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To ny mnd no single outstanding problemis nore inmportant for
under st andi ng of geol ogi cal processes than the problem of the

di stribution of temperature throughout the upper 100km or so, as
dependent upon such factors as tine, sedinmentary cover, and
deformati on; and probably no geol ogi cal or geophysical problem
has resisted solution nore stubbornly. The principal difficulty
is our ignorance of the distribution of the radioactive heat
produci ng el enents. W have no difficulty in finding possible

di stributions, consistent with our neagre observational data. But
none of the possible distributions really inmposes itself as

concl usive. The differences between the possible distributions
with regard to tenperatures are very great, and probably entirely
di fferent geol ogi cal processes would have to be invoked for sone
of the nore extrene types. Thus, every concei vabl e nethod of

i ntroducing further restrictions on the possible distributions
requires careful study.*

The correlation of heat flowwith the radioactivity of surface
rocks, as first proposed by Francis Birch, has done nmuch to
clarify the patterns of continental heat flow and, as an
addi ti onal dividend, has raised interesting questions about the
vertical distribution of radioactive elenments. It now seens
possi ble to establish the regional heat flow pattern for a whole
continent with a few dozen nmeasurenments properly located with
respect to know edge of basenent radioactivity.

Results of nmeasurenents in the United States are presented
inthe formof a map of reduced heat flow. In nost of North
America east of the Rocky Muntains and north of the Gulf Coast
geosyncline, large variations in heat flow at the surface are
attributed entirely to variations in the radioactivity of the
upper crust with a uniformflux fromthe | ower crust and upper
mantle. This portion of North Anerica has been stable since the
Triassic or longer. It is suggested that the sanme rel ationship
bet ween heat flow and radioactivity will be found on stable
portions of other continents. The nbst proninent feature on the
map is the large region of high flux generally follow ng the
North Anerican Cordillera. Snaller regions of abnormally | ow heat
flow are found in the Sierra Nevada and Peni nsul ar Ranges. Hi gh
val ues are found in the Franciscan bl ock east of the San Andreas
fault and normal values in the Salinian bl ock west of the San
Andreas fault. Transition zones between provi nces have been
studied in six places. Al are narrow (less than 100 km wi de),

i mplying a shallow depth to partially nmolten upper mantle in the
hi gh heat flow provinces, with cold roots under the regions of
abnormal Iy | ow heat fl ow

Considering these facts in terns of the concepts of plate
tectonics, we feel it is possible to explain zones of abnormally



| ow heat flow on the ocean side of regions of high heat flow, if
the low heat flowis attributed to transient cooling by recently
overri dden portions of a cold oceanic plate. Subsequent warm ng
of the subsiding block to mantl e tenperatures combi ned with heat
sources in the oceanic plate would lead to partial nelting in a
fewtens of mllions of years. Upward convection of partially
nmolten material would soon result in the high tenperatures near
the base of the crust that are necessary to explain the heat flow
di stribution observed at the surface.

*Birch (1947a), p. 793.
| NTRODUCTI ON

Birch's discussion in 1947 properly enphasi zed the i nportance of the
di stribution of radioactive heat-producing el enents to understanding the
tenmperature field in the outer part of the earth and the mjor tectonic
processes that are driven by thermal energy. Heat flow at the surface is the
observati onal boundary condition that all acceptable thermal nopdels nust
sati sfy. Throughout his career, Birch has placed a high priority on obtaining
addi ti onal measurenments of heat flow and investigating the various factors
t hat rmust be considered in reducing raw heat flow data to a common base
suitable for regional conparisons. These investigations have included
anal yses of the corrections required for subsurface tenperature effects of
topography (Birch, 1950), flowing water in drill holes (Birch, 1947h),
climatic variations (Birch, 1948, 1954a), geol ogic evolution (Birch, 1950;
Birch, Roy, and Decker, 1968), the thernmal properties of nmajor rock types
(Birch and O ark, 1940), and the significance of conmbi ned studies of heat
flow and radioactivity (Birch, 1947a, 1950, 1954b; Birch, Roy, and Decker,
1968; Roy, Blackwell, and Birch, 1968).

As a result of the work of the |ast decade, we now believe that there
is sufficient information to provide prelininary answers to sone of the
i mportant questions raised by Birch. The effects of climte, culture,
t opography, and hydrol ogy can usually be regarded as secondary corrections to
i ndi vi dual neasurenents of heat flow, whereas variations of geologic history
and basenent radioactivity are nore fundanental. Exanples of a few secondary
corrections are given in the follow ng section, but our aimin the bul k of
the study is to sumarize the broad scale inplications of results obtained
fromrecent studies of heat flow and radioactivity on the continents.

VEASUREMENTS | N SHALLOW HOLES

Prior to the early 1960's, nost heat flow neasurenents were nade in
tunnels, oil wells, and holes drilled for mneral exploration. These
nmeasurenents were few in nunber; each was treated with considerable care; and
out of these studies came the standard corrections for topographic
irregularities, uplift, erosion, climtic changes, drilling disturbances, and
the Iike. Experience in working with data fromholes drilled for mneral and
oi | exploration suggested that the majority were badly disturbed in the upper
few hundred meters with irregular, even negative, gradients, which rendered
that portion of the hole unusable for heat flow neasurenents. Thus attention
focused on cored exploration hol es deeper than 200 neters, where |ong
segnents of “undi sturbed” (at |east consistent) tenperatures could be
obt ai ned and the upper portions could be ignored. Wth the advent of drilling
for heat flow studies this disturbed zone received closer scrutiny, and it
can now be denpnstrated that nost of the problens arise fromthree basic
causes: (1) novenment of ground water up or down a hol e between previously



unconnected fracture systens or aquifers; (2) changes in the nmean annua
surface tenperature resulting fromactivities of man that cause transient
di sturbances to underground tenperatures; (3) tenperature anonalies at the
surface resulting fromcontrasts in vegetation that lead to steady-state
di sturbances to underground tenperatures.

An exanpl e of disturbed tenperatures resulting fromwater novenment in a
hole is shown in Fig. 1. In this case, there was artesian flow at a rate of
approxi mately 30 gal/mm This problemcan usually be overcone by installing
casing and filling the annul us between pipe and hole with a chem cal grout or
cenment .
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Fig. 1. Temperatures measured in a drill hole at Londonderry, Vermont. Before
grouting, the hole had an artesian flow of approximately 30 gal/min.

Figure 2 shows the subsurface tenperatures in a part of Canbridge,
Massachusetts, where nost of the buil dings were constructed between 1910 and
1920. If we assume that the heated basenents led to an increase in the nean
annual surface tenperature of 5°C, the undisturbed tenperatures can be
estimated using a solution from Carsl aw and Jaeger (1959, p. 321, 322). The
average of the nean annual air tenperatures for six weather stations
surroundi ng Canbridge (Bedford, Blue Hill, Boston Airport, Chestnut Hill,
Readi ng, and Weston) corrected to the elevation of the Canbridge site
assum ng an adi abatic\ | apse rate of 4.5°C km (Birch, 1950) is 9.7°C. The
nmean annual soil tenperature, estinated by substituting 0°C for the nonths
with snow cover, is about 10 3°C, which agrees fairly well with the corrected
tenperatures extrapol ated to the surface. W have observed sinilar
tenmperature depth curves in the cities of Concord, New Hanpshire, and d ens
Falls, New York. Oher human activities such as clearing forests and pl anting
crops (or natural phenonena such as forest fires) cause simlar disturbances,
whi ch may be significant to depths of 100 neters or nore depending on tine
and the diffusivity of the rock. In npst cases it is not possible to make



accurate corrections for these transient effects; the only solutions are to
avoid such areas or drill deeper holes.
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Fig 2. Observed temperatures and estimated undisturbed temperaturesin a drill hole at
Cambridge, Massachusetts. Correction assumes that a sudden increase in mean annual
surface temperature of 5°C took place 50 years ago as aresult of building construction.

Figures 3 and 4 show the effects of steady-state contrasts in surface
tenmperatures resulting fromvariations in ground cover. The hol e at Bl odgett
Forest was drilled at the edge of a small clearing in an extensive forest of
virgin pine. The vegetation in the clearing consists mainly of smal
broadl eafs reflecting the different soil that has devl oped over an erosiona
remmant of an andesite flow |If the nean annual surface tenperature of the
clearing is approximately 0.5°C higher than in the surrounding forest, the
tenperature in the upper part of the tenmperature-depth curve is easily
expl ai ned usi ng nethods descri bed by Lachenbruch (1957). A simlar
di sturbance, although opposite in sign, is found at Loonmis, California,
(Figs. 5 and 6) where the hole was drilled near a small streamwth a fringe
of trees traversing open grasslands. As with the transient case, the
uncertainties in corrections are unconfortably large, and it is best to avoid
such probl ens when locating drill sites.
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Fig. 3. Block diagram showing contrast in natural vegetation near
the drill site at Blodgett Forest, California.
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Fig. 4. Temperatures measured in the drill hole at Blodgett Forest, California.
Dashed line represents temperatures corrected for a steady-state temperature
anomaly of +0.5°C in the clearing.



LOOMIS, CAL.

Fig. 5. Block diagram showing contrast in natural vegetation
near the drill site at Loomis, California.
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Fig. 6. Temperatures measured in the drill hole at Loomis, California.
Dashed line represents temperatures corrected for a steady-state
temperature anomaly of —1°C near stream and trees.



Hual apai Mountains, Arizona (Fig. 7), is one of many |localities where
there is no evidence of human activity or contrasts in vegetation, and
topographic relief is small. There is no significant change in gradient
bet ween 50 and 250 neters.

Details of these and other effects of climte, culture, hydrol ogy, and
topography will be presented el sewhere; the point we wish to enphasi ze here
is our conclusion that with careful site selection, reliable heat flow val ues
can be neasured in holes 100 to 150 neters deep by conventional nethods.
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Fig. 7. Temperatures measured in a drill hole in the Hualapai Mountains,
Arizona. There are no contrasts in natural cover or evidences of human activity
(except for drilling) at this site. We have observed many similar temperature depth
curves in the western United States where the natural vegetation appears to be in
equilibrium with the environment.

Cceanogr aphi ¢ Techni ques on Land

Sass, Munroe, and Lachenbruch (1968) have denonstrated that heat flow
can be neasured at shall ow depths (under 200 neters) in unconsolidated
sedi nents by utilizing closely spaced tenperature and conductivity
neasurenents within short cored intervals, simlar to nmethods used by
oceanographers. Strictly oceanographic techni ques have been applied by Hart
and Steinhart (1965), Von Herzen and Vacquier (1967), Steinhart, Hart, and
Smith (1969), and Scl ater, Vacquier, and Rohrhirsch (1970) to | arge deep
| akes with i sothernal bottom water. The advantages of working in |arge, deep
| akes with oceanic techniques are limted by the small nunber of such | akes,
their locations, and the need for |arge vessels with heavy hoisting
equi prent. Measurenments in small, meromctic |akes (Dinent, 1967; Johnson and



Li kens, 1967; Reitzel, 1966) have | arge, uncertain corrections for
tenmperature differences at the edges that render themunreliable for studies
of regional heat flow, useful as they are for |imol ogical purposes (Likens
and Johnson, 1969).

Lakes of noderate size (2 kmor nore in dianeter) are abundant if not
ubi qui t ous, have much snaller corrections for the “warmrimeffect,” and show
prom se for quick inexpensive measurenments, particularly in northern
latitudes where it is possible to work froma stable ice surface during the
winter (WIllianms and Roy, 1970). Although these | akes do not enjoy the
advant age of constant tenperatures in the bottomwater, the annua
tenperature cycle is rapidly attenuated by the low diffusivity of the nud
(about 0.002 cnf/sec) and becomes negligi bl e bel ow about 15 nmeters for a
tenmperature range of 10°C at the mud-water interface (lngersoll, Zobel, and
Ingersol |, 1954, p. 47). Wilizing piston coring techni ques devel oped by
i mol ogists (Wight, 1967; Wight, Livingstone, and Cushing, 1965), we have
been able to penetrate nore than 20 neters of |lake mud with nearly conplete
core recovery. The holes are cased with plastic pipe and tenperatures
nmeasured after transient disturbances have subsided. Conductivities are

neasured on the core with needl e probes (Von Herzen and Maxwel |, 1959).
Details of this technique will be presented el sewhere (Wllians et al.

1971). Figures 8 and 9 show the data from nmeasurenents at El k Lake,

M nnesota, and Figure 10 the results of measurenents in |akes and drill holes
near the Md-Continent Gavity H gh. Wth the |ake technique still unproved

by conparison with nearby conventional neasurenents, it is premature to
specul ate about the heat flow on the Md-Continent Gavity H gh beyond noting
that it does not appear to be extraordinarily low as in the Sierra Nevada.

VERTI CAL DI STRI BUTI ON OF RADI CACTI VI TY

The first observation of the linear relation between heat flow and
radi oactive heat generation of plutonic rocks was made by Francis Birch and
reported by Birch, Roy, and Decker (1968). This relation is expressed by

Q=a+ bA (1)

where Qis the heat flow at the surface in units of 10® cal/cnf sec; Ais the
heat production of the surface rocks in units of 10°' cal/cn? sec; a is the

i ntercept value of heat flow neasured in rocks of zero heat production; and b
is the slope of the line relating Q and A and has the di nmension of depth.

Thr oughout the renmainder of the paper the units of Qand A will be those
cited above and will be omtted fromthe text.

The rel ation expressed by Eq. (1) has led to nmajor advances in our
under st andi ng of the vertical distribution of heat sources, our ability to
calculate nore reliable tenperature depth profiles, and our ability to
accurately map lateral variations of heat sources in the upper mantle. The
followi ng sections will discuss these aspects of nodern geothernmal studies
and their inplications as to the distributions of subsurface tenperatures,
heat sources, and the other geol ogi cal and geophysi cal paranmeters of the
crust and upper mantle beneath continents.
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Fig. 8. Temperatures measured at Elk Lake, Minnesota. The error bars indicate points
where temperatures were unstable (+0.1°C); at the points without error bars
temperatures did not change more than 0.001°C in S min. (transducer time constant
about 3 sec.).
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Fig. 9. Thermal conductivity, gradient and heat flow over 1-meter intervals at Elk Lake,
Minnesota. The numbers in parentheses near the conductivity curve are the number of
needle-probe measurements made in that interval. Q is the uncorrected heat flow
computed by the resistance integral method (Bullard, 1939). Q corr includes corrections
for warm rim effect, recent sedimentation, and refraction.



LAKE  MICHIGAN

Fig. 10. Heat flow measurements near the Mid-Continent Gravity High. The gravity contours
are after Woollard and Joesting (1964). The Maltese cross indicates measurements in lakes by
Williams et al. (1971). The solid dots represent the locations of conventional measurements
in drill holes reported by Roy, Decker, Blackwell, and Birch (1968). A large number of
measurements in Lake Superior (nearly 180) by Steinhart, Hart, and Smith (1969) could
not be plotted on this scale. They show a few measurements as low as 0.6 in western Lake
Superior with the remainder of the lake between 0.8 and 1.3.

Two vertical distributions of radioactivity have been proposed that are
consistent with the observed linear relation between heat flow and heat
generation (Birch, Roy, and Decker, 1968; Lachenbruch, 1968; Roy, Bl ackwell,
and Birch, 1968): Moddel (1), A constant to the depth given by the slope of
the straight [ine; Mdel (2), A exponentially decreasing with depth according
to the relation A=Aje*® where Ay is a constant, b is the slope of the straight
l[ine, and x is depth. The intercept a in the nodel with constant heat
generation is the heat flow from bel ow the radi oactive |ayer (approximtely 7
to 10 kmthick). For the nodel with exponentially varying heat generation,
the constant a is the heat flow fromthe mantle. The rel ationship between



heat production and heat flow, whatever the nbdel used to explain it, inplies
that beneath large intrusive bodies the whole crust has been affected and the
original distribution of Uand Th nodified in sonme regul ar way.

The conclusion that the vertical distribution of uraniumand thorium
can be inferred froma study of the surface heat flow and heat production is
an extra bonus fromrecent heat flow studies and has inportant geophysica
and geochemi cal ramfications. In geophysics a definite nodel for the
vertical distribution of heat sources allows a nuch nore accurate cal cul ation
of subsurface tenperatures with resulting inplications to the physica
properties of rocks in the crust and upper mantl e and possi bl e phases
i nvol ved. An interesting geochenical inplication is that simlar nodels m ght
apply to other trace, or even major, elements. For exanple, Zartman and
Wasserburg (1969) extended the regul ar variation of heat producing el ements,
inferred fromthe heat flow data, to the trace elenments Sr, Rb, and Pb and
were able to explain some of the apparent inconsistencies in the distribution
of isotopes in the Rb-Sr, U Pb, and Th-Pb systens studied in surface rocks.
Thus, it is clear that the inplications of a heat production versus depth
nodel are so broad that nore detailed studies of vertical U and Th
di stribution at suitable |ocations are of great inportance.

Roy, Blackwell, and Birch (1968) have cited the evidence for uniform
radi oactive heat production over vertical ranges of about 1 or 2 km
Lachenbruch (1968) and Roy, Blackwell, and Birch (1968) both note, however,
that the linear relationship between heat flow and heat production also are
consistent with an exponenti al decrease of radioactivity with depth.
Vertically decreasing radi oactivity has been observed in a few deep (3 km
drill holes (Lachenbruch and Bunker, 1969), one survey of surface sanpl es
(Dol gushi n and Amshi nsky, 1966), and there is some evidence (Decker
unpubl i shed) that an exponential relationship my exist between observed
surface radioactivity and esti nated nean erosion over four batholiths of
Silver Plume granite in the Colorado Front Range (Fig. 11). The decreases of
radi oactivity in the drill holes are not clearly exponential (Lachenbruch and
Bunker, 1969) and the b values (1 to 2 km) calculated fromthe Front Range
and other surface data are all significantly lower than those (7 to 10 kn)
determ ned for the observed heat flow heat production |ines. Mreover, al
ot her observational data are anbi guous because the accuracy (x 10% of
present heat generation neasurenents is roughly equivalent to the nagnitude
of the analytically predicted decreases with depth (10% km Lachenbruch and
Bunker, 1969).

The recent conbi ned studies of radioactivity and heat flow have
provided us with the first reliable neans for accurately nmapping variations
of tenperature and heat flux in the upper nmantle, but we believe that present
radi oactivity information is inconclusive and that the actual vertica
di stribution of heat production inplied by Eq. (1) remains a very significant
geochem cal probl em

HEAT FLOW DI STRI BUTI ON

Regardl ess of the distribution of radioactivity preferred to explain
Eq. (1), the intercept value a is obviously the paraneter of inportance in an
i nvestigation of regional variations in heat flow fromthe mantle. Froma
study of the heat flow and heat production in plutonic rocks in the United
States, Roy, Blackwell, and Birch (1968) defined a heat flow province on the
basis of its characteristic relationship between heat flow and heat
production and identified three provinces: the eastern United States, where a
= 0.8 and b = 7.5 km the Basin and Range province, where a=1.4 and b = 9.4
km the Sierra Nevada, where a=0.4 and b=10km
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Rudioactve heat generations are after Phar and Gottfried (1964). Estmared meun
crosions by Decker (unpublhished).

Fromthe broad scal e geophysical point of view, the large variations of
the intercept value a, which reflect variations in heat flow fromthe mantle,
are of nore interest than the slope b, which varies much | ess from province
to province and probably reflects variations in the geochem stry of the upper
crust. Wth the relative inportance of a and b in mnd, we have prepared a
“reduced” heat flow map of the United States (Fig. 12). A reduced heat flow
value is a calculated fromEqg. (1) transposed to a = Q —bA. Points in the
eastern United States, Basin and Range province, and Sierra Nevada reduce, of
course, to 0.8, 1.4, and 0.4, because they were used to determine a and b for
these regions initially. New data points in these and other regions have to
be exami ned with care because there nmay be subprovinces with different slopes
(b) but the sane intercept (a) within the major provinces. In new regions
with only a few data points such as the Peni nsul ar Ranges of southern
California, the Salinian block, the northern Cascades, etc., we have taken
b=10 kmin cal cul ati ng val ues of reduced heat flow.
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The low values in the Sierra Nevada and many determinations in the Pacific i
f ! i ada a a b acific Coast provinces could not be plotted because of tl
of the map. The lines SA-WL and WI-BS are the locations of Figs. 16 and 17. } S GRS sl s

Figure 12 is a map of the major physiographic and heat flow provinces
inthe United States. The locations for which we have reduced val ues (Roy,
Bl ackwel I, and Birch, 1968; Roy, Blackwell, and Decker, unpublished) are
i ndi cated except in the Sierra Nevada and Peni nsul ar Ranges where the data
are too closely spaced to be shown. The physi ographic provi nces nake
conveni ent units for discussion as heat flow and physi ographi ¢ boundari es
often seemto be close to one another.

Al'l avail able nmeasurenents of terrestrial heat flowin the western
United States and adjacent portions of the Pacific Ocean are plotted in Fig.
13. Asimlar map of the present distribution of heat flow in the eastern
United States has been presented by Dinment (this volunme). Although the heat
flow contours drawn in Fig. 13 show that the western United States is
characterized by |arge areas of high and | ow regi onal heat flow, the map of
reduced flux (Fig. 12) is nore useful and clearly indicates that the regional
heat flow patterns are related to significant variations of flux fromthe
upper mantl e.
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Fig. 13. Measurenments of heat flowin the western United States and adj acent
portions of the eastern Pacific Ocean. The contours delineate regions of high
and | ow heat flow with average values of flux that would be nmeasured in rocks
with surface radioactivity within the range of granodiorite. Published heat
flow data are from Benfield (1947), Herrin and dark (1956), dark, (1957),
Foster (1962), Von Herzen (1964), Spicer (1964), Lee and Uyeda (1965),
Lachenbruch, Wl |l enberg, Geene, and Smith (1966), Burns and Gim (1967),
Vacqui er, Sclater, and Correy (1967), Costain and Wight (1968). Roy, Decker
Bl ackwel | and Birch (1968), Sass, Lachenbruch, Greene, Mses, and Monroe
(1968), Henyey (1968), Warren, Sclater, Vacquier, and Roy (1969), Bl ackwell
(1969), Decker (1969). Unpublished data by Roy, Blackwell, and Decker are

al so included. Pluses represent heat flow values in the range 0 to 0.99; open
circles, 1.0 to 1.49; dotted circles, 1.5 to 1.99; solid circles, 2.0 to
2.49; solid triangles, 2.5 to 2.99; solid rectangles, > 3.0. A few
nmeasurenents in the Pacific Coast Provinces have not been plotted because of

| ack of space on this scale.



Eastern United States

The reduced heat flow values in the United States east of the Rocky
Mountains are all 0.8 £ 0.1. New data points in this region since the sumary
by Roy, Blackwell, and Birch (1968) are in southern Ontario (Sass, Killeen
and Must onen, 1968) and sout hern Ckl ahoma (Bl ackwel |, unpublished). CQutside
of the Northeast, data are sparse: however, other provinces may still be
found; for exanple, there are no neasurenents of heat flow, reduced or
unreduced, in the Gulf Coast geosyncline. There are no indications, however,
of differences in mantle heat flow of the nmmgnitude of those found in the
western United States. The Appal achi ans have been stable geol ogically since
early in the Mesozoic and the other regions for even longer. The crust ranges
in thickness fromabout 30 to 50 km and the average P wave velocity in the
| ower crust is generally high (7.0 to 7.5 km'sec). Pn velocities are high
(8.1 - 8.3 kmsec), and there is no |lowvelocity zone for P waves in the
upper mantle (Green and Hales, 1968). There is only a noderate | owvelocity
zone in the mantle for S waves (Brune and Dorman, 1963).

Basi n and Range

Reduced heat flow values in the Basin and Range province are 1.4 + 0.2
except for some very high values that we attribute to |ocal thermal anomalies
(Roy, Blackwell, and Birch, 1968). The Basin and Range provi nce has been
tectonically active throughout the Cenozoic. The deformation is characterized
by generally northtrending normal faults, many with vertical displacenents of
3 kmor nore, and province-w de vol canic activity. Hot springs abound in the
provi nce and the east and west borders are presently the sites of bands of
eart hquake activity (Wollard, 1958). The crust is thinner than nornmal for
t he average elevation and the Pn velocities are only 7.8 to 7.9 km sec
(Diment, Stewart, and Roller, 1961; Eaton, 1963, 1966; Healy, 1963; H |l and
Paki ser, 1966; Pakiser, 1963). There is an upper nmantle | ow velocity zone for
P waves between about 60 and 170 km ( Archanbeau, Flinn, and Lanbert, 1969),
and S waves are hardly transnitted at all (Wckens and Pec, 1968).

Nort hern Rocky Mbunt ai ns— Col unbi a Pl at eau

The Northern Rocky Muntains are conposed of Precanbrian, Paleozoic,
and Mesozoi ¢ mi ogeosynclinal sedinents in the east and Pal eozoi ¢ and Mesozoic
eugeosynclinal sediments in the west. The sedinentary rocks are intruded by
many | arge bodi es of Mesozoic plutonic rocks such as the Colville, Loon Lake,
Kani ksu, |daho and Boul der batholiths. The Cenozoic history is marked by
several episodes of normal faulting and graben formation and by noderate
amounts of vol canism Hot springs are abundant in the southern part of the
province and the eastern boundary is a zone of active earthquakes. Data
obt ai ned by Bl ackwel | (1969, unpublished) show the sanme average surface and
reduced heat flow as in the Basin and Range. The crust in the Northern Rocky
Mountains is thin and the Pn velocities are 7.8 to 7.9 km sec (Asada and
Al drich, 1966: Steinhart and Meyer, 1961; Wiite and Savage, 1965; Wite,

Bone, and M I ne. 1968). Thus the Northern Rocky Muntains Province is an
ext ensi on of the Basin and Range heat flow province with a simlar crusta
structure and Cenozoi c geol ogi c history.

The Col umbi a Pl at eau physi ographi c province has a diverse geology. In
much of the province, Cenozoic volcanic rocks cover in varying thicknesses a
Mesozoi ¢ bedrock sinmlar to that in the Basin and Range and Northern Rocky
Mountains. In at least part of the Colunbia Plateau proper and in part of the
Snake River Plains, Mocene, and Pliocene and Pl ei stocene basalts,



respectively, make up much if not all of the crust (Hill, 1963; Hill and
Paki ser, 1966). Sparse data suggest a high heat flow sinmlar to that in the
Nort hern Rockies and Basi n and Range province. Thus Bl ackwel | (1969) has
conbi ned the Basin and Range, Northern Rockies, and Colunbia Plateau into a
si ngl e geophysical province called the Cordilleran Thermal Anonmaly Zone.

Sout hern Rocky Mount ai ns

Previ ously unpublished heat generation and heat flow data for seven
sites in the Southern Rocky Mountains are plotted in Fig. 14. Neither the
sl ope (10km) nor the intercept (1.3) of the line calculated fromthese data
is statistically different fromthe line calculated for the Basin and Range
province. So at the present time, until nore data in both areas either
confirmor deny this equival ence, we consider the Southern Rocky Muntains to
be a prong of the Basin and Range heat flow province. The Sout hern Rocky
Mount ai ns are conposed of Precanbrian granite and netanorphic rocks
extensively faulted and uplifted in the Cenozoic and intruded and covered in
pl aces by late Cretaceous to Recent igneous rocks (Curtis, 1960). The | ong-
peri od magnetic variation studies in the area by Porath, O denberg, and Gough
(1970) indicate an upwarping of the |low electrical resistivity layer simlar
to that beneath the Basin and Range province, but nuch smaller in latera
extent.

Al t hough the geophysics and the Cenozoi c geol ogy of the Southern Rocky
Mount ai ns resenbl e those of the Basin and Range in many ways, there is a
major difference in the crustal thickness. The crust is about 50 to 55 km
thick and is thus much thicker than in the Basin and Range (Jackson and
Paki ser, 1965; Ryall and Stuart, 1963), but the crust does appear to be 5 to
10 kmthicker in the adjacent Great Plains even though elevations are | ower
(Jackson, Stewart, and Pakiser, 1963). The difference in crustal thickness
between the two high heat flow areas denbnstrates that high heat flow is not
confined to regions with a thin crust.

The boundaries of the zone of high heat flow extending through the
Sout hern Rockies are shown in Fig. 12 and 13 as are the data on which the
boundari es are based. Bl ackwell (1969) inferred an extension of the zone of
high heat flow at least to the Black HlIls in South Dakot a.

Si erra Nevada

Al'l reduced heat flow values in the Sierra Nevada Mountains are within
10% of 0.4, only one-half that found in the eastern United States. As
presently known, the province is only about 150 km w de by 600 km | ong, but
is still of crucial inportance as it is, at the present stage of heat flow
i nvestigations, unique on the earth. The bedrock of the range is conposed of
Pal eozoi ¢ and Mesozoi ¢ geosynclinal sedinents and vol canics that were
i ntroduced by middle and | ate Mesozoic granitic rock on a grand scale. The
range has been relatively quiescent during the Cenozoic although the east
flank was uplifted in the late Cenozoic. The crust is 50 kmthick under the
crest and thins uniformy westward to about 20 km beneath the foothills
(Eaton, 1963, 1966). I ndependent evidence for |ow tenperatures in the upper
mantle is not available, but investigations such as deterninations of the
electrical resistivity structure in the mantle and seisnmic wave velocities
are obviously of crucial inmportance to our understanding of the heat flow
anomal y.
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Fig. 14. Heat flow and radioactive heat production data for
the Southern Rocky Mountain region. Large dots are
Southern Rocky Mountain points; small dots are points in
the Basin and Range province (Roy, Blackwell, and Birch,
1968). The solid line is the relationship between heat flow
and heat production determined by Roy, Blackwell, and
Birch (1968) for the Basin and Range province. Heat flows in
the Southern Rocky Mountains are from Birch (1950), Roy,
Decker, Blackwell and Birch (1968), Decker (1969), and
Decker, unpublished. Heat generations after Phair and
Gottfried (1964), Phair (personal communication, 1966), and
Rogers (personal communication, 1969).

Col orado Pl at eau—¥Woni ng Basi n—M ddl e Rocky Mount ai ns

Thi s group of physiographic provinces has been investigated by a total
of only seven heat flow determi nations of which only two have reduced val ues.
A reduced value in the Beartooth Plateau is about 0.9, while one at the
eastern edge of the Colorado Plateau is about 1.3. unreduced values of 1.3
(Sass, Lachenbruch, G eene, Mses, and Mnroe, 1968) in the Wnd Ri ver Range



and 1.2 in the central Colorado Plateau may indicate a regi on of nornal
i ntercept values. A high unreduced value was measured in the Absaroka
vol canic region. Qur inferences on the heat flow are shown in Figs. 12 and
13.

Most of the area in these provinces is inferred to be nornmal based on
(1) the few heat flow data; (2) the conclusions of Porath, O denberg, and
Gough (1970) that the lowresistivity layer is found at about the same depth
beneath the Great Plains and the Col orado Pl ateau; (3) suggestions that the
crustal structure changes abruptly crossing fromthe southern Col orado
Pl ateau into the Basin and Range (Warren, 1969) and fromthe Basin and Range
into the Mddle Rocky Mountains (WIIlden, 1965); (4) evidence presented by
Julian (1970) that the Colorado Plateau is structurally simlar to eastern
North Anerica. The crust is about 40 kmthick in the Col orado Pl ateau, and
al t hough the Pn velocity is only 7.8 kmisec (Roller, 1965), travel tinmes from
t he Gasbuggy shot indicate hi gher average upper nantle vel ocity beneath the
Col orado Pl ateau than beneath the provinces to the west.

The heat flow pattern is particularly hypothetical in northern Wom ng
and indeed the two zones of high heat flow m ght connect instead of remaining
separate as we have indicated on Figs. 12 and 13.

Paci fi c Coast Provinces

The heat flow along the Pacific coast is variable on a much snaller
scale than in the provinces to the east of the Sierra Nevada. Determ nations
in granitic rocks in the Peninsular Ranges of southern California and Baja
California (Roy and Brune, unpublished data) have reduced values of 0.6 to
0.7 near the center of the range rising sharply to 1.2 near the edge of the
I mperial Valley. Although the reduced values in the center of the Peninsul ar
Ranges are not as low as in the Sierra Nevada, we believe they are extrenely
i mportant to the tectonic interpretation and have indicated a narrow zone of
abnormal ly low heat flow for this region on Fig. 12 and 13.

In the granitic rocks of the Salinian block west of the San Andreas
fault, reduced heat flow values are slightly above normal, 1.0 to 1.1 (Roy,
Brune, and Henyey, in preparation). In contrast, the Franciscan bl ock east of
the San Andreas fault has high heat flow at the surface, 2.2 to 2.4 (Sass,
Monroe, and Lachenbruch, 1968; Roy, Brune, and Henyey, unpublished data). If
we take A = 2.8 for the Franciscan (Wl |l enberg, Smith, and Bailey, 1967) and
b=10 km the reduced heat flow would be 1.9 to 2.1, approximtely 0.6 higher
than the Basin and Range. The extent of this region of extraordinarily high
heat flow is not well known; on Figs. 12 and 13 we have extended it to the
north to include the regi on near C ear Lake where the geothermal steamfields
are an obvious indication of high heat flow.

There are no nmeasurenments of heat flow, reduced or unreduced, in the
Paci fic Coast provinces between Menlo Park, California, where Sass, Monrooe,
and Lachenbruch (1968) have reported a value of 2.2 and the northern Cascades
where Bl ackwel | (unpublished) has a reduced value of 1.0. Mre neasurenents
are urgently needed in this region of conmplex interaction between continenta
and oceanic plates (Atwater and Menard, 1970; MKenzie and Mrgan, 1969;
Silver, 1969).

Heat Fl ow Provi nces Qutside the United States

Roy, Blackwell, and Birch (1968) suggested that the linear relationship
bet ween heat flow and heat production found in the eastern United States is
the characteristic curve for nornmal continental heat flow in regions that
have been tectonically stable for at |east 100 to 200 my. The data they
cited for Australia and the recently published data fromthree sites in



Pal eozoi ¢ plutons in New South Wal es, Australia (Hyndman, Jaeger, and Sass,
1969), and two sites in sedinents above Precanbrian granitic rocks in the
Canadi an Shield (Lewis, 1969; Sass, Killeen. and Miustonen, 1968) |end strong
support to that conclusion (see Fig. 15). The extension of this hypothesis to
ot her continents gains support fromthe | ow values of flux neasured in
diorite and serpentinite (which al nost certainly have | ow val ues of heat
production) at Virtasalm and Nivala, Finland (Puranen. Jariimaki,

Hanmal ai nen, and Lehtinen, 1968), which are in the range (0.65 to 0.81) of the
reduced heat flows in the eastern United States.

In his classic paper on heat flowin South Africa, Bullard (1939)
neasured a heat flow of 1.52 in the Dubbel devl ei borehol e, which penetrated
“dd Ganite” of the Transvaal. Based on radi um determ nations on granites
fromthe Cape Province by |Inmelman (1934), he estimted a heat production of
7.4 x 10 cal/cn? sec. This point plots slightly above the line for stable
continental regions. It is perhaps nore appropriate to conbine the heat
productivity of the Cape Granites with the heat flow determ nations (1.21 to
1.45) by Gough (1963) in the southern Karoo. These points straddle the |line
characteristic of stable regions.

Thus far the only locality outside the United States that plots close
to the Basin and Range line is the Snowy Muntains in Australia (Sass, Cark
and Jaeger, 1967). This region is tectonically simlar to the Basin and Range
province with normal faulting, Tertiary volcanismand |late P wave arrivals
(Ceary, 1967; Hyndman, Jaeger, and Sass, 1969).

One of the inportant objectives of future studies of heat flowis to
test the hypothesis that the same relationship exists between heat flow and
heat production on other continents. If this relationship can be wel
established, it will strengthen the conclusion that all continental crust has
devel oped by upward differentiation of sialic material fromthe underlying
mant | e.

HEAT FLOW TRANSI TI ONS

Zones of transition between the heat flow provinces previously
di scussed have been investigated in a few places. In all cases, the
transition regions are narrow conpared to the widths of the provinces. As
exanpl es, two profiles will be discussed: one across the Basin and Range-
eastern United States transition (Fig. 16) and one across the Sierra Nevada-
Basi n and Range transition (Fig. 17).

Basi n and Range-Great Plains Transition

Heat flow data along a profile fromWIcox, Arizona, to Big Spring,
Texas, are shown in Fig. 16; the location of the profile (W-BS) is indicated
on Fig. 12. Data are from Warren, Sclater, Vacquier, and Roy (1969), Roy,
Decker, Blackwell, and Birch (1968), Decker and Birch (in preparation).

Al t hough reduced heat flow values are available at only two sites, it appears
that the high heat flux in the Basin and Range province extends at |east as
far as Cornudas, New Mexico, where Schmucker (1964) put the eastern edge of
the “Texas Anonaly” in his study of the |ong-period magnetic variations. The
heat flux is 0.9 about 100 kmto the south and 50 kmto the east near Van
Horn, Texas. A heat flow of 1.1 was found by Herrin and Clark (1956) at

Carl sbad, New Mexi co, about 120 km due east of Cornudas. That val ue al so was
found at several other sites in the southern Geat Plains (Herrin and d ark,
1956) . Al though no reduced values are available in the Geat Plains, it is
clear that the transition occurs within a horizontal distance of 50 to 100 km
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Fig. 15. Heat flow and heat production rclations for the Basin and
Range (BR), eastern United States (EUS), and Sierra Nevada (SN). Data
points labeled A are from Australia, C from Canada.
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crust and upper mantle.

and slightly within the Basin and Range physi ographic province. The anplitude
of the anomaly is 0.6, the difference between the intercept values for the
two heat flow provinces.

Al t hough only one estimate for the crustal thickness (30 to 35 km has
been published for the Basin and Range province in southwestern New Mexico
(Stewart, Stuart, Roller, Jackson, and Mangan, 1964), the crust is inferred
to be of simlar thickness as far east as Cornudas (Fig. 16). The crustal
t hi ckness beneath the western Great Plains (50 kn) is froma profile
published by Stewart and Paki ser (1962). The transition in crustal structure
is assuned to coincide with the heat flow transition

The new data presented here denobnstrate that the transition is nore
abrupt than assumed by Warren, Sclater, Vacquier, and Roy (1969), hence their
nodel no longer fits the data and a shall ower source or sharper rise in the

i sotherns is necessary.



Si erra Nevada—Basin and Range Transition

Heat flow data along a profile (line SA-W, Fig. 12) at 39°N from
Sacranmento, California, to Fallon, Nevada, are plotted in Fig. 17 (Roy,
Decker, Blackwell, and Birch, 1968; Blackwell and Roy, in preparation). Both
surface and reduced values indicate a sinple transition; however, we believe
that, unlike the previous profile, there are two anomalies and that the
transiti on nust be compound. Relative to the eastern United States as the
standard for normal heat flow, there is a negative anomaly of 0.4 in the
Sierra Nevada and a positive anomaly of 0.6 in the Basin and Range so that
the total anomaly is about 1.0.

The center of the transition in heat flow occurs about 50 kminside the
physi ographi ¢ boundary of the Basin and Range province and coincides with the
rapi d thinning of the crust from50 kmunder the Sierra Nevada to 25 km
beneat h the Basin and Range (Eaton, 1963; 1966). A north trending zone of
eart hquake activity extends about 100 kminto the Basin and Range provi nce
fromthe physiographi c boundary (Ryall, Slenmons, and Gedney, 1966).

The maxi mum di stance for the transition in heat flow of about 1.0 is
100 km The observed anomaly curve shown in Fig. 17 can be fitted only to
transi ent nodel s because the shape of the curve is not simlar to that
produced by a steady source buried 20 to 50 km CQur preferred explanation is
that there is an instantaneous sink in the crust and upper mantle beneath the
Si erra Nevada and an instantaneous or continuous source in the upper nantle
(less than 50 km deep) beneath the Basin and Range. The ages necessary to
explain the present day data are 5 to 20 my.

G her Transitions

Data on transitions in regional heat flow between the Peninsul ar Ranges
and the Basin and Range, the Salinian and Franci scan bl ocks, and the Southern
Rocki es and Col orado Pl ateau (Roy and Brune, unpublished; Decker
unpubl i shed) al so suggest characteristic widths of as little as 20 kmto a
maxi mum of 100 km Hence, it is clear that the sources and/or sinks affecting
the regi onal heat flow values are at a depth of less than 50 to 100 km
beneath the surface (in the uppernost mantle or in sonme cases within the
crust).

Variations in electrical conductivity structure of the upper nantle are
in excellent general agreenent with the results of surface heat flow
neasurenents (Porath, O denberg, and Gough, 1970; Schnucker, 1964). If the
boundary they map is an i sotherm however, it nust be well below the source
of the anonal ous heat flux, which nust be within a few tens of kiloneters of
t he surface

UPPER MANTLE SECTI ONS

Qur estimates on the distribution of tenperatures and physica
characteristics of the heat flow provinces in the western United States are
summari zed in Figs. 18, 19, and 20. These figures depict three east-west
cross sections fromthe Pacific Ocean to the Great Plains: one typical of an
east -west band of western North America from about 30 to 340N | atitude; one
typical of a band from36 to 40°N latitude; and a third typical of a band from
44 to 50°N | atitude. The sections were drawn approxi mately along the 32, 38,
and 47° parallels, and heat flow neasurements within about 100 km of each side
of the parallels were projected to the sections. The sections were chosen to
be representative and to go through areas with the nost data. The sections
end at the Great Plains because published data suggest little variation in
heat flow fromthe upper mantle in the eastern United States (Roy, Blackwell,



and Birch, 1968). The pertinent assunptions nmade in preparing the cross
sections will be sunmmarized in three parts: heat flow, crustal and upper
mantl e seismc structure, and tenperature cal cul ations.
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Fig. 18. Cross section across the southwestern United States and part of northern
Mexico at approximately 32°N latitude. This cross section shows heat flow, crustal
structure, and calculated temperatures. Solid dots represent observed heat flow at the
surface and open circles, reduced heat flow. Data points have been projected to the
section as much as 100 km. PMZ is the inferred Partial Melt Zone. M represents the
Mohorovicic discontinuity. The region denoted by SC is the remarkable narrow zone of
low heat flow in the Peninsular Ranges of Southern California, USA, and northern Baja
California, Mexico. The temperature contours and PMZ boundaries west of the Basin and
Range region are smoothed and on this scale do not attempt to fit the complex pattern
of heat flow observed at the surface.

Heat Fl ow

The observed heat flow val ues have been plotted as solid dots and the
trends indicated by a dotted line. This curve is the sort one might get from
treating the observed values only, with no input of geol ogical or other
geophysi cal information. Reduced heat flow data were plotted as open circles
and connected by a solid line. Aside fromtransition zones and the conpl ex
provi nces along the Pacific Coast, all the points in the western United
States are within + 0.2 x 107° cal/cnf sec of the intercept of values of either
the Sierra Nevada or Basin and Range heat flow heat production lines. The
solid and dotted curves nerge in the oceans where as yet an anal ogous
reduction for near surface heat sources has not been devised.

In contrast to the dotted line connecting the raw data, the solid |ine
connecting the reduced heat flow values was drawn to enphasi ze a point
previously nmade. At every heat flow transition where we have data, the
transition is sharp and the total effect (within the limts of our precision)
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occurs within 100 km (the half widths are 50 kmor less). Therefore, at each
pl ace on the cross sections where we infer a transition in heat flow fromthe
mantle, the solid curve has been drawn to indicate a sharp transition

whet her or not we have data for that specific transition. Thus the solid |ine
consi sts of sections of al nbst constant mantle heat flow separated by narrow
regions of rapid variations of heat flow W repeat that for many of the
transitions this is hypothesis rather than observation

Crustal and Upper Mantle Structure

The crustal structure determ ned by seisnmic refraction surveys for the
various heat flow provinces has already been nentioned. In a few places, it
was necessary to extrapolate known crustal structure into unknown areas. \Wen
this extension was necessary the extrapolation was guided in large part by
the mantl e heat flow province involved. An exanple of this is the inference
that a thin crust is characteristic of southwestern New Mexico; the crusta
structure for the rest of the southern profile is based on published data
fromWarren (1969) and the references cited above. Crustal structure al ong
the central profile has been extensively investigated and, in addition to the
references already cited, is based on data presented by Ham Iton, Ryall and
Berg (1964).

Tenperature Cal cul ati ons

Tenperatures were cal cul ated for one- and two-di nensi onal nodel s
assum ng steady-state conditions. The tenperatures beneath the centra
portions of all heat flow provinces were cal cul ated usi ng one-di mensi ona
nodel s. Two- di mensi onal nodel s were cal cul ated across the transitions we have
di scussed in detail and the unstudied transitions that appear to be simlar
The isotherns beneath the other unstudied transitions were cal cul ated by
i nterpol ati ons between isothernms beneath the heat flow provinces on each side
of the transition. Because of the uncertainties of tenperatures calculated in
this manner and because of the large variations of upper mantle heat flow in
the Pacific Coast provinces, distributions of isotherns west of the Sierra
Nevada are | argely diagramatic.

Tenmperature depth curves for nodels with an upper |ayer of constant
radi oactivity as shown in Figs. 16 and 17 are given in Roy, Blackwell, and
Birch (1968). The nbdels shown in Figs. 18, 19, and 20 were cal cul ated
assum ng four layers of different conductivity and two |layers with
exponentially decreasi ng heat sources with depth.

Layer 1 (the “granitic” layer) was assuned to have a constant
conductivity of 6.5 ntal/cmsec °C and to extend to a depth equal to tw ce
the slope of the heat flow, heat production curve for that province. Thus the
| ayer varied in thickness from20 kmin the Sierra Nevada to 15 kmin the
M d-Continent. At the bottomof |layer 1 the heat production is assuned to be
0.68 x 1073 cal/cn? sec. Layers 2, 3, and 4 were assuned to all be part of the
same heat production layer with an A, of 0.68 x 1072 cal/cn? sec and an
exponential decrenment of 80 km thus 0.4 ucal/cnf sec was generated in this
layer. In regions of high heat flow, an additional |layer w th high
radi oactivity was placed near the base of the crust to sinulate a shall ow
heat source. In all nodels approximtely 0.4 pcal/cnmsec was assuned to come
from bel ow 400 km

Layer 2 (the “gabbroic” layer) was assuned to extend fromthe base of
layer 1 to the Mdiscontinuity, whose depth for a given province was taken
fromseisnc refraction data. A constant conductivity of 5.0 ntal/cm sec°C
was assuned for |ayer 2.



Layer 3 extends fromthe base of the crust to the | 000°C isothermwth
a constant conductivity of 10 ntal/cm sec®°C. Bel ow the 1000°C i sothermthe
conductivity was assumed to increase 1.6 neal/cm sec®°C for each tenperature
i ncrement of 100°C.

The nodel for tenperatures beneath the Basin and Range provi nce was
al so constrained such that the zone of partial nelting was consistent with
[imts suggested by the upper mantle P wave profiles of Archanmbeau, Flinn,
and Lanmbert (1969). Simlar npdels were assuned for zones of partial nelting
beneat h the Northern and Sout hern Rocky Mountains. The nmelting point curve
assuned for determ nations of tenperature at the partial nelt zone boundaries
increases at a rate of 3°C/ kmfrom 1050°C at 1 bar and corresponds to the
melting curve of a slightly wet peridotite (Ito and Kennedy, 1967; Kushiro,
Syono, and Aki nmoto, 1968).

The two biggest gaps in the data are the Colorado Plateau and the
Paci fic Coast in the northwestern United States. The Col orado Pl ateau was
assuned to have the sane heat flow heat production curve as the eastern
United States, based on inferences fromlong period nagnetic variations which
suggest the sane electrical conductivity structure as in the Geat Plains
(Porath, O denberg, and Cough, 1970). The heat flow and tenperatures al ong
the Pacific coast in the northwestern United States are assunmed to be about
the sane as in the eastern United States, but could be somewhat lower if a
slab of cold oceanic lithosphere is sinking beneath the coastline (Silver,
1969). The heat flowin this area and in the Colorado Plateau are the two
nost inportant areas for new data in the western United States.

DI SCUSSI ON

So far our treatment of heat flowin the United States has been largely
descriptive. In this section, we will consider briefly some thoughts on the
origin of that heat flow pattern.

The nost inpressive feature on the nap of reduced heat flow (Fig. 12)
is the large region of high heat flow corresponding to the Basin and Range
province (in a broad sense, i.e., Blackwell’s Cordilleran Thernmal Anomaly
Zone). This region is simlar in dinensions to the high heat flowin the Sea
of Japan descri bed by Vacquier et al. (1966). The superficial explanation of
the high heat flowin the Basin and Range is that the upper mantle is
partially nolten near the base of the crust. The i mmedi ate cause of these
hi gh tenperatures we attribute to | ocal convection, i.e., diapiric intrusions
of hot, solid and liquid naterial fromdeeper in the mantle to a position
near the base of the crust as indicated in Figs. 18, 19, and 20.

Less inpressive in areal extent on Fig. 12 but at |least as inportant to
the interpretation of recent tectonic history of the western United States
are the | ow values of heat flowin the Sierra Nevada and Peni nsul ar Ranges.
There are many different types and origins of heat sources that could be
i nvoked to explain high values of heat flow. The low values in the Sierra
Nevada present a nmore difficult interpretational problem as heat sinks are
| ess common than sources. Because there are fewer possible explanations, we
believe the Sierra Nevada anomaly may be the key to explaining the origin of
the mantl e heat flow pattern in the western United States. So, what is the
origin of the anonaly?

Several possibilities have been considered (Roy, Blackwell, and Birch
1968). The nodel that envisioned conplete depletion of the | ower crust and
upper mantle of radi oactive heat sources seens unlikely at the present tine.
Recent heat flow determinations in the Md-Continent suggest that heat flow
val ues over basaltic basenent such as the bedrock beneath the M d-Conti nent
Gravity H gh (Fig. 10) have values of 0.8 to 1.1 (Conbs and Si nmpbns, 1970
WIllianms and Roy, 1970; Blackwell, in preparation), which are the val ues



expected if the paraneters of Eq. (1) for the eastern United States apply. W
have concluded that a transient heat sink is necessary and that the sink is

| ow tenmperatures in the Sierra Nevada crust and uppernost mantle, which are a
byproduct of recent sea floor spreading.

Current dogma on continental drift has the North American continent
novi ng away fromthe Md-Atlantic ridge toward the East Pacific Rise during
much of the Cenozoic (Bullard, Everett, and Smith, 1965). Wthin the past few
mllion years the continent and the East Pacific rise have closely
approached, and the interaction of plates has becone quite conplicated.
Papers too nunerous to cite have discussed the nature of the interaction of
the continental and oceanic plates and the resultant effect on the Cenozoic
geologic history of the western United States (see, for exanple, Atwater and
Menard, 1970; MKenzie and Morgan, 1969). W believe that the heat flow
pattern described above is a definitive test of nost of these hypotheses. Qur
general conclusions are that corollaries of the basic sea floor spreading
hypot hesi s and plate tectonics explain the pattern we observe in the coasta
areas al nost uniquely and further inland as only one of severa
possibilities.

We summari ze here briefly our hypothesis for the |late Mesozoic and
Cenozoic tectonic history of the western United States. During the late
Mesozoi c, a sinking slab of oceanic |ithosphere existed at the site of the
Franciscan terrain in western California (Ernst, 1970). Inland fromthe
trench, about 100 to 200 km the batholiths of the Peninsul ar Ranges,
Sal i ni an Bl ock, Sierra Nevada, Klamath Muntains, Coast Ranges in Canada,
etc., were being generated and enplaced in the crust. Here, incidentally, is
geol ogi ¢ evidence fromthe observed | ow tenperature assenbl ages in the
Franciscan terrain and the high tenperatures in the Sierra Nevada of a sharp
transition in regional heat flow during the |late Mesozoic. Near the beginning
of the Cenozoic the direction, dip or rate of underthrusting changed so that
the regi on of high heat flow shifted inland and the crust under the Sierra
Nevada began to be cooled by the "cold conveyor belt" passing underneath, and
the heat flow decreased to | ess than 0.4 ucal/cnfsec. The high heat flow in
the Basi n and Range was probably established with something near its present
boundari es by early digocene.

Hi gh tenperatures near the top surface of the underthrust plate have
been attributed to friction, stress heating, shear strain heating, (MKenzie,
1969; MKenzie and Sclater, 1968; M near and Toksoz, 1970; Oxburgh and
Turcotte, 1968, 1970; Turcotte and Oxburgh, 1968). In addition to these
nmechani sns of nechani cal -t hermal energy conversion, we would |ike to suggest
t hat radi oactive heat sources in a slab of undifferentiated oceanic
Iithosphere maybe inportant. If we take, for exanple, an oceanic plate with
Ay=0.7 x 1073 cal/cn? sec and b=100 km (a popul ar di nension for slabs of
oceani c lithosphere), the steady-state heat flow at the surface would be 0.7.
Add to this a heat flow of approximately 0.4 fromdeep in the mantle, and we
have the average heat flow observed in deep ocean basins (far fromridges)
and the average heat flow on continents (excluding thernmal anonaly regions
such as the Basin and Range).

A 100-kmthick plate with the nmiddle at a depth of 100 km and an
internal heat generation of 0.7 x 10722 cal/cn? sec woul d raise the surface
heat flow by only 0.1 ucal/cnR2 sec in 10® years (Carslaw and Jaeger, 1959, p.
80). In 30 my., however, the tenmperature in the slab would rise about 200°C
above the tenperatures produced by heat conduction into a cold plate without
radi oactive heat sources. Partial nelting of |arge portions of the descending
slab thus becones quite plausible. W find this suggestion attractive for
three reasons: (1) it becones possible to derive the intrusives and
extrusives of quartz diorite to granodiorite conposition now found at the
surface directly fromthe mantle; (2) it is consistent with the lowinitial



Sr ratios that are found in these rocks (Hedge and Peterman, 1969; Menzer and
Jones, 1969); (3) it is the sinplest explanation of the equality of oceanic
and continental heat flow The abrupt transitions between the high and | ow
heat fl ow provinces are secondary effects because of rapid upward convection
of the partially nolten mantle material and do not reflect the distribution
of sources actually responsible for the anonmaly. Such effects would not be
apparent in the first-order theories of mechanical -thermal energy conversion
ref erenced above.

At sone time in the mddle Cenozoic, portions of the North Anerican
pl ate conpletely overrode the Cocos plate and abutted the Pacific plate
(Atwat er and Menard, 1970). The first such point was probably between the
Mendoci no and Murray fracture zones. At this tine, the portion of the North
American plate west of the San Andreas fault was wel ded to the Pacific plate
and the San Andreas fault originated as a transformfault connecting the two
remai ning ends of the rise (Atwater and Menard, 1970). Wen the |ast vestige
of the Cocos plate north of the southern tip of Baja California was tranpl ed
beneath the continent, the heat flow fromthe mantl e beneath the Sierra
Nevada and Peni nsul ar Ranges ceased to be held down by the “cold conveyor
belt” and the bl ocks began to warm up. The higher values in the Peninsular
Ranges could be a result either of the fact that the block is narrower than
the Sierra Nevada bl ock (75 versus 150 kn) and thus heated up nore quickly or
that the Peninsular Ranges are on a different tine portion of the transient
recovery.

We enphasi ze that whatever the explanation for the Sierra Nevada and
Peni nsul ar Range anonmlies, the presence of these well-deternined regions of
| ow heat flow between the Basin and Range province and the coast rejects the
hypot hesi s that the continent has sinply drifted over the East Pacific Rise.
There is no reasonabl e way we can devise to drop the heat flow to the present
| ow val ues in the Penninsular Ranges and the Sierra Nevada subsequent to
passi ng over an extensive rise system

Attenpts to extend the subduction nodel to explain the zone of high
heat flow in the Southern Rocky Mountains and Black Hills encounter
difficulties with the inferred zone of normal heat flow in the Col orado
Pl at eau- Woni ng Basi n-M ddl e Rocky Mountain region. There are only two val ues
of reduced heat flowin this region (one of which is typically Basin and
Range), 0.9 in the Beartooth Plateau and 1.3 near the eastern edge of the
Col orado Plateau. If the Colorado Plateau is indeed a continuous zone of
normal heat flow as inferred fromthe seisnic and electrical resistivity
data, then other nechani sns nust be sought to explain the high mantle heat
flow in the Southern Rocky Muntains. Cearly, the Colorado Plateau is one of
the nost inportant areas for further studies of heat flow and basenent
radi oactivity in the United States.

Qur general nodel inplies that on the | andward side of a subduction
zone there will be a zone of low heat flow similar to the Sierra Nevada with
a region of high heat flow still further inland. Sone obvious areas to test
this hypothesis are in the granitic plutons of the Klamath and Northern
Cascade Mountains in the United States, the Sierra Madre del Sur in Mexico,
and the coastal batholiths of Peru and Chile.

Not e added in proof: Since the subm ssion of this manuscript, a nunber of

i nportant papers on plate nargin tectonics, subduction, and thermal structure
of the western United States have appeared. Among these are: Atwater, 1970:

Di cki nson, 1970: Lipman et al., 1971: Porath et al., 1970; and Reitzel et

al .,

1970. The conclusions drawn in these and ot her papers, although based |argely
on petrology, plate tectonics, and electrical resistivity argunents, are
generally in excellent agreenent with the views expressed in this paper
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