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Magnetotelluric so undings al ong a profile extending fmm thc Raft Ri vcr gco thcrmal area in so uth crn 
Idaho to Yellowsto nc Na ti ona l Park in Wyo ming reveal :1 highl y anoma lous cru stal structure In vo lving ;1 
co nducti ve zo nc at depth s that range I'rom I R km in the central pa ri " I' the l'as tcrn Snakc Rivc r Plain tl l7 
kill bencath th c Raft Ri ve r tlwrm al arca and as little as :I km in Yellowstonc . ReS ISll villes In thiS 
conduct ive zo ne arc less than 10 ohm m an d at some sites less th an I ohm m. Structural paramc lcrs 
obtained in proccssing the magnetotelluric data suggcst the possihilit y or a condu cti ve axis :liong Ihe 
ccn ter of the eastern Snake Ri ve r Plain, and these parameters also poin t to vc ry co ndu cti ve Slructures 
henea th th e Yellowstone ca ldera sys tem. A so unding completed in th e Island Park caldera can lln'" he 
modeled with a crustal structure ve ry dilrercnt fromthc Yellows tone ca lder:1 sys tem . requir ing th e ahse nCl' 
or this co nducti vc zone to depths greater th an 2:1 km in the Island Park caldera . In addition to th l' deep 
co nducti ve zo ne thc thi ckness or extensive surrace hasa lt s jn the e: lstcrn Sn:lkc River !'!:tin W:IS m:lppc ci 
geop hys ically, and unit s het ween the basalt s and the dcc p cond uctive 1l1l1e lI'ere also well dclincd and 
litted to gcologic l11 odels. 

I NTR ()()UCTtO N 

The Snake River Plai n is o ne o r th e n1l)s t striking and 
enig ma tic geo log ic featur es in th e western U nited St:l tes. The 
rlain is an arcuate depress io n o r very lo w re li ef that co nt ras ts 
with th e surro unding mountain o us to rograrhy. It exte nds fo r 
more th an 500 Kill across so uth ern Id a ho (Figu re I) . Muc h llr 
th e plain is und er lain hy hasalt and int er'hed clt:d co ntinental 
sedim ent s o r th e Quaternary Snake River G roup and the Qua­
ternary and Tertiary Idah o Grour that dip ge ntl y, ge nera ll y 
towa rd it s ce ntral axis . Both rau lting and dow nwa rring aprear 
to ha ve con tribut ed to th e sub side nce o r the n:g ion . The stru c­
ture or th e westc rn part of th e Sn ;lk e River PI :lin is grahenlik e, 
bo und ed o n th e nor th by no rthwest trendin g en echelon 1101'­

mal rau lt s [Malde , 1959 J. The cas tern rart o r th e S na ke Ri ver 
Plain , howeve r, arrears to h,tvc been downwarped to a g rea ter 
extent [Melnlyre, 1972 J. Most o f the vo lcan ic rock s o r th e 
Snake Ri ve r Pl a in arc o f Mioce ne and yo un ge r ages ran ging 
rrom 20 m.y. to the very rece nt noli's a t C rat ers o r th e Moon, 
whi ch have been dated at 2100 yr [Billiard. 197 1] . These vo l­
ca nic roc ks ro rm a bimodal sllite or h:lsalt and rhyn lit e co m­
monly associa ted with manti c-ge nera ted Ill agilla s. The struc­
tllra l grain produccd during late MesO/nie cl)mpressiona l 
Illollntain building and Cenozoic blnck ra ulting , th e latt er 
being rclat ed to cru stal ex tcnsio n o f th e Basill ,Ind I~all ge 

rro vin ce, is appro ximatel y nort hwest, nearl y rerpend icular tn 
th e ,txis or the eastern Snak e Ri ve r Plain . Whe re o ld er struc­
tures plunge under th e pl a in , th ey :Ire no t ddlcekd or offset in 
,In y way that wO lild sugges t th at th e Snake Ri ve r downw,lrp 
was :1 significant tectonic /'cature hcf'on: rvl illcene tillle . 

T he Ye ll ows to ne and Is land Park rh yo lit e plat ca ll has been 
the scenc of three cycIes or Q uarternary voiL', lni slll, each or 
whi ch lVas clima xed by a devas tating pyroc las ti c crup tion or 
enorill o us rhyo lit e ash noli's and co llapse or the vo lca ni c 
so urce area to rorm a large ca ldcr:1 [Chris/ioll .H'1I ((lid !JIIIII/':. 
1')72 ]. B,Is< ilt s and rh yo li tes were erllpt ed d llring eac h cyc le: 
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the rh yolites overll'helillingiv pl'l:dominate . Rock s 01' int er­
media;e cOlllpos itilln a l'e v i~tllall y ah se nt. Thc oldest CI'l:1e 
clilll axed about 1.9 n1.y . :lgO, rorillin g a ca ld era Cll lllPic x th :lt 
ex tended rrolll Isla nd Park to perha ps tht: ce ntral par t llf 
Yell owstone. The seco lld cyc le was confined to the Is la nd Park 
,lre,1 and clinl 'l.xed abnllt 1.2 Ill .y. ago . The third e\,c le rnrilled 
mns t o r th e prese nt-da y rhynlit e pl a tcall in Ye llllll's tllile alld 
began abollt 1.(' n1.y. ago, the nwst reL'ent acti vit y hein g he ­
tlleen I .'i O,OOO and '70,OOO yr ago. Ollillilig n rthe \\es tern p:lrt 
or th e Y elloll'stone ca iller'a sys tem as rece n t Iy as I :'O.O()() \'[ agn 
pro habl y indicates :1 ne ll' ma gm:ili c insurgl:llce, and it is 
thou ght that the present very acti ve and hot hl'dro th errll :tI 
sys kill s probabl y all da te rrolll thi s in sllrge nce [Ca/oll (' / III .. 
1975 ]. 

Add itio n,iI intel'l:s t ha s heen rocll sed on th e Sn:lke Ri ver 
Pla in- Yellllll'stone region because nr it s potential f'or gell thn­
mal power . Yelloll'sto ne, o r cn urse, is the lll11 st dramatic th er­
Illal Ill an ires t:l ti nn in the Un ited States, and severa l Illillinn 
dnllars h:l ve been spent nn exp loratinn and deve lopm ent or a 
hot 1I' :lt e r geo therillal svs telll near Rart Ri ve r, Idahn [Will ia /lls 
(' / (( I .. 1975 ] (I: igll re I) . O ther geo therm ,tI a reas ha vc hecil 
located at Ilruneau-Ci ranti vie ll' and in the Weise r area in th e 
wes tern P,lrt or th e SII :lke River Plain . The stud y descrihed in 
this paper lI'as desi gned to pl'll vide Sllille in sight intll th e llver­
.111 geothcrlll :iI potential urtheSn:lke River Pl ai n- Yellowstone 
reg ion throu )! h a stlldy nr the crusta l eicctri cal prllpL'rti es Ill' 
the :lre:1 dlllvn til depth s or :l hlHlt 20 Km. I'r'el' illUS L'Icctric: tI 
studies ha ve been made in th e Snake Ri ver Pla in hy L,ohd l' ((1/(1 

S /({ft/( '.I' [1')7J I . .I({dsoll [19741, :Ind 1.('111'.1' ({/I{I /'/tillll l'r [1 ')7:' I. 
Long-line refrac ti on stlldies ha ve been mad e by lIif{ ((I/(II'({ki­
s('/' [1 9()61 . and exte nsi ve g ra vit y sm vevs have heen cO illpIcted 
hy il f({hl'!' [1 975 ]. lI if{ [1 %31, :Intl ilollilli [1%.11 . Sh:ill olI' 
ciectr ica l 'studi es ha ve bee n made in Yelll)\\,stnnc hy Loluit' (' / 
III. [1 97.1]: extensive gr.l vit y, ma)!neti e , ill icroearthqu:lk e, and 
tekse isilli c de l:IY studies :Ire descr ihed hy /:'11 /0 11 ('I ({I . [1<)751: 
IJ/t({I/({CIWI'IT({ ({ li d 1.('11 [1 '>75 1 :Ind Silli //t ('/ III. [19 7.t1 h.lve 
co mputed '(' uric point depth s ril l' th e Ve ll nll'ston e are: l: a nd 
frl '!' [1 ')751 has st udi ed se ismi c noi se in Ye ll ll\\'stlll le geysn 
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Fig. I. Generalized geologic map and location or MT sites. Geolog\, and hase rrllll1 Natillilal (jeolngie i\lap, \\esterl1 
hall', lJSGS. 197'<' 

basins. Extensive geophysical studies have heen made or the 
Ran River geothermal area by the U.S. Geological Survey 
(USGS) r WillialJls l't al.. 1975 j. and 1,(JlIg r 1977J has made 
electrical studies in the Island Park caldera. 

SURVEY DESIGN 

Magnetotelluric (MT) soundings were used to study crustal 
electrical structure down to' depths or at least 20 km. Three 
recording systems were used at various times during the sur­
vey. The prime system consisted or an MT-AMT (magneto­
tellurie-audiomagnetotellurie) system built and operated by 
the University orTexas (UT) Geomagnetics Laboratory. Data 
rrom this system rormed the main core or the data ror the 
survey. I n addition. a low-rrequency system using coils similar 
to the UT system was operated at hase stati()Jls along the 
survey profile to acquire data simultaneously with the prime 
system. These simultaneous station data will he used in an 
attempt to investigate sourcc field behavinr: however. the 
study is not yet complete and will hc the subject of a suh­
sequent report. Also. a digital cryogenic Illaf!netollleter I"IT 
system heing developed by the USGS was used to obtain data 
at five sites in the survey area. Problellls with magnetometcr 
dewars and electronic problellls prevented the occupation or 
more (han Ave sites with the cryugcnic syqelll. The design or 
this cryogenic MT system will alsll he descrihed in a suh­
sequent paper. 

ivI A(;",ETOTEI.I.L:IUC PR/:\('II'I.ES 

The scalar 1\·11' metlllld as desl'I'ihed hy ('agl1ail'd r 19).IJ IS 
adl'quate 1'01' a layerl'd earth but Illay givl' gl'llssly distorted 
results in regions where the earth has a Illllre complicated 
structure. An illlpedance tensor model [('(/11111'£'11. 1960: Bos­
tic/.; alld SlIIith, 1%2: SII·iji. 1%7J is more representative or 
most situations. since it does permit two-dimensional geome­
try. The t~ns()r relations between E and /I fields nw\ he 
deri;'cd rrom ivlax\lell's l'quations and expressed ~tS 

rn = [L][HJ (I) 

or 

1:',= /,,1', -I /,,11, (2) 

where the illlpcdanl'l.' Iens()r is 

r /.] f 
/..,' 
/.'" 

For tllo-dilllensional geometries the principal impedance 
vailies /.,,' ~Ind £,,' are c:tlculated \Iith axes paralll'1 and 
pl'rpl.'ndicul;lr to 11ll' strike or the t\\o-dimension~tl in­
hOlllogeneity. II' the data appear to indicate threc-dimcnsional 
qualities. the sallll' procedllrc is used in ~1Il attempt to l.'\tr~tct a 
tllo-dimensional fit frolll the results. 

Instl.'ad or thl' illlpcli;lnl'c tensor hcin)! I'llt~ltcd to the prillL'i­
pal ;1\l'S ,Sillls (///(/ /Justic'/.;, 1()691. till' electric and nWf!nctic 
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field data are projected onto the rotated axes. and then the 
tensor estimates are computed. This procedure allows the cal­
culation of the coherencies associated with the principal im­
pedancevalues. The rotation angle </>, which maximizes 12,,1 2 

+ IZ".,I', locates the principal axes and for two-dimensional 
situations requires Zxx' and Zy/ to be zero. In this case the 
tensor decouples into two modes represented by 

(4) 

From the principal impedance values the principal resistivity 
values are computed as 

flx/ = (0.2//llzx/12 fly': = (O.2/fl I Z"x'12 (5 ) 

wi1ere f is the frequency; one of these I',dues is a maximum, 
and the other is a minimum. 

Also associated with the principal impedanccs arc the re­
spective phases 

'/'.1'; = tan 1 Xyx' / R,./ <{'.t}: = tan 1 X.,y'/R.,y' 

where R and X are the real and imaginary parts, respectively, 
of Z. 

One common procedurc in MT interpretation is to perform 
one-dimensional invcrsions of(5) to produce resistivity versus 
depth profiles. A number of methods have been used for the 
one-dimcnsional inversion [Wu. 1968; Patrick and Boslick. 
1969; Becher and Sharpe. 1969; Gref'nfield alld 1'llmbllll. 1970; 
Laird alld Boslick. 1970; Johllsoll alld SlIIylif'. 1970]. Finite 
din'crcnce mcthods have also bcen used for the inversion of 
MT data for two-dimensional models by Sl\'i/i [19671 and 
Palrick alld Bostick [1969J. 

DATA ;\C()UISITIOr-; 

Figurc I indicates the location of 16 MT sites occupied in 
the survey of the eastern Snake River Plain- Y cllowstone re­
gion. At each of thc sites, tensor impedance estimates were 
obtained through broadband measurements of the five com­
ponents (Ex, t'y, 11." H", and Hl ) of surface electric and 
magnetic fields or the earth. The UT recording system was 
used at 12 or the sites shown in Figure I, and the USGS 
cryogenic system was used at 5 sites. For the 12 UT sites a lo\\,­
frequency band or 0.001-1 Hz and a midfrequency band of 
0.05-10 Hz were used. Systems filters wcre adjusted to provide 
approximately prewhitened data throughout these bands, and 
the results were recorded on FM tapc. At each site, 4 hours of 
recording time were required for the loll' band, whereas 1.5 
hours of data were taken for the midband. ;\ high-frequency 
band of data from I Hz to over I Kllz was acquired through 
the A MT part of the UT system. This systcm consists of a set 
of preamps and prefilters followed by a tuneable double-con­
version superheterodyne phase sensitive receiver. The data 
analysis portion or the A MT system is implemented through a 
programable calculator, which provided preliminary realtime 
results while the equipment was on site. Initial results, includ­
ing autospectral and cross-spectral estimates as well as imped­
ances, coherencies, etc., were recorded on magnetic cards on 
the calculator system. 

Rccording at the USGS sites with the cryogenic system 
consisted of digital (12-bit resolution) recording over a single 
nat band rrom dc to 0.5 Hz, the only filteri;1g being for 60- to 
180-Hz rejection and antialiasing. Four hours of data at a I-s 
sample interval typically wcre recorded in a single span with 
the USGS system, but electronic problems recurring through­
out I he su rvey a IIowedlhe lise 0 r on Iy abou t 50% of the diltil. 

[)yn!\:--:t\IYSIS 

The low-band data I'rom the LIT Slstelll and the data I'rom 
the USGS system Ilere processed in a simil,1f' manner. :11-
though dilrerenl computer programs IITIT used in e,lch in­
stance. The only significant dilTerence in prllcessing lIas th:11 
the broadband data I'rom the USGS slstem lIas digitalh pre­
whitened and used an optimum smoolhing Ilindow designed 
to min'imif(; spectral leakage [Ollles ilnd Lllochsoll. 197~1. 
which lias more severe with the dc response llf the cryllgenic 
magnetometer. ;\ multichannel time series, typically .i096 
points in length. was spectrally decomposed by using a r~ISI 

Fourier transrorm algorithm, and harmllnics Ilere ,1I'<?raged 
over constant handwidth intervals. The speclra were rol:lled 1(1 

the direction or princip,iI axes p<lrallel ,111(1 pcrpendicular 1(1 

the strike or the tllo-dimensional inhonHl)!eneil\ [ 11'111'1/ ('/ (Ii.. 
1970J. The principal impedance value in which the electric licit! 
is parallel to the two-dimensional structure. called f:' or 11-
(transverse electric), II:IS determined from testing i'nr max­
imum coherency hetween Il, and 11,. 

Data 1'01' the mid frequency band llr the UT system II elT 
analyzed by replaying the analog Fivl data intll the t\r>.1T 
receiver. The required rrequency multiplication I\as accom­
plished by varying the tape replay speed. The resulting spectral 
outputs of the receiver were rotated to the principal axes 
mathematical"', the tensor impedances calculated. and the 
/:' or TE impedance determined. 

Ideally, the inversion of MT data requires <I sll100thly var­
ying runction of <lpJl<lrent resistivity versus i'requency. '\11\ 

noise encountered in the measurement or analysis process 
results in scatten:d points when the apparent resistil'ilieo; :ll'e 
calculated. I'm some magnetotelluric inversion techniques this 
scatter is not a seriolls problem, but ror the 'cllntilluouS' 

RESISTIVITY, IN OHM-METERS 
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Fig. 2, 'C"ntinuIHIs' 'Ind simplified lavered models ror ,\IT sound­
ings 2. 7. X. and II. 
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Fig. J. MT data from UT sites 2 and 7. On the left are shown the tensor resistivity ;IInplitudes. and on the right arc the 
resistivity phase for the TE direction (solid circles), phase-derived amplitude curves for the TE direction (triangles or squares). 
and computed plwse and amplitude (open circles and solid lines, respectively). Data from USGS site.J arc plotted on UT 
site 2 data. 

inversion program used for 'first cut models' ill this analysis, 
smooth apparent resistivity curves were necessary. ;\ n analyti­
cal technique was developed to perform the smoothing of the 
composite impedance curves obtained from the three fre­
quency bands for the UT sites. This techniquc assumes that thc 
magnetotelluric impedances along the principal axes are min­
imum phuse functions [Oppenheim and Scha/i:r. 1975]. and 
amplitudes and phase on log-log plots versus frequency are 
related through Hilbert transform pairs. Smoothing is accom­
plished by deriving the log amplitude of the resistivity by 
numerically integrating the phase with weighting determined 
by coherencies. Techniques for doing this will be described 
along with the 'continuous' inversion program in a subsequent 
paper. 

;\ layered model was established for most of the sites by a 
lwo-step inversion process. Initially. the 'continuous' inversion 
program. which computes a i110del layer for each frequency 
point. was applied to arrive at a model which could be sim­
plified. The simplified model was obtained by reducing the 
number of layers to be used as a starting model for 11 general­
izt:d nonlinear inversion program [Patrick alld Bustick. f969: 
Laird and Bostick., !970~ B. D. Snlith, \vritten C0i11i1iUniciJtion, 

1975]. which fits a layered model to the data in a least squares 
sense. The nonlinear inversion program was constrained to 
provide a model of not more than five layers at each ivlT site. 

Examples of'continuous' inversions arc shown in Figure ~ for 
sites 2. 7. X. and I I. Models derived from this process arc 
tabulated in Table I. The MT data used to derive the ll1odcl~ 
of Table I arc shown in Figures 3-8. In the left pari of each of 
the figures. resistivity amplitude curves for the rotated tensors 
arc shown. and in the right pari of the figures. several variahles 
arc plotted: (I) the plwse-derived TE direction amplitude 
curves. shown by triangles or squares. (2) the ohserved phase 
curve for the TE direction. shown by solid circles. and (3) IT 
amplitude and phase curves calculated from the layered in­
version models in Table I. shown by solid lines and open 
circles. respectively. Results from the USGS sites arc shown 
where the data were useable. namely. at sites 4.8, 12. 17. and 
I. USGS site" is shown in Figure 3 with UT site 2: data froi11 
USGS site 8 arc shown at the identical UT site 8: data from 
USGS site 12 are shown at UT site 12: data from USGS site 
17 arc shown at UT site II: and data from USGS site I are 
s\1OlI'n in Figure 7 with data from UT site 21. The data frol11 
USGS and UT sites X and 12 were not recorded simultaneously 
and were processed by using slightly different computer pro­
grams. Generally. the data agree. with the exception of a more 
pronoLillceu IllJlXilllLlIl1 ill the USGS site i 2 TM data. Only 
one set of data was used ill spectral processing of the USGS 
,bla: had l110re data been available. the two sets might have 
been closer in agr,;elllenl. 
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GEOELECTRICAL CROSS SECTION 

The models obtained in the inversion process were used to 
construct a geoelectrical cross section extending frolll the Raft 
River geothermal area to Yellowstone along the axis of the 
Snake River Plain. This cross section is shown in Figure 9 with 
vertical exaggerations of 10 to I and I to I. I nterpreted resist­
ivities from the inversion process are shown in each layer 
beneath the sounding sites. The lowermost layer was in­
determinate inthiekness from the sounding data, which only 
extended to 0.001 Hz in frequency. We have labeled some of 
the layers with their probable geologic significance where such 
a relation seemed to exist. The resistive layer of several hun­
dred ohm meters detected at sites 2, 4, 8, 12, 14, ,lIld lOis 
assumed to be mostly a sequence of Snake River basalts of 
Quaternary age (Figure I). Previous work with direct current 
soundings [Zohdy and S/a/lley, 1973] suggests that the resist­
ivities of dry basalt (water table is generally at about 150111 or 
greater) is 500-1500 ohm m, and the resistivities of the fresh­
water"'salurated basalt in this area are 250-500 ohl11 m; there­
fore' these results agree with the MT results. Even though we 
have iriierpreted this layer to be composed of basalts, in some 
locations, particularly from sites 14 to 19, geologic evidence 
suggests that rhyolites may be interbedded with the basalts. ;\ 
conductive layer of 12-20 ohm 111 detected beneath the basalts 
at the previously mentioned stations, and at site 23 where thcre 
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are no basalts., probably consists of a Clllllplex of hasalts. 
rhyolite !lows, wdded tulrs .. and sediments. The resistivitics of 
12-15 ohl11 111 are similar to values obscrvcd for similar Illl­
canic and sedimcnt complexes in the I.on)! Valle\' cildcr:1. 
California [S/al/lcy cl al., 1976]. 

The resistive layer, or third layer down on most llr the 
soundings, is believed to represent hoth thc hasel11ent clllllpin 
of older scdimentary and metamorphic rocks and the granitic 
crust. Thc interpreted resistivities for this layer cannot he 
considered to he determined as accur:ttcly as the lavCf's ahmc 
or the conductive layer beneath. This limitation ari.,es hecause 
of the dilliculty in determining the truc rcsistivity or a n:sislilc 
layer with the MT method. unless the la\cr is at the slII'l·:Il'l:. 
However, the resistivities are determincd accuratcly eI1111I)!h Sl) 

that we can state that the rather systematic decre:tsc in third­
layer resistivities from sites 2-14 docs appe:tr to he real. [,,,lore 
will he said ahout this variation later. 

The most signilicant reature of the model cross section is the 
lowermost conductive layer that was detected on ;tllthe,ound­
ings except possihly at site 19 in Island Park. Thc interpreted 
resistivities shown should nllt be considered highly accur:ttc, 
For sites I. 20.21.22. and 23 the conductive laver resistivitv is 
about I ohm 111 or less. but ror the rest of the sOllndings in the 
Snake River Plain the true resistivity is nnlv klllll\n to he less 
than 10 ohm 111. The InIVest resistivities for this \;tycr appcar tn 
be at the Raft River and Ycllowstone sites, and the highest 
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values at sites 2-8. Depths to the conductive layer are about 7 
km at Raft River, 18-23 km in the central part of the Snake 
R ivcr Plain (sites 2, 4, lind 8) and as little as 5 km at site 22 in 
Yellowstone. The Island Park sounding is anomalous in al­
most every respect, and resistivities appear to be greater than 
100 ohm m down to depths of at least 23 km. 

Data from the rotation parameters obtained in computing 
the impedance tensor for frequencies sensitive to the deepest 
conductor are shown in Figure 10. The line through the station 
location denotes the strike direction of the interpreted two­
dimensional character of the data, and the small arrows point 
to the conductive side of the two-dimensional geometry. For 
simple structure on the surface of the deep conductor the 
conductive side is the side where the conductor is closest to the 
surface. At site 2 the data were too one-dimensional in charac­
ter for this type of interpretation to be made. and at sites 4 and 
3, no vertical magnetic field data were obtained to select TE 
and TM modes, but the strike direction is shown. The parame­
ters point out the existence of conductive structures beneath 
the central part of the Yellowstone caldera system and suggest 
that a conductive axis striking about 45°NE may exist in 
eastern Snake River Plain. The strike parameters for the Raft 
River sounding are influenced by about 2 km of valley fill 
material to the east of the sounding site and probably do not 
indicate two-dimensional effects on the deep conductive zone 
discussed above. 
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CAUSES OF Low RESISTIVITIES IN 

TIll' DEEI' CRUST 

The principal question to be addressed in interpreting the 
significance of the l'vIT cross section is the nature of the deep 
conductive layer with resistivities of less than 10 ohm m and in 
some cases less than I ohm m. In order to answer this question 
we must look at the decrease in rock resistivities to depths of 
30 km from four sources: (I) increased ionic mobility with 
increased temperatme. (2) electronic or mineral conduction. 
(3) partial melting. and (4) alteration. 

It is well known that the resistivity of rocks at shallow 
depths is mainly a function of porosity. permeability, and pore 
fluid resistivity, the latter being dependent upon temperature. 
Elevated temperatures can decrease resistivities or zero pres­
sure rocks by an order of magnitude. To illustrate theeflects of 
temperature and pressure on pore fluids. Figure II is repro­
duced from the paper by Hermallce [1973]. who compiled data 
rrom QUis( alld iII a rsh al/ [1968]. The clIJ'ves show the relation­
ship or electrical conductivity to depth and temperature ror 
lithostatic and hydrostatic conditions and ror geothermal 
gradients of 60° and 120°C/km. A t shallow depths the electri­
cal conductivity increases with temperature because the pore 
fluid viscosity is decreasing. but ionic association decreases 
conductivity below depths or about 2 and 5 km for the two 
gradients. 
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Mineral or electronic conduction through semiconducting 
minerals in a rock is a function of temperature, and the lines in 
Figure 12 show the limits for dependence of mineral con­
duction upon temperature between which most measurements 
on dry silicate rocks fall (reproduced from the paper by Brace 
[1971]). It is obvious that mineral conduction alone is not the 
significant cause of low resistivities in the conductive zone in 
Figure 9, because resistivities of 10 ohm m are achieved only 
with temperatures in excess of 1000°C, Undoubtedly, mineral 
conduction does playa role in reducing resistivities but prob­
ably is not the mHjor cause of the low resistivities observed in 
this study. 

One of the main contributing factors to lowered resistivities 
in this study may be the partial melting of rock components. 
Wyllie [1971] has surveyed experimental pressure-temperature 
data on melting in the earth's crust and upper mantle. Figure 
13 [from Wyllie, 1971J compares curves for the beginning of 
melting of major rock types in the presence of excess water. 
The granite curve represents the minimulll tempcrature for the 
occurrence of mclting in the crust and mantic, although traces 
of interstitial liquid Illay bc produced at lowcr temperatures in 
the presence of some pore fluids. Many dilTerent rock types in 
the presence or pore fluids with a wide compositional range 
will begin to melt within a few tens of degrees or this bound­
ary. The requirement for water-saturated conditions is admit­
tedly an extreme onc to consider routinely, but since the prob-

lem here is not how magmas are generated but how 
temperature affects crustal resistivities, we must keep in mind 
that a very small percentage of interstitial melt can reduce 
resistivities by a very large amount. Wyllie shows that for a 
granite, interstitial melt consisting largely of quartz and feld­
spars can exist over a large range of temperature under non­
saturation conditions for the rock as a whole. 

Wyllie states that water-saturated granite liquid produced 
by anatexis in the crust can exist only for a few degrees above 
the solidus and that it appears that the normal product of 
anatexis is a ll1ush cOIllPosed of crystals and water-under­
saturated granite liquid. The alllount of original pore fluid 
controls the alllount or liquid generated from the granitic 
minerals, and thus the amollnt of liquid necessary to complete 
an electrical path network can be directly related to the 
amount or original pore fluid and temperature-pressure 
curves. These types of considerations are very important in 
relating highly conductive parts of the earth's crust to low 
seismic velocity zones. since a very small amount of interstitial 
melt can significantly increase conductivities, lower P wave 
velocities, and cause S wave attenuation. These elTects can 
be the direct result of having very small amounts of pore 
iluids in the original rocks and temperatures of 600°C or 
higher at depths of aoout 10 km. 

;\ n addition:i1 f:lc(Or which Illust be considered in studying 
Ihe relationship or high crustal conductivities to temperature is 
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Fig. 7. MT data rrom sites 20 and 21 with data rrom USGS site 1 plOllCd on site 21 data. 

the en'ect of alteration. Alteration products lining pore walls 
can significantly lower resistivities and control the movement 
of pore nuids and vapors. Recent data frolll experiments by 
Lo/Jacki [1975J on the permeability of hot granite provide 
enlightening results regarding the complicating factor of alter­
ation processes on the movement of pore nuids. The per­
meability of granite was studied at a confining pressure of 500 
bars (corresponding to a depth of about 2 kill), a water injec­
tion pressure of 300 bars, a differential stress to 3500 bars, and 
a temperature of 400°C. In all the experiments the per­
meability of the rock decreased from an initial value of about 5 
X 10- 6 darcys to about 0.1 X 10- 6 darcys in the tlrst 10 hours 
and to about 0.01 X 10- 6 darcys after 10 days. In some cases 
the now of water ceased altogether. The most likely ex· 
planation for this phenomenon is that alteration minerals 
formed during the experiment restricted the now of water 
through the cracks and channels in the rock. The significance 
of these findings to our study is that for a given amount of pore 
water in the original crustal rocks at depths of interest to us 
(5-30 km) which have undergone a heating cycle, the pore 
fluids will be localized by the selr-sealing effects or the rapid 
alteration process, and more effective local melting can occur. 
The effects of the rapid alteration, which over geologic time 
means that a hot wet granite wiii become more highly COil· 

ductive, will add to the effects of interstitial melt and electronic 
conduction to provide extremely low resistivities. This total 
en'ect is substantiated by the only extensive measurements of 

thc electrical properties in a hot wet pressuri/ed granite syst~m 
by Ll'lIl'ill'o amI f,hi/a/'(}o [1964]. Data rrom their study art: 
shown in Figure 14 by the solid curves: superimposed on these 
data is the granite solidus curve from Figure 13. The hreak in 
the curves at the solidus is obvious, but the significant aspect 
of the data is the very low resistivities occurring \\'ell to the 
right of the solidus. 

We have plotted a conservative estimate of the combined 
error of the depth and resistivity paramcters rrom the MT 
models in Figure 13 to show where the MT data fall in relation 
to the sample data in order to bracket possible crllstal temper­
atures in the survey area. It is not possible to estimate temper­
atures at depth accurately from the MT data by using data 
such as those or Figure 14 bccause of the unknown ractors or 
amount of water and alteration products. However, on the 
basis of such data plots as the plot or the IvIT data in Figure 14 
one might be tempted to conclude that the temperature range 
for the MT sites at the depth of the conductive zone is frol11 
200°C to 800°C. This would require a great deal or structure 
on the isotherms, particularly in the region from Island Park 
to Yellowstone. This docs not seem likely, and other models 
should be considered with mineralogical or pore fluid varia­
tions as controlling factors for resistivity. 

The main calise or the large vllriations in the depth to the 
conductive layer is probably the effect or moisture content and 
alteration products on amounts of saturated melt and ionic 
mobility. Thlls where the conductive zone is depressed. as at 
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sites 2-19, water and other pore fluids and possibly alteration 
products are not as extensive as they are at the other sites. The 
reason for lower percentages of remaining pore fluids and/or 
alteration products, but especially pore fluids, may be related 
to the history of the crust. We assume that the crust has been 
stretched and thinned over most of the area of the MT profile, 
with the aid of high temperatures to provide plastic behavior. 
In some areas, however, the crust has been fractured quite 
extensively, and mantle-derived magmas have reached the sur­
face. Also anatexis of parts of the continental crust has gener­
ated magma bodies which have erupted to the surface, as they 
have in the Island Park-Yellowstone area. In either instance 
the rising magmas may have purged water from the crustal 
rocks, and even though they may now have reached thermal 
equilibrium, the loss of pore water may have made them more 
resist ive. 

A more complicated model compatible with our MT data 
from the eastern Snake River Plain may be considered as an 
alternative. We refer to a model derived for the western plain 
to explain seismic [Hill alld Pakiser, 1966] and gravity data 
[Mabey, 1975]. Mabey has compiled a gravity model for the 
western part of the Snake River Plain based upon the seismic 
refraction profile of Hill and Pakiser and his gravity data. f\ 
large amplitude gravity high is coincident with the topographic 
low of the Snake River Plain. Mabey [1975] calculates that the 
plain is in isostatic equilibrium and suggests that for a feature 
as narrow as the western Snake River Plain to be approxi-
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mately in isostatic equilibrium, the compensating mass is likely 
to be partly within the crust. The seismic data interpretations 
by Ifill alit! Pakiser [1966] suggest that the normal upper crust 
is either very thin or absent under the axis of the western plain 
and that the lower crust with a velocity of 6.7 km/s extends to 
about 42 km below the surface and is underlain by a 7.9-km/s 
mantle. Mabey's gravity model for the western Snake River 
Plain has an upper crust of granitic composition with a densit.l' 
of 2.65 g/cm 3 and a lower crust of more basic composition 
with a density of 3.0 g/cm3

. Mabey correlates the upper crust 
of low density and granitic composition with Hill and Paki­
sa's seismic layer having a velocity or 6.0 km/s and the lower 
crustal unit of density 3.0 g/cm3 with H ill and Pakiser's veloc­
ity layer of 6.7 km/s. The density of the lower crust;!I unit may 
be close to that of the upper mantle, which is interpreted to be 
at a depth of 40 km beneath the Snake River Plain on the 
seismic profile, 10 km greater than the depth south of the plain 
on the same profile. Even though there arc no similar seismic 
data available for the eastern Snake River Plain, we believe 
that compensation of the upper mantle and lower crust to 
stretching and thinning processes may be similar to that postu­
lated for the western part or the plain. In view or this possi­
bility we have constructed an alternate crustal model (along 
the lines or the Hill and Pakiser and Mabey models) which 
attempts to rationalize some of the conductivity phenomena. 
This model is shown in Figure 15 with what we propose as a 
possible isotherm distribution. Establishing the isothermal dis-

... 

·0 

6 

_1 j II11lli 1 1 111 wi I 1 1 J !llli __ L 1 UllllL 

o 0 

-; 

-70 

~ • (J) 

,60 w 
w 

'" ~ '" -"50 w 
• 0 

~ z 
--140 -_, w 
Lj (J) 

--j .q 
__ ---,·-.... -130 iE 

-'80 

103~ 
r 

r 10
3 ~. 

>-

-70 

>-
> -;:: 
~102e 
(f') ~-. 
U) 

'" I • 

:; 
>­
(J) 

(J) 

)):' 10 2 -

>-• z 
w 
Cl: 
.q 
Q 
Q 

.q 10'_ 

Fig. X. MT dall' frol1l siles 22 and 2]. 



2510 

N 

r 

STANLEY ET AL.: SNAKE RIVER PLAIN MAGNETOTEI.LLJRIl'S 

RAFT RIVER SNAKE RIVER PLAIN ISLAND PARK YELLOWSTONE 
THERMAL AREA CALDERA CALDERA SYSTEM 

23 Ouaternary 2 4 8 12 II 19 20 21 I 22 

o l--",=~:::2=6'-__ ---'_'Flb-,a~sa:ct'-t -;;-4-!4'0~~J'-C;3-?:6'O;;-C4,",~~--~-=±'/~8",3'---¥-;=:;;---"--:T-~- , ~6 
- - ~ tlOO ~::::::== 2t '?7~ II 

t2 ~ ~4 14 42;::'--~ ;> 2.3 

I Tertiary Salt l.ake 13 ~ 3.1 40 ~ . 
, 42 Formation 4. 4 R~I~o~i~e 44 11 

5~ 20 ~80semenf complex _ 
Basement complex and granitic crust 

I . 47 3 1.0 

U) /00 
~ 10-1 
f­
w 
::;; 
o 
-l 

'" 
Z 

I 

15-i 

6: 2°l 
w , 
a I 

I 

I 
25 -' 

,:j 
40 

J 

310 225 110 97 32 

14 9 

0.7 

, , J' , 

o 
I 

100 
I 

40 

1.2 

, 

2.1 

150 

16 

y , 
Ct::= 

200 KILOMETERS 
--------.J 

, J y 

Fig. 9. Geoelectrical cross section compiled rrom MT one-dimensional models. Numbers in model layers arc inter­
preted resistivites in ohm meters. Where a relationship appears to exist between an electrical layer and a geologic unit. the 
unit is IHbeled. Vertical exaggeration is 10 to I ror the upper cross section and I to I ror the 10IVer cross section. 

,POCOleliO 

EXPLANATION 

rn U.S G. S sile I 
I 

7 U T sile I 
(IDUT-U.S.GS. sile I~ 

IDAHO 0 

PARK 

tribution with reference to deep electrical measurements would 
be much simpler if 1110re laboratory studies on a variety of 
rocks were available. but since they are not. the isothermal 
distribution bf Figure 15 must be considered as being very 
speculative. Conductivity effects in granites for one set or 
samples have been illustrated in Figure 14. However. granitic 
rocks under crustal conditions may be considerably more con-
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Fig. 10. Two-dimcnsional structural parameters obtained by ro­
tating the impcdance tensor. The line through the station location 
denotes the strike or the assumed two-dimensionality. lind the slllall 
arrows point to the conductive side or the structure. 

Fig. II. Pore nuid conductivity as a runction or depth under 
l.itilostatic and hydrostatic conditions for !,cotilerl11al !'radients or 600 
and 120°C/kill. The electrolyte hilS iln equivalent NaCI concentration 
01' 0.1 1110lal. 
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Fig. 12. Minimum and maximum boundary lines ror electronic con­
duction en'eets in a variety or rock samples [rrom /Jrace. 1971]. 

ductivc than the lahoratory samples hecause or thc great 
lengths of time available for alteration processcs to take place 
and for the corrosive en'ects of water ahove the critical point to 
take effect. These processes have a relatively short time con­
stant; as the previously mentioncd granite pq'mcability studies 
sh~)\v, but in any event we would expect the crustal rocks to be 
morc conductive than the laboratory samples. With these as­
sumptions in mind we used thc soooe isotherm as the min­
imulll temperature ror large changes in conductivity of thc 
granitic crust to occur when we were compiling Figure 14. The 
water content of the lower crustal material of more basic 
constituency is assumed to be lower than that of the upper 
crust, and thus we consider that the 700 0 e isotherm may he 
closer to the minimulll temperature at which large changes in 
conductivity occur for the lower crust. Most of thc model of 
Figurc 14 is built rrom these two main :Issumptions. Island 
Park IllUst still be accounted for, and we again take the posi­
tion that moisture has been purged frolll the crust beneath 
Island Park and that there may be mineralogical differences as 
well. Granitic magmas may be present at depths of S-20 kill 
\vhere we indicate temperatures above 6500 e (refer to Figure 
12, Wyllie's solidus curves) in the water present upper crust. 

We have used thicknesses of the granitic upper crust oh­
tained rrom the seismic and gravity models for the western 
Snake River Plain. The MT data cannot provide any informa­
tion on the relative thicknesses of the postulated upper and 
lower crustal layers. The only constraint provided by the elec­
trical data is tied to ollr assllmption that the soooe isotherm 
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Fig. 14. Electrical resistivity measurements on a hOi \\"e( pressur­
ized granite [rrom Lehedeu 1I1111 ""hill/mc. 196.1]. The vertical axis "is 
resistivity in log ohm meters. and the horizontal axis is tCl1lper,lturc In 
log spacing. The parametric curves arc for various water vapor pres­
sures in kilohars. ;\ solidus curve I'M granite [from Wyllie. 1971]1< 
shown crossing the paramctric curves. The cross-hatched ellipses rep­
resent thc uncertainty area for thc resistivity-depth parall1ctcrsfrom 
several MT soundings. designated by the circled numbers. We ha\'c 
roughly extrapolated thc data IHJtside the original data area to plot 
MT data rrom site X. 

defines a major break in conductivity in the upper crust. 
whereas the 700 0 e isothcrm detlnes a major break in the lower 
crust. The Stlille general isothermal distribution is compatible 
with a model incorportlting variable water content in a granitic 
crust to explain the conductive surrace undulations. The model 
or Figure 14 is merely an allempt to incorporate the idea or a 
stretched and thinned crust and to indicate what clTcct a dryer 
basaltic lower crust would have on the resistivities. 

To illustrate that our estimates or temperature I'rO!1l the ivlT 
data are reasonable. we show in Figure 16 rour representative 
'continuous' IVIT models plotted aloi1g with theoretical resis­
tivity-depth curves computed by 01110£:/1 [1976J. The theorcti­
c~i1 curves arc an allempt to include most or the rarameters 
alrecting resistivity, including changes in porosity with depth. 
changes in solution activity with pressure and temperature. 
changes in pore Iluid resistivity with temperature and pressure. 
solid conduction. ionic conduction, and changes in the critical 
point or water with temperature and pressure, but neglecting 
the elreet or alteration. Curve ;\ is ror a temperature gradient 
or 60°C/km, a pressure gradient or 2S0 bars/km, and increas­
ing salt saturation with temperature: curve B is ro'r the same 
conditions as curve A, except that the gradicnt is 120

0 e /km: 
curve (' is rtJr it lcrnpci'HlliiC gradienl uf 120°C/knl. a pressure 
gradient of 2S0 bars/kill, and increasing salt saturation with 
tcmperature, ~Ind the critic~t1 point or water is dependent upon 
salt concentration. The curves were computed by assuming a 
basaltic or granitic rock where water accessible porosity is 4% 
at the surface hut changes with depth [aftcr Brace, 197IJ. We 
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assume a mean surface value of 100 ohm m for such a rock 
with large amounts of alteration. This value was taken from 
the average for the resistive layer on the Snake River Plain 
sites and the Raft River site and from past experience with 
highly altered basalts and granites. Shown plotted in Figure 16 
are data from the 'continuous' inversions for sites 8, II, 22, and 
23. The MT data cannot be compared to the theoretical curves 
for the region above about 2 km, the average depth to the 
basement complex and upper crustal layer of Figures 8 and 14. 
Below this depth, however, the data for sites 11,22, and 23 
appear to agree best with the assumptions made for theoretical 
curve C. Geothermal gradients for each of the sites taken from 
the model of Figure IS are shown, and it appears thilt 
gradients derived from the assumptions of this alternative 
model are reasonable for the crustal situation modeled in the 
theoretical curves. The only heat now measurements available 
for any of the sites for which data are shown in Figure 14 come 
from the Raft River thermal area, near site 23. Several thermal 
gradient measurements made at a depth of I km or less in the 
Raft River area provide an average estimate of SO°C/km for 
the geothermal gradient (8. Diment, oral communication, 
1976). The temperature at the bottom of the deepest hole 
drilled in Raft River (about 2 km) was found to be 
14so-150°C. giving a gradient of75°C/km: however, evidence 
exists that part of the system is convecting near the bottom of 
the hole, and thus the actual conductive gradient is smaller. 
These values are not too difTerent from our estimate of 
69°C/km from the MT data (see Figure 16). Other theoretical 
curves can be constructed that will look quite difTerent from 
those of Figure 16, but wc propose that the thermal-tectonic 
model portrayed in Figure 15 is a likely candidate for the true 
situation in the eastern Snake River Plain-Yellowstone region. 

YEI.LOWSTONE AREA 

Yellowstone represents an obvious active thermal anomaly 
with an extent possibly deep into thc mantle [Eatoll et (1/" 
1975J and thus the reason for which we show shallower iso­
therms, with the support of the MT interpretations, under 
Yellowstone. Our results relate to previous work in several 
respects. ! n the pHper by Eatoll £'/ al. r 19751, results of gravity 
studies suggest that a magma chamber exists in the northeast 
corner of the Yellowstone caldera systcm, centered approxi­
mately 10-15 kill northeast of MT site I. We do not have an 
MT sounding in the middle or the gravity anomaly, but the 
structural parameters shown in Figure 10 show that the most 

conductive region of the Yellowstone caldera system is cen­
tered more in the central or possibly the western p;lrt of the 
system. This finding seems to correlate with the teleseismic P 
wave residual anomaly discovered by H. IVI. Iyer and descrihed 
by h'011i1l 1'1 ([/. [1975], which is centered in the central and 
western parts or the caldera. In addition, a teleseismic \\'ave 
attenuation anomaly is centered near the middle of the caldera 
system. Local seismicity in the Yellowstone area is quite high. 
as described by Eaton, but much reduced inside the calder;1 
system itself. Focal depths are generally less than 15 km out­
side the caldera, hut within the northwestern part of the cal­
dera the maximulll focal depth is only 5 km [Smilh et (// .. 
1974]. These depths correspond quite well to the depth to the 
conductive zone from the MT cross section, and it is not 
surprising that the zone where we postulate intense alter;ltion 
and partial melting is a zone that does not support earth­
quakes. The depth of S-7 km ror the conductive layer in 
Yellowstone also corresponds to a depth or about 5-6 km to 
the Curie isotherm estimated by Bhal/achal'yya and Leu [1975]. 
The Curie isotherm is generally quoted to be SOoo-600°C, and 
this seems to fit with the isotherms derived rrom the electrical 
models of this study. 

CONCLUSIONS 

The conductive zone at shallow depths in the crust discov-
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crcd in this MT study is vcry probably causcd by elevated 
temperatures. Aetual temperatures cannot be estimated accu­
rately from the MT intcrpretations because of the lack of good 
laboratory measurements on crustal rocks with all variables 
under control. Our portrayal of the isotherms in Figure 15 is 
supported by several lines of evidence but by rew good experi­
mental data./ 

The MT sounding in the Ran River thermal area indicates 
that ncar-surrace geothermal reservoirs probably have their 
origin in an abnormally hot crust and need not be explained by 
deep circulation or groundwater in an area or normal heat 
Ilow, as has been proposed ror this area (D. R. M abe)', oral 
communication, 1976). The MT soundings in Yellowstone 

may be interpreted to mean that the center of current mag­
matic activity is in the central or western part of the caldera 
system as outlined by seisillic delay and attcnuution studies. 
The depths to the conductive lone in Yellowstone determined 
by the MT modeling correspond to Curie point depths and to 
maximum focal point depths. The I'vlT model cross section 
shows a dramatic decrcase in depth to the conductive lone 
from the eastern Snake River Plain to Yellowstone, near Is­
land Park. A model consistent with seismic and gravity inter­
pretations for the western Snake River Plain has been ofTered 
as a possible allempt to explain the variation in depths to the 
conductive lone. 

The conductive lone in the crust round in this survey mav he 

TA BI.E I. One-Dilllcnsional Model Data for Sn;lkc River Plain. I(bho. 197~ 
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compared with similar findings in the Carson Sink area of 
Nevada where an MT study [Stanley el al., 1976] revealed a 
conductive zone at depths of 4-7 km with resistivities of less 
than I ohm m. Both of these areas very probably have under­
lying hot crust, and in particular the MT study in the Carson 
Sink was done where seismic refraction studies found that the 
crust is only 22 km thick [Pakiser and Hill, 1963]. These 
findings should have a great deal of impact on geothermal 
exploration and on the estimation of the total geothermal 
resources of the western United States. The power of the MT 
method for mapping regional thermal anomalies has been 
demonstrated by both surveys, and the technique should play 
a major role in determining the total geothermal resource. 
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