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'TECTONIC IMPLICATIONS OF THE HEAT FLOJ OF
THE WESTERN SNAKE RIVER PLAIN, IDARO

ABSTRACT

Heat flow data within the western‘Snake Rive? Plain show typical
Cordilleran Thermal Anomaly Zone values (ébout_l.? ucal/cmzsec), but
anomﬁloﬂsly high heat flow values are measured in granitic rocks along
the margins of the Snake River Plain (2.5 ucal/cmzsec or higher). The
heat flow distribution is interprefed to be related tb combined effects
of crustél thermal refracticon and a large crustal transient heat source.
A regional model consistent with the heat flow pattern and other geo-
physicai and geological data is described.which assumes the emplacemént
of a large heat source (mafic intrﬁéion?) under-the western Snake River
Plain about 10 to 15 miliion years ago. An anoﬁaly of about 0.3 pecal/

sz

sec over the center of the body is due to the heat source at the
present time. The timiné of the émpl&cement_of'the heat source corresponds
with the age of voluminous silicic volcanism in the western Snake River
Plain; A time progfeésivé thermal model is presented for the eastern
Snake River Plain wﬁich is cbnsiéteqt with the time progression of

sllicic volecanism. The model b;edicts regional heat flow values of
12.5-3.0 ucél/szsec over the eastern third of the Snaké River Plain.

Confirmation of the high regional heat flow values is not possible in

the shallow bore holes available (200 T m deep) because of regional.



clrculation of colé ground water in the Snake Plain a@uifer.

However, a close correlafion between predicted heat flow and observed
elevation changes along the axis of the Snake River Plain is strong
support for the heat flow model, The possibility of high heat flow in
the éastern part of the Snake River Plain implies that the area may

have significant geothermal ﬁotential in spite of the low surface heat
flow. The regional aseismic warping observed in the eastern Snake River
Plain can be interpreted as a thermal contraction phenomenon involving

the erust and possibly the upper mantle,



INTRODUCTION

The Snake River Plain is one of the méjor volcano-tectonic
features of western North‘America. The physiograrhic features of the
Snake River Plain extend from easternmost COregon through .southern |
Idaho in a great arc to the Yellowstone Plateau at the northwestern
tip of Wyoming. The Snake River Plain is distinguished from adjacent
fegions to the north and south bj relatively lower.elevation and
surface relief. -It is mainly covered by late Cenozoic volcanics and
sediments. The western half of the Snake River Plain is a-deep graben
- filled with sedimentary and volcanic rocks (Maldé énd Powers, 1962
Newtoﬁ and Corcoran, 1963). The eastern part of the Snake River Plain may
be a regional downwarp (Kifkham, 1931) that followed a time-transgression
episode.of volecanism which progressed from sovtbwest Idaho to Yellowstone
Park (Armétrong and others, 1975). In southwéstern Idaho a second,
primarily volcénic, trend extends from near the center of the Snéke'
River Plain westward‘to the Brothers Fault Zone (in céntral O:eggq)
and the Newbery volcano (Walker and others, 1967.and Green and
.others, 1972),.

The object of this-paper is.to.discuss the tectonic significance
of new heat flow data in the western Snake River Plain and to present
a thermal model that is consistent with geological and geophysical
data. The more 5odtherly volcanic trend which connects to the

Brothers Fault Zone will mot be discussed.



Potagsium-argon dating of the Cenoczole silicic volcanics
(mostly rhyvelitic ash flows) of the Snake River Tlain shows that the
ages vary from 9 to 137millionlyears in western Idaho, 8 to 10
miilion years in central Idahe and 4 to 5 million years in eastern
Idaho (Armstrong &nd others, 1975). Rhyolitic ash flows on the
extreme eastern eﬁd of the plain (Island Park-Yellowstoune area) vary
in age from 2.6 to .56 million years. The basalt volcanic activity
begins at about the same time as the silicic volcanism, but continués
in each area for a much longer fime span. For example, young basaltic
extrusions (10,000 yrs. B.P. or younger) occuf all along the Snake River
Pl?in- Similarly, a westward time progression of silicic voleanism
(rhyolites to rhyodacite domes and related ash flows) 1s observed in
eastern Oregon along the Brothers fault zome.to the Cascade Range
(Walker, 1974; MacLeod and others, 1976; and Bowen and others, 1976).

The northern border of the western Snake River Plain consists
mainly of Cretaceous plutonic rocks of the Idaho batholith. South-
west of Boise, the southern border of the Snake River Plain is the
. Owyhee Mountains, which have;é core of pre;Cen@zcic sediments and
granitic intrusive rocks overlain b? Miocene basalt (Mclntyre, 1972).
Southeast of the QOwyhee Mountéins the.southern border becomes the
Late Cenozpic silicic volecanics and sediments of the Jarbidge
Mountains which overlie older Cehozoic volcanics and sediments and
Mesozoic granitic rocks.

Ihe origin of the Snake River Plain is not certain but several

possibilities have been suggested. Hamilton and Myer (1966} suggest the



formaﬁion of the Snaké River Plaiu as a tensionél rift. They use the seismic
fefraction data of Hill and Pakiser (1963, 1966) as'evidénce for the
lack of confinental crust below the western portion of the Snake River Plain.
In contrast, Taubeneck (1971) argued that the gravity and seismic
"data, considered in terms of surface geology'aﬁd the disfribution of
granitfc rocks, are consistent With.the interpretation that includes
a granitic layer in the crust of southwestern Idaho. Taubeneck
considered dike intrusions and lateral faulting as the mechanism of
the origin.

Smith and Sbar (1974) suggest an origin caused by westward
relative motion of the North American plate over a hot spot in the
mantle. Warner (1976) proposed that a large left-lateral rift is
the origin and used 12 offset geclogic featﬁres, gach with a dis-
placement of approximately 80 km, as evidence for his model.- Prostka and Oriel
{1975) point out the possibility of the SnakerRiver Plain being a quédruple
junction centered at Twin Falls with linear segments consisting of the east
and west arms of the Snake River plain, the Ofegoﬁ rhyolite belts,.and ;he_
center core of the Basin and Range province. |

Geophysical data relatiﬁg to tﬁe énake River Plain and its
environs are scanty in Spite of the prominence of the feature in
westerﬁ United States geology. Hill and Pakiser (19%6%) interpfeted'
a seismic refraction profiie across the western part of the Snake River Plain.
Microearthquake studies have been carried out by Peunington and
Vothers (1974). Several publications deal with the-gr;vity field
(Hill, 1963; Bonini, 1963; and Mabey and others, 1974) and magnetic
field (U.S. Geclogical Survey, 1971) of southern Idaho. An electrical
resistivity profile across the eastern Snake River Plain was carried out

by Zohdy and Stanley (1973).



Relevant heat flow data include studies of Ro? and others
1968a,b, 1972), Blackwell (1969, 1974), Sass and others (1971), Blackwell
and Roberté@n (1973}, Bowen and Blackwell (1975), Urban apd Diment -
(1975) and.Morgan and others (1976). Therbasis for this papef, however,
is the report by Brott and others (1976). Brott and others (1976)
reported on a heat flow study and presented a generalized heat flow

map of the Snake River Plain region. Roy and others (1968a)investigated

the mantle heat flow under the Basin and Range province.
GEOPHYSICAL DATA

Measured heat flow values in southwest Idaho (Brott and others,
1976;.Urban and Diment, 1975; and Blackwell and Brott, work in progress)
are 1isted‘in Table 1 and élotted on a map of southwestern Idaho in
Pigure 1. The heat fiow values will be referred to in this paper
in units of HFU (1 HFU = 1 microcalorie/cmz-seq). Brott.and others
(1976) presented data from 136 wells in southern and central Idaho and
‘the data shown in Table 1 represent those wells in southwestern Idaho
for which reasonable estimates of heat flow can be made. Of the 35
heat flow values listed 18 are from pre-existing holes in the depth
range 60-590 ﬁ, mostly water wells, and 17 are from holes drilled
specifically for heat flow determiﬁations. Eight of éhe 17 wells were .
drilled in granitiec rocks on eitﬁer margin bf.the Snake River Plain
and range in depth from 60-250 m. The remaining 7 wells were drilled

to a depth of 30 m in the Cenozoic rocks of the Snake River 'Plain. -



Deeper holes near the 30 m holes corroborate in general the results
of the shallow holes. In general the heat flow values in these
shallow wells are cousidered more reliable than values from the
deeper water wells beéause samples (core and cuttings) were available
for thermal conductivity measurements. Heat flow values in the
western Snake Rivér‘Plain range from 0.5 to 2,0 HFU ekcepting one high
value of 3.0 HFU. On the northern margin of the plain-the values
range from 2.3 to 4.0 HFU, generally.decreaSing to the north to values
ranging ffom 1.6 to Z.OIHFU. The heat flow values on thersouthern-
margin range from 2.2 to 4.1 HFU. !

Even though.many of the heat’ flow values in the western Snake River
Plain wefe obtained from water wells, -the reported heat o
flow values are not believed to be significantly affécted by lateral
movements of ground water since no discherge system for a major
aqulfer can be found in the western portion of the Snzake River Plain.
Also the current recharge to aquifers in the western part is not
sufficient to replace ground water extracted by wells (Ralson and
Chapman, 1%70 and ﬁightmore and others, 1975). 1In addition,
Rightmore and others {(1975) studied hydrogen and oxygen 1scotopes in
waters obtained along the southern margin and suggested
that the wateéer in the artesian aquifer sysﬁem there accumulated over
a long period of time. Hence the aquifer systems in tﬁe western part of the
Snake River Plain ; attiaé large reservoirs in which little

lateral movement of ground water appears Lo occur.



Mantle heat flow for the Cordilleran Thefmal Ancmaly Zone (CTAZ,
Blackwell, 1969) which includes the Basin and ﬁange, Columbia Plateaus
{which include the Snake River Plain}, and fhe Northern Rocky Moun-
tains is estimated to be about 1.4 HFU (Roy énd ofhers, 1968; Black-
well and Robertson, 1973; Blackwell, 1974). Swanberg and Blackwell
(1973) éhowed that the average heat production for the granitic rocks
of the Idaho batholith is 3.3 HGU (i Heu = 10713 calorieS/cm3-Sec) with
a range along the southern margin of 2—5.5 HGU. Thus the expected
heat flow for the marging of the western Snake River Plain would be
~about 1.7 t 0.2 HFU. The observed values'(Z;S ﬁFU or greater) are

therefore anomaloué and sugéest an anocmaly in reauced heat flow.

A reversea seismic—refractioﬁ profile which extends north from
Eureka, Nevada across the western Sueke River Plain to Boise, Idaho was
Vinterpreted by Hill and Pakiser (1966) to sugéest that the crust of the:
Baéin and Range province has 'a 6.0 km/sec (P;waQe) layer 19 to 24 km
thick over a 6.7 km/sec layer 10 to 12 km thick. At the boundary of
the Basin and Range province and the western Snake River Plain the
crust thickéns abruptly, and the 6.0 km/sec layer becomss very thin
or disappears completély. .The crust under the Qestern'Snake River
Plain consisté of an upper 5.2 km/sec layer 8 to 10 km thick and a
lower 6.7 km/sec layer 33 to 38 km thick. The velocity of the mantle
(Ph) below the Basin and Range province and western Snake River Plain
1s approximately 7.9 km/sec.

A microearthquake survey in parts of the Snake River Plain was
carried out by Pennington and others (1974) and in three weeks of

recording at various locations no earthquakes were
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observed. They suggesged twe probable reasons: (1) the source that
produced the recent basaltic 1avé has either become inactive or

migrated; or (2) that temperatures are high enough under the Snake River Plain
to allow aseismic creep.

Bouguer gravity maps of the western Snake River Plain (Mabey and
others, 1974; Bonini, 1963; and Hill, 1963) show gravity highs in the
center - - with reiative lows along.the margins. Thus the
.gravity data seem .tp indicate an inverse relétionship to the heat
flow data, The gravity data suggest the presence of lower
density rocks on the edges‘t%an in the center of the Snake River Plain. Greatex
sediment thickness_may cguse lower values of gravity on the margins,
whereas the center.éf the Snake River Plain may have relatively more
basalt, ’i‘wo-dimensional models which fit the gravity pro.files across
the western Snake River Plain were conétruéted by Mabey (1576) and
Hill (1963). | |

A residual aeromagnetic map shows a trend of magnetic highs on
the southern margin andla trendlof magnetic lows on the northern
margin of the‘western Snake River Plain (U.S. Geolégical Survey
aeromagnetic map, 1971; see also Mabey, 1976)., The magnetic highs and
lows-seems to bound the.lower values of heat flow characteristic of
the center of the Snake River Plaiﬁ,but the magnetic map does nof show‘
any distinct féature,at the center. Mabey (1976) suggested that the
relative positive magnétic enomaly on the southern margin 'and
relative negative mégnetic anomaly on the northern margin

. probably mark the south and north edges of a magnetic layer

(basalt) which underlies the western Snake River Plain.
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An electrical redistivity profile across the eastern Snake

River Plain (from Arco to Blackfoot, Idaho) has been discussed by
Zohdy and Staniey {1973). Under the center of the eastern Snake River
Plain they interpreted—féur geoelectrical units: an wpper 300 to 500
meter thick Qnit_of dry basalt, a 1 to 2 km thick unit of saturated
basalt,la 2 to 4 km thick unit of basalt intercalated with clayey
sedimentary rocks, and é lower unit of Paleozoic (7) rocks; Near Arco
they encountered a fifth geoeiectrical unit that they interpreted as

sedimentary rock and/or rhyolitic esh-flow tuff,
INTERPRETATION OF THE HEAT FLOW DATA

The heat floﬁ pattern (Figure i) is basically symmetfical about
the_axis of the weétern Snake River Plain. Heat
flow values of about 1.7 HFU are found in the center and : )
heat flows of.2.5 HFU or greater are characteristic of the margins,
At a distance of 35 km from the northern margin heat flow drops to
about:Z.O HFU. There are no heat flow measurements further than 30 km
from the southern margin expépt‘values in north-central Nevada 100-
150 km away. fhese values are generally high_and are part of the

Battle Mountain zone of -high heat flow (Sass and others, 1971).

Crustal Thermal Model. A two-dimensional crustal model of the western

Snake River Plain consistent with geophysical and geological data is

shown in Figure'Z. It is based on the following data. The Cenozolec rock units i
the Snake River Plain are mainly sediments, vesicular basalts, aund

silicic ash flows (Malde and Powers, 1962).
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The poreosities of most rock units are high and mineral‘thermal con-
duetivities are low to moderate so that the observed values are L + 1,7
3 1+ 1, and 4.5 T 0.3 m;al/cmsecoc for the basalts, sediments and silicic
volcanics respectively.. The basalts and sedimentary units are represented by a
generalized 6 km thick layer of low thermal conductivity (3.0 TCU,‘

I TCU = 1 millicalorie/cm-sec=-°C) whiéh is 60 km wide. Welded tuffs,
non-vesicular basalt and/or the thin remaining granitic crust are
interpreted as a 4 km layer of higher thermal conductivity. The -
thermal conductivity measurements of the graniﬁic corés from the Idaheo
batholith range between 6 and 7 TCU (Brott and others, 1978) so the
assumed thermal conductivity for the rest of the model is 7 TCU,.
Swanberg and Blackwell (1973) determined the average heat production

of phe Idaho batholith to be 3.3 BGU. The twe 10 km thick layers with
.heat productibnlof 3.3 HGU on each side of the layer of low thermal
conducﬁivity are Interpreted as normal crust on the borders of the
western Snake River Plain. The heat production of the Cenozoic rocks

in the Snake River Plain is probably less than 1 HGU and is ignored

in this wodel.

A regional thermal anomaly is postulated to be related to disr@ption
pf the continental crust during formation of thg rift structure, The
therﬁal anémély is modeled as .a large mafic intrusion emplaced during the

_1até Cenozoié. The size of the mafic intrusion was determined from seismic
and geological data. Hill and Pakiser (1966) interﬁreted seismic data to

: indicate that the lower crustal unit under the Snake River Plain is
21 to 28 km thicker than the lower crust under the Basin and Range

province and that the top of the lower crust is about 10 km deep
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below the western Snake River Plain. This additional thickness of
28 km is assumed to be  the thickness of the mafic mass which begins at
-a_depth of 10 km. The southern eand of the intrusion was determined
to be 66 km-from the cénter of the Snake River Plzin from seismic
data. The northern edge of the intrusion was determined from a geo-
logical map tRosé and Forrester, 1947y which shéws surface outcrops
of late Cenozeoic basaltic lava flows approximately 20 Km north of the
northern margin of the Snake River Plain. These basaltic_lava flows
are assumed te mark the northern edge of the intfusion (50 km from
the center of the Snake River Plain). The size of the intrusiom is
very large, but the intrusion probably occurred as.several.smalle:
intrusions over a short’period of time, and the "intrusionV is
probably a mixture of refraétory'crustal material and iﬁjected material of
basaltic composition, The mafic intrusion is represented as an
instantaneous heat source (IO,km-below the surface, 28 km thick, and
116 km widé) with an initial temperature of 1350%c. The initial
temperature of the heat source is based on a 1050°C melting tempera-
ture for a molten mafic ihtrusion plus an additional‘BOOUC to allow
for the latent heat of melting (see Jaeger, 1965). The actual in
gitu initial temperatufe of the body is the differencehbetween the
temperature at g ome peint from the steady-state model and 13500C.

The mantle heat flow is represented as a constant heat

~flew of 1.4 HFU into the base of the model,
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_Heat FloQ Solution. Thg solution of the model was accomplished in
two parts. First, & steady-state soluﬁiqn for the model shown in
-.Figure 2 without the maficlintrusion was calculated. The heat flow
profile of the steady-state solution is shown in Figure 2 and Figure 4
(188). Second, the instantaneous heat source was placed in the
steady-state sclution g;heminitié] condition); Time transient sclutions
.were obtained for 5, 10, 15 and 20 million years efter emplacement

of the mafic intrusicp and the heat flow prsfiles for these solutiéns
are shown in Figure 2. A finite difference program was used to
obtain tﬁe solutions, Symmetry was assumed about the center of the $nake Riv
Plain so the model was divided into two parts and the northern and
southern‘halves of the model were calculated separately.

The calculated heat:flow rrofiles (Figure 2) which are

meost consistent with the observed heat flow data (Figure 1 are the

10 ané 15 million year profiles. These profiles show thgﬁ the heat
flow ranges from 1.3 to 2.0 HFU in the Snake River Plain and 2.8 to
3.3 HFU on the margins. These two ages approximately bracket the

age range of the silicic volcanics in the western Snake River Plain

(9 to 13 million years, Armstrong and others, 1975).

| A diagrammetlic cross section across the western Snake ﬁivér
‘Plain based on the thermal ﬁoael (Figure 2) is shown in Figure 3.
Figure 3 is an attempt to put geological flesh on the bones of the
thermal model in Figure 2. The 250, 500, 75Q, and 1000€g isotherms-
obtained from the 12.5 million year solution are shown on the crosé

section. Indicated on the cross section is the thickening of the
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lower crust and the thianning of the upper crust below the western

Snake River Plain. The additional thickness of the lower ecrust under
/fhe‘Snake River Plain is assuméd to be part of‘the large mafic
intrusion; The Cenozole volcanic and sedimeéntary rocks are shown to
- be abou£ 6 km thick in the Snake River Plain. The 4 km thick layer under the
Cenozoic rocks may be pre-Cenczoic upper crust or Cenozoic igneous
units, The granitic rocks of the Idaho batholith along the northerq‘margin
and granitic rock on the southern margins of'fhe Snake RiverlPlain are.'
identified with the uppér 10 km of theupper crust."

The 6 km depth to the bottom of wvolcanic and sedimentary rocks

is based on the seismic refraction data. The upper 3 km of recks is
koown .from the results of deep drilling. Near the center of the

western Snake River Plain along the Idaho-Oregon border a well was
drilled to a depth in excess of 3.5 km and remained in Cenovzoic Tocks

to the bottom (Bowen and Blackweil, 1975). Only about 600 m of

Columbia River (Owyhee) basalt wés encountered in the well (beginning

at a.depth of 2 km below thé surface). fhe_well included about 1 km
total thickness of basalt with the remainder of the section composed

of sedimentary and siliciec-volecanic rocks. Thus “Cenozpic Volcanic
rocks" of figure 3 include an unknown propertion of basalt to silicic
volecanie rocks.

Observed geothermal gradients and heat flow Qalues are plotted

_in Figure’B with curves showing fhe surface‘gradient and heat flow
profiies from.the 12.5 million year model solution. In general the

correspondance between the calculated and observed gradients and
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heat flow is good. The heat flow curve shows less scatter bécause

the thermal conductivity in the different wells is not as uniform as assumed i
‘the model of Figure 2,Ihoweﬁerg the .gradient curve.is shown to illustrate that
although there is a discontinuity in heat flow of the Snake River

Plain margins due to the thermal conductivity contrast, the geothermal

gradient, {s continuous across the boundary.

Other Heat ¥Flow Models. The observed heat flow pattern is somewhat

vnexpected because the Snake River Plain, the wajor téctoqic and
volcanic featu;e, has lower heat flow than its margins. In this
section we will consider some alternétiye explanations of the heat
flow data to the model discussed above . ' The low
(relative).values of heat flow in the center of the Snake River Plain
cannot be caused by heat transfer in é ma jor aquifer system -because,
as mentioned above,.there is.no such system. Tocal circulation
effécts are probably responsible for some of the scatter in heat flow
values, but no régional effect is present.

‘The western Snake River Plain is underlain.by'a thick sequence
of sedimentary and volecanic focks and it might be supposed that the
heat flow at the surface is artificially low because of the sedimenta-
Vtion effect,  However, it is doubtful that the classical models of
the thérmal effect of sedimenfatibn (Benfield, 1949) apply tc the
western Snake River Plain. The extensive volcanism and probable
inﬁrusive activity with induced extensive hydrothermal convection

and the extensive upward flow of water expelled during compaction of
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the sediments have an unknown effect on the history of thermal
regime im the basin. Because of the uncerteinty of the boundary con-
ditions, thermal effects of the many possible assumptions, étc., no
sedimentation correction has been applied to the data.

A more serious uncertaint& in the thermal model is the radio-
active heat generation of the upper crust beresth tﬁé Snake River
Plain., If a granitic crust similar to tﬁe.Idaho batholiith underlies
the rift then the predicted steady-state heat flog would be about
1.7 HFU {l1.4 HFU mantle heat flOW'PlUS gabout 0.3 HFU from crustsal
7 radiocactive heat generation) and no anomaly except a marginal refracticn
ancmaly would be present. This mﬁdel is shown in Figure 4, an
expanded version of the heat flow curve from Figure 3. Model 1 is the
12.5 million year curve from the model shown in Figure 2 and Model 1 - S8

- 1s the steady-state heat flow from the model in Figure 2,

excluding the heat flow from the mafic body and assuming that the
graben has beén_present for a2 long time. Mpdel 2- 55 shows the effect of
adding & block of material 10 km thick with a heat generation of 3.3
HGU below.the low thermal conductivity unit extending to a depth of
6 lm in the Snake River Plain, As illustrated this modél does not fit
the observed heat flow data as well as Hodel 1. The hardest data to fit
witﬁ this sort.of médel are those indicating a systematic decrease in
heat flow over a distance of 30 km or more away from the margin,in the
granitic rocks. |

We believe that the geological and geophysical data support a
model similar to Model 1 as opposed to a model such as Model 2.

It is hard to imagine the formation of the Snake



‘River Plain, extensive silicic voleanism, and the complete modifica-
tion of the lower érust without & significant thermal event éf the
type suggested here. The effect of some amount of crustal radio-
gctivity would wmodify the observed surface héat flow in the opposite
direction from the sedimentation effect. Thus these two effects may
cancel each other to first order and this possibiiity is an additicnal

justification for exclusion of both effects in Model 1.
DISCUSSION -

Western Snake River Plain Model. . The model presented in Figures 2

and 3 is a &ery simplifiedrone, but is consistent with most pertinent
data, The western énake River Plain is modeléd as & sediment and
voleanic fillled rift in the continental erust which originéted 10-15
miilion years ago associﬁted with a crustal scale thermal event. The
age of the thermal event as determinéd from the models is in #ery
good agreement with the age of the silicic volcanism in the western
Snake River Plain. - If the silicic volcanics are related to large-
scale partial melting of the lower crust during formation of the rift
and/or emplacement and differentiation of the thermal source (possibly
a large mafic intrusiom) the thermal model is in remarkable agree;
"ment with the geological data.

In this model the highest heat flow values are due to the modifi-
cation of the anomaly from the thermal source by the inhomogeneous
crustal conductivity and the refraction of heat into the higherrcon-
ductivity margins. This effect is clearly illustrated by the twe anomaly

curves plotted in Figure 3 (see also the enlarged
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version in Figure 4). The highest gradients are. in the center of
the Snake River Plaiﬁ; but the highest heat flow valueg‘are at the
margins in the granitic rocks. The highest heat flow valﬁes
predicted by this regional model are abgut 3.0 HFU in the grauite
vhere it contacts the low conductivity vift sediments and voicanics.
The heat flow distribution'aiong the margins of
the Snake River Plain is simillar in magnitude and width to the strip
anomaly identified by Reiter and others (1573) along the western
:margin of the Rié Grande Rift. It is péssiﬁle that the regional ancmaly
there 15 also primarily due to the combined effect of a heat souréé and to
refraction on a crustal séale rather than presence of many lﬁcal heat
50UrCes.

Beveral values much in excess of the predicted heat flow are
fouﬁd-along the southern (2) and northern (1) margins and
one value of 3.0 HFY is found in the center of the Snake River Plain. The
- reglonal model presented predicts temperatures in excess éf 250°C within the
sediments and ydlcanics at depth in the rift and it is reésonable to
suggest that where suitable strﬁctures exist hydrothermal convection
will occuf with resulting very high local heat flow values. Ross
{1971) describes many-thermal wells and sﬁrings in socuthern Idaho
and many of these are concentrated aldng the margins of the Snéke
River Plain where méjor faults occur. Speclfic examples of this
type of feature are the Cow Hollow anomaly néar vale, Oregon (Bowen
and Blackwell, 1975) and ;he Boise Front geothermal system (Applegate
and others, 1975), Although at any one ‘point along- the Snake River Plain
sillicic volcanism has been limited in time, basalticlvolcaﬁism haé
continued over a much longer period of time, So some local shallow

heat sources may also be
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- present assoclated with the very young basalts which are common in
the Snake River Plain. The model presented is a regional one and
does not attempt to include these local, but geothermally significant,

anomalies,

Fastern. Snake River Plaiju. If the major thermal event in the western

Snake River Plain is dated by the age of the silicic volecanics, fhen
this\thermal event may be present in s@ccessively earlier stages in
the eastern Snake River Plain. In tﬁis case the heat flow curves of:
different ages in Figure 2 can be félated geographically with portions
of the eastern Snake River Plain.

Brott and others (1976) reporfed low heat flow values in the
center of the eastern Snake River Plain (lesé than 1.0 HFU) and high‘
heat flow values on .the southern margin of -the eastern Snake River
Plain (4.0 HFU or higher near Rexburg, Idaho and 3.0 HFU or higher
near Burley, Idaho). The low heat flow values in the eastern Snake
River Plain were obtained from shallow wells located in and over the
Snake River Piain Aquifer. The discharge of the Snake River Plain
aquifer (with a coefficient of transmissibility.of 1-173 million
liters per day per méter) is 183 kilpliters per second and occurs
primarlly at Thousand Springs located near Hagerman, Idaho (Mundorff
énd others, 1964). The low values of sﬁrface heat flow in the
eastern Snake River Plain are caused by_transpbrt of heat laterally
“through the aquifer-by rapid water flow. Deep wells which pémetrate
through the aquifer are needed to obtain a reliable heat flow value.

. for the eastern Snake River Plain.



20

Although the heat flow data are lacking in the eastern part
of the Snake Rivef Plain for reasons described above, there is a-
systematic Erend in topograpﬁy that is consistent with an eastward
time progressive thermal model. A plot of elevaﬁion versus distance
from the western end of the Snake River Plain is shown in Figure 5.
Elevation points are plotted at every lSQ m of heigﬁt\difference in.
the western two-thirds, aﬁd every 300 m of height difference in the
eastern'one—third,of‘the Snake‘RiVEr Plain . Tﬁe data indicate é
.gradual increase from abouﬁ 750 m at the west end of the profile near
the Oregon-Idaho border to‘justlover 1500 m near I&aho Falls, a dis-
tance of about 500 km., COver the last 130 km the elevation rises

more rapidly to an average elevation of almost 2500 m in.Yellow—
- stone Natlonal Park. The heavy line drawn throﬁgh the points is a
six;h order polyﬁomial fittéd_to the elevation poiﬁts. In general
the points below the line are'areas where the Snake River has cut an
ﬁndsually broad canyon and the areas above the line are areas where
there are thicker sections of ydung basalt volcanics.

Superimbosed on the same pldt are the heat flow values as a function of
distance from the model discussed above (Figure 2) based on two different
assumptions. | The heat f£low data have been scaled so that' the
heat flew and elevation curve§ can be directly compared. The first
heat flow-distance model is-shown as the heavy horizontal barred
lines connected by a dotted lime whicﬁ is & fourth order polynomizl
fitted to the barred lines. Thelhorizﬁntal location of.any particular

heat flow was determined from the time of onset of silicic wvolcanism



at any position along.the‘Snake River Pléins as discussed by Armstrong
and others (1975); The approximate location of the various ages of
voleanism afe shown along tﬁe bottom part of Figure 5 by heavy
horizontal barred lines coanected by a dotted iine which is a fourth
order polynomial fitted to the observed ages. The heat flow values

at the various times from-the dates ofrsilicic volcanism were obtained
from the solution shown in Figure 2 and are plotted over the same
rauge of lateral distance as tﬁe exposure of a particular dated volcanic
unit (see Armstrong auad others, 1975, Figuré 2). The da#hed line iﬁ
the upper graph is . heat flow as a functign of distance assuming -
that the ﬁhermal event moved eastward at a coﬁstént speed beginning

at 18 M.Y, agé in Oregon and arriving at the_eastern-Edge of Yellowstone
2 M.Y. ago. Ages corresponding to the dashed heat flow
curve are also shown at the bottom of the Figure 5 as a dashed line
and the location of several towns along the section are shown below
the figure. Wé assume throughout this discussion that the elevation
différences are related to . thérmal expansion and phase changes
associated with the heating uﬁ of the crust and upper mantle beneath
the Snake River Plain.

| The heat flow curve based on the ages of silicic volecanism
rises iess steeply than thé elevation at'fifst, but at approximately
the position of Idaho Falls it begins to vise more steeply than the

. elevation. Both the elevation and heat flow cﬁrves show an

inflection point : near the position of Idaho Falla.
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This type of use of the‘age data ié perhaps too literal,

however. The sources of most of the dated tuffs are not known
because the source areas are buried beneath tﬁe youngef sediments

and basalts in the center of tﬁe Snake River Plain. Furthermore older
or younger.silicic'units may ouce hgve-beenrprESent at any place

- 2long the system, but may not be exposéd because of younger cover

or because they have been eroded away.

As an alternative to a_literal interpretatibn of fhe volcanic
age data a second heat flow quel-is also presented. This second
model is based on the assumpticn that the e&stward pfogress of the
thermal event was more uniform than indicated by the age data. The
heat flow in ﬁhis modél increases smoothly from west to east (dashed
curve in FJ;.gure 5). 'This heat flow curve could be used to predict
the elevétion at any point along the Snake River Plain within 200 m
over an eleﬁaticn range of 1700 m. It does not, however, show the
inflection in the vicinity of Idahé falls that both. the elevation and
volecanic age heat flow modéels show.

The correlation of the prédicted heat flow and elevation is-
so close that we can conclude with some c;ftainty that
a time progressive thermal model, as well as a time progressive
volcanic episode is applicable to the evolution of the Snake Rivér
Plain. Based on the correlations discussed here we would predict
-a doubling of the fegional 5eat flow iﬁ'the Snake River Plain from
west to east and a regional heaf flow of the area from Idaho Falls
to the Idaho-Wyomiﬁg border of from 2.5 to 3.0 HFU (the corresponding

gradients would range from 85 to 100°C/km).



The thermal model described in this paper for the Snake River
Plains is of cecurse far from unique and other models could be devised
to fit the data. Especially in the applicationrof.very young times
it cannot be taken liﬁérally. The_initiél conditions assume ‘that the
graﬁeh has been iIn existence for a,iong time before the emplacement
of the thermal event. In the actual situvation, if the Yellowstone
system 1s the model for the first few million years of the modél, therel
must be a significant period of time (several millions of years) before
the graben developes, and the thermal effect of the rhyolitic volcanies,
and the probable underlyihg granite batholith are insignificant.

Correlations be#ween elevation and heat flow have been well
established for ocean-spreading syétems (Sclater and Francheteau,

1970; Sclater and others, 1971, and subsequent papers). ‘while corre-
lations betweenrheat flow and elevation for continents aré.probable
their illucidation has proved difficult and the data presented here
probably represeut the clearest example of the reiationship so far
described. In the Snake River Plain a surface elevation aifference of
‘about_1700 ﬁ is observed to corfelaterwiﬁh a heat flow wvariation from

about 1.7 HFU to 3 + HFU. However, it is clear that an empirical
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relationship between elevation and heat flow derived for the Snake River

Plain cannot be directly used for the western United States as areas
of much higher elevation than the western Snake River Plain have

lower surface heat flow {the Colorado Plateau, for example),



Furthérmore, alﬁhough the surface elevation changgs'by l?OO'm,V
the elevation change of a given geclogic horizon may not be the
same, TFor éxample, the top of the silicic volcanic sequence 1s
exposed in Yellowsteone and is buried over 2 km below the surface in
the western Snake River Plain (Bowen and Blackwell, 19}5) implying
a total elevation change of up to 3.7 lm. This elevation differencei
is too much to be associated soiely with thermal expansion and phase
changes in a 50 km or 86 thick‘section of the earth'sroutef surface;
Obviously as the surface subsides, deposition of sedimentary and
additicnal voleanic rocks into the depression causes additional
subsidence. In view of the simplicity of the‘thqrmal‘mpdel it &éés
not seem profitable to attempt to draw quantitatiye crustal stvuctuﬁe_
heat flow, and elevation relationships at this time as has been doné_
for the oceans. As further gecphysical and gecthermal .data are
obtained the further implications of thé elevation-heat_flow,model‘

can be discussed.

Implications of Heat Flow Modgl; The regional thermal anomaly of
the western Snake River Plain verifies that itS origin

waé a major crustal tectonic and thermal event. Simiiar heat flow
ancomalies due to major crustal heat flow ref;aétidn and eﬁpfa?emeht
of high temperatures in the lower and middle cfust may exist im the
western United States, but the western Snéke River Plain heat figw
‘pattern is the best documented. Other places whére similar ancmalies
might exist are in the Imperial Valleylarea of séuthern California

(Combs, 1971) and in the Rio Grande Rift of New Mexico*(Réiter and
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others, 1973). Similar, but smaller scale, thermal refraction and

thermal emplacement anomalies may also occur associated with many

Basin aad Range grabeﬁ—horét structures.

It is probagle that the regional heat flow.is much higher in

the eastern Snake River Plzin than in the weétern area &escribed in this

paper. The high heat fléw values predicted have imporfant téctonic

anﬂ geothermal implications. A very interesﬁing reéional elevation

versus heat flow :ela:ion:for the Snmake River Plain is implied by the

thermal model and 6bsefved elevation differences from east ﬁo west

along the Snake River Piain. ~The existence of the time'sequen;e will

allow a studylof all stages of the fo;maticnraﬁd evolution of ;he Snake River
‘Plaiﬁ from its véry incepticon (pozsibly now represented by the Yellowstone

Plateau) to a time of 10-18 M.Y. since its inception tat the western

margin). |

Based_on the data and mgdels-discussed in this.paper we c¢an

describe a time progressive seqﬁencé of events for tﬁe histofy of the

deveiopment of the Snake River Plain at any one point along their

length, Consider for'example the Oregon-Idahd border area. Beginning

about 18 M.Y..ago a large outpouring of rhyolitic ash flowé, associated

with regibna1 uplift of several hundred metexs aéove the-surrounding

terrain, caidera formatioﬁ at the sOgrce of the extrﬁsives, large

scale hydrothermal activity, etc. occurred. After a few million years

the scene of the rhyolitic volcanism was located a few tens of kilome{ers‘

to the east, the site of_driginal activity has- subsided 500 m or so in

elevation, and the caldera system has been flooded by basalts,
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Over the next few million years the eastward movement of the volcgﬁic
centers and the subsidence of the older centers continued. The
original centér is _ coﬁtinuing-locus of basaltic voicanism'a;d_
focus of thick sediment accumulation because thg
area is now lower in elevation than the surrounding terrain. The
proportion of crustal rif;ing‘in the development of the system is
unknown, but is probably large..

The identification of the mechanism for large changes 'in elevation).
once the thermal ané volcaﬁic event has passed, ssrthérmal contraction
has important and testable consequences, Féf'exémple the‘régional
warping which is so wildely described (Kirkham, 1931;lMcIntyre, 1972)
yet which appears not to be assoclated with seismic activiﬁy_(Penqington
and othefs, 1974) is easily expléingd.

The very high heat flow values predicted for the younger part
of the Snmake River Plain have important geothefmal conéequences.‘_lt'is
ﬁnlikely that conductive.heat flow on a regional scale will reach -
values much in excess of 2.5-3,0 HFU before hydrothermal convection becomes an

important or even _ dominant heat transfer ﬁecﬁaniSm. Hénce, & consequence
of the ;hermai model presegted here is that there should be many active
geothe;mal systems in the eastern Snéke River Plain where the aéé of in-
ception oﬁailiéic volecanism ranges from 5 to 0.6-million-years. .The
area must thus represent an important geofhermal resource area.

Because of the crustal hgat flow anomalies whicﬁ dominate the
surface heét_flow pattern, any mantle heat flow anomaly from a ﬁan;le
hot spot (Smith and Shar, 1974) or other deep seated‘ﬁantle effect
which might underlie tﬁe Snake River Plain caunnot be identified.

North of the Snake River Plain in the Idaho batholith, there.is at
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the present time no conclusive evidence of mantle heat flow in excess

of the normal CTAZ value of 1.4 HFU. South of . the Snake River Plain

there is a large gap in the heat flowrdata. About 100-150 km to the

south typical heat flow values are 2.5-3.5 UFU in the Battle Mountéiq
region of northern Neyada (Sass and others, 1971); Ages of volcanic

rocks in the area of the Battle,Mantaiu "high' are generally in excess of
10 M.Y. and there are extensive exposures of pre-Cenozoic bésement in

the ranges. " Thus the profound‘cfustal disruption which occurred in

the Snake River Plain has apparently not occurred in north central

Nevada and application of a model similar to that shown in Figure 2

does not seem appropriate for anj less extremé model. In spite of this, h0wev
two mést likely possibilities are that a m&del similar to Figure 2 may

be applicable, or tﬁé pfeéently observed heat flow data may be strongly

biased by proximity to hydrothermal convection systems. Only more data

~in the area of the Battle Mountain '"high" and between the Battle Mountain

"high'" and the Snake River Plain can resolve the nature of the regional

heat flow in these large areas. Such data is crucial te understanding

the regional setting of the Snake River Plain and the geothermal

potential of the northern Basin and Range Province.
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TABLE 1. HFAT FLOJ DATA 1IN 5OUTHWEST IDAHO

7 . Thermal Heat Flow
_ Interval of Geothermal Conductivity microcalories
North - West Gradient Gradient miliicalories cml-sec

Latitude Longitude . (meters) (°C/km) cm-sec-°C  uncorr. corr. Reference
43950" 116°15" 5-150 60.2%0.2 6.57F.09 i1 4.0 A
43947! 115951 120-590 26.010.0 7.23%.51 1.9 2.0 - A
430472" 115°41" 190-245 21.0+1.1 8.71 1.7 1.9 A
43939.4" 115017.0" 10-88 25,7%2.3 ' 7.23%.25 1.7 1.7 C
43033.57 116°21.8° 63% AQ.O(A0.0—Sl.O)b 3.47 - 1.7(1.4-1.8) A
43032.8" 116°17, g 20-30 11.0%1.0 4.7310,08 0.5 A
43032.8" 115°926.6" 10-122 29.,312.1 : 8.311.18 2.3 2.0 C
43923, 3" 116014, 1t . 12-30 32.6%4 .3 3.40 1.1 A
43023,1" 115°42.9' 10-11%17 283.1+2.1 8.56%.07 2.2 2.3 C
43219,2' 115020.86" _95-150 46.710.5 : 6.30F,05 . 3.0 2.9 A
43017.8" . 11s5049.8° 588 55.0(55.0—73.0)b 3.45 1.9(1.9-2.5 ‘ A
43015.6" 115958.6" 1609 42.0(37.0-42.0)b 4,62 1.9(1.7-1.9) A
43016.2' 115957.2°7 1458 '&0.0(36.0—42.0)b 4.62 1.8(1.7-1.9) A
43914, 8" 116935, 3" 45-125 51.0%2.9 3.96 2.0 A
43914.5" 116918. 6" 15-30 62.7+3.5 4.76 3.0 A
43015.5" 115942.2' 52028 49.0(43.0-86.0) 3.49 - 1.7(L.3-3.0) A
43915.2' - 115932.77 ' 10-30 C24.7%2.0 5.47 S 1.4 A
43012.8" 116031, 3! 1608 43.0(33.0~53.0)b 3.48 1.5¢(1.1-1.8) A
43913.1" 115954, 3¢ 902 3830(38.0—6D.O)b 4.58 1.7¢(1.7-2.7) A
43012.37, 116031.8" 3584 Q3.0(34.0—60.0)b 3.48 1.5(1.2-2.0) A
43°9312.0' 115931.67 g3a 38.0(31.0—44.0)b 4.58 1.7(1.4-2.0) A
43911. 3" 116%43.1° 2528 47 6,60 3.1 B
43910, 9° 115054.5° 8oa - 51.0(51.0-113.0'b 3.29 1.7¢(1.7-3.7) A
43°07, 8° 115949,8" . 1902 66.0(66.0-91.0) 2.68 1.8(1.8-2.4) A



North
Latitude

43°05. 0’
43004.7"
43004, 5"
43062, 47
43001,1"
42057.6"

42954, 2"
420541
42049,5!
42048. 31
C 42944, 3"

_(a) The depth of the well measured instead
(b) The best value and the lower and upper

West

. Longitude

115942,
115939.
115039.
116°17.
116%47.
116916.

1169G4.
116°04.
115°59,
116924,
116°19.

OI
7!
27
2!
81‘
lT

6!
61
5!
3!
9\‘

Interval of
Gradient
{(meters)

v

15-30
119a . .
798
18-30
1 130-390
8-15
18-32
602
552
13-30
2528
13-20
23-32

had large disturbances.

References:

TABLE 1. CONTINUED
Thermal
Geothermal Conductivity
Gradient millicalories
(°C/km) clm-sec~0C
43,7441 LGBt 13
62.0(44.0-81.0)° 2.72
63.0(63.0-82.0)P 2.69
45.6%11.26 3.65%. 21
52.310.9 5.16%.21
174.7+11.6 2.29
124.6%3.8 3.33
54.,0(46.0-90.0)P 2.96
57.0(44.0-112.0)P 2.96
110.7+11.8 3.01F.01
31 7.0
153.9%7.3 2.30
77. 4.32

A. Brott, Blackwell, and Mitchell (1976).
BE. Urban and Diment (1975). 7
C. Blackwell and Brott (unpublished heat flow values).

3t1.1

of the depth interval.
limits on gradient in cases where

-

-

Heat Flow
microcalories
cmé-gec ,
uncorr. corr.
1.5
L7(1.2-2.2)
LI(L.T7-2.2)
1.7 :
2.5 2.6
4.0
&.1 -
L6(1.4-2.7)
L7(1.3-3.3)
3.3
2.2
3.6 3.5
3.5 3.3
the gradient

Reference

> > o
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Tigure l: Generalized heat flow map of southwest Idahe. The heat
flow values with the superscript (?) are preliminary values from
Blackwell and Brott (work in progress) and the values with the
superscript (b) are from Urban and Diment (1975). Other values are
from Brott and others (1976). The geéology is after Ross and
Forrester,(1947). The inset map shows the location of the study
area with respect to the state of Idaho. The location of the heat
flow site is at the decimal point of the appropriate number.
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FTigure 2: Heat flow model and calculated heat flow profiles

for the western Snake River Plain. The low thermal conductivity
layer (3.0 TCU) is interpreted as Cenozoic volcanics and
sediments. The heat production layers (3.3 HGU) are interpreted
as upper crustal granitic rocks on the margins of the gpake River Plain.
The large block with initial temperature of 1350°C is interpreted
as a large thermal event, possibly a large mafic intrusion. The
"thermal event" 1s probably the result of a complex seguence of
intrusions which were intruded within a short period of time.

The constant heat flow (1.4 HFU) at the lower boundary of the
model is the assumed mantle heat flow. Heat flow profiles at

5, 10, 15, and 20 millicn years after the emplacement of the
‘thermal source and a steady-state profile of the heat flow pro-
duced by the heat production layer and constant heat flow at the
lower boundary are shown above the model.
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Figure 33 Diagrammatic cross-section of the westexrn Snake
River Plain including geothermal gradient and heat flow pro-
files. The observed values for the gradient and heat flow

are circles and the solid lines on the profiles are from-
the 12.5 million year solution of the model in Figure 2., 250,
500, 750, and 10009 isotherms are shown on the cross-section
(obtained from the 12.5 million year solution). The Cenozoic
volcanic rocks shown in the section include an unspecified
proportion of basalt versus silicic ash flow units.. The opeﬁ
~circles are measured in volcanic and sedimentary rocks and the
solid clrcles are measured in granitic rocks.
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Figure &4: Three thermal models for the western Snake River Plain,
Model 1 is the 12.5 M,Y. sclution for the model shown in Figure 2.
Model 1 85 is the steady-state sclution from Figure 2. Model 2 58
does not include the mafic intrusion but does include a 10 km thick
3.3 KGU layer below the grazben., The observed heat flow data are
alse shown, The + clrcles are observed heat flow values and the
gsolid circles are heat flow data from granitie rocks.
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Tigure 5: Elevation,predicted heat flow,and age for the Snake
River Plain. A sixth order polynomial fit to the observed
elevations (circles) is shown as the sclid line. The heat

flow model with ages given by'siliéic volecanics is shown as the
horizontal lines connected by dotted curve (a2 fourth polynomial
fit). The heat flow model assuming constant velocity of the
thermal event is shown by the dashed curve. The corresponding
ages for the two heat flow models are shown in the lower graph
and the position of some of the towns and Yellowstone are shown
across the bottom. The dashed line is the ages assuming constant
velocity and the dotted line is a fourth order polynomial fitted
to the observed ages of silicic volcaunics.
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