 
increased tempera tures (Brace.and 
Byerlee, 1970) , but increased pore pres-

: sures 'cxpecled in.this thermal environ-
! men t .may also be sufficient, to inhibit , 
. brilUe fracture. Therefore the general '. 
.: seismicity outs ide the calderas probably. 
,•:". i-eflecls t ec ton ic activity, whereas 
«:, seismic activity overlying the thermal '; 
:.' z'pncs of t h e calderas may be partly related 
:'". t.b pbre-'pressuie and teiiipcralure effects. 

• : Fault-Plane Solutions. Two single 
V and nineicoi-nposilefault-rplane solutions, 

- 454^ : - - ! ,.;• :•".:_. ' • ; / ' . ' .. ,, ' 7 

for the Yel lowstone region, are plotted 
in. Figure-7. Seven solutions.along the ,.j 
Hebgeh-WesLYellowstone t rend , includ
ing the ,1959 Hebgen Lake ear thquake , ! 
show normal faulting, with t he down- jv; 
thrown blocks to the south'. The T-a'xeV-
trend nor th - sou th , indicating northTSouth 
regional extension that cbntinues west- :' 
ward along the . Idaho seismic zone. ' ,i 
However, four composi te fault-plane [ 
solutions around the caldera boundary 
.with P-axes radial to thc 'caldcra ind ica te 
thrust faulting and imply crustal shoiiten 
ing in the radial direct ion. It is diff icul t ' 
to explain tliis abrupt change in stress 

-pliiitc solutions CU....O ,_, 
Contacts could represcnucsurgcncc 1 

uplift of ^^^'^'""'^^ '^''^'^'^"^'• '\ :• 'i 
Seismic -and m'asnttlic evklericii pre-. 

sentcd'-iicre ind'vcatc that anomalously 

"hot" rock in the upper crust.,Mndcrlit; 

Ihc YeUowstone calderiis, poi^iWy|-

reflecting a.shallow granitic batholith 

Presence of -a magma chambGy ciinnol 

be discerned bv our data, hut a l6-ki 

Curie dep'th,would allow -a watev-sali 

granitic partial melt al ahou'f. I j i n i 

(Wyiie,:i97i). .:;;;.} ; j 
'riiatithe geoihermal and.ijvbfeUuii 

pallerhs ot YfclUnvslonc are|i;ela|ed 
mantle hot spots or plumesicannol 
.proven by ouV data. However, lUps 
models by Morgan (1972;i' and Smi 
and SbarKl9T4) for a Ycllowslom 
plume suggest southwest migratio* 
the.Novlh American plalc,,iover|thi 

• plume at ,a rate, of aboul '7.. cm /lyr 
are consistent wi th our data . Rad 
extension fractures prodvv'ccti in t 

; l i ihosphere over the plunie cojuld 
the regional fracturing of;j the |Ull 
now seismically active along fhe 
(Smith and Sbar,.197'4J, |An ;iUe 
interprela t ipn siiggests'ai:pve-e\i 
l i lbospheric zonciof weakness a 
the Snake River Plain which Iui: 
novlheastward as a-wedgc-s iipi. 
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