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NOTICE

This report was prepared to document work sponsored by the United
States Government. Neither the United States nor its agent, the
United States Department of Energy, nor any Federal employee, nor any
of their contractors, subcontractors or their employees, makes any
warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus: product or process disclosed, or represents
that its use wowld not infringe privately owned rTights. ‘

NOTICE

Reférence'to a company or product name does not 1mplg approval - or
recommendation of the product by the University of Utah Research
Institute or the U.S. Department of Energy to the exclusion of
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ABSTRACT

This repbrt describes'geophysical investigations of the Baltazor

Hot Springs KGRA and the Painted Hi]ls‘ thermal area, Humboldt Co., -

‘Nevada. The study includes a gravity survey of 284 stations covering

750 sq km, numerical modeling and interpretation of' five detailed
gravity profiles, numerical modeling and ihterpretation of 21.8 lane-km
of dipole-dipole electrical reSistivity data along four profi]es,eand a
qualitative interpretation of 38 line-km of self-potential data . along
eight profiles. The primany purpose of thekjnvestigationvis to try to
determine the nature of the geologic controls of the'thermal anomalies
at the two areas. v o

At Baltazor KGRA, the control is interpreted to be a narrow,’
north-trending Basin and Range structure which has as*much as 616 m of
alluvial fill in a narrow graben. Thevfaulting_associated witﬁ this
Basin and'Range structure is interpreted‘as tapping aquifers in the

Steens Basalt which contain thermaT fluids at elevated temperatures.

* The main thermaliactivity at Baltaior KGRA‘is localized a]Ong'the west

side of Cont1nental Lake Valley by a north trending, range-bound1ng
fau]t zone. ~This fault -zone has express1on 1n the grav1ty and
res1st1v1ty data, as. well as be1ng coincident W1th an approx1mate1y 100
mv se]f-potentlal anomaly. | ' | |
The pr]mary geologic features at the Painted Hil]s area are, 1) a

thlck sequence (up to 760 m) of low density, low resistivity,



‘tuffa‘ce.ous rocks (Thousand Creek Formation)“ bordering the Rock Springf

Table on the east, and 2) a high density zone marginal to the Table |

which is interpreted as an area of intense alteration or possibly a

. rhyohtic intrusive. The data are insufficient to determine a l1kely

cause of the thermal anomaly here, but- one good possm1hty 1s that the_

thermal grad1ent 1s related to the 1ntens1ty of alteration. ’ The

»physi’ogra‘phyv of the Painted :Hills area is more typical of the plateau

_regions to the west and no‘rth rather than of the Basin and . Range

;_Prdvince. This change of phys1ography within the study area 1is

apparent in the gravity maps.

The gravity data cover a sufficient area such that features of a
more regional scale have expression in gravity maps'encompassing both
Baltazor KGRA and the Painted Hills thermal’ area. A 30 mgal grav‘i'ty
low in Thousand Creek Valley is modeled in cross section as up' to 3 km

of post-Miocene tuffaceous volcanic and sedimentary basin fill. This

" fill overlies Steens Basalt which dips approximately 10° to the

'sOUthWest from the surface exposure in the Pueblo Mountains. From the

crOss section modeling, ‘Bog :Hot Springs, like Baltazor Hot Springs,‘

‘ appears to -be controlled b_y; the location of recent faults which tap

B agquifers in the Steens Basalt. A low in the grav1ty data that extends

northeast from the Pa1nted Hills area through the narrow. playa valley
contammg Baltazor Hot Sprmgs is interpreted as the extens1on of - a
promment topograpmc llnear that begms 104 km to the southwest at the
Sold'ler Meadow Ho.t Sprmgs. Th1s 'suggests that the thermal anomalies

at these areas may be generically related and ’that this linear may be a

'vf_g‘ood geothermall exploration target.

.V



Simﬂarly. v the Eugene-Demo fau]t zone, a proposed 'belt' of .

f“:.transform faulting marginal to the Basm and Range province, proaects:
‘ ‘;through the northeastern portwn of the study area.v The fau]t zone
- appears ‘to have expressmn in the gravity data and it has been noted in
affprevzous geologic work.  The fault zone appears ta be important at,
” : Baltazor Hot Springs and hence it may be an 1mportant exp]oratlon guide, »

- elsewhere.v B

i
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INTRODUCTION

This report'describes géophysical investigations at the Baltéiof"_f

~Hot Springs Known Geotherma] Resource Area (KGRA) and the Painted H1llsm,fi

thermal area located, respectively, ten and twenty-nine kzlometers

- southwest of Denio, in northwest Humbo%dt County, Nevada (Figure 1). :

The study - includes a gravity ‘survey of 284 stations covering 750 sq km, o

. §
| numerical ’nndel1ng and 1nterpretat1on of five .detailed Qgrayxty

profiles, numeriCal, modeling and',interpretation of 21,8 Ifneikm of e

dipole~dipolé eleotrical ‘resiséivity data, and qué]itative ,ihter-
. pretation ofj 38 line-km of self-potential orof§iés; ‘ 'Su;oeY‘ line -~
10¢ations are shown on Figure 2. ThisAstqu was conducted uodér‘the
'stnSorship of the Earth SCienoe Léborafory (ESL),‘University of Utah~
Research Inst1tute, as part of the - Industry Coupled Prograﬂl of the
Department of Energy/D1vision of beothermal Energy. |
| Geothermal leases for the two thermal areas are current&y held by ,
av';Earth Power Production Company (EPPC) of Tu1sa, 0k1ahoma.A In 19?7 ,  -
1 «EPP€ 1n1tiated geothermal exploration at the Ba!tazor and Paxnted H1lls
Aareas. To date. their exploration program has con31sted of a m1cro~'

fearthquake study (Senturlon Sc1ences, 19?7), groundwater appralsal

= \(Kle1n and Koenig, 1977), 11terature revaew and photogeologlc mapping

‘*fji (Gardner and Koenig, 11978) and shallow- to moderate~depth thermal

'fgradient~dr1111ng (EPPC,-1979,t1986, Langenkamp, 1977). In addition,
Hulen (1979) compléted detoiled geologic and hydrothermal alteration-

; mapping at the two thermal areas as part of the Industry Coupled Case
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Study program.

EPPC-has‘completed approximately 12,500 ft (3811 m) bf expToration
drilling to date. About half of the drilling is in,thermal'grgdient
holes 300 ft (Y1 m) or less in depth and the balance is in four
nominally 1500 ft (457 m) deep exploration holes. This work and the
results of the microéarthquake study are summarized on Figure 3. |

The contours of the thermal gradient data on Figure 3 are taken

‘direétiy from Langenkamp (1977) and this work is not critically
examined in thiS réport. Contours of thermal gradient daté are -
ambiguous since thermal gradients can chanée substantially due to
litholdgic‘changes in an area that has essentially constant heat flow.
Also, the contouring is poorly constrained, especially to the NE and SW
at Balfazor KGRA and to the north and SW at the Painted Hills area.
Hence, the contouring on 'Figure 3 should be used with care and in
conjunction with the thermal gradient drilling 1ogs (EPPC, 1979, 1980).

| Two gravity surveys by the U.S; Geological Survey (Plouff e; al,,
 1976; Peterson and Hoover, 1977)»includev$tations within the study area
and these are uséd as part of the regiohal data base, Aeromagnetic‘
coverage flown at ' a constant barometric elevation of Y00U ft (2.74 km)‘,

} is available for the area (Scintréx Mineral Surveys, 1972). 'fhe survey
is regional in nature;vprimafily'refiecting the topography, and is,not.g'
used in this report. Audio-méghetotelluric data, collected at 12
stations,at the Baltazor KGRA by Long and Senterfit (1977), have been
open filed by the U.S. Geologic Survey without interpretation. Since

!‘the dipole;dipolé reSistivity,sﬁrvey contained in fhis report prévides

more detailed coverage and better resolution of fhe vregispivity

structure at the Baltazor KGRA than does this AMT Survey, the AMT data
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6
\si | ~ have not been used. However the results of the AMT and dipole-dipolé
sUrveyS have been qualitatively compared and the results from the two

surveys are roughly compatiblé.



GEOLOGY

The following Synopsis of the geology relies'primarily on the work
of Hulen (1979) and Gardner and Koenig (1973), to whom the interested

reader is referred. Figure 4 is a generalized geo]bgit map of the

~study area. The Baltazor Hot Springs KGRA and the Painted Hills

thermal area are situated at the northwestern margin of the Basin and
Range Province within the Battle Mountain heat-flow high (Sass and

others, 1971) and about 30 miles (48 km) from the western limit of the

~ McDermitt Caldera. The primary positive topographic features, shown on

Figure 2, ake the Pueblo Mountains, the Pine_Forést Range and the Rock

kSpring, Table. The Pine Forest Range. and - the Pueblo Mountains are

anrtherly-trending; westward-tilted fault blocks bordered on the east -

by a iarge'BaSin and Range fault.. They are the southern ektension'of
the Steens Hountains in southern Uregon and contain the oldest rocks in

the area - Permian to. Triassic(?) metasedimentary and subordinate

~ metavolcanic rocks. These metamorphic rocks have been intruded by
| ;_,Qrg;@cedugkﬂPIUtOnié' rocks, predominantly diorite ;and;gqqartiwdiorite,'

which make up the bulk of the outcrop in the Pine Forest Range.

At the Baltazor KGRA these older rocks are unconformably overlain

by at least 4000 ft (1220 m) of diverse volcanic and volcaniclastic
rocks that ‘range in age -from fO]igoéene to Recent. Thiél”seQuehce

‘includes up to 2300 ft (854 m) of mid?Miocene‘Steens'Basalt.

Recent hydrothermal alteration at Baltazor is primarily restricted

to the eastern limit of the Pueblo,Mbuntains and valley areas near the
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~ hot springs. Calci;e veinb, locally accompanied by chalcedony and by

bleaching and argillization of the host rocks, ‘cheracteriie the
alteration. A few small opaline sintef mounds, lecally -calcite- .
bearing, are distributed around Baltazor Hot Springs.

| The Painted‘Hi]ls'area is iocated along the northeast margin of

t‘he‘xock Spring Table, one of the hg’gh volcanic plétéaus of north-

Western Nevada and SOUth~centra1 Oregon that form a transition zone

between the Basin aﬁd Range Province and the Columbia Plateau (Bonham,
1969) Only Tert1ary (m1d~Mxocene and younger) volcan1c and voican1-
clastic rocks are exposed here and correlation with sequences of
similar age at Ba1tazor KGRA is not clear.

Hydrothermal a1teration at the Pa1nted Hills area 1is widespread,
prlmar!ly occurs ‘in tuffaceous sed1mentany rocks, and includes
: silic1f1cation, arg1llizat1on and hematization. This aiteratinn is -
most 1ntensely developed in the v1c1n1ty of the Pa1nted H1lls "Mxne y A

smali fracture- controlled mercury prospect.



GRAVITY SURVEY

Data Acquisition and Reduction

A total of 284 gravity stations is included in the survey area, of
which 194 are newly collected by the author. Thirty-one stations are
from Peterson'and.Hoover (1977) and 58 are from Plouff et al. (1976).
The principal facté are given in AppendixA,I while Figure 5 shows
station Tlocations. Of these new stations, 136 are along six pre-
selected gravity profiles, while the balance were selected to augment

the regionai data base.

At Baltazor KGRA horizontal control was establish;d with chained
bicket lines with 500 ft (}52. m) station spacing. Vertical control
was established with a KerL seif-]eveling level with the exception of
eight stations in areas of steep topography where a Kern 30" theodolite
was used. At the Painted Hills area, profile points were located on
generally east-west roéds at either 0.1 mile or 0.2 mile (160 or 320 m)
interva]s using artruck odometer.“lThe odometer was checked against
known diStauces‘and was accuraté to ﬁhe degree of keadability‘of the
metér'(about 0.03 miies or about 50 m). The Kern level ﬁas used for
vertica] controlvon all points‘exéept‘for fhe ten most wéstefn stations

on line Ml and the fdur most westérn stations on line M2, ih:which
"instances’the theodolite-was used} S
 ,‘ ~‘Gravity datd~was Cpllécted with the University of Utah LaCoste and
ROmberg model G nd..264‘gravity meter which has an accuracy of 0.001

mgal,' a reading precision of about 0.005 mgal and essentially no



‘ above.

11

:'instrument drift. Using‘ two field base stations, readings were tied to
~ a master base‘station at-Denio, Nevada. Gravity loops on base stations
‘were closed on most points, inc‘l‘udi‘ng all profile ooints, ina less than
2 1/2 hours. The exceptions, stations in relatively 1naccessible

areas,. are.,A:i? -through'A46 and AQ09 through A22 (see Appendix I) :

Reduction of the grav‘ity data was made with the University-of Utah

U’nivacv 1108 computer using standard routines available at the Depart-

'r‘nent of Geology}an‘d Geophysics. The simple Bouguer anomaly values were
~ calculated by assuming linear 'drift between gravity base station ties,

subtracting the theoretical gravity at sea level which was calculated

using the International Gravity Formula (Swick, 1942), and, finally,
correcting for elevation relative to a datum using the free air
correction of 0.09406 mgal/ft and a Bouguer slab correction based on a

selected density. The datum chosen in this study was sea level and
. . J/

‘Bouguer densities of_ 2.67 and 2.45 g/cc were used, The software was

modified to reduce the 89 stations selected from other surveys using

the observed gravity listed in the principal facts publications noted

Terrain- corrected values for all stations were computed utilizing

‘a computer algorithm modifiedvby R. H. Godson (U.s.G. S. ) from the

original program of Plouff (1977). It has been adapted by Serpa (1980)

for use on the University s System. Gabbert (1980) gives a ‘' good

discusswn of this program. l'he corrections were calculated for radial .

distances of 0 to 104 miles (167 km) and of O. 56 to 104 miles (0 895 to -

,167 km) and tabulated as inner zone, outer zone and total terrain

correction.~ Hand calculated inner ‘zone terrain corrections (zones A

. through F) using a Hammer Chart template were then made on all profile
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points with a machine-calculated terrain correction of‘mofe than 0.1
‘mgal._ In cases of less than 0.1i mgal,' inner zone 'correctiOnsﬂ by
machine were ‘essentially the same as by'hand. .For regionalbdata“base
points, all stations in areas of sign1f1cant topography or with an
inner zone machine correct1on of more than a few tenths of a mill1gal

were checked by hand.

Accuracy
The instrument drift of the LaCoste and Romberg gravimeter 1is

negligib]e, about 0.1 to 0.2}mgals per month (K.'L.lCook,vpers;'com.).

- Hence, drift correctioh served to compensate for earth tide variations,

The maximum change due to tidal effects is about 0.3 mgals in 6 hours

(Nettleton 1976). Usjng a linear drift correct!on and a loop time of

2 1/2 hours or less, the_maximum,possib]e error is_about'o.ué-mgaTs,’

although it is almost always much less. Since the instrument has a
repeatability of about 0.005 mgal, Feading errors on the ofder of 0.02
mgal are not expected in normal circumstances. In the 'survey area

gravity changes with ]atitude at a rate of 1.30 mgal/mile. 70n the

vproflles, hor1zontal contro] is re]at1vely h1gh and the prof1les trend
,swesterly, S0 nns]ocation errors are sma]l (<<0 1 mga]) Precision 1n.l’

»1evel surveys varied from about 0. 1 to 0.3 vertlcal feet per mile (0.02

to 0.06 m per km) of traverse. Hence, there is no appreciable error in

grav1ty values due to. vert1cal control for profile. stations on levelb'

““lines.  The level wasuused in areas of subdued topography..,Hence,;

inner-zone terrain corrections for these stations were small and not
liable to errors in excess of about 0.05 mgals. The accuracy of
outer-zone corrections done by computer is debatable, buttas they'are

precise no error is'attributed to them. _ o Che
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Elevation accuracy deteriorated in steeper areas on the ends of
profiles where the theodolite was used for vertical control and terrain
corrections were large. Vertica] control was probably good to within a
few feet (+ 1 m) especially at the Painted Hills area, but a five- to
ten=foot (1 to 3 m) error would have been hard to detect in a few cases
at Baltazor KGRA where topographic features were used as elevation
checks. Hand-calculated terrain corrections can vary appreciably. Ten
percent is a commonly used figure, but 15 to 20% is probably more
appropriate in very rugged areas. Assuming a  maximum error of 0;6;
mgals due to elevation errors (about 10 ft or 3 m) and as much as a 0.4
mgai' error for the: largest terrain correction, the worst possible
~ combined error at the ends of profile lines could be as much as 1 mgal.
The adcuracy- of vertical. and horizontal control of other'points
. varies substantially, as in most regiOnal surveys. Hence, the
principal facts for the gravity survey, ~presented in Appendix I,
include a four-digit accuracy code assigned to each station.

In summary, the accuracy of the gravity‘va]ues'is determined by

“the vertical control and the inner' zone . terrain correction. The

- accuracy of centrally located. stations on- level lines is probably

within 0 1 mgal and certainly w1thin 0 3 mgals.. At the edges of
’profiles the accuracy is somewhat less, espec1ally at Baltazor and the
worst error could be as much as 1 mgal in an area that has substantial
i-reiief. The accuracy of regional data points varies greatly. Points
located Vat, survey benchmarks are highly accurate, but p01nts in
‘inaccessable'kareas ‘using 'topographic features for location’ and
'oarometric aitimeters for elevation control could be in error- by more

than 1 mgal.
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Density Determinations

Bulk wet density'determinations~were made on 81 samples frbm'ther

'study area. Table 1 summarlzes these results and includes applicable

results from other sources, while Append1x I descr1bes procedures ‘and
lists 1nd1v1dual results.

For reduction purposes a spec1f1c gravity of 2 .67 g/cc (typ1cal of

,crystall1ne basement rocks) was used for gravity plan maps cover1ng the

entire study area and for gravity profile interpretations at the

Baltazor area.frThis is slightly higher thanithe average denSity of

2.61 g/cc obtained for surficial grab‘samples of Cretaceous iniruSive

rocks. It is, however, within one standard deviation of the averege‘ |
and -probably better represents the freeh rock at depth. It is also the{
standard value used 1n most reglonal work ., '

- For gravity profile 1nterpretation ‘at the Painted H111s area,

Bouguer values were’determ1ned using a specific gravity of 2.45 g/cc.

No pre-Tertiary rocks are exposed hére,'and the exposed volcanic units
generally have low densities; hence a typical value for Tertiary

volcanics of 2.45‘g/c¢ waSHjUdged'to be appropriate.

Interpretatlon o

eg 65&1; ' The comp]ete Bouguer grav1ty anomaly map is

_presented in F1gure 5., There are three pr1nc1pa] features., The first
fr ((:) of Figure 5) 15 a strong north-south e}ongate grav1ty high asso-
vc1ated w1th the north Pine Forest Range and part of . the Pueblo;*‘

'Mountalns, herein referred to as the Strawberry Butte grawty high.'

The nigh extends out of the mapped area to the north and broadens to

"the squth. It is about 8 miles (13 km) w1de,east-west,”andvhas about

11 mgal of cldsure within,tﬁe5%tudy erea. The peak gravity va!ges are
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spatially related to the surface exposure of metamorphic rocks. Tﬁe
high is bordered on the west by a steep gradient (up to 20 mgals in 1.5
miles- or 2.4 km) that roughly parallels the west side of the Pueblo
Mountains. It is bordered on the east by a steep gravity gradient
(about 10 mgal/mile) associated with thé range-bounding fault on the
eastl side of the Pine Forest Range (Bryant, 1969; Gardner and Koenig,
1978).

The second principal feature, @ of Figure 5, is a broad gravity
low centered on_the northwest border of the mapped area, herein called
the Thousand Creek gravity low. This feature grades to the east into
the Strawberry Butte high and there is a relief of about 50 mgals
between the maximum and the minimum of ‘these two features. .The low is
open to the northwest and bounded on the lsouthwest by faulting
‘associated with the northern limit of the Rock Spring Table (Wendell,
1969; Gardner and Koenig, 1978). The hature of the southeast boundary
of the Thousand Creek low is not clear, but the contours indicate a
contmuatwn of the NNE -trending gravity low, , that parallels the
southeast boundary of the Rock Spring Table, herein called the McGee
fault zone (see also @ below). |

The third feature, @ of Figure.‘S, is th e area of subdued gravity‘
relief in the southwest pbrt_ion of the mapped area associated with ihe
Rock Spring Table and extending soﬁtheast to rabout lonQitude 118%45"',
Imposed on tms even regime is a sharp gravity mgh . herein refer-
red to as the McGee gravity hlgh. It is parallel to and on the plateau
‘side of the McGee fault zone. It hasri about 8A’mga] of relief, is about
1.5 mile (2.4 km) wide, and has at least 5 miles (8 km) of strike
length.
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Other smaller but significant features that appear - on Figure 5. o

§

(:),- @ shelf or bench in the gravity data located in the center of
the mapped area and spat1a1]y related to Bog Hot Springs.
(:)‘-,a sharp‘NNE-trend1ng gravity trough'centered on Continentald

Lake Valley and inciuding Baltazor Hot'Sprihgs. It is superimposed on

the steep gradient on the west side'of the Strawberry Butté High and,

to the southwest, {n Bog Hot Valley, it is truncated in this gradient.

_ The northeast extension is poorly defined due to lack of data.

‘(:) - a second,NE-trending-graVity trough that, as meniiched'above,

is apparentlyethe southeast:boundary‘bf the Thousand Creek gravity low

~and an extension of the McGee fault zone.  This trough,could be a

continuation of'(:) that has been of fset 1 to 2 miles (2 to 3 km) by .

right lateral movement. If this is the case, then Baltazor Hot Springs  '

KGRA and the Painted Hills thermal area lie in, or near, the dsame,‘

structural trend. " This argument should be tested,by,additiona1‘gravity '

station coverage in Bog Hot Valley.

-~

Figure & shows‘*thee‘regiode1 profile, A-A', and the interpreted

V*model; Theilocation Of'thefprofile is Shown on Figure~5. 'Itlextends_‘ e

from Ante!ope Valley on the east through the Strawberry Butte gravity~

"'hlgh across BaltaZUr and Bog Hot Sprwngs, and ends in the Thousand'_

:'Creek gravity low. Tota? rel1ef 1s 52 mga!. : | 7 |
Thxs prof11e,ﬁ as weil as a13 “other gravity profiles “in. this 1i'f‘,' '
“reporg was modeled w1th a grav1ty interpretat1on program peckageef:

' or1gina11y developed by Snow (1978) “This program has been modified"

for 1nteract1ve use and adapted to the ESL system (Nutter, '1980).

‘Aithdugh d1rect search 1nvers1on, and 2 1/2- .dimension opt1ons are )
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available, all of the modeIS’in this report are two-dimensional:and:a'
simple forward model iterative guess procedure was used to arrive at
solutions. The contours of the complete Bouguer gravity anomaly.values

show that the 2-D assumption is satisfactory for most of the proti]es.

The exceptions are discussed below along with the particular profiles

on which the assumption is violated. |
‘The regional complete Bouguer gravity anomaly va]ue in this area
of Nevada is about -150 mgal (Mabev, 1960). This value was. used as a

datum and was subtracted from the observed grav1ty to arrive at the

~ residual gravity for modeling purposes. . The residual grav1ty'~was

modeled to within 1 mgal.

- Four features were used to model the residual gravity. (:) of Fig-

ure 6 is interpreted"as a westward-deepening basin of tuffaceoqs
‘volcanic and volcanic-derived sediments that reach a thickness of “over

. 9000 ft (2.74 km). Althodgh_horst and:graben features'with‘vertical

displacements of up to 1400 ft (427 m) are modeled, the generalized

structure' is 'a monocline dipping 10 to 15 degrees westward. - The

- easternmost fault (at 48 000 ft or 14.6 km) corresponds to the mapped

contact between the Steens Basa]t and. overly1ng younger tuffaceous :

rocks (Burnham,vl971,5Hdlen,_1979, Gardner,and Koenig, 1978), hence the

- modeled surface is interpreted‘as the top of the Steens Basa)t. 'Th?:
, posit1on and relat1ve movement of the modeled faults located at 42,0Q0
- ft (12 9 km) and 37 OUU ft (11 3 km) on the profile compare well w1th"
~ NNW- trending l1nears interpreted as faults from photogeologlc mapp1ng

v(Gardner and Koenig, 1978) and shown on F1gure 4, It is also inter-

esting to note that Bog Hot Springs occurs over the center of a horst

structure. An alternate possibility to a horst structure is locally

4
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increased density of the tuffaceous rocks, perhaps due to hydrotherma?‘

- densification or alteration,

‘ (:) of Figure 6 represents the low-density alluvium in Continental

Lake Valley. It is a small feature on the regional scale.

7 (:) of Figure 6 represents the pre-Tertiary intrusive and meta-

morphic rocks making up the Pine Forest Range. The high density of

about 2.75 to 2.85 g/cc indicates that metamorphic or possibly mafic

phases of theyintruSive'rocks predominate in this section of the range.

(:) of Figure 6 models the structure of Ahtelope Valley. It is
typical of the Basin gnd Range Province. The maximum vailey fill is
about 3200‘ft (976 ﬁ) with 1950 ft (595‘m) of vertical displacement on
the'largest fault."Froﬁ geoipgy, Willden (1964? calculated a minimum
of 3000 ft (915 m) of throw in this range-front fault zone.

Figure 7 isa third-order poiynomialksurfacevthat was removed from

| the compiete - Bouguer gravity anomaly values to rform the ‘residual

gravity surfacetpresentéd in Figure 8. ' A two-dimensional polynomial

fitting routine deve?oped by Montgomery (1973) was used. Although fits

;through order ten were generated a th1rd*order polynomial was selected

because it was the mlnimum order that wou]d approximate the east-west

 »grav1ty relief (see‘for example Figure 6).,~The dense]y grouped prpfile,
1points were- remoredrprior to“fitting'so that the regional sdrface wouid'ﬁ
not be biased to the detailed areas- ho&erer, anomalies and steep
'igradients near the borders of the restdual map should be 1gnored due to

f.edge effects caused by truncating the data. ‘ o - .

 The residuai gravxty map of Figure 8 enhances and helps to explain
some of the features of the complete Bouguer grav1ty anomaly map of

Figure 5. The Strawberry Butte gravity high, (1) of Figure 8, is
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-sharper and more closely overlays the mapped outcrop of metamorphic
rocks. The remaining residual gravity gradient on the west side of the
Pueblo Mountains supports the interpretation of north-south-trending
normal faulting associated with the mapped contact of Steens Basalt
with younger tuffaceous rocks. It also suggests that faulting
continues south into Bog Hot Valley, although the interpretation ﬁére_
is complicated by a northwgst trend in the gravity data that is perhaps
the extension of the recent faulting at Bog Hot Spfing mapped with
photogeology. _ |

The Thousand Cfeek gravity low, (:) of Figure 8, is now enclosed,
bht the bounding gradient on the northwest map boundary is probébly
spurioﬁs. However, the southwest bounding fault clearly extends
southeast into the Pine Forest Range ahd is a démarcation between the
Rock Spfing Table and the geologic regime to the north. Unfortunately,
as a consequence the fitted polynomial surface does not well represent
the Rock Spring Table area and, combined with edge effects, causes
false anomalies in the southwest portion of the map.

The gravity trough in Continental Lake Valley, (:) on Figure 8, is
essentially unchanged although it extends somewhat more sharply into
the Strawberry Butte gravity high., At Bog Hot Springs, a small closed
residual high, (:) of Figure 8, is coincident with the hot springs and
the modeled horst of thé_regional profile, |

,b)~Detailed gravity profiles. ‘Ohe of the prime objectives of fhis
study.was to determine the local strﬁtture énd the depth to basehenﬁlat
the Baltazor and Painted,Hills’éfeas; hence the three detailed gravity
profiles at each area shown on Figure 2. At Baltazor KGRA the profiles

were dominated by a very steep "regional" gradient. The following
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procedure was used to extract the residual gravity. The profTTe lines
were graphically extended to the limits of the mappedl areq‘ and a
profile was constructed from' the gravity contours,‘ Smoothed curves
were then drawn to these regional gradients to eliminate high-frequency -
features. Since the detail surveys used nominal 500 and 1000 foot (152
to 305§meters) station spacing, and the Continental Lake Valley is a
small feature (see for example Figure 6), the regional gradients could
not be removed graphicaTTy with sufficient accuracy. Therefore a
third- order polynomlal was f1tted to the reg1onal grad1ents and then
'removed analyt1ca11y from the observed grav1ty. The relat1vely shallow
grad1ents at the Pa1nted Hills area were removed using the same
procedure. o '

The observed'gravity,’removed regional gradient, residual'gravity,
and interpreted grerity model of'eaeh profile are presented in Figures
9 through 11, 13 and 14. Interior ipoints of the profiles were modeled
‘to within 0.1 mgal, except that singTe-point‘variations of;a few tenths
of a milligal were sometimes aotepted. Modeling at the Timfts'of'the

profiles should be conSidered qualitative‘due to the-redﬂced:accuracy

of the observed'gravity and, at Baltazor KGRA,: the steep grad1ent that_}-"

nasiremoved; These profiles were “modeled using the same algorithm and’
~ procedures - as d1scussed for the reg1onal proflle. The northernmost
'prof1Te 11ne at the Painted Hills area (L1ne M3) was not modeled
. because a two-dimensional _approximation is not app11cable,.at that
‘location. ot s » |
| The three Baltazor KGRA profiles (Figs. 9-11) are closely modeled
with typical Basin and Range high-angle normal faults. Each profile

has a central graben, ranging from 1500 to 2000 ft (457‘to 580 m)_of
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tota} al]uv1al f111, w1th a series of step faults up to. the berdertng

‘trange‘

A dens1ty contrast of -0. 4b g/cc was used 1in the models for the

-;;lluvial valley f1ll.,AIn,the reglonalrmodel htgh dens1ty pre-Tertuary
'vv'rocks, did not extend under Continental take Valley. Assumlng “the
fvalley'is\underlain by‘the'v01canicvrocks of‘the south Pueblo ﬂOuntaihé
with a compos1te den51ty of - about 2.45 g/cc the a!luv1a1 valley f:ll

h would have a dens1ty of 2.0. g/cc wh1ch is a typical value. " However,

’“Q‘drill ho]e BZ 1500-1 is 1ocated on !1ne BZ and provides an opportun1ty
- to esttmate the maximuin density cchtrast. The ho¥e was dr111ed to 1584

ft (483 m) but the log is sketchy and cuttings are not ava1lab]e below‘

v»r320’ft (stm); Ho&ever, it does not -appear that bedrock was encoun~

alluvwal fill at the location of the dr1ll hole. A,cloeeiqetchfwas-

:'hobta1ned for -0. b g/cc,’suggestjng that the den51ty‘cohtre§§fisinot.

| greater than th1s.,"

F1gure 12 is a plan hap show1ng the mede]ed depth ef alluvial f1]1 a

’a]ong the Baltazor KhRA prof11e 11nes and the outllne of Cont1nental

‘data and seXected faults from geologic mapp1ng (HuIen, 1979) The ma1nt ‘

‘r_va11ey-forming faults ((:@ and CE) of Figure 12) are represented on

 ~/Q;a1l three prof1}es. : On the northwest s1de, d1splacement varies from

g dlsplacements vary from 140 ft (43 m) to 710 ft (216 m) A greben, (:)'t“ff

of Fxgure 1z extends through the center of the valley co1nc1dent wlth

L the t0pograph1c Tows of ‘Baltazor Hot Sprxngs and the valley drawnage.

However,;the structure of the central graben as mode]ed on line BZ is

\

\

-

’J'tered. ~ Therefore, Tine B2 was re-modeled thh 1585 ft (483 m) of‘,‘

**Lake Vailey‘\ Alse shown are interpreted fau]ts from the geophysacalj‘”

'*tfe4bu ft (137 m) to 2000 ft (b?g m), while on the southeast side the _3‘>»
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more complex. The graben is wider, about 1.05 miles (1.69 km) versus.
about 0.5 miles (0.81 km) on the other profiles, and there is subsid-
iary down-faulting along Fault ‘ .

Relatively deep alluvial fill is modeled east of Fault (iD) on
Tine B2. The structure here is 2 1/2 dimensional, so 600 ft (183 m) is
a minimum depth of the alluvium. Because of the juxtaposition of this
alluvium with the positive topography directly to the south, a
NW-trending fault, (:) of Figure 12, is suggested. This could be the
exﬁension of NW-trending faulting mapped in the Pueblo Mountains and
wouidGSUbbbrt~ﬁd1en“S:SUQéégifbﬁ ofhinteksecting:NNE éhd N#ﬁfaulting ét :
Baltazor Hot Springs (Hulen, 1979). |

Finally, the small horst“'modeled“foh‘ line B3 suggests that the
arcuate-fault‘on the NW valley perimeter extends into Continental Lake
Valley and iptersects line B3. |

Figures 13 and 14 present the observed gravity, removed fegional :

grédient, residual gravity and the interpreted models for lines Ml and v

M2 which are located at the Painted Hills area. Both profiles cross

the McGee fault zone and the McGee'gravity high. Line Ml has 10.6 mgal

~of relief and line M2 has 7.5 _mgal,,of, relief. Both models have a

high-density body on the west side of the'McGee‘fault 2one, 300 to 1400

ft (92'to 427 m) beneath the surface of the Rock Spring Table. The

gravity low to the east of the plateau is. modeled on both lines as a

kgraben 1220 to 2500 ft (372 to 762 m) deep, flanked to the'eaSt-by=step ‘

v faulting and to the west by a sloping contact.

Exp]oration drilT holgs DHM 1500-1 and 1500-2, located on line M2,
are shown on Figure 14. Information for drill hole DHM 1500-1, drilled
to a total depth of 1581 ft (482 m), was not available apparently due
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to loss of circulation below 125 ft (38 m).= DHM 1500-2 was drilled to
a depth of 1684 ft (513 m) through alluvial debris and tuffaceous nocks ~
of the Thnusand‘Creek Formation. The intense hematitic and argiliic
alteratwon that gzves ‘the Painted Hills their name was intersected at

1300 ft (396 m) while the modeled contact was 1200 ft (366 m) . The

, measured density contrast between the,altered‘and unaltered tuffaceous

rocks ranged from 0.2 to 0.5 g/cc (see Table 7). Therefore, the

low-density body on both profiles is interpreted as the Thousand Creek

Formation, with a wet bulk density of about 1.95 g/cc,'bordered in ﬁhe

western portlon by altered tuffaceous rocks with a density of about 2.2
/cc. Hence the sloping contact on both lines is not necessarilyka
fault but may represent‘the'limit of alteration. This agrees well with
the mapping énd cfoeS~section by Hulen (1979). It is unlikely that the

alteration extends fan out into the valiey and'so at some point the

nmodeled contact probab!y represents the upper surface of the Canyon_

'Rhyolite, which has a densxty of about 2.25 g/cc.

‘Based on this 1nformation, the h1gh dens1ty body wou]d have a

‘dens1ty of. 2 45 to 2 55 gicc.‘ Thls cou]d represent a rhyolxtxc body
 intruded along the structura] weakness of the McGee fault zone which
S would be in keep1ng w1th the eruptive centers 1n the Canyon Rhyolite
,noted by Nendell (1969, p. 29) ‘and Gardner and Koen1g (1978 P 12)
'However, an 1ntrusion of this size would probab]y cause deformation”of:‘
"1 »overly1ng rocks, and there is no documentat1on of th1s., The preferred ;
| :explanatlon 1s ~that  this 13 a zone of intense s1lxeificat10n and

: lhematizatlon of the tuffaceous rocks under1y1ng the Canyon Rhyo!ite,e‘

such as that mapped by Hulen (1979) in an area between lines Ml and M2.



* ELECTRICAL RESISTIVITY SURVEY

Data Acquisition

A dipole-dipole electrical resistivity survey was conducted by

'Miningf_Geophysical’ Surveys, Inc. (1980) on contract to Earth Power
-Production Company.(EPPC)'along'four lines specified by EPPC. This

‘work, along with the_self—potential surveyldiscussed below, was made

available to the Earth-Science'Laboratory by EPPC through the DOE/DGE
Industry Coupled Program. The reader is referred to that report for a
more detailed discussion of procedures of both the resistiv1ty and
self-potential surveys.

A conventional in-line dipole dipole “seven" spread (seven current

electrodes) with 1500 Cft a(457 m) -dipoles was used throughout the

survey. Dipole separation factors -(n) of 1/2 and 1 through 6 were read

~ and the apparent resistivity values were plotted in conventional

' pseudo-section manner.-

A 10 amp transmitter was used with a 2 second on/ofﬁ reversed

.polarity' cycle. The signal. at. the_ potential electrode was observed
= with an analog uoltmeter and averaged over at least two cycles. In

~ cases of low Signal,strengthma‘digital voltmeter was substituted.

| i Accuracz ,"f 4
| Some question exists as to the exact location of receiving
electrodes outside of the current electrode spread. Current'electrodes_'

were plotted by the contractor but the locations of receiving elec-

trodes, often in areas of steep topography, were not. These locations
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are important in cases whene the topography ié 'included for modeling.
The Vsolyution was to position the receiving electrodes on 1500 ft (457
m) slope distarnces’along the projection of the lines. | |

The repeat stations on the Baltazor KGRA profiles rad'sé questions

about - the quality of the data. For the eight repeat stations at

Baltazor ‘the&? average of the ratio of the higher'va}ues to the lower

value was 3.fL. to 1. The worst case was-86 sz?m versus 8 Q-m (10.8 to
1), and only one case was better than 3 to 2.

‘vThé contractor was asked to review his field notes in regard to
this, and reported verballry and in a follow-up memorandum thai,;‘ 1)
difficulties of low input current had been encountered, espeqially in
the morning, on some dipoles due to frozen ground; and 2) thati the low
wet'area along .the north end of Continental Lake may have: further
contmbuted to a low signal level due to current ]eakage. The
combmatmn of low current 1nput and a moderate to high nmse level
results in a low s1gna1ato'—no1se (S/N) rat’m and poor data, especially
when 'obs'ervatio'ns aré made ;znanuva‘ny from an analog vo!‘tmetér over a

limited number offcycles; Thus the comparison of a reading from a

~f;~vd1po]e mth a 1ow S/N ratw to a readmg fron a hlgh S/N ratio dipo]e

could ex lain the poor repeats. : Norkmg wzth the fleld nctes. the

: contractor 1dent1fied transmtting dipoles and spec1f1c pseudo-section;

apparent res‘istwity va}ues that were questwnab]e. These pomts were .

then 1gnored 1n modehng. o

Interpretatxan

The electmcal re315t1v1ty data are mode‘led with a 2-d1mensional
forward finite element computer program omgmany developed by Ruo

(1977). The pro‘gram has been modified to include topography, made
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interactive and adapted to the !:SL famhty (Fox et al., 1978; K1llpack :

and Hohmann, 1979). A good quahtatwe description of the program and

. the interpretative proce_dure used at ESL is given in ,an electrical

“resistivity and IP study by Rossﬁr(1979).

A1l of the final rnumerical models were tested for depth senysi-‘
tivity. The highest resistivity"that had been used in the model was
extended at ‘depthi across the eh‘tiremade‘l,. This basement was then made ‘
sut:cessi‘vely-'sh’aﬂoweb until the épparent 'resistivities essocieted with
separatiori factdfs of 5 and 6 were ,s'ubst'ant*ially affected. All models
were ,fou‘nd to be sensitive"in‘this senée to a model depth of at least

2a, or 3000 ft (915 m). In areas where the overlying model intrinsic

‘ res1stiv1t1es were relatwely high, the model was sensitive to depths

of as much as 3 5a. These. examples reflect ‘the effect of conductive

ioverburden, with a re]atwe]y resistive basement, most of the current

Vrml} remain in the over]ymg low-resisthty rocks. S1m1lar1y, the -

experience gamed durmg the modeling indicated that for res1stiv1tyf

contrasts greater than about 1V to '1, the higher resistivity ‘1‘5 not,'
We]] ‘resolved. Once a resistor has an intrinsic resistivity abeut ten

i times greater than the surroundmg rock, additional. 1arge increeses m

the res1stwity of that body do nct cause a correspondmgly large

fincrease in the apparent resistwwms. B Hence, model resistivxty‘A‘

5

contrasts were constramed to appremmately the same magmtude as the'l‘

~contrasts in the observed apparent res1st1 \nt\es.

The mterpreted mtrmsm res:stwity sectlons and observed'
apparent res1stiv1t1es for the three Ba]tazor KbRA hnes (Rl through'
R:l) and the Pamted Hills area hne (R4) are presented in F1.gu,re 15

through 18, respeetively. " The complexity of the models is a result of |
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closely matching the'observed data with a limited number Qf.discrete
resistivities. The resulting geometries are those thaf ga}é'the best
match to the observed data from a sequence of 20 to 30"¥tération§.
Since the modeling is non-unique and the quality of some of the data is
quest1onable, specific mode] parameters should not be cons1dered well
resolved. In general, however, modeled resistivity discontinuities do
represent variations 1in the subsurféce. Common featufeﬁ of the
resistivity data at Baltazor KGRA are: , |

1. Low (<25 ﬂ-m)~resistivities through Continental Léke Valiey.
The section is about 1500 ft (455 m) thick along hne 83, and
greater than 3000 ft (Y15 m) thick along line Bl.
2. Resistivities of 22 to 40 q@-m associated with the ekposed
vo!canics of the Pueb]o Mountains. N
3. Very low (5 to 7 Q-m) resistivities beneath the Pueblo
Mountains, starting near the range-front and extendlng to the’
VWest. | | | o
4, Highwresistivitiés associated With ‘the Pine Forést‘Range. On
- I1ﬁes Bl and 82 these va?ues range from 90 to 180 q-m and

correspond to the Tert1ary volcanlcs that crop.out‘here. On line :

 ,183 700 n—m reswst1vit1es are modeied a3éng the east and center of'
‘the profile and are 1nterpreted as metamorph1c rocks. B
E ,5.~ A tabular, near vert1ca1 1ow (15 to 27.5 n-m) res1st1v1ty
zone(s) on the eastern s1de of the prof!les. ' |
',Drz]l hole BZ 1500 1 was drziled to a depth of 1534 ft (483 m) on
| line B2 and is shown on F1gure_'16. As discussed in the grav1ty

section, it was drilled in alluvium and apparently did not penetrate

bedrock. An aquifér with 100°C fluids was intersected between 100 and
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200 ft (30, and 61 _m.)’, ’and temperatures[between' 77°C . and 82;’6 uere
recorded for. the remainder of‘the holet The resistivityvmodeled here
is 2 to 5 g-m. Drill hole BZ 1500-2 was drilled to a depth of 1487. ft
(453 m), 700 £t (213 m) southhof line Bl, and its projected ]ocation_js
| shown on Figure 15. The upper 320‘ft (98 m) is slide debris, folloued
by felsic to intermediate volcanics to 620 ft (189 m), and basalt for
the remainder of the hole. | A sharp increase in the temperature
gradient.from 36. 4°C/km to 139 7°C/kmiwas encountered at about 8001ft
(244 m), wh1ch is the mode]ed depth where re515t1v1t1es dropped to 15
Q-m. The bottom hole temperature was 67 9°C. Hence,-re515t1v1ties‘
less than about 15 Q-m are interpreted as alluvium and/or porous
volcanics, genera]ly ves1cular or cinder basalt, containing . clay
‘alteratlon products and thermal flu1ds. Clay alteration must ibe
invoked since, assuming pore fluid at 120°C and 700 ppm total dissolvedv
'solids (Klein and Koenig, 1977) in rock with 20% porosity (see Table
1),'Archie's Law gives a saturated formatton resistivity of 52.5 Q-m,
A good discussion of the presence of clays on 'resistivity, w1th
reference to geothermal systems, is given by Ward and Sill (1976) '
',. Low res1st1v1ties (1 5 to 20 n-m) don1nate the prof1le of Figuref 3
k~218 for the Pa1nted H1lls area.‘ The eastern two-thlrds of the prof1leﬂ
| d'1s modeled as a 51mp1e layered.earth. Th1s layered earth 1s truncatedi

‘_ on the west s1de by a vert1cal ]ow-resist1vity (1 5 o-m) zone._ Th1s“
“i-low-resist1V1ty zone IS bordered on the west by a zone of sign1f1cantly?"
h1gher resistivities. | '
|  The layered earth is 1nterpreted as generally und1sturbed Tertiary
‘ and Quaternary tuffaceous volcanic and volcan1clast1c rocks. The

| sequence of higher to lower resistivity with increasing depth may be
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~ associated with increased water content and/or increased water salinity -
- with depth. = Another factor may be more advanced devitrification of .
-_Vo]canic glass and.-corresponding increased development of montmoril-

" lonite in the older tuffaceous rock.

The 1500 ft (457 m) wide zone of 1.5 9-m material is interpreted

i'as eltered‘tuffaceous rocks containing conductive fluids that migrate.
| up the indicated fauTt.zone'of\Figure”IB and then circulate down slope
| to the east. The temperature in drill hole DHM 1500-2 increasedrfrom_-
1'24°C at the 100 ft (30 ‘m) level to 93°C at the 1680 ft (512 m) level.
.‘and wet hole cond1tions were encountered below about 200 feet (61 m)

'7_(EPPC 1980).

Cprill hole DH 150 and, apparently, DHM 1500-1 (the data for this

‘ hole are 1ncomplete) were drilled through arg1llized and hematized
: tuffaceous rocks in the high-resistivity zone to the west of the fault
; zone and also encountered :e]evated, temperatures‘ and high thermal
ﬂ gradients (EPPC, 1979). TheseAhighlreststivities are closely related
;'spatiaily to the high-density zone'modeled in the gravity data (Figure
;14)." The 1ncreased res1st1v1ty 1s probably due to decreased porosityp ‘
}_assoc1ated W1th the hemat1t1c and ]oca]ly, s1l1ceous alterat1on. |
"'??Honever,ilsjnce th1s yarea is at the,hedge of the _prof1le ,and;_thei
]Etopogrophjj is 3-dihensibna]tt the 7modeting should be considered -

' ‘,?queiitative.f ]'
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* SELF-POTENTIAL SURVEY

,.Data'AcquisitiOn

This survey was conducted in -conjuction with the . reSistiVity
- survey discussed above and the interested reader is referred to the
'.contractor s report, _upon which’ thev,following discu551onv is based

:'(Minino Geophysical Survevs Inc., 1980). Approximately 23 line-miles
(38 km) of data on eight Tines was collected including_coverage'along

- parts of the dipole-dipole resist1v1ty lines. : Three. lines. at the
- Painted Hills area totaled ,14 linefmiles (22.5 km), and‘ five 'lines'v

| -(including 'tie{lines).jat‘vBaltazor KGRA totaled“'9,7 line-miles (15.5

'-i: The survey utilized ‘a fixed base station (home pot) with a

traveling electrode out to distances of 1 9 miles (3 km) at which point :

a new base station was established.. The station 1nterval was 200 m

"uwith additional stations sometimes read at 100 m where SP gradients‘

"exceeded about 200 mv/km. . Tinker and Rasor non-polarizing electrodes_ia

-were used -a model 3A “Fat Boy" for central pots at base stations, and n

e{ Model 88 (cone tipped) for the traveling electrode and for. base station}'”

'vsatellite pots. In all cases shallow pits were dug in an. attempt to

‘,:l.fkplace the electrodes in contact with natural moisture. ~ A high-

’., impedance (22 megohm) digital voltmeter was used to observe potential‘ |

'“af'bfdifferences.

Base stations consisted of a central pot and three satellite pots,

':-'_,;all excavated to,natural moisture (about l_foot.or 0,3 m. - At the

3

- 3 :



46

beginning and end of each spread, the potential from the central
electrode to each satellite electrode was observed and the three values
. averaged. The difference between these averages was considered to be
the base station drift, Corrections for base station drift were

applied on all eight lines assuming linear drift with time.

At the Baltazor area, closed loops were run tying all the SP lines
to a common re‘ference point. Tﬁeferror of closure was distributed
incremental]y to each station, dividing the total error by the total
number of stations to determine the increment; e.g., the fifth station
observed in a loop of n stations had .an error correction of 5/n of the
tbtal‘error. The three lines at the Painted Hills are not tied to a
- edmmbﬁ’bointjéhd;”hence;”there are”eignifiéénf base level differences

between them.

Accuracy
Errors in the data fall into three overlapping catagories -- data
- scatter, electrode drift, and base station variations. Data scatter,
| or noise, was estimated ﬁo be about .+10 to 20 mv. Included in this
wpuld be'teliuric currents for which correctidns were not made, except
® N o by averaging the'robserved.‘potentie] "difference‘.over; highffrequency
| B . ‘fldctdafiens. v" " | i e |
The potential  difference ‘beéween traveljng electrodes and
f“p : o cal{bration electrodes immersed‘invafstandard'solutibh averaged about-6
mv,  indicating some - polarization effeCts in. the electrodes.  The
‘ standarq' was carried in the fieldé.andvAfrequent Cheeks showed the
j“ : . , yariaﬁibn to be non-lineér. Fluctuetion of_the potential‘between the

o/ base station and the_traveling electrode, again immersed in standard

solution, averaged about +8.4 mv. Finally the fluctuation of potential
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difference between'base stations averaged #8.2 mv with a maximum of 21

mv,

Some of these fluctuations are related but, in any instance, the

¥

SP technique is quite liable to noise (see for example Sill and Johng,

'1979). The SP line profiles, presented in Figures 19 through 21, have

a number of single-point anomalies with absolute values in the 20 to 40
mv range. This suggests that.  anomalies shouid not be considered

significant unless they are multi-point and greater than about 30 mv.

‘However, a threshold value for anomalous response based solely on the

above discussion would be questionab]e since factors such as aliasing

. due to the large sampiing 1nterva], and surface or near-surface lateral

and temporal changes are not quantifiable w1th this data set. Surveys

iof, this design are properly applied< only when used to locate gross

features in the SP data, and the scope of the-resolting qualitative

interpretation shou]d reflect this limitation of the survey.

Interpretation

Figure 19 presents the SP survey results along the dipole-dipole

resistivity lines at Baltazor KGRA whiie Figure 20 shows the results of

‘7the two tie-lines there. There is no evidence of a iong wave lengthv

anomaly such as- is sometimes associated with geotherma] areas (cOrwin

and Hoover, 1979) The primary feature is a large, roughly dipolar

sanomaly occurring on- the west side of lines SP-2. and SP 3. - The
'amplitnde is 115 my on line sP-3 and,81 mv on line SP-2, and it is
coincident with the valley-bordering fault (Fault ) as determined

from the gravity data. Rapidly changing SP values on the west side of

Line SP-1 are associated with faulting and elevated temperatures along

_]ine.Bl (see Figure 22), but the sampling of the SP is too sparse to
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draw any conclusions. The tie-lines (Figure 20)‘are sub-parailel to
the’structural trends. Line SP-5 'is relatively featureless but line
SP-4 has sharp gradients where it intersects modeled or projected
faults determined with the gravity data. Hence, some cf the SP
anomalies at Baltazor are probably related to thermoelectric and
electrokinetic (streaming potential) effects associated with fault
zones and clay alteration in the alluvium,
rFigure 21 presents the three profiles for the Painted Hills area.

The west side of line SP 7 was observed along d1pole-d1pole resistivity

line 4, and ‘then extended across Bog Hot Valley. SP lines 6 and 8

follow gravity profiles M3 and M1, respectively. Agaih, a long wave
length anomaly‘is not evident in the data. Mu1t1~point SP anomalies
with amplitudes of 20 to 40 mv occur at the west ends of each profile,
- including areas where lateral contrasts were modeled for the gravity
and resistivity data. However, the correlation between lines is
ambigdéus‘and the anomalies are weak.

" Alternating highs and lows with 40 to 60 mv of relief occur on
1ine SP-8 and appear taibé real but:do,not cofrespohd/to any structure

in the gravity or resistivity mode1§;  The same 1S‘true"for“a*rough1y

S dipolar SS mv'anomaly at the east end of line SP-G.T' The strongest

anoma]y in the area 1s a base level change that occurs on 1ine SP-? on
- the eastern extension into Bog Hot Val!ey and beyond the area of detail

| znterest. This Ijne continues to the east 4 km beyond what is shown on
7F1gure 21 &nd‘on this extenSion’the SP values fluctuate betieen 0 and

=26 mv.
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SUMMARY AND DISCUSSION

Figure 22 is a composite interpretation plan map o;‘ the Baltazor
Hot Springs KGRA. The principal structural features, previously
discussed wi’th regard to Figure 12 and shown again on Figure 22, are:
1) two valley-borderﬁng fadlts labeled and ; and, 2) a central
graben labeled @, ‘although this st,rucvtur'e is somewhat more complex on
line B2. As shown’ on Figure 22, the valley drainage and Baltazor Hot
Springs lie within or near the surface trace of the central graben, apd
Tow (5 to 7 2-m) neer-surface resistivities occur coincident with this
topographic low on the northern two lines. Low (2 to 15 92-m) near-
surface resistivities are é]so observed 'beginning at Fault @ and
extending to the east toward the center, of the valley on each of the
Hneé. An approximately 100 mv dyipol;ar SP anomaly occurs coincident
with Fault (1a) on the northern two lines. Drill hole BZ 1500-1, shown

on Figure 22, was drilled on line BZ and encouhtered alluvium saturated

with hot fluid.

Figure 23 portrays an ihterpreted ’.east-wesvt geologic cross section

~ of Continental Lake Valley along line B2. The thermal mani’festatirons

>at Baltazor KGRA are interpreted to be localized by Fault . This

fault zone -acts as a condui‘t for up?uar‘dly ‘mobile hot fluids that

presumably circulate 'towa‘r'd the center of the valley and r‘un"off along

‘the vaﬁey drainage. Low (5 to 7 @-m) rfesist‘ivitiestest of‘rFault

and beneath the Pueblo Mountains are interpreted as due to porous units

of the Steens Basalt 'contaim'ng clay alteration products and thermal
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f_lfuids. Fault niay either tap aquifers in the Steens‘rBasalt, or,i
‘al:ternately, leak fluids into the basalt. |
" As shown on Figure 22, SP anomalies have some correlation with
Fault . ‘However, these anomalies are weak and low resistivities
,arfe ﬁot modeled here, so significant thermal activity is not expected.{
Also, on the east side of the valley and éhown on Figure 22, the
tabular zone of low resistivity modeled on each of the resistivity
lines is seen to strike roughly due north; however, this trend is not
related to any other known structure.

Figure 24 is a composite interpretation pla[n map of the Painted
Hills area, while Figure 25 is a interpreted east-west geologic cross
section along line M2. The main features, shown on both figures, are:
1) the high density zone west of the Rock Spring Table margin, 2) a
sloping contact bordering the table interpreted as the limit of
hematitic anq argﬂh‘c. alteration t+ silicification, and 3) a graben-
like strdcture on the east side of the plateau margin interpreted as a
thick section of unaltered Thousand Creek Formation. As.discussed
above, the preferred explanation for the high-density body is that it
*“ilis a zone _of higher. grade alteration, probably including intense
; silicification. In this case, the hematitic} and argillic 'alteration:
_that characterize the_ Painted HiH.s area would undoubtedly be geneti-
,¢ally rel;'ated.‘ The data“:are ,i‘nsuf‘ficient to détevrmihe wheth‘e/'r the
}’ ljmit of th’é he[n_atitic ‘and argillic alteration (best shown on:Figlxlre
25) is due:- to‘famting—dr. to some other fact‘dr', suc‘h‘ as permeability.
‘ljvtowe\‘rer', the v'errticaal'b -zone of 'lowresiStiVities@iscussed above (Figure
~18) and shown on Figures 24“én‘d'25 is ma‘rg'inal to the high-density body}:

~and probably 1is fault controlled, the low resistivity reSﬁlting from
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tiﬁtreased porosity due to fracturing and perhaps the gresence of%
conductive fluids and additional clay alteration.

The low amplitude, short wavelength'SP anomalies on the center SP
line at the Painted Hills area (line SP-7, Figure 21) can not be '
edrrelated with any certainty to SP features one to two miles distant
on the other two lines. Also, the resistivity and gravity data are
relative]y featureless east of about drill holes 151-A and 158-A
(Figure 24) and hence do not heTp to explain the SP data. In summary,
the SP survey did not contribute to the geologic interpretation at the
Painted Hills area. .

The exploration drilling to date at the Painted Hills area (see
Figure 3) does not suggest an obvious relation between features in the
geophysical data and elevated temperatures. prever, the - highest
thermal gradient encountered (in DH 150, shown on Figures 24 and 25)
occurred in strongly éltered rocks west of the vertical zone of low
resistivities and above the high-density zone modeled with the gravity
data. If the high;density feeture is due to more intense and/or higherr.
grade alteration than is seen at.the surface or in drijl cuttings
received to date, anomalous temperatures could be associated with the
hydrothermal system that~caused Or is Causing this alteration, or with
hxgh thermal conductiv1t1es due to s1l1c1f1¢at1on. Hence;“intensity‘of
a]teration could be a d1rect gu1de to elevated temperatures. If this
is tne case, the fau]t zone suggested by the vertical zone of Tow

: re515t1v1t1es may not be the prlmary control of the therma] anomaly at

' the Pa1nted H1lls area.

In regard to regional structure, the NE- trending grav1ty low ((:)
and (:) of Figure 5) that appears to relate the Painted Hills area and



3'Béltazor Hot Springs KGRA 1lies on a prominent topographic linear thafjl
eitends over 65 miles (104 km) from the Soldier Meadow Hot Springs to
“the large fault that forms the eastern boundary of the Pine Forést
‘Range. This linear is briefly discussed by Hose and Taylor (1974) and
a mgdified sketch from their report is given in Figure 26. The

intersection of this linear and the range-bounding fault, near Denio,

o Nevada, is the location of the 39 event Denio microearthquake cluster

(Senturioh Sciences, Inc., 1977) shown on Figure 3. Given the Kknown
thermal anomalies associated with thisqlinear,‘it is a prime target for
geotherma]vresources.

The Eugene-Denio fault zone, as pkoposed by Lawrence (1976), is
- one of three parallel west-northwest-trending belts of apparent
“transform faulting at the northern margin of the Basin and Range
province. This fault zone, trending N60°W, projects through the
northeastern portion 6f_ the study }area. Local expressions of thg
_Eugene-Denio zone may “include: 1) "A NN-SE grain...imposed on the |
" topography and drainage" north of4the Rock Spring Table (Gérdner‘andg
- Koenig, 1978); 2) a subtle HW-SE trend in the residual gravity data

(Figure 8) from the vicinity of Bog Hot Springs to the southern extreme

of the Strawberry Butte grav1ty h1gh ((:) of - F1gure 8), and 3) NN-SE-,~P- o

’,trending faults mapped by Hulen (1979) in the southern. Pueb]o Moun-
:»_tains. Hulen (1979) suggests that Baltazor Hot Spr1ngs is controlledi
by thei1ntersect1on of~one of these faults w1th the PueblO‘Mountains'
feastern range front fault zone (Fault of Figure 22) which forms a
"'segment of the prom1nent NE trending topograph1c linear d1scussed above

- and shown on F1gure &6. S1nce sthe sapparent 1ntersect1on of the-“

 EugeneeDen1o fault zone with the topographic linear of F1gure 26 is
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important at Baltazor Hot Springs, other such intersections should be
investigated for geothermal resources. The most obvious such target is

the covered area just south of the Pueblo Mountains in Bog Hot Valley.



APPENDIX I

Principal Facts of the Gravity Data

Tables 2 through b5 describe a station location accuracy code
developed by the U.S. Geological Survey that was assigned to the
stations read by the author. These tables were taken from Plouff et

al. (1976) -and their code assignment is repeated here for stations

~included from that survey. Modifications of the code for the present

survey are indicated.by parentheses in Tables 2 through 5.

Table 6 presents the principal facts of the gravity data. ~ The

stat1on labels are coded as follows:
Label o - Description.

DB Master base station "in Denio, Nevada at the
: Post Office, 50 meters south of the Oregon-Nevada -
. state line, 1.6 meters south of the door in the
southeast corner of the concrete porch, near the mail
?o§;5.8ase value is 979 945.94" (Peterson and Hoover,
9 . .

‘This site had a monument w1th a "U.S.A.F. Grav1ty
Station" disc (A.C.I1.C. reference no. 2352-1), but in
April ‘of 1980 the author noted that the monument had

: been broken out’ of the concrete slab. [~ ,

"BM67 & Bi2gl :}‘Bench marks used as the two - f1eld base stat1ons.

' 9M”’andf“8“‘ | 'Deta1l,profile-11ne stations - M for the Painted
prefix . - ‘Hills area, B for the Baltazor area.  Prefix followed

- by the line number and station number.' Observed in
ﬂSeptember, 1979, , '

~"R" prefix ; Reg1onal data base po1nt acqu1red by the author in

"September, 1979.



mpn préfix

“CS" prefix
"DE" prefix
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Regional data base point acquired by the"authof in
April, 1980. '

From Plouff et al., 1976.

. From Peterson and Hoover, 1977.

AN gravity values are in milligals. Complete Bouguer gravity ‘

values are listed in Table 6 for Bouguer reduction densities of 2.45

and 2.67 gm/cc.

2.67 gm/cc.
through F.

The listed terrain corrections are for a density of

The inner zone correction represents Hammer chart zones A



64

‘  Tab1e 2. Location description code (digit one).

Code . Examples

B On level-line bench mark or other permanent marks
' incorporated into U.S. heo10g1ca1 Survey vertical control
system.
i Near level-line bench mark. (Note. In this survey, all
profile points on level lines have this classification).

v On vertical angle bench mark. (Note. In this su?vey,
profile points acquired with the KERN theodolile have this
class1f1cat1on)

H Near vertical angle bench mark.

X Near location markers such as ‘section corners, wells, or
windmills.

) Near assumed location‘cf any of the above markers that was
destroyed or not found.

F Near a location with or without a marker at which a

~surveyed elevation is 1nd1cated on a published topographic
mnap.

[

Near a location on a manuscript map or a published map at
which spot elevations are determ:ned by photogrammetry or
near a doubtful F-location.

W Near edge,of lake or reservoir, interpolated elevation or
elevation given for water or dam frequently at unknown
height relative to present level.

c Topographic contour line. 1nterpolat10n not along streain.
(Note. In this survey, barometr1c or topographic control
has this c]ass1f1cat1on)

4 7 *'Topograph:cA contour line 1nterpolation along stream.
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Table 3. Accuracy of elevations (digit two).

Code

1
2

Accuracy

(Feet)

0.1
0.5

10

20

Examples

On Bench‘mark

Elevation difference hand-leveled to nearby
bench mark. (Note. In this survey, profile
points on level lines.)

Near bench mark.'(Note.,In this survey,
also vertical angle elevation control.)

Near assumed location of bench mark that
was not found.

Surveyed spot elevation - "F" for digit
one.

Photogrammetric elevation of precise
location such as fence corner.

Photogrammetric elevation on map with a
40-foot contour interval.

Primarily barometric altimeter control.

Tabler4. Accuracy offhorizontal location (digiﬁ‘three).

Code

2

~ Accuracy

(feet)

84

210

420

Examples

Near section corners, bench marks, road
intersections, or stream crossings.
(Note. Also survey lines.)

Shafp road curve; uncertain spot elevation
location. _ :

‘Broad road curve or gentle hillcrest.



Table 5. Accuracy of observed gravity (digit four).

Code

Accuracy

(mgal)

0.01
0 .05
0.10

Examples

Principal base station
Repeated reading

Non-repeated reading

66



Table 6

Principal facts of ‘the
gravity data
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APPENDIX II

Wet bulk density»méasurements were made on all samples except for

- some tuffs which disintegrated when théy were saturated. The following

procedure was used to make the density measurements:

13 -Weigh un§éturated (dry) sample in air to obtain'wd’a,
Z;V EVacuate the samples in a partial vaécaum'for 3tob
V»hours. | |
3. Flood tﬁe evacuated samples with water, allowing then
to soak for 3 to 6 hours.

4. Weigh the saturated sample in air to obtain ws as and
U ’ . ?

immersed in water to obtain ”s,i‘

‘The “dry" bulk density is the weight of the rock in air, with air

in the pore space, d:v1ded by the total rock vo]ume.v For wet‘density |

, calculat1ons the pore space contalns water. The d1fference between the
*;weight in air and the wewght in water of a sample, in grams, ‘equals the

~»Jvolume of ‘the sample in cublc centimeters (Archimedes Pr1nc1p]e) -
‘ *‘However. errors in. rock volume determ1nat10ns are caused by Ieakage of

- ¢Vwater in or out of the pore space.

Nhenever possible, saturated rocks were used for volume determina-

tions. Hence the equations become (fol]owtng the notat1on indicated

“above):

Dryidensity;‘Pdr=



. 78
and

Ws, a

Wet density, P or Py = _
- Ws, a -Mg, i

Note that Wd,a - Wq,i could just as well be used in the denominator for

the volume of sample, and it was for the samples that could not be

saturated.

Also note that since porosity is volume of pore space divided by

total rock volume£

We a - W o
s,a‘ d,a = Pw - Pd

Porosity, g = )
rock volume

Tables 7 and 8 present the individual density determinations,



»
! TABLE 7
: BALTAZOR AREA
~ DENSITIES
A 4 ‘ . ROCK TYPE SAMPLE SAMPLE LOCATION DENSITY  POROSIT
‘ : ‘ NO. DEG-HIN DEG-HIN 6scc 1)
BASALT 83-24 41-56.52  118-42,51 2.88 2.2
. RAZ0 N1-56424  118~43.65 2.77 6.2
o ' RADY . 81-59,11 -« 1518-83.4% 2.6% 3.6
L] BZ1l0 41=-5443 118~41.6 2.18 o8
" 8233 41-55,0 118-8048 2.83 3.8
o u 826 415443 118-42.0 2,73 33
= 82125 41-54.5 118-44.0  2.78 1.3
'y RA1D 81-56.94 . 118-43.52 2.87 1.6
= ASHDOWN - 41-50.0 118-61e7 2491 2.1
VESICULAR BASALT  RAIDA . 41-5649%  118-43.52 2437 27.7
T e 828 41-54,3 118-8149 . 2.83 202
) . ; ‘" . 821 41«5%.7 . 118-42,5 2419 10.5
e S ' INTERMEDIATE VOLC. RAlE 41-57.61  118-83.73 2.58 158
. RHYOLITE Bz G1-57.0 1184245 2448 9.3
- : CR3 43-55,0 118-43,5  2.50 5.8
= RAZ2 41-55,61  11B8-86,07 2,38 121
. RADZA §1-57.01  118-45,16 2.21 322
e CR2 §1-55o  11B=43¢5 = 2,48 . S.7
& = 82-22  81-55,62  11B=86486 2,30 . 15.8
R = 81-17 41-55.16  118-43.62  2.%6 8.0
g , - NELDED TUFF CRAD3 §1-57.01 . 11845.16. . 2,33 12.8
; S a0 . gz8z - 81-5640  118=85,0 2.31 18.1
i ; L : . S B . ‘B2180 MleSheb 118~82.,2 2.25 10.6
| ’ R BZ1% 'll‘fs"oﬁ 118-42.2 . - F %11 3ok
B | BZ11S 41=57 \ 118~84, . 242 : 846
x "RAZGA . K1-87,27°  11B-84435 232 546
= 8788  41-56. 118638, 2.64 1.9
= 8260 81-56.  1llg=eS, 2,30 10,7
o TUFF . aos  e1-57.32 118-a.28 1,72 TR
A PLUTONIC ROCKS ~ B2-3E° 41-54,23  118-40.67 2,55 Wl
' ST T BZII3A 8157, . 118622 2,68 - 3.1
‘ ®. 8z112 43-5T7:3 - 118-82.2- . 2484 S 89
E "N 'S 8230 41e58.,2 . 11B=80.5 277 .3
4 m RAS6E  81-87.27  118-44.35.  2.59 242
Lo w CASHDOMN 6 4150, 11B=81.7 - 2457 3.3
i m RR2EX - 41~52.56 - 118~38433 .~ 2.52 7.3
. E RA26  W1-52.56. 118=38.33 - 2,55 3.2
A " 7 82~-5E [41-56.06  118-80.40 . 2.60 3ok
-  HETAWORPHIC ROCKS  ASHDOMN SCH.41-50. . = -118-81.7 . 2,77 . 2.3
: v e ‘. .. SCH A C41e50. 118837 2465 ; 6.5
o s L SCH SC - 4150, 118=&le? 275 k.
[
: v




ROCK TYPE

RHYOLITE

WELDED TUFF
tHEMAYIZED)

TUFF
=

RN RK AR N

TUFF, NEMATIZED
S im :

TUFFACEOUS -

CONGLOMERATE

TUFFACEOUS
CONGLOMERATE
(HEMATIZED)

TABLE 8

SAMPLE LOCATION

PAINTED HILLS AREA
DENSITIES
SAMPLE
NOe DEG-MIN
RAGYA 41-48.76
RA37 4147437
Y} 01=48.7.
RA39B y1-47e38
M1-18 81-47,02
Ml-9e5 41-46.82
RAGY 4L-4Bs76
RA3SC 41-47449
_ RA4S5B 41-48,57
RA3OA 41-47.38
RA39C 41-47.38
RAUYE 41~48.76
RA3BD 41=47449
RA38D 41-47.49
RAGYHA 41-48.76
RA4SA 41-48457
" RA3BB 41-87449
RAGYC 41-48476
_RA4SB 41-48457
RA3SA 41-8T7449
RALY 41-48,76
M1-11 41-46497
A37 41-4847
M2=-17C 41-4Be34
A78 431=48,7
MZ=17A 41-48e3%
A8S : 41-48e7
RAGSA 41-48+57
_MZ-17PC 41-4B.48
RALS Yy=48457"
RA4SE §1-48,57 .
M2-178 41-4B.34
M2-17 4W1-48434
F-1 41-48.7
M2-17C T 41-48434
M2-1TPA §1-48,48
A42 41~4B.7
A20 T 4)=4B8.T

DEG=-MIN

118-53.72
118-55.32
118-52.5

118-54.43
118=52476
118-51.85
118-53.72
118-54,.81
118-53,.31
118-54.43
118-54.43
118-53.72
118-54,81
118-54.81
118-534172
118-53.,31
118-54.81
118-53.72
118-53.31
118~54.81
118-53.72

118-52.08

118-52.5
118-51.84

- 118-52.5

118-51.84
118-5245

118=54,81
118-51.71

©118-54,81
. 118-54.81

118-51.84
118-51.688
118'52.5

- 118-51.88%

118-51.71

118-52.5

118-52.5

DENSITY

ORY

1.52
1.60
1.56

1.45

2.07
2.06
1.99
2.17
1.75

wET
2433

- 2627

2027
2.07
2425
2.30
2024
227
2.18
2425
2.11
2.29
2422
2,22
2434
2.20
2424
234
2.21
2.28
2432

2431
1.92
1.89

1.96
2.05

1.91

1.76

2,29

POROSITY
)

463
12.0
11.3
160
22.0
145

9ol

T}
194

6e3
19.5
10.7

TeS

TS

53
21.5

Be2

8e9
18.1
10.2

6e9

16,5
2641
2464

17.7
136

53.9

32.3

3.4

80



APPENDIX III

Resistivity Numeriéal Model OQutput
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