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ABSTRACT

Before geothermal energy can be promoted as a major
resource on a national scale, the scientific and engineering
community should have a clear understanding of the funda-
mental constraints that nature itself places on the regional
availability of the resource: in other words, what roles do
global tectonic processes, such as sea-floor spreading, play
indetermining the distribution of heat in the crust and mantle
on a regional scale? Is geothermal energy focused in certain
broad areas and depleted in others? If so, what is the
scale-size of zones of enhanced geothermal potential, and
how do we detect them?

Using Iceland as an example of a region currently exhibit-
ing crustal spreading, we have carried out a series of
telluric-magnetotelluric experiments aimed at addressing
these questions. At the present stage of our program, we
feel that three important features of the distribution of
geothermal energy have been identified: first, a uniform
enhancement of temperatures in the upper mantle on a
regional scale; second, broad zones where the base of the
crust is being actively intruded by molten magma; third,
sharp anomalies a few kilometers wide revealing highly
conducting structures which clearly are the result of subsur-
face hydrothermal activity. The results of our experiments
are promising and suggest that the telluric-magnetotelluric
method may play a central part in the regional reconnaissance
of geothermal energy, not only in Iceland where the method
has been successful, but in other areas of the world, such
as east Africa or western North America, where crustal
spreading appears t0 be the dominant regional tectonic
process.

INTRODUCTION

With the increased awareness, both among scientists and
the public at large, that geothermal energy may be a
significant resource for the future, geophysicists can expect
to play a strategic role not only in detecting and evaluating
local geothermal reserves but also in assessing the possibil-
ities for developing geothermal energy on a regional scale.
To accomplish this mandate, geophysicists have at their
disposal a number of tools such as seismological, gravity,

magnetic, heat-flow, and electrical methods.

In this paper we shall focus on electrical methods, and
more specifically on the telluric-magnetotelluric method
(Hermance and Thayer, 1975). The electrical resistivity, after
all, is the geophysical parameter which is proving to be
the most useful indicator of enhanced subsurface geothermal
activity.

During the summers of 1972 and 1973, a series of telluric-
magnetotelluric measurements were made in a number of
areas in Iceland (Fig. 1) in a cooperative project of the
National Energy Authority of Iceland and Brown University.
The objective of the research was to focus on fundamental
questions regarding hydrothermal processes along the crest
of the mid-ocean ridge system. Using Iceland as an example
of a region currently exhibiting crustal spreading (Palmason
and Saemundsson, 1974), we posed the following questions:
How is heat distributed in the crust and upper mantle on
a regional scale? Is geothermal energy focused in some
areas and depleted in others? If so, what is the scale-size
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Figure 1. Location of survey areas in lceland. Code letters
refer to Krisuvik (KR), Thingvellir (TH), Westfjords (VF), Huna- )
vatnssysla (HU), Myvatn (MY), and Herad (HE).
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of zones of enhanced geothermal potential, and how do
we best detect them?

Our measurements are potentially important to an under-
standing not only of geothermal processes beneath mid-ocean
ridges, but also those in other areas exhibiting crustal
spreading, such as eastern Africa or western North America.
Similarly, our results may contribute to understanding a
number of geothermal-related processes such as hydrother-
mal energy, metallic ore migration and deposition, as well
as deep-seated crustal vulcanism.

In the following discussion we present evidence supporting
the following tentative conclusions. First, there is a uniform
enhancement of temperatures in the upper mantle on a
regional scale. Second, broad zones exist where the base
of the crust is being actively intruded by molten magna.
Third, there are sharp anomalies a few kilometers wide
revealing highly conducting structures which clearly are the
result of subsurface geothermal activity, although in some
cases there may be no surface geologic manifestations of
this activity.

THE TELLURIC-MAGNETOTELLURIC METHOD

Basic Concepts

Natural fluctuations in the earth’s magnetic field occurring
over a wide range of characteristic periods are caused by
time-varying ionospheric and magnetospheric current sys-
tems as well as by tropospheric lightning storms. These
magnetic field fluctuations induce electric currents in the
conducting earth which in turn generate a secondary mag-
netic field. It is the measurement, analysis, and interpretation
of the components of these naturally occurring electric and
magnetic fields as seen at the earth’s surface that comprise
the telluric and magnetotelluric methods.

Usually two horizontal orthogonal components of the
telluric (electric) field are measured at a particular site on
the earth’s surface. This is accomplished by measuring the
difference of potential between two grounded stakes and
dividing by the distance between them. The negative of
this linear approximation to a directional derivative is simply
the electric field component in the direction along which
the stakes are aligned. Galvanized iron stakes seem to be
appropriate for short-term measurements, but for longer-
term measurements (of events having a period longer than
a few minutes) electrode polarization effects may become
important and must be minimized by using porous pot
electrodes containing solutions of copper sulfate or cadmium
chlorate. Components of the magnetic field can be detected
using a number of devices such as induction-coil sensors
and flux-gate magnetometers (Serson, 1973) or the highly
sensitive superconducting ‘‘SQUID’’ devices recently de-
veloped for geophysical applications (Zimmerman and
Campbell, 1975).

In a number of cases the earth can be represented by
a series of plane layers which, although lossy, are neverthe-
less linear, homogeneous, and isotropic. Simple theory
predicts that the electric field and magnetic field of an
electromagnetic wave propagating through such a medium
are orthogonal to one another. One would therefore expect
that for a randomly polarized series of events the electric
north component, say, should correlate with the magnetic
south component. This type of correlation is demonstrated
in Figure 2 (from Hermance, 1973b), in which magnetic
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Figure 2. A comparison of magnetotelluric components re-

corded during a magnetic substorm and subsequently band-

pass filtered using a digital filter having a center period of
200 sec and a selectivity of 0.1 (after Hermance, 1973b).

substorm data recorded on strip-chart records were subse-
quently digitized and numerically band-pass filtered at a
period of 200 sec with a filter selectivity of 0.1. A visual
scan of the fine structure of bursts of activity in the traces
reveals an impressive correlation between the H and E,
components and between the H, and E  components.
However, E, and E, and H, and H,, do not look at all
alike. In other words, the so-called ‘‘magnetotelluric ortho-
gonal pairs” (E,, H,and E , H ) exhibit in many cases
a higher degree of correlation than do the ‘‘component pairs’’
(E,, E,and H,, Hy) themselves.

Another result of the simple plane-layered model we are
considering is that upon decomposing both the electric and
magnetic field fluctuations into their respective Fourier
spectral components one may determine a characteristic
impedance, Z, for the earth given by

Z=E,/H,= -E,/H,, )

where, following the usual convention, the electric field
is given in mV /km and the magnetic field is given in vy.
A resistivity for the earth may be determined from

p=02T|Z|?, )

where p is the resistivity in ohm-m, T is the period in
seconds of the spectral components in Equation (1), and
Z is the characteristic impedance given by Equation (1).
In reality, p should be called an ‘‘apparent’ resistivity,
since the essence of the magnetotelluric method lies in the
contribution of Cagniard (1953) who noted that for a plane-
layered earth, p as determined from Equation (2) should
not be constant with period. He demonstrated that because
of the so-called ‘‘skin-depth effect”” of electromagnetic
theory, short-period signals should not penetrate very deeply
into the earth. Hence, at short periods Equation (2) should
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give resistivities, or more properly apparent resistivities,
characteristic of the layer or layers closest to the surface.
On the other hand, long-period signals should penetrate to
greater depth and lead to values for the apparent resistivity
which are characteristic of deeper layers. Therefore calcu-
lating apparent resistivities from Equation (2) over a broad
range of periods presents one with a measure of the true
resistivity with depth. Perhaps it should be stressed that
the magnetotelluric method is not a potential-field method,
as is sometimes thought by workers unfamiliar with the
technique, unless of course one makes a measurement or
a profile of measurements at only a single point. By measur-
ing the apparent resistivity over a sufficiently wide range
of periods, one does not encounter the unique class of
ambiguities associated with potential-field methods.

Field Relations Near Lateral Inhomogeneities

Although Cagniard’s theory has led to a great deal of
progress in studying areas where the plane-layered approxi-
mation is valid, one is not always assured that such a simple
situation will be encountered. For example, the earth in
the vicinity of a measuring site may not be plane-layered
but may instead exhibit sharp lateral resistivity constrasts.
Since these latter cases are by far the most interesting from
the viewpoint of detecting geothermal reservoirs, one is
forced to use theory more sophisticated than Cagniard’s
to interpret data from such situations.

One should not be surprised, for example, that in the
close vicinity of a conductivity anomaly the electric current
is significantly skewed from the direction it would have
at some distance from the anomaly. A current flowing
east-west might be distorted to flow, say, to the northwest.
Although for a plane-layered earth an eastward current or
electric field should correlate with a southward magnetic
field, it should be apparent that, if the current is skewed
in the vicinity of a lateral discontinuity, an eastward magnetic
field may well induce a regional electric field which will
be locally skewed to have a component to the east as well.
In other words, it is quite possible-that near lateral discon-
tinuities each electric field component will correlate with
both magnetic field components; thus one might expect the
following linear relation to hold:

E

x

aH + bH, (3a)

E

y

(3b)

¢H + dH,

where a, b, ¢, and d are linear coupling coefficients, more
commonly called magnetotelluric impedance tensor ele-
ments. Using the summation convention of repeated indices,
Equations (3) may be abbreviated

E, = Z,H,

i=1,2 and j=1,2, C))
where the set of coefficients Z;; simply replaces the original
a, b, ¢, and d.

A relation similar to Equation (4) is useful when only
telluric fields are measured (the so-called telluric method;
Berdichevskiy, 1965). In using this method an orthogonal
set of electrodes is located at a base site and another
orthogonal set of electrodes is located in sequence at a

1039

REMOTE TELLURIC SITES

1-100 SEC.

MT

SATELLITE TELLURIC SITES
1-10% SEC.

SATELLITE]

%

o
3

Figure 3. Schematic illustrating the relation between a base

telluric or magnetotelluric site and the remote telluric sites.

For convenience in describing a site, we distinguish between

aremotesite at which short-period (1 to 100 sec) measurements

are made, and a satellite site at which long-period (1 to 104

sec) measurements are made, although the field systems are
identical at either site.

number of remote sites, as shown in Figure 3. The objective
of this method is to compare measurements at the various
remote sites with simultaneous observations at the base
site. An example of a telluric data set in its raw digitized
form and after band-pass filtering is presented in Figure
4. Clearly there is a high degree of correlation between
parallel telluric pairs. One cannot, however, always expect
to find such a simple one-to-one correspondence, especially
in the presence of lateral inhomogeneities. In such a case,
one anticipates that either of the electric field components
at the base site might be skewed into another direction
at the remote site, so that one should expect a relation
of the form

E/=T,E} &)

where the set of coefficients (T;) is known as the telluric
transfer tensor (Hermance and Thayer, 1975). Estimating
the tensor elements in either the impedance tensor (Z) or
the telluric transfer tensor (T) is a problem commonly
encountered in data processing; various methods for accom-
plishing this are reviewed by Hermance (1973b) and Thayer
and Hermance (in press).

A distinction is made between the telluric method, the
magnetotelluric method, and what we have come to call
the tetluric-magnetotelluric method (Hermance and Thayer,
1975). Although the field procedure is still represented by
Figure 3, the telluric-magnetotelluric method uses measure-
ments of the electric and magnetic fields at the base site
(E® and H®) to determine a base impedance tensor (Z*)
which is then transferred to the remote site using the telluric
transfer tensor given by Equation (5). Therefore the electric
field at the remote site is related to the magnetic field at
the base site through the relation

Ei=T,ZH;}. (6

The new tensor which is formed is called the transfer
impedance tensor and is given by

Zy= T, Z,,. Q)
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Figure 4. Telluric field data recorded simultaneously at the base site and site 3 during the Thingvellir survey. The raw

data is simply a machine plot of unfiltered digitized chart records. The lower traces represent band-pass filtered data. Note

the close correlation between the filtered north components at each site and between the filtered east components at each
site (after Grillot, 1973).

Under the assumption that the magnetic field at the base
site is approximately the same as that at the remote site,
the transfer impedance tensor (Z*) becomes a good approxi-
mation to the remote impedance tensor (Z ") which one would
have obtained if both the electric and magnetic field mea-
surements had been made at the remote site. One must
keep in mind, in interpreting data, that (Z') is only an
approximation to (Z").

Field Procedure

Atpresent we employ the following strategy for procuring
telluric-magnetotelluric data during a regional reconaissance
survey. First, we select base sites spaces approximately
75 to 100 km apart, at which three magnetic and two electric
field components are recorded. In the vicinity of each base
site, within a radius of 20 km, five to ten or more short-period
(1 to 100 sec) remote telluric sites (Figure 3) are occupied
to investigate the nature of any possible local lateral inhomo-
geneities in the crust. At a distance from the base site of
approximately 10 km, several long-period (1 to 10* sec)

satellite telluric sites are occupied to investigate the lateral
homogeneity of mantle resistivities in the close vicinity of
the deep-sounding experiment.

Preliminary hand calculations are done-with the data while
still in the field (see next section); these serve as a check
on the quality of the data and provide information that
would allow one to modify the experiment to improve
coverage of an area.

Telluric-Magnetotelluric Parameters: Scalar

Raw energy ratios. Magnetic pulsation activity fre-
quently occurs in a relatively restricted band (from periods
of 30 to 80 sec). A primitive means of reducing telluric
data for detecting crustal anomalies is to hand-digitize five
or six cycles of an event from strip-chart records made
simuitaneously at a base site and a remote site. For example,
for an event having a characteristic period of 50 sec, this
might entail digitizing each component every 10 sec for
a total of 31 points per component. After subtracting the
mean, one then forms the Raw Energy Ratio (RER):
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[(e)? + (e})?]

M=

RER = 1=t

)
[(eb)? + (e5)?]

M

j=1

where, for example, e; refers to the jth data point of the
electric (x) component recorded at the remote (r) site, and
N is the total number of points sampled.

Ellipse area ratios. A technique adapted from Berdi-
chevskiy (1965) makes use of the fact that the telluric vector

generally rotates in time, constantly changing amplitude and’

direction. Provided that data are sampled at close enough
intervals, the telluric "vector, in rotating from the jth to
the j+1st point, subtends approximately a triangular segment
having an area 0.5(e e ., — e;e,;, ). By summing over
the entire sequence of areas subtended by the telluric vector,
recorded at the remote site, for six cycles, say, and dividing
by the total area subtended by the telluric vector recorded
at the base site, one determines the Ellipse Area Ratio (EAR):

N-—1
E |(e;; et) — (e e;i+l)l
EAR = 2! )

N1
2 I(egj e')’,,.H) - (e';;e'},-+|‘)|

=l

Spectral energy ratios. If one has narrow-band-filtered
data (selectivity <0.3) before recording, one can form the
Spectral Energy Ratio (SER):

T
f {[en]* + [e(n)]*}dt
SER = '; (10)

{fez() + (&)} dt

[}

where the tilde denotes a field component that has been
either analog or digitally narrow-band filtered. Equivalently,
if Fourier spectral coefficients have been calculated, then
one can form the SER from

(w+Aw)/2 .
j (|E;|2+|E;|2)du)

{w—Aw)/2

SER = an

(w+Aw)/2
f (ES]? + | E2|?) doo

(w—Aw)/2

One can use Parseval’s theorem to show that Equations
(10) and (11) are equivalent and lead to the same values
for SER.

Telluric-Magnetotelluric Parameters: Tensor

The parameters above are useful for rough reconnaissance
investigations or for simple on-site reductions so that one
can obtain a “‘feeling” for the experiment in order to modify
the field program if need be. Quantitatively, however, these
parameters have limited use. One can obtain far more precise
information if one uses parameters derived from telluric
transfer tensors or, better yet, impedance tensors.

Principal impedance or resistivity values. Having
determined an impedance tensor in an arbitrary coordinate
system (say geographic coordinates), one can determine a
principal coordinate system in which the coupling effects
between parallel magnetotelluric pairs are minimized. In
a strictly two-dimensional situation one can show that the
principal coordinates are parallel and perpendicular to the
strike of the structure and that E and H measured in the
principal coordinates are related by

E.=Z, H, E,=Z,H, (12)

rather than by Equation (4), which s for a general orientation.
The prime denotes that the terms in Equation (12) are
determined for the principal coordinates. The tensor ele-
ments Z;y and Z;x are called the principal tensor elements;
it is often useful in presenting the results of a telluric survey
to plot these values as vectors on a map so that the length
represents the magnitude of the principal element and the
direction represents the principal direction. Alternatively,
one can calculate principal apparent resistivity values given
by

pLy =0.2T|Z, |2 (13a)

p’yx=0.2T|Z’yx|2 (13b)
whqre T is the period in seconds and p;, and p, are the
principal apparent resistivities in ohm-meters.

Either of the above sets of parameters when plotted as
vectors on maps of the survey area have proven very useful
in obtaining a broad perspective of the region and in
visualizing dominant structural patterns.

Normalized telluric ellipses. Equation (4) may be
expressed in the alternative form

1= o))
= . (14)
EY Z)'x ZY)‘ H)‘

Once the impedance tensor, Z, is calculated, thenan arbitrary
magnetic field, H, can be used as a ‘‘driving function”
to generate the resulting electric field E. We now assume
a particular form for the magnetic field, namely a unit
amplitude (1 -y) field vector which is circularly polarized
in the clockwise sense looking down.

If we express each complex tensor element in terms of
its real and imaginary components as

Z,= A, +iB (15)

and the magnetic field vector in Equation (14) as

HX‘ exp (ot
[HyJ ) [exi Eimz)— in/z)] (9
then Equation (14) can be used to solve for
Re(E,) = acoswt + b sinwt (17a)
Re(E ) = c coswt + dsinwt (17b)

where
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forms an extensive part of the thesis by Thayer (1975).
Although a detailed interpretation of this area will appear
elsewhere, it is instructive to discuss some preliminary
results to illustrate the application of the telluric-magnetotel-
luric method to a gross reconnaissance problem.

So far we have concentrated our discussion on results
obtained from calculating a tensor impedance. In this section
we return to the more primitive parameters described earlier.

Although it is not indicated in Figure 10, sites 18 and
20 lie in the Namafjall high-temperature thermal area, as
indicated by surface geological evidence (Ragnar etal., 1970).
For comparison, we have plotted in Figure 10 the three
scalar parameters described earlier: the Raw Energy Ratio
(RER), Eliipse Area Ratio (EAR), and the Spectral Energy
Ratio (SER). As we stated before, the RER and EAR
are relatively easy to calculate by hand and serve as rough

HERMANCE, THAYER, AND BJORNSSON

indicators of telluric field behavior for the early interpreta-
tion of a reconnaissance survey. The hand-calculated ratios
were determined using pulsation data in the 30- to 80-sec
period band. The SER was calculated using smoothed
Fourier coefficients determined by the analysis of time series
consisting of 2000 points per component.

We see from Figure 10 that the three parameters track
each other surprisingly well. In some cases the difference
between the parameters can be explained as the result of
using unfiltered data for the hand calculations versus calcu-
lating spectral energy ratios precisely at 50 sec. However,
this effect does not seem in general to lead to significant
differences between the values at each site.

Thayer (1975) has noted two features which stand out
in the profile of Figure 10. First, a very sharp minimum
is observed over the known high-temperature area. This
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Figure 10. Map of Myvatn area and a profile comparing the ratio of telluric field energy at each remote site to that at

the base site. Note the sharp telluric anomaly in the Namafjall area (sites 18 and 20). Also apparent is that telluric field

energies are systematically higher on either end of the profile in comparison to the values in the vicinity of the base site
(B) east of the Namafjall anomaly.
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anomaly is very localized in lateral extent and sites less

than 1 km outside the, aréa have field valugs which have

récovered to normal levels. Second, valués for the. tetluric
field energics at the edsternmost sites (13 and 17) look very

similar to the values at the sites west of the Namafjall

area. On the other hand, telluric fle]d energies in the-median
zone, ‘at sites 2 16, S, I4 and’ 15, as well as the basé

site; are syﬂtemanca]!y lowar. .Sin¢e the. enérgy- ratios are.
proportional to apparént résistivity ratios, it.seéms that the.

depth-averaged résistivity is 25 to 50% lower for this. median
belt, which is approximately 25-km wide,, than-for the more

resistive crustal blocks on either side. Clearly this broad

resistivity low is. associated in some way with the recent

intense velcanism which is concentrated -along this ‘same’

zone. However, a more deiailed discussioniof .the measure-
menis in'this area must bie postporied for the present time.

The point wé Wish to maKe here is the useful role telluric
measurements’ can’ play even in a gross' reconnaissance
.survey of an area. One does not always have to tely on
prectse data anatysis techniques to reveal first-order struc-

tural. trends in an area. On the other hand; to extract the

most information from one’s dafa and to obtain the most
stable electromagnétic pdrameters, there: are indisputable
advantages to calculating the tensor impedance:at each site,
either-directly ‘or indirectly by muluplymg the baqe imped-
.ance tensor by thetelluric transfertensor as described above,

SUMMARY AND CONCLUSIONS

Tn this section we suinmarize the. major points made in
thé previous discussion and draw upon our eéxperience in
Ieeland to speculdte on the applicability’ of these results
to other regions where crustal spreading-may be occurring.

The land- -mass of Icetand occupies an area approximately
300 by 400 km. As best as we can ascertain at present,
the temperaturé and composition- of the mantle, which lies
at a depth of 10 or 15 kim, i$ essentially uniform—at least
considerably more, 'uniform than the crust appears to be.
The situation is likely to be similar beneath a continental
area, such as western North America, which is -overriding
an ocean rise. Even though a comphcated geologlc past
is 1mpnmed in the crustal rocks, the mantle beneath may
have uniformly high témperatiires over distances of hundreds
of kilometers.

On asomewhat smaller scale-size, the crust of the.neovol-
canic zone in Iceland seems to have arsystematically lower
registivity than does the crust of the older :’(‘l{:)’7 years B.P.)
Tertijary basalt regions. This lower resistivity can be: ex-
plained by the effects of énhanced hydrothermal activity
atshallow dépths.{d <5 km) and atsmall melt fiattion (several
percent)iof basalt in. the deep crust (5.to 10.km). This, melt
fraction could very easily be the result of a dynamic balance
between the segregation of melt from the upper mantle-and
the creation of new criist a]ong a zone Of sSpreading. If
this is the case, the zone of spreading in northeérn Iceland
has a width on the order of 25 km (soméwhat widér-than
the value of 12 kmfound by Harrison,.1968, for the submarine
porticn of the mid-ocean ridges), On the other hand, the
width of a spreading center may be somewhat. larger. for
continental areas. Clearly these ‘zones have dimensions
which make them attractive: targets for regional reconnais-
sance sfudies.

On a still smaller scalé, but of more immediate ecoriomit
value, are’ high-ternperature hydrothermal areas.which, al-

though having a targét size of only a few kilomeétérs width,
are nevertheless readily detected using'the tellufic.magneto-
tellutic. method. In the Thingvellir area several anomalous

-zones were indicated that had little ar no surface-evidence

of hydrolhermal activity. In the Myvatn area a very dramatic
telluric anomaly occurred in ‘thé vicinity of a known hy-
drothermil reservoir.

In conclision, we; fee! that the: telluric-magnetotelluric
method. has béen successfully ‘employed in Icetand for

investigating problems havingsa variety of scale-sizes, from

targets hundreds of kilometers wide to targets only a few
kilometers wide. Moreover these results demonstrate the
central importancé of the telliuric-magnétotelhuric method
in the: regional réconnaissance of geothermal energy.
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ABSTRACT

Recent advances have been made in new geophysical earth resistivity survey
methods and in borehole electromagnetic probing techniques for detecting shallow
subsurface voids and cavities. Successful results have been obtained using an
automatic recording pole-dipole resistivity method to detect soil sinkholes and
solution caves in karst terrain and man-made tunnels in rock. Cavity size sen-
sitivity and resolution achieved in these surveys has been exceptionally good as
a result of precision digital data collected in the field and advanced data
processing by digital computer.

Spatial redundancy in the resistivity field data permits enhancement of
target anomaly signal-to-noise ratios in terrain where surface geologic noise
presents a problem. This redundancy is used in a correlative model analysis
technique to derived the approximate size and location of cavity targets.

.Hole-to~hole ground-penetrating electromagnetic techniques have been applied
to similar cavity detection surveys whereby the presence of cavities located be-
tween two boreholes is detected and accurately interpreted in size, depth, and
location relative to the drill holes. Projections of received electromagnetic
pulse signals along several source-to-receiver propagation paths permit a simple
means of locating cavity targets between the drill holes.

When used in combination with a drilling program, the resistivity technique
is a highly efficient surface survey method which can provide good guidance for
the test boring operation. Complementary to this capability, the borehole elec-
tromagnetic method can provide signficant additional coverage of the regions
between boreholes.



INTRODUCTION

oy

~ Detection and location of subsurface volds 1s an increasingly important o
N

requirement in geotechnical and engineering géophysics applications. The fact X
that such voids are often localized resistive anomalies in otherwise homogeneous, &6‘ Y
ground has fostered the development of surface electrical and borehole electro- awh
magnetic geophysical techniques for detecting and mapping such targets. In

application concept, the surface resistivity techique provides a search mode

of operation whereby test borings in the vicinity of suspected anomalies serve

as a practical means of void target verification. The borehole electromagnetic
technique operates as a hole-to-hole probe to further verify the presence of

cavities not intercepted by the drill holes and, hence, improve the efficiency

of the drilling program.

The need for good threshold detection of small cavity targets located
relatively d ﬁg_below the surface and the need for direct data interpretation
and display led to the development of an automatic high-resolution earth
resistivity survey system with computer-aided data processing and display. This
system provides precision digital recording of field data from a spatially distri-
buted array of pole-dipole electrodes which are automatically switched into
operation along a predetermined survey traverse. Computer analysis of these
data compensates for the effects of irregular surface terrain and compares the
recorded field data with theoretical cavity target responses to selectively inter-
pref and locate subsurface voids.

Use of the surface resistivity survey technique has resulted in more ef-
fective drilling program control where only anomalous subsurface conditions need
be investigated. However, the fact that 'several drill holes are needed to
delineate and map a subsurface cavity has led to the development of a hole-to-
hole electromagnetic probe system capable of expanding the information obtainable
from the minimum number of test borings. This system operates in a hole-to-hole
pulse transmission mode to probe the ground between the holes. In particular,
the presence of a void reduces the pulse travel time between two parallel drill
holes and introduces distinctive spatial patterns in the forward scattered signals.

A VHF pulse signal having a time duration of about ten nanoseconds and a peak
power of about 6KW is radiated by the transmitter module. By receiving transmitted
pulses while the source and receiver probes are hoisted simultaneously, the region
between the drill holes is scanned in detail. Digital records of the received
signals are displayed in nested wiggle-trace form to indicate the presence of
localized dielectric contrasts between the drill holes. More elaborate two-
dimensional imaging techniques based upon travel time and absorption between
holes are also practical.

These specialized geophysical methods were originated for use in military
applications concerned with detecting and mapping man-made tunnels.* More

*Work performed under contract support of the U.S. Army Mobility Equipment
Research and Development Command, Fort Belvoir, Virginia.



recently, both techniques have been successfully demonstrated to detect and

map limestone cavities in karst terrain.** The resistivity technique has also

been used successfully in detecting shallow abandoned coal mine workings.*** 7
vdriety of other potential applications in mining, high- resolution exploration,
and geotechnical. measurements also appear practical.

"SURFACE RESISTIVITY SYSTEM

Surface resistivity measurements operate by injecting low-frequency current
into the ground and measuring the resulting surface potentials. In homogeneous
ground the injected current diverges radially away from a point source electrode
and the measured surface potential gradient diminishes inversely with distance

away from the source.

In the presence of a subsurface void, the current is forced to flow around
the high resistance void and, therefore, the surface potential distribution is
distorted from its uniform ground characteristic to reveal the anomaly. For
air cavities the local surface potential is increased, indicative of a higher
than normal apparent resistivity.

A water- or mud-filled cavity is more conductive than the surrounding
medium and the injected current tends to concentrate in the conductive zone.
The surface potential in the vicinity of the anomaly is reduced corresponding
to lower than normal apparent resistivity.

Apparent resistivity anomalies observed from severai pole-dipole measure-
ment positions can be analyzed in a simple way to locate an underground cavity
in homogeneous ground. By drawing circular arcs from the location of each high
resistivity perturbation, the location of the subsurface target can be inferred.

An automatic pole-dipole earth resistivity survey system was recently
developed to provide automatic current injection into the ground via a com-
mutated sequence of current electrodes. The current sink electrode is re-
motely located at a distance five to ten times greater than the maximum target
depth of interest. The system is equipped to operate with up to 64 current
source electrodes spaced at ten meters apart along the survey traverse. Earth
potentials are measured by a portable two-meter dipole electrode pair which is
moved along the survey line each time the current electrodes are sequenced.

The automatic earth resistivity system consists of a central control unit
by which automatic operation of the system is programmed and monitored, a pre-
cision constant current source having a square wave output waveform at selectable
frequencies of 10, 17, or 25 Hz, and a digital magnetic tape data recorder. The
source current is conveyed to the various electrodes along the survey line via
a multi-conductor cable and individual remote current control modules. The

k*Supported by the U.S. Army Corps of Engineers Waterways-Experiment Station,
*Vicksburg, Mississippi.

***Supported by the Bureau of Mines, Denver Research Center, Denver,
Colorado.
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current control-modules are digitally addressable from the central control
unit as part of the automatic system operation. The earth potentials are

measured by a gain-ranging high-impedance preamplifier and are transmitted
via a separate cable to the central control unit for digital recording on

magnetic tape.

During a current commutation timing interval of two seconds, the desired
current electrode is digitally addressed and connected for operation via a
remote current control module located at each electrode, a precision constant
current (up to two amperes) is turned on by the system control unit, after cur-
rent stabilization the earth potential is sensed at the remote dipole preamplifier
and coupled by wire line to the control unit where it is converted to 12-bit
digital form, and finally digital information designating the particular current
electrode address, potential pair location, source current, preamplifier gain,
and the earth potential reading are recorded on magnetic tape. The current is
then turned off and the next current source electrode is addressed.

After all preprogrammed current source electrodes are addressed and the
associated potentials recorded, the potential electrode pair is moved one two-
meter distance interval along the tranverse and the current commutation process
repeated, An entire 630-meter traverse can generally be surveyed in a period
of a day.

sectional image of resistivity anomalies underlying the survey line. In par- aw} p
ticular, the cavity target is modeled numerically in the-computer analysis to “&FM&&VW,
predict the apparent resistivity anomaly for various possible target positions .m

under the traverse. In this process, thé cavity model is systematically assumedhv,yp-
to occupy each possible resolution cell and the associated theoretical apparent .
resistivity profile derived for each current source electrode position. The »pﬂ
theoretically predicted resistivity profiles for each assumed target location h}
are then cross correlated with the experimentally measured resistivity profiles,,w

to compare their perturbations in apparent resisEivity. 4MFM}

g

The magnetic tapes recorded in the field are processed to yield a cross- ‘&ﬂxk%
7

The result of this matched filter process is a correlation coefficient
for each assumed target location whose values are plotted in the respective
resolution cells analyzed. This model analysis and correlation with actual
data is performed for each subsurface resolution cell of interest underlying
the survey traverse. The results assigned to each cell form a two-dimensional
image of apparent resistivity when displayed as shade-of-gray or contour line
plots corresponding to the correlation coefficient values.

The computer analysis also incorporates a generalized conformal mapping
algorithm* which corrects the measured surface potentials for terrain elevation
irregularities so that the model analysis performed in a flat-surface halfspace
can be compared with the field data. The cross correlation results obtained in
the analysis are then mapped back to the actual terrain contour for display.

*Spiegel, R.J., Sturdivant, V.R., and Owen, T.E., "Modeling Resistivity Anomalies
from Localized Voids under Irregular Terrain," Geophysics, Vol. 45, No. 7,
pp. 1164-1183, July 1980.
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HOLE-TO-HOLE ELECTROMAGNETIC SYSTEM

The hole-to-hole electromagnetic system provides through-transmission
probing of geologic materials via a transmitter probe operating in one drill
hole and a matching receiver probe operating in another drill hole. The trans-
mitter radiates a VHF spectrum pulse characterized approximately as one oscil-
latory cycle of a 100 MHz sine wave. The peak amplitude of this pulse waveform
is approximately 550 volts, corresponding to a peak pulse power of 6,000 watts.
The repetition rate of the transmitter pulse is 60,000 pulses per second.

By drilling test holes to find a subsurface cavity suspected from a
resistivity survey, for example, if the target 1is not intercepted after the
first two holes, then hole-to-hole electromagnetic tests can be applied. For
this purpose the transmitter and receiver probes are first lowered to the deepest
depth of interest and hoisted while operating as a through-transmission source-
receiver pair. The radiated pulse travels through the geologic medium between
the holes and is detected and recorded in amplitude and time by the receiver

system.

The propagation velocity aggdﬁmplitude attenuation of the transmitted pulse
is governed by the d1electric+an electrical conductivity of the geologic medium.
For example, electromagnetic waves traveling along ray -paths passing through an
air-filled cavity travel slightly faster than those through the surrounding host
ground. The finite boundaries and geometric shape of the cavity also diffract
and scatter the transmitted pulse. .

By offsetting the transmitter and receiver probes by known distances along
their respective boreholes, the presence and approximate location of the cavity
can be determined by simple graphic projections of the common cavity anomaly.

More elaborate data acquisition procedures are also practical whereby small source-
receiver offset distances are employed to gather many closely spaced transmission
ray paths through the geologic medium being probed. Computer analyzed tomo-
graphic images can then be constructed to depict the dielectric and conductive
contrasts and associated scattering structures located between the drill holes.

The hole-to-hole electromagnetic system consists of a 2-1/4 inch diameter
probe eight feet long, a similar size receiver probe, a dual-drum wireline winch,
a surface control unit, and a digital magnetic tape data recording system. The
fiberglass borehole probes contain resistively-loaded dipole antennas and the
respective pulse transmitter and receiver electronic modules are contained within
the antenna probes. Time synchronization of the receiver with respect to the
transmitter pulse is provided to allow time-domain sampling of the received
signals. This sampling system translates the 30-300 MHz VHF downhole receiver
range to the 600-6,000 Hz audio frequency range for transmission uphole via
conventional armored logging cable.
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. The surface control unit powers and operates the downhole probes and
accepts the time-domain-sampled pulse waveforms for conversion to digital
format for recording on magnetic tape. A dual-drum wireline winch provides
independent depth positioning of the transmitter and receiver probes. A
single drive motor raises or lowers the probes either independently or simul-
taneously via a combination of brakes and clutches.

APPLICATIONS AND PERFORMANCE CAPABILITIES

The surface resistivity system and hole-to-hole electromagnetic system
have been successfully demonstrated to detect soil sinks in karst terrain,
natural limestone solution cavities, man-made tunnels, and abandoned mine
workings. Both air-filled and water~ or mud-filled cavities have been detec-
ted with good results.

The performance capability of the resistivity technique is unusual in
its threhsold sensitivity to small localized targets. The system has sucess-
fully detected and located cavities having depth-to-diamter ratios in the range
of about ten to- one.

Performance of the hole-to-hole VHF electromagnetic system may be defined
by the spatial resolutiop of the pulse waveform in the geologic medium and the
typical limitations in hole-to~hole separation distance. The practical hole
spacing used with the VHF electromagnetic system has ranged from a few meters
‘to about 30 meters. In geologic materials having a relative dielectric con- T
stant of about nine, the nominal spatial dimension of the transmitter waveformiﬁ-
is about one meter. This pulse length can provide a practical spatial resolution

of about one-half meter in the processed results.

FIELD TEST RESULTS

--Fleld evaluation tests of the automatic earth resistivity system were
first performed over two man-made aquaduct tunnels. The first of thest sites
was near Basalt, Colorado where the terrain was rocky and uneven granite covered
by a thin layer of residual soil. This tunnel was approximately three meters
in diameter and varied in depth below surface from about 20 meters to about 70
meters. The tunnel was dry during the tests. The tests at this site were
successful in detecting the aquaduct at 20, 33, 40, and 50 meters, the deepest
survey conducted at this site.

The second test site was a water-filled aquaduct near Loveland, Colorado.
Surveys over this three-meter diameter tunnel were conducted at overburden
thicknesses ranging from about 30 meters to about 50 meters. The water-filled
tunnel and a deep surface soil deposit to the north of the tunnel offered low
resistivity anomalies at this site. The low resistivity anomalies were detec-
ted at the correct horizontal locations, but in the case of the tunnel target,
the derived anomaly was too shallow. This error in depth is believed to be
caused by an increasing resistivity profile with depth. The computer analysis
program is not designed to compensate for such resistivity gradients.

10
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A recent earth resistivity survey was conducted over an abandoned coal
mine In Kentucky. Thé results of this survey accurately detected and located
rthe air-filled main entry of thé mine. The depth of this target was indicated
to be only about half as deep as the real mine. The inaccurate target depth is
a result of the irregular Tesistivity profile associated with the sedimentary
geologic overburden structure at this site.

Low resistivity anomaliés were also detected along the same survey traverse
corresponding to a section of the mine known to be flooded.

Field surveys have recently been conducted at the Medford Cave near Gaines-
ville, Florida where both the resistivity and hole-to-hole electromagnetic systems
were evaluated.

Medford Cave is a limestone solution cavity underlying flat and clear
terrain. The cave ranges in dpeth from about five meters to about 20 meters
in the mapped areas. The rooms of the cave range in size from the largest at
about three meters diameter by 20 meters long to narrow man-size passages and
some passages too small to explore and map.

The high-resistivity anomaly detected along Line ID-001 indicates the
presence of a cavity in the unmapped vicinity of the cave, Test borings carried
out after the data analysis and target interpretation revealed a cavity at this
anomaly.

The survey over a shallow section of the mapped cave along Line ID-004
is correct in horizontal locatiom but is larger and deeper than the cave passage
underlying the survey traverse. This érror is attributed to the close lateral
proximity of the large cave room located about ten meters south of the line.

The hole~-to~hole electromagnetic tests at Medford Cave gave 'strong veri-
fications of the subsurface caviries. Tests between holes C4 and C5 show the
" general uniformity of the limestone rock structure where no cavities exist.

Tests between holes C5 and C3 indicate a small thin cavity at a depth
of about séven meters below surface.

Tests between holes C2 and €3 show a’ larger room of the cave at a depth
;of about nine meters. ;

Tests between holes C2 and C5 show the combined effects of the two
previous cavities as cobserved between. two more widely spaced holes.

Tests between holes C4 and C8 show the hole-to-hole electromagnetic

response to the main room of the cave as observed using holes spaced about
24 meters apart.

19
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GONCLUSIONS AND NEW POTENTIAL APPLICATIONS

The automatic pole-dipole earth resistivity technique has been demonstrated
to perform well as a surface search method for detecting subsurface voids. As
a companion system, the hole-to-holé electromagnetic technique has also proven
to be effective in verifying the presence of voids suspected from such resis-
tivity surveys. These methods have been successfully applied to problems of
military interest, to highway subgrade stability problems caused by soil sink~
holes, and to the location of natural cavities.

In addition to these applications, the resistivity and electromagnetic
techniques are potentially useful in several other applications. Some of these
new potential applications are: (1) monitoring of rubblization processes in
block caving and in preparation of in situ oil shale retorts (EM method);

(2) surface exploration for small localized mineral deposits (both methods);

(3) detection of geologic anomalies other than voids (both methods); (4) mapping
and/or monitoring of in situ coal gassification processés (both methods);

(5) detection and mapping of salt dowme flanks (EM method).
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Abstract. Shallow underground voids resultiné
from early coal mining and other resource recovery
activities over the past several decades are
now being recognized as a significant cause of
ground subsidence problems. Uncertain know-
ledge of abandoned coal mines also imposes
potential hazards in current mining operations
since water inundation or the release of methane
gas is a serjous hazard when mine excavation
operations break into an abandoned mine.

Requirements for detecting and mapping
subversive man-made tunnels in previous work
has led to the development of a surface-
operated autowatic earch resistivicy survey
system and associated computer data processing
system for military applications. Field demon~
stration tests of this system have resulted in
successful detection of tunnels at depth-to-
diameter ratios greater than ten to one.

Under the sponsorship of the Bureau of Mines,
a similar high-resolution earth resistivity
system was designed and constructed for use as
a potential means of deteczing coal mine workings.
The hardware and software aspects of the new
system are described together with applications
of the method to the survey and mapping of
abandoned coal mine workings. Field tests
are presented showing the detection of both
air-filled and water-filled mine workings.

Introduction

Shallov underground voids resulting from
early coal mining and other resource recovery
activities over the past several decades are
now being recognized as a significant cause
of ground subsidence problems in developing
areas. Over this period of time towns, cities,
and highways have developed on top of many
of these shallow mines areas and are continuing
to expand without accurate knowledge of the
existence or the locations of the potential
subsidence hazards. Uncertain knowledge of
abandoned coal mines also imposes potential
hazards in coal excavation operations since
wvater inundation or the release of methane gas
can cause serious dangers when mining operations
break into old workings.

Drilling methods offer a positive means of
detecting shallow mining voids. Bowever,
because of the high density of test borings
required and the relatively high cost of drilling
services, drilling no longer offers an econc~
mically viable approach to void detection and
mapping. Instead a more cost-effective
alternate method is needed to detect shallow
mined areas in order to simplify and minimize
the drilling investigations required to
delineate the subsurface extent of abandoned
mines.

An early project demonstrated the effective-
ness of earth resistivity survey techniques for

detecting and lgocating shallow soil siokholes. . ;°

and solution cavities in karst terrain.. Sub-
surface anomalies of this type are common in

the U.S. and frequently lead to ground subsidence
and surface collapse. To investigate such
potential subsidence problems along highways,

2n innovative approach to the surface remote
sensing of air- and mud-filled cavities was
investigated using a high-resolution earth
resistivity survey technique. This method,
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based upon a pole-dipole electrode array
configuration using very closely spaced
dimensions, was found to detect localized
cavities at depth-to-diameter ratios of about
ten to one. Further, the method employed a
simple graphical analysis and interpretation
method for locating the detected cavities in
both position and depth aleng the survey path.
Evaluation tests were conducted in Alabama and
in Florida to demonstrate the ability to detect
small cavities in soil and in shallow licestone
rock at depths ranging from about ten feet to
about eighty feet., These cavities were verified
later by test borings which accurately coniirmed
their interpreted depth and approximate size
and the fact that they were either air-filled
(high resistivity) or mud-filled (low resistivity)
anomalies.

More recent military requirements for an

_effective method for detecting and mapping

relatively deep air-filled tunnels have resulted
in an automatic earth resistivity survey system
with computer-aided data processing and display.
This svstem provides precision digital recording
of field data from an array of pole-dipole
electrodes which are automatically switched into
operation along a predetermined survey traverse.
Computer analysis of this data compensates ior
the efiects of irregular surface terrain and
compares the recorded field data with theoretical
cavity target responses to selectively interpret
and locate subsurface voids. Field tests
conducted to demonstrate this system performance
resulted in successful detection of tunnels in
hard rock at depth-to-diameter ratios exceeding
tento one. With this high-resolution target
detection capability and automatic system
operation, earth resistivity surveys can be
made with unprecedented accuracy and speed.
. The digitally-operated system reduces the
number of field personnel required to periorm
a high resolution survey and eliminates human
errors in manually reading and recording the
measured data. .

Under the sponsorship of the Bureau of Mines,
a similar system was constructed and field tests
wvere conducted to demonstrate the ability to
detect air-filled and water-filled abandoned
coal mine workings in sedimentary geology.
The site chosen to test the system was the
Brown~Badgett, Inc., Busick Coal Mine near
Central City, Kentucky. This mine offered a
complex combination of both air-filled and
water-filled targets at several depths.

Resistivity Techniques Used

Many electrical resistivity survey methods
have been devised over the past 70 years.
Howvever, the measurement and analysis concepts
for these methods are essentially the same.

I1f an electrical current discribution is
established within the earth, this current will
generate a pattern of electrical potentials at
the earth's surface dependent on the
compodsition and structure of the subsurface.

If the earth at the measurement site consists of
homogeneous resistivity materials, the surface
potentials will show a direct relationship
with the apparent resistivity of the earth.

For sites with horizontally lavered materials
exhibiting contrasting resistivities, the
analysis predicting the electrical potentials



becomes more complicated, but the observed
apparent resistivity consists of a composite
representation of the separate laver resistivities
at the site. If there is a void or other major
discontinuity within the volume of earth
materials being measured, a perturbation or
anomaly in the measured apparent resistivity

will result., These anomalies may be interpreted
in terms of possible subsurface structure or
materials differences.

In che case of subsurface voids, such as
tunnels or abandoned mine workings, two cases
must be considered. First, for an air-filled
void the resistivity contrast is quite
pronounced. The rock and its assoicated
moisture will exhibit a much lower apparent
resistivity than the air or gas in the void,
which has an almost ipfinitely high resistivicy.
Therefore, the anomaly from this void will be
quite strong and well defined. In the second
case, that of a water-filled void, the water
in the void may be from nearby rocks or from
surface sources. For either source the water
may have a resistivity which is close to that
of the surrounding nmedia. Thus, the resistivity
contrast between the rock and the void may be
relatively small and difficult to detect.

With the older resistivity survey techniques,
the maximum depth to which an air-filled void
could be detected was assumed to be about four
times the diameter of the void. This was due
to the large amount of host earth macerial in
the measurement volume as compared with the
volume of the void. This limited capability
is obviously not applicable for detecting
old mine voids as the void would have to be
extrenely large to be detectable at normal
mining depths. For this reason, a technique
developed by the English speleologist, Bristow
using a pole-divole. array was modified for the
purpose of detecting these mine voids. TFigure
1 shows in a very general way the current flow
and equipotential lines for the Wenner (ctypical
of the older techniques) and the pole-dipole
methods. For the Wenner method to respond to
deeper anomalies, it is necessary to extend
the electrode spacings. This results in a
greater penetration depth, but also expands the
effective measurement volume as the cube of
dépth. For the pole-dipole array to respond to
deeper anomalies, it is necessary to increase
the distance between the potential pair and
the current electrode. The effective measure-
ment volume also increases with depth with
this method, but only fractionally as compared
with the Wenner array. The Wenner array may
be viewved as measuring the apparent resistivity
of the complete volume for a hemisphere vhereas
the pole-dipole array measures the apparent
resistivity of a small volume along the surface
of the same hemisphere. Obviously, the same
anomaly will appear nuch more pronounced with
the pole-dipole method than with the Wenner.
This relative manner of volumetric resistivity .
response {s one of the reasons that the detection
limit for abandoned workings has been increased
in the high-resolution survey technique.

As seen in the Figure lb, a void or other
anozaly will be detected anvwhere within the
volume of the hemispherical shell., However,
its locatrion within this volume is indeterminant
without the benefit of other informacion.
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Therefore, a survey technique was developed

to avoid this ambiguity. In essence, the
method consists of utilizing a number of
observations along each line and cross-
correlating any anomalies encountered with one
another to define the position of the void.
This process is performed by the automated
system and its associated computer programs.
Figure 2 shows a simplified illuscration of
how the analysis may be done graphically.

The resistivity anomaly position is locaced

on the ground surface and an arc constructed
using the current source electrode as the center.
The various arcs associated with anomalies
intersect at the probable location of the
anomaly-causing void. This graphic method is
a very simplified illustration of how the
field data is processed by a computer assisted
analysis program. The computer program
presently in use compares the measured
resistivity anomaly patrerns with those
predicred by a computer modeled anomaly void
located at many nypothetical trial positions
along the survey traverse. The most probable
location of the acrual target is identified as
that location where the correlation between the
experimental field data and the model data
correlate to a maximum degree.

Instrumentation

The automatic pole-dipole earth resistivity
survey system provides automatic current
injection into the ground via a commutated
sequence of current electrodes. The current
sink electrode is remotely located at a distance
five to ten times greater than the maximum
target depth of interest. Figure 3 shows a
conceptual sketch of the automatic resistivity
data acquisition system. The primary equipment
components are a digital system control unit,

a cassette magnetic tape digital data recorder,
a precision constant current power source, and
a potential measuring module. In combination,
this system automatically switches through the
various current electrode positions and logs
the resulting potential readings on tape.

Field operator functions involve only the
movement of the potential electrodes along the
survey path at the appropriate data acquisition
intervals. The power unit and data logger
shown in the left of Figure 3 are set up in a
central location such as in a tent or trailer.
As -many as 64 current electrodes are then
connected to the constant current source
through individual remote current control
modules connected to a multi-conductor cable
up to 640 meters lomg.

The current control modules are digitally
addressable from the control unit as part of the
automatic system operation. The earth potent-
ials are measured by a gain-ranging, high-
impedance preamplifier and are transmitted via
a separate cable to the central control unit
for digital recording on magnetic tape.

Magnetic tapes recorded in’ the field are
processed to yleld a cross-sectional image of
resistivity anomalies underlving the survey line.
The computer analysis program corrects the
measured surface potentials for terrain elevation
irregularities. In the program, an anomaly is
assumed at some point along the survey line and
the field data are crossed-correlated with the



predicted response. A number (correlation
coefficient) is generated which gives a measure
of the match betwveen the model predictions and
measured data. The predicted anomaly is then
moved to another location and the cross-
correlation 1is again computed. This procedure
is repeated until the entire survey line has
been profiled. The results are plotted as a
two-dimensional grid in a2 plane underlying the
survey line. Resistance anomalies detected
along the survey lines can be plotted in two
forms of image patterns using either shade-of-
gray or contours, Figure 4 shows a contour
plot in which the contour line show the location
of equal correlation coefficients for detected
anomalies. Figure 5 shows a shade-of-gray plot
in which the darkest shades of gray depict the
location and depch of the highest probability
for resistivity anomalies corresponding to the
analysis model.

Field Test Results

Field evaluation tests of the automatic earth
resistivity system were first performed on a
water-filled aquaduct near Loveland, Colorado.
Surveys over this three-meter diameter tunnel
were conducted at overburden thicknesses ranging
from about 20 meters to about 50 meters. The,
low resistivity anozalies associated wvith the
water-filled aquaduct were for the most part
detected at the correct horizontal locations
but too shallow. Figure 4 1is an example of
the results of one line on this survey. The
tunnel is located at a horizontal distance of
250 meters at a depth of 20 meters. The
contour plot places the depth at aboutr 15
meters. This error in depth is believed to
be caused by an increasing resiscivity profile
with depth. The computer analysis program is
not equipped at this time to compensate for an
overburden of varying resistivity.

Another test of the system was conducted
over a dry man-made tunnel near Basalt, Colorado.
At that site the terrain was rocky and uneven
with large -granite outcroppings along the
survey line. The tunnel was approximately
three meters in diamerer. Survey lines were
gselected to cross over the tunnel at overburden
thicknesses of 20, 33, 40, and 50 meters.

Figure 5 is the computer generated shade-of-gray
plot for the 33 meter overburden scan. The
tests at this site were successful in detecting
the aquaduct at all depths. The shallowest
overburdens resulted in highest accuracy for

the detected anomalies.

A third controlled field test of the system
was conducted over ledford Cave pear Gainsville,
Florida. This cave is a lircestone solution
cavity underlying flat and open terrain. The
cave ranges in depth from about five meters to
about twenty meters in the mapped areas. The
rooms of the cave range in size from the
largest at about three meters diameter by
twenty meters long to narrow man-size passages
and some passages too small to explore and map.

Io most cases, computed anomalies for the
Medford Cave were in close agreement with
wmapped portions of the cave. Figure 6 is a
contour plot of a high resistivity anomaly
vhere zero on the vertical scale is the center
of the anomaly. On one line, a high-resisctance
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anomaly was detected in an unmapped area
near the cave. Test borings carried out
after the data analysis revealed a cavity

at this anomaly, On another line over a
shallow section of the mapped cave, a
high-resistance anomaly was detected which
was larger and deeper than the cave passage
underlying the survey traverse. This error
is attributed to the close lateral proximity
of a large cave room located about ten meters
to one side of the survey line.

Resistivity surveys were made over the
Busick Coal Mine near Central City, Kenctucky.
The four lines surveyed were selected to
examine the ability of the system to delineate
water~filled and dry sections of the mine. The
depth of the mine below the surface was
approximately fifty meters. The results of
the survey accurately detected and located
the air-filled main entry of the mine located
between 238 and 340 meters on the horizontal
axis as seen in the contour plot of Figure 7.
The depth of this target, however, was
-indicated to be only about half as deep as the
real mine. The inaccurate target depth was a
result of the layered resistivity profile
associated with the sedimentary geologic
overburden at this site.

Other features of the mine were detected with
varying degrees of success. 1In the worst case,
en air-filled section of the mine was overlain
by an area where strip mine spoil had been
placed. This sité did not show any indication
of a resistivity high as expected. This result
is probably due to a water-saturated, low
resistance layer lying near the bottem of the
spoil area. This conducting layer appeared as
a series of low resistivity anomalies in the
computer generated display.

Future Research

During the 1981-1982 field seasons the
Bureau of Mines plans more investigations in a
variety of mining areas. These surveys will
involve locating abandoned mines in a variety
of geologic provinces to expand the experimental
field dacra base. Areas planned at present
include iron mines in northernm Minnesota,
coal mines in southern Illinois, northern
Wvoming, and central Colorado, and solution
voids in central Nebraska and subsidence
problems in central-Coldrado.

The idealized current flow lines shown in
Figure 1 do not accurately porzray the patterm
wvhen layered sedimentary rocks are encountered.
When geologic lavers of diiferent resisctivicy
are encountered as in coal mining areas, the
current flow lines are warped and any inter-
pretation assuming current distributions
based upon homogeneous ground will be in error.
The magnitude of the error depends on both the
number of layers involved and the amount of
resistivity variation berween lavers.
Additional research is scheduled to develop
a more accurate couputer model for analyzing
field data collected {n sedimentary geology.

As mentioned previously this technique caa
work at depth to diameter ratios exceediag
ten to one. This resolution means that at a
300 ft. devth (100M), a single void or
cluster of voids such as a syvstem of mine



entries, must have an effective diameter of at
least 20 ft. to be detected. At greater depths’
the diameter must be larger. Consideration is -
being given to developing a method of focusing
the source current into the ground to increase
the resolving power of the method. This will
involve a considerable research effort, but if
successful will render the technique more
effective in locating voids to the greatest
practical depth.

Conclusions

The automatic pole-dipole earth resistivity
technique performs well as a surface method
for derecting subsurface voids. The system
has been applied to problems of military interest,
to highway stabilicy problems caused by soil
sinkholes, to abandoned coal mines, and to the
location of natural cavities. In most of the
field test results obtained to date, resistivicy
highs and lows wvere interpreted in good
correlation with known air-filled and water-
filled voids. Horizontal position of the
anomaly along the survey line is in general
more accurate than the corresponding depth
indications. Most of the errors encountered
in the surveys are due to the electrical .
inhowogeneity of the ground. To improve the
accuracy, further work is needed to modify
and adapt the softrware data reduction method
to account for the effects of lavered rock
above the targets, multiple entry targets,
and targets of complex geometrical shapes,
such as room and pillar sectious,
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FIGURE 3. CONCEPTUAL DIAGRAM OF THE EARTH RESISTIVITY DATA ACQUISITION SYSTEM
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Electrical Parameters for Clay Samples in the Frequency
and Temperature Dependence (First Results)

Grovannt Finzi-ConTINt * anp Sernan VeEvLiCiu ¥*

ABSTRACT

In this work some rdsults are given referring 1o labora-
tory experiments carricd jout on clay samples in the ranges
1-10=2 0 §.10% Hlz and 200 100°C. The diagrams of conductivity.
permittivity and loss-tangent have been obtained. and certain
unomalies can be recognized in them.

Introduction

In the sphere of a scries of researches on the tem-
perature behaviour of rocks {ound in geothermal areas,
it seemed useful to examine the behaviour ol the clays:
these rocks are ol considerable interest 1o gcothermal
prospecting in different regions and in lhaly in particu-
lar, as these clays generally form the cover rock in
geothermal fields. Another determinant factor which
has promoted this research on clavs is their classic
bchaviour in a thermal regime.

This work was carried out within the sphere of
the scientific activity sponsored by UNESCO: onc ol
the authors (VELICIU) spent a training period at the
Geophysical Observatory of Siena University during his
International Post-Graduate Course in Geothermics at
the International Institute for Geothermal Rescarch,
Pisa, laly.

So far many studics have been carried out on the
frequency dependence of conductivity. perminivity and
loss-tangent of rock samples (FuLiLer, Warp 1970:
Correrr, Karsune 1973; Karsuspi. Correrr 1973;
KATSURBE ET AL, 1973: NENCiNg 1973 Cuilapze, Cui-
LinzE 1963; Van KeEvmMEULEN, DeEREYSER 1957; Do-
sTovarov 1947; Keevin, Warp 1962). Among these
studies, laboratory measurements which also involve
the effect of other parameters (e.g. water content, tem-
perature, electrolyte activity) are of great interest to
surface geophysical techniques (Cnevinze, CHELIDZE
1963; Van KEYMEULEN, DEKEYSER 1937: 1DOSTOVALOV
1947; KEEviL, Warp 1962). This paper trics to contrib-
ute 10 the knowledge of clectrical propertics ol clay
samples, in the induced polarization (1) frequency
dependence in particular (FurLer, Warn 1970; Cne-
nze, CHELdZE 1963; VAN KEYMEULEN. DEKEYSER
1957: DostovaLov 1947).

* Dircctor, Osservatorio Geolisico. Universitd di Siena,

Sicna, ltaly.

** Institviul de Geofizica Aplicata. Sir. Tzvor 78, Bucuresti,

Rumania.

Geotherniies (1974) - Vor. 3. No. 1
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In our program of experiments a special electric
measuring system was assembled for the collection of
data on the electrical propertics of samples in the fre-
quency range [rom 1107 10 5- 10 Hz, whereas a suita-
ble device was set up to study temperature effects be-
tween 20" and 100 °C. The accuracy of each apparatus
was carefully checked and the results of the measure-
ments obtained indicated some interesting aspects with
regard to the trends of the electrical properties studied
in our rock samples (Pliocenic clays of the Siena region).

Electrical parameters

The paramcters that define the electrical character-
istics of a rock are conductivity g, permittivity € and
consequently loss-tangent tan & (COLLETT 1959; PaRr-
KHOMENKO 1967). Il the potential difference AV is ap-
plied 10 a medium, that is, in our case 1o a rock spec-
imen, in general both the loss Current |; and the
displacement current j¢ flow through it: for this rea-
son, conductivity and permittivity are the two major
clectrical parameters of the rocks. They can easily be
calculated for samples of regular geometrical f[orm,
when properly cnergized (PARKHOMENKO 1967, pp. 80-
83). The ratio of the loss to the displacement current
gives the loss-tangent (or dissipation factor)

la EAV/\T g
e weAVEk  we

where ©» = 2xf. [ being the [requency, and k is a geo-
metrical factor.

It is widely accepted (KELLER, FRISCHKNECHT
1966; ParasNis 1966; Mappen 1967), that in the low
frequency range. particularly below 107 Hz, electrochem-
ical polarization cffects become important; they are
closcly related to the content of moisture in the rocks.
This type of lrequency dependent behaviour in certain
rocks. as in clays. for instance. has been termed mem-
brane 1P (MarstALL, MADDEN 1959): some informaltion
follows on this subject,

[t is gencrally supposed that a diffuse cloud of
cations is characteristic of clay-electrolyte systems (KgL-
LER, FriscuknecHT 1966, Fig. 261; FRASER ET AL.
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1971, Fig.-4). Gn applicstion of un clectric potcritial,
posilivc-chzn‘gc carriges cagity pass through ihe citionic
cloud, bul negafivescharge warriers. pilé up. Therefore,
something similar (o an jon-sclective membrane existy,
which ¢auses a detrease 16 the anien moebility, owing to
the model summarized abdve, This reduction in mabili-
ty is' most ellective for electrical polential variations
which are 16w (e.g., ltequencies under 0.1 Hz), with
respect Lo the diffusion times of the.anions between adja-
cent membrane-zones. On the other hand, the maobility
of the anions is fior very greatly affecied when the po-
tentidl vatiatidhs are [ast (e.g., lrequencies aboeve 1000
Hz). With refgrence 1o thiy model, it must be added
that the motlpcm of the electric cliarge cairiers is also
influenced by the température. For instance, it is well-
known that the higher thé termperature, the lower the
water viscosity. Consequently, the mobilities of the elée-
tric-charge carrlers also increase. A schemdtic guanti-
tative approach o this preblem wa‘s attempted (Finzi-

Electric measuring system

 The rescaréh aspect of our laboratory m’easufemems_’
was doncerned with determining conductivity, permitt;. ™3
vity and loss-tungent. The wark perfdrmed during thig §
laboratory getivity referred in particular to three sap. 2
ples of clay found. near Siena (ltaly). In order to keep 4
the hmmdlty content in these samples appreciably equal '}
(0 the aciual content they had <& in-situ », our specimens ™
were scaled up immediately after sanipling until they‘
were subjected 1g the experiments.

The main admittance measuring system {sz]-
Conring 1972; Finzi-CoNTINU ET at. In plep) basm-
ally consisted of a sine function generator with fre. .
quency range from 5107 to 5+10° Hz, two amplifiers §
and un oscilloscope: 3 bloek diagram of this system js )
reproduced in Figire 1; the other apparata used are alsg 3
shown: Thé data for calculating admittance were dé: .
termined by veltage and currént measutements on the

3
Conting 1971), introducing the concepl of Theoretical screen of the scope. !t must be emphasized that for the
Complex Mobility (TCM) and Ssugsesting expressions lower Frequercics (ik., less than 1-10° Hz), as it wag |
for rock specifie admittance for simulating membrane difficult to follow the spot on the screen, pictures were
polarizing roeks (FinzizConting 127 Al 19724; Finzi- taken by means of a Polaroid Caméra System; see for

CONTINT ET AL 1972h). instance Figure 2, which shows a Lissajous’ ligure set,
i
GENERATOR "rowEs ~ox ° X s ﬂ

3 ‘ AMPLJFLEE\‘J AMPLIFIER ,
L p r ‘!(A
— - . .
SAMPLE
TEMPERATURE

- RECORDER

REFERENCE

TEMPERATURE

FiG, Lo — A simplificd block Jmﬂmm of the mcmurmq SNSICH,

Ohe can see the sample. - energized by tie generaidgr via a powey

arplifier, the ofunic resfsignee R ficing i deriés (o the semple cireuit theavy lines). Thé R uo!‘rage d:,‘ferem.c, proporiionat tg

ihe semple curvrent. is dppliéd to the scope xoxis. after due umphjmmnn
measured with fespéct 16 a suirdhile poing.

ey mumf hetweenr A il 3

{

whvreus the sedple yveaXis receives fhe uohﬂgc differ-
A mm’ I ekurodcﬁa work: warhom coppeér sidphate

sofution in order o auoid cluy pofsoning. fu this Figure the Heater us woll s ihe thermocouple THOP Gre schematized.
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As an accessory equipment for heating our speci-
mens from 20” to 100 °C a thermostatic furnace was
used, which is able (o keep the temperature constant
within o 0.5"C. Moreover, in a very small hole drilled

40°C 50°C 90°C
0.5Hz ﬂ 0.5Hz , 0.5Hz
40°C 50°C L a0°C
01Hz 0.1Hz 0.1Hz
| Z
- — ! -
40°C 50°C 90°C
0.03 Hz :! 0.03Hz :T i 0.03 Hz 2
|
|
Fig. 2. — A selected ser of Lissajous’ curves obiained  for
sumple No. 2 for a manber of comparable energizing situa-
tions.  Anomualous  non-linear  plhenomena  appear  more

evident when [requency and temperaiure decrease.

mho/m lo

0.10 4

T T

SAMPLE No.2

in every specimen, a thermocouple was introduced, con-
nected 10 a recording system. This ensured that sieady
thermal conditions were reached. During our measure-
ments each sample was housed in a sample-holder,
which was immersed in a bath containing a mineral
oil with high insulating properties. This bath was placed
inside our lurnace, suitably housing all the described
sample equipment.

By this technique we attempted 1) fo limit the
water content losses during heating, 2) to ensure the
thermal stability of the sumple and 3) to permit recogni-
tion ol thermal equilibrium in the sample’s interior, ac-
cording to the theemocouple data. To give an idea of
certain dimensions, we might add that our samples were
of cylindrical shape (30 mm long and 23 mm dia-
meter), the current densitics being within the range
26 - 107 Afem?

Typical results

A sclection of our experimental data is shown in
Figures 3. 4, and 5; it can be added that the Lissajous’
figures pointed out the existence of anomalous non-
finear phenomena for frequencies between 10™° and
about 1 Hz, as shown in Figure 2. It is to be noted
that the conductivity diagrams, Figure 3, exhibit anoma-
lies between 50%60"C; a typical result can also be
scen in the loss-tangent diagrams versus l(emperature
and for dilfcrent frequency values, Figure 5: it must
be noted that the maxima obtained above 30 Mz are
located ncar the above temperature interval. Other in-
teresting data for tan & have been obtained for meas-
urements at 100°C above about 10 Hz.

These experimental results suggest the existence
of a connection between eleciric and thermodynamic
phenomena, linked to the presence of water in clay
rocks: one might also be induced to suppose that the
movement ol electric charge carriers in the adopted
media arc strongly affected by heating in the condi-
tions under study.

f

0.0 0t 1

T

10

100 1000 Iﬂ.(iﬂﬂ He

Fi16. 3. — The conductivity diagrams for sumple No. 2. One notes that these trends are individually in agreement with classical theo-
ries {PARKHOMENKO 1967, p. 193, and its consequences). while the 60°C diagram (heavy. dashed-and-dotted line) clearly exhibits

an anomalous trend with regard to the others.
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It seems opportune to mention that other physical trends ol our work towards studying this argument y
properties of clays. such as interlayer absorption of be skeétched.

water (VAN OLPHEN 1969) and results of thermodynamic
experiments on ion-exchange cquilibrium (VAN BLADER, Conclusions and possible research trends 3
MENzEL 1969), as well as differential thermal analysis This first research of ours on the electric behavias
on clay minerals (Konoaa, Scunivzer 1969), appear ol clay samples carried out in temperature ang f
able to give measurable responscs vight in our tcmper- quency dependence has alrcady brought to light Sd
ature interval. not so obvious aspects of this problem. 4
It appears not so ecasy now to cxplain in which Thesc Tirst results obtained indicate, for OUP‘C':
way all these measurements can be linked together and samples, such behaviour in the low-frequency do’

framed theoretically. In the next section possible future and versus temperature, which can be considereq ;

F/m '{8

SAMPLE No.2

6.01

T +
4 .
i 10
F16. 4, — The permivivity diagrams for suple No, 2. One notes that these trends ore individually in agreement wiih classical (;

ries (PaRRBOMENKO 1Yn7. po 193), whercas the 00°C diagram (heavey, dashed-and-dotied  tine)  clearly  exhibits an anomgl 3
. A .
trend with regard 1o the others, -
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SAMPLE No.3

3,000 Hz

300 Hz
Hz

Hz
Hz

Hz
Hz
0.05 H:z
001 Hz §

1 =
0O 10 20 30 40 50 60 70 80 90 C

Fia. 5. — Some tan % trends vs. temperature for sample No. 3. One can see that, at least according to the amount of data in our
hands ag the moment, the trends of these diagrams suggest the existence of an interesting behaviour in the range 50°-60°C

Jor frequencies higher than 1 H:z.

ticular; this also applies 0 other measurements on
different types of rocks (e.g.. pyrite-bcaring samples)
carried out: for more information and comments sec
Roceur, in prep. Perhaps one ol the most significant re-
sults is the anomaly in the trends of the clectrical para-
meters around 60°C. In future it will be nccessary to
explore carefully the 50%70" C temperature interval lor
the same (ype of clay, possibly in close connection with
dilferential thermal analysis procedures for different.,
natural water contents.

Our intention is also to extend our researches to
other sedimentary rocks, according to the above-men-
tioned concepts, in order o get information on the
clectrical responses of media of interest to both geo-
thermal and geoclectrical prospectings.
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FLUID CIRCULATION IN THE EARTH'S CRUST
Denis Norton

Department of Geosciences, University of Arizona
Tucson, Arizona 85721

Abstract. Numerical simulation of thermally driven fluid flow
caused by igneous intrusives in the upper crust indicates that fluid
circulation is an inevitable consequence of- lateral density gradiénts
in pore fluids characteristic of these environments. Thermal pertur-
bations associated with igneous plutons are predicted to be suffi-
ciently large to generate hydrothermal systems in which the magnitude
of convective heat transport exceeds that of conductive heat transport
for rock permeabilities greater than 10-18 p2 [Norton and Knight,
1977]. Furthermore, the style of the heat transfer is significantly
different from systems in which conduction is the dominant heat trans-
fer mechanism, particularly when the transport and thermodynamic prop-
erties of the fluid phase are taken into account. As a consequence of
the critical end point which exists in the H70 and related systems,
the region above plutons is predicted to contain extensive vertical
zones of nearly constant temperature. These first-order approxima-
tions of fluid circulation reveal two points relevant to predicting
the thermal regime of the crust: (1) thermal gradients above convec-
tion-dominated systems are very nonlinear and camnot uniquely predict
subsurface temperatures within our present scope of knowledge and data
and (2) since fluid circulation may extend through a considerable por-
tion of the upper crust in tectonically active regions, the thermal
regime of these crustal regions is poorly understood.

Introduction

Temperature conditions in the earth's crust are normally predicted
on the basis of extrapolated temperature-gradient data, petrologic
arguments, and numerical approximations of conductive heat transfer
processes in which various thermal energy sources, as well as rock
properties, are considered. Analyses of thermal convection have usu-
ally indicated fluid circulation to be an important heat transport
process, at least in geothermal areas [Elder, 1965; Ribando et al.,
1976; Lister, 1974; Lowell, 1975]. However, the consequences of fluid
circulation on the thermal conditions in the crust have only recently
been analyzed for situations in which (1) the transport and thermody-
namic properties of the fluid phase are allowed to vary with tempera-
ture and pressure changes and (2) an igneous intrusive body is present
in the upper crust.

The unique characteristics of fluid systems for which H20 is a prin-
cipal component suggest that the properties of these types of fluids
should contribute significantly to the heat transport process in con-
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694 FLUID CIRCULATION IN THE EARTH'S CRUST

vection-dominated systems [Norton and Knight, 1977]. Enthalpy, densi-
ty, and viscosity of phases in the pure H70 system and in salt-H0
systems are very dependént on temperature and pressure in a tempera-
ture-pressure region which starts at the critical end point and ex-
tends to higher pressures. As a consequence of this dependence, natu-
ral systems are'predicted to have thermal characteristics distinctly
different from those predicted on the basis of constant fluid proper-
ties or even those predicted on the basis of properties approximated
by simplistic equations of state. Most equations of state that have
been previously used merely predict fluid properties along the two-
phase surface in the Hp0 or salt-Hy0 systems. .

Crustal environments which contain hot igneous bodies inevitably
cause fluid circulation, and if the intrinsic host rock permeability
is greater than 10-18 mé, heat transfer by convection accounts for at
least 10% of the total heat transfer, and at permeabilities greater
than 10~18 m2, convection greatly predominates over conduction [Norton
and Knight, 1977]. Fluid-driving forces are generated as a natural
consequence of the near-vertical side contact of intrusives, which
cause lateral perturbations in the density of pore fluids. Instabil-
ity of the fluids and the onset of convection is therefore instanta-
neous in these systems; the magnitude of the initial fluid flux de-
pends principally on permeability of host intrusive rocks.

The purpose of this communication is to review the nature of fluid
circulation related to transient thermal anomalies in the crust and
to consider the consequences this fluid circulation might have on
our concepts of the thermal environment in the crust.

Numerical Simulation of Fluid Circulation

Lateral density perturbations in fluids contained in the flow poros-
ity of rocks cause fluid flow. The magnitude of this flow in natural
systems can be determined by Darcy's law:

q = % (VP + pg) (1)

where the mass flux q is a function of intrinsic rock permeability k,
fluid viscosity v, density p, the gradient in pressure VP, and the
gravitational vector g. Density gradients, which may be the result of
concentration as well as thermal gradients on the fluid, give rise to
V4P and V,P terms in the horizontal plane. Although both types of
density gradients are ubiquitous in the crust, only those resulting
from thermal anomalies are included in the computations.

Thermal anomalies often cause and are coincident with extensive
fracture zones and therefore probably represent the most significant
contribution to fluid circulation in the crust, except in sedimentary
basin environments where large concentration gradients are common.

The inferred association of permeable fractured rocks with thermal
anomalies in the upper 10-15 km of the crust suggests that fluid cir-
culation is a characteristic feature in these environments.

Fluid flow caused by thermal anomalies related to igneous plutons
are effectively scaled and represented in two dimensions by partial
differential equations which describe the conservation of mass, momen-—
tum, and energy for the fluid-rock system [Norton and Knight, 1977]:
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3T
Y 3¢+ QVH = VexVT 2)
and
VoV - gr 80 v
T =R 3y 3

¢

where T is the temperature; ¥ the stream function; q the fluid flux; t
the time; H, p, and v the enthalpy, density, and viscosity of the flu-
id; k the permeability of the rock; k the thermal conductivity; y the
volumetric heat capacity of the fluid saturated media; R the Rayleigh
number; t the time; V the gradient operator; and y the horizontal co-
ordinate in the two-dimensional section to which these equations
apply.

The physical wmeaning of (2) and (3) is apparent if one considers
that the fluid density gradients on the right-hand side of (3), which
result from a thermal anomaly, cause fluid circulation. That is, they
define gradient values of the stream function and therefore fluid
flux, since q; = -3¥/dy and qy = 3¥/3z. The fluid flux q in turn
transports heat away from the thermal anomaly, second term on left of
(2); at the same time, thermal energy is conducted away from the ther-
mal anomaly, right-hand side of (2). Both of these processes give
rise to a decrease in temperature with respect to time and therefore
decrease the horizontal fluid density gradients. And, consequently,
the thermal anomaly is decreased by combined convective and conductive
heat transfer. Equations (2) and (3) are approximated by finite dif-
ference numerical equations which permit computation of the values of
the dependent variables at discrete points in the domain from initial
and boundary values specified for the system. The numerical analysis
provides the option to include variable transport properties of the
fluid (Hp0 system) and rock, general boundary and initial conditioms,
and radioactive and volumetric heat sources in a two-dimensional do-
main. The transport processes related to the transient thermal anom-—
aly are approximated by a time sequence of steady state numerical
solutions to (2) and (3), computed at explicitly stable time inter-
vals. An alternating-direction-implicit finite difference method is
used to approximate the spatial derivatives at discrete intervals of
the order of 0.1 to 0.5 of the system height. Fluid pressure in the
system is computed at each steady state step by integration of (2), in
which the fluid properties, viscosity and density, are expressed as a
function of temperature and pressure. The following discussion relies
on computations and analyses using these methods.

The Nature of Fluid Circulation
Related to Thermal Anomalies

The style of ‘fluid circulation in the upper 10 km of crust.and the
nature of pluton cooling has been simulated [Norton and Knight, 1977]
for a variety of host rock permeability values and geometries.

Convection dominates heat transfer in hot igneous pluton environ-
ments if rock permeabilities are of the order of 10-18 m? or greater,
resulting in a spatial redistribution of thermal energy significantly
different than that in similar environments in which conductive heat
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Fig. 1. Two-dimensional cross section of a crust 10 km deep and 24 km
wide containing an igneous pluton 4 km high and 6 km wide. Initial
value and boundary conditions are for a magma body emplaced instanta-
neously at 6 km below the surface. Pluton permeability is effectively
zero until the temperature of discrete points in the body decreases to
700°C; then permeability at those points is set to 10-17 m2. Regional
heat flux is set at 1.2 HFU for the duration of the system. The ini-
tial thermal gradient is 20 C/km, whereas the magma is homogeneous and
is connected to a magma reservoir below the base of the pluton at T =
1300°C for the initial 50,000 years. Thermal conductivity is constant
at 0.6 cal/m sec °C; the circulating fluid is pure H20 and does not
react with the enclosing rocks. ’

transfer predominates. Although the time duration of convection-
dominated thermal anomalies is similar to that of conduction-dominated
systems when the pluton itself is impermeable, the cooling time is
significantly shortened by increases in permeability such as might
accompany extensive fracturing of the pluton. The direct application
of these modeling results to actual systems must be made with caution
since the in situ values of rock permeability are virtually unknown.
However, analogies drawn between permeability values of rocks, for
which permeability data are available and estimates of permeability
suggest that permeability values exceeding the 10-18 n?2 2inimum may
characterize a substantial portion of the upper crust [Norton and
Knapp, 1977].

A numerical model of a system which illustrates the convective
transfer of heat around igneous plutons is presented. A basaltic
magma at ~1300°C is presumed to be emplaced relatively rapidly, with
respect to the rate of heat transfer away from the magma body, into
host rocks whose permeability increases upward from 10-16 p2 to 10-14
m2 (Figure 1). The relatively rapid intrusion rate only requires
magma flow velocities on the order of a few centimeters per year, a
value which seems to be reasonable. Since cooling of magmas is nor-
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mally accompanied by fracture development resulting from reactions
that increase or decrease the pluton volume, the pluton permeability
is changed from effectively zero to 10-17 mé as the temperature of
discrete grid points in the pluton decreases to <7000C, thereby
simulating fracture development and permitting fluid circulation
through the pluton.

Boundary conditions selected for this system are analogous to natu-
ral systems where thermal energy is conducted through all the bound-
aries. The bottom and top boundary temperatures are set to 220°C and
20°C, respectively. Thermal conductivity of the domain is assumed to
be constant, 0.6 cal/ms °C, and since the bottom boundary is conduc-
tive, the domain has a constant regional flux of 1.2 pcal/m? sec (HFU)
and the host rocks have an initial background thermal gradient of
20°C/km. The relative permeability values within the domain are set
to simulate the decrease in continuous fractures with depth, and the
magnitude of the permeability is set to illustrate the effects of
fluid circulation. The side and top boundaries are permeable, but
the base is impermeable in order to further simulate the decrease in
permeability with depth. The permeable top boundary condition does
not, however, permit convection of thermal energy out of the system.
This latter condition simulates natural systems which do not have hot
springs emerging at the top boundary, e.g., the fluids flow through
and thermally equilibrate with the rocks at the top boundary. This
system was then simulated by using a spatial discretization of 160
points, which results in a 0.1 vertical increment and a 0.06 horizon-
tal increment. The numerical approximations represent the partial
differential equations to within a truncation error of the order of
0.05 times the value of the dependent variable. Discrete time incre-
ments are computed on the basis of stability criteria, which results
in convergence errors of the order of 0.005 times the dependent
variable. :

The thermal anomaly, introduced by the pluton, causes pore fluids
in the host rocks to circulate from the sides and top boundaries of
the domain toward the pluton then upward along its side margins and
out the top of the domain (Figures 2-4). This circulation pattern
significantly increases the heat flux over the pluton top with respect
to a purely conductive process. As a consequence of the convective
heat transfer, thermal gradients in the domain directly over the plu-
ton are relatively steep near the surface, i.e., 0-0.5 km, decrease

sharply and remain constant over several kilometers, then gradually

increase toward the pluton top (Figures 5a-5¢). The convective heat
flux at the surface directly above the pluton varies from 1.2 HFU at
the initial time to 15 HFU at 8 x 10% years, whereas the vertical
component of convective flux at 0.5 km depth ranges from 0.5 HFU at

2 x 104 years to 20 HFU at 8 x 104 years and then gradually decreases
to 10 HFU at 1.5 x 105 years.

The caveat about these values at the surface is that they are arbi-
trary to the extent that they are a function of the numerical discre-
tization. However, the relative comparison between the values in the
same system at various times 1s a reasonable approximation of what
can be expected in nature. Finer discretization merely results in a
nonlinear thermal gradient and predicts it to better precision. Pro-
gressive fracturing of the pluton contributes to the persistence of
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Fig. 2. Scalar stream function (g/m sec) and temperature (degrees

Celsius) distributions after 2 x 10% years elapsed time, illustrating
steady state fluid circulation and temperature, respectively. Verti-
cal fluid fluxes of the order of 5 x 1072 g/m2 sec are realized 3 km
directly above the pluton, which, together with conductive heat trans-
fer, cause the 100°C isotherm to migrate upward at about 0.05 m/yr.
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Fig. 3. Scalar stream function and isotherm distributions after

8 x_10% zears elapsed time. Vertical fluid fluxes of the order of

10-3 g/m- sec are realized 3 km directly above the pluton, and 8 km
laterally away from this upflow zone, downward fluid fluxes, m10‘7,
g/m? sec, occur. :
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Fig. 4. Scalar stream function and iostherm distributions after

1.5 x 103 years elapsed time. Vertical fluid fluxes at comparable
positions in previous times have decreased to about 50% of the fluxes
at 8 x 104 years. The 100°C and 200°C isotherms have moved to slight-
ly deeper portions im response to the decreasing convective flux. The
outer 1.5 km of the upper 2 km of the pluton fractured at 102 years,
thereby increasing the cooling rate of the body. The average pluton
temperature is 800°C at this time.

large convective heat fluxes over a long time period. The estimated
time duration for which convective fluxes will be greater than the
regional heat flux in the upper 2 km of the system is about 5 x 103
years.

Laterally away from the pluton, thermal gradients in the fluid
downflow zone are depressed below the regional gradients as a result
of the convective heat flux of -3 HFU. In these regions, at cooling
times ~1.2 x 102 years, the isotherms are depressed downward with
respect to their regional position, c¢f. 200°C isotherm. The portion
of the anomaly, at temperatures >100°C, in the upper 3 km is dispersed
over an area equivalent to the pluton top.

The several-kilometer vertical extent of relatively constant thermal
gradients in the host rocks overlying the pluton and the corresponding
temperature values, 100-400°C, are characteristic of convection~
dominated systems which we have analyzed [Norton and Knight, 1977].
Transport and thermodynamic properties of supercritical fluid in the
Hp0 system and salt-Hp0 systems are characterized by extremes which
contribute to these thermal gradient features (Figure 6). In the re-
gion which extends from the critical end point, v 375°C and 220 bars
for the Hy0 system, derivatives of fluid density and enthalpy with
respect to temperature at constant pressure Fre maximums, and fluid
viscosity is a minimum. Therefore thermal perturbations at these
conditions result in the largest fluid densiﬁy gradients which togeth-
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Fig. 5a. Vertical thermal gradients from the surface to the base'qf
the system at elapsed time of 2 x 104 years. Vertical sections are
located along the center line, line 1, of the pluton; 1 km away from
the side wall of the pluton, line 2; and 5 km away from the side wall
of the pluton, line 3 (cf. Figure 1 for positions).
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Fig. 5b. Vertical thermal gradients from the surface to the base of
the system at elapsed time of 8 x 104 years. Vertical sections are
located along the center line, line 1, of the pluton; 1 km away from
the side wall of the pluton, line 2; and 5 km away from the side wall
of the pluton, line 3 (cf. Figure 1 for positions).
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Fig. 5¢. Vertical thermal gradients from the surface to the base of

the system at elapsed time of 1.5 x 10 years. Vertical sections are
located along the center line, line 1, of the pluton; 1 km away from

the side wall of the pluton, line 2; and 5 km away from the side wall
of the pluton, line 3 (cf. Figure 1 for positions).

er with the minimum in the fluid viscosity tend to maximize the fluid
fluxes. The heat capacity of the fluid is also a maximum under these
conditions, and hence the convective heat transport is maximized in
this temperature-pressure region. As a point of interest these ex-
tremes tend to decrease in magnitude from the region near the critical
end point to lesser extremes at higher pressures. The critical end
point and related extremes in fluid properties are displaced to higher
temperatures and pressures for salt-H20 systems (Figure 6). Fluids

- which contain dissolved components equivalent to a 3 m NaCl solution
have a critical end point at 590°C and 850 bars, and the extremes in
fluid properties extend into a region analogous in position to the
pure Hy0 system (Figure 6).

The nature of the thermal gradients within permeable rocks overlying
thermal anomalies in a natural system is clearly predicated on the
values of fluid properties and permeability. Since the fluid proper-
ties, at least for the Hy0 system, are relatively well known, one can
reasonably assume that these thermal gradients will at least be char-
acteristic of environments where rock permeabilities are 3}0‘18 o? and
anomaly temperatures are 3}75°C at depths where pressures are greater
than 220 bars, i.e., ~2.2 km. In natural environments where dissolved
components are relatively more concentrated, these effects will be
realized at progressively greater depths and slightly higher tempera-
tures.

The example system discussed above contains relatively high values
of rock permeabilities with respect to our current best guesses of
conditions in the crust. However, fluid circulation effects have been
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Fig. 6. TemperaturEHpreésure sections ‘through the NaCl-Ho0 systems
depicting the two-phase surface, liquid-vapor; and etitical end point
for 0 m éand 3 m NaCl conééntrations. The approximate region of anoma-
lous extreme in tramsport properties of supercritical fluid is de-
picted for 0 m and. 3 ‘mw s¢lutions. Note the shift of the critical end
point and -associated anomalous regions to higher temperaturés and
pressures as a result of adding NaCl to the system,

cbserved in models where ﬁhe pluton tops are 12-km deep, within low-
permeability rocks {10~20 mz), but are gverlain by higher permeability
(10‘18 mz)'ionés which simulate vertical fraetures. Thermal gradients
are more linear in these systems than in the system discussed above,
but enly a few percent coptribution to the heat flux by convection may
have a significant effect on .our interpretations ¢f the thermal envi-
ronment in the. crust. Thé most significant feature of the simulated
systém is that vertical -thermal gradients in systems where convective
heat tramsfer occurs do not provide a unique set of data with which
subsurface temperatures can be predicted.

Fluid Circulation in the Crust

Fluid circulation in the. upper crust is predicted té be more exten-—
sive than was previousgly thought] its magnirude may be large’ enough
to contribute significantly to the  redistribution of thermal energy in
this envirenment. The magnitude of the. contribufion of fluid cireula-
tion to heat fransport depénds entirely on the magnitude of permeabil-
ity in crustal rocks and the distribution, with respect to thermal
anomalies, of fluid-saturated rogks with permeabilities 3}0'13 mZ,
The minimm permeability %alue is realized in rocks which have con-
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tinucusly open-planar fractures spaced 0.1 km apart with an effective.
aperture of %20 um [Norton and Knapp, 1977; Snow, 1970]. This abun-
dance of continuous fractures is ‘easily realized in tectonically
active regions and in pluton environments [Villas, 1975; Villas and
Norton, 1977], but apertures and continuity of fractures with respect
to depth are unknown. In. tectomically quiescent regions neither
abundance nor aperture of fractures have been documented. However,
indirect evidence suggests that permeabilities sufficient to permit
significant heat transfer by convection may be realized in the uppex
crust. First, in tectonically active regions, continuous fractures
develop to considerable depths, as is indicated by earthquaké hypocen—~
ter data. Second, igneous intrusive processes contribute to develop-
ment of fracture sets in the rocks they intrude., The extent and mag-
nitude of the permeability resulting from combined tectonic and
igneous intrusive events is clearly conducive to exténsive fluid eir-
culation, as 1s evidenced by eroded equivaledts to these environments
which show abundant mineral alteration, ds well as’ by large gains and
losses of chemical components in and adjacent to fractures. Transport
of thermal energy into the frust by magma or simple conduction also

produces, fractures due to the differential thermal expansion of pore

fluids snd rocks [Knapp and Knight, 1977]. In tectonically less
active regions, permeability values can be inferred from electrical
and, perhaps, seismic properties, empirical relationships betwaen pore
continuity, and electrical resistivity [Brace, 1971] or variations in
seismic wave velocity [Nur and Simmons, 1969]. These indireect lines
of evidence suggest that crustal rocks contain a fluid phase, which
may be relatively concentrated in dissolved components, and rhat they
are sufficiently permeable to warrant further eiforts toward quantita-
tive détermination of bulk rock permeability.

Analyses of transport phencména in permeable media suggest that
fluid circulation through fractured rockd may contribute significantly

to heat transfer through the crust, at least to depths of 10-15 km.
As a consequence of fluid circulation, several effects may be realized
in nature: JTower than normal thermal gradients over several-kilometer
vertical distances in the upper crust, abnormally low conductive
thermal values coincident with fluid downflow zones, and pgross errars
in predicting subsurface temperatures by downward extrapolation of
‘thermal gradients. These effects are undoubtedly present  in active

peothermal systems and can be predicted, with reasonable confidencs,

to occur in the viecinity of virtually all igneous bodies emplaced into
the upper crust. The more widespread realization of the effects in
more normal crust is mere speculation at this time, and many questions
remain that will require more precise numerical models and data acqui-
sition. However, this first approximation suggests that the nature of
the upper crustal envirooment may indeed be the result of dynamic flu-
id systems, the extent of which is unknown..
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portal we entered unopposed.
and I, eager to learn what part of
Hell's bowels those burning walls en-
closed, began to look about.” So did
Dante write of his descent into the Infer-
no. Miners of later centuries might well
have believed he was describing their
daily working environment, since it has
been widely observed that without prop-
er ventilation and cooling a mine gets
hotter with depth. There are of course
many other indications that the earth's
interior is hot, the most obvious being
an erupting volcano. Only slightly less
spectacular are the handful of areas
around the world that display hydro-
i thermal activity, such as the hot springs,
5 steam vents and geysers of Yellowstone
National Park. One of the fundamental
‘ axioms of physics, embodied in what is
|
|
}

“Straight through the dim and open

known as Fourier's law of heat conduc-
tion, is that heat flows from the warmer
parts of a body to the cooler ones. It can
therefore be inferred that since the tem-
perature incrcases with depth in the
earth’s crust, there is a flow of heat out-
ward from the earth’s interior.

The transfer of heat within the earth
and its eventual passage to the surface
f by conduction through the crust play a
| fundamental role in all modern theories
of geodynamics. In the 19th century the
earth’s internal heat also figured signifi-
cantly in the protracted debate over the
age of the earth between William Thom-
son (Lord Kelvin) and several of his sci-
entific contemporarics. Kelvin's disser-
tation at the University of Glasgow in
1846, titled "Age of the Earth and Its
Limitations as Determined from the
~ Distribution and Movement of Heat

within I1,” was the first of a long scries of
papers in which he laid out the argument
that the carth's thermal gradicnt (the
rate at which the temperature increases
with depth) would continue to diminish
with time as the earth cools following its
formation and solidification from mol-
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ten rock. By dectermining the earth's
thermal gradient from measurements in
mines and boreholes, he maintained.
one could tell how long the carth had
been cooling and so could determine the
age of the earth. Records of tempera-
tures at various depths in mines could be
found in mining journals. and Kelvin
supplemented them with measurements
of his own in Scotland. His conclusion
was that the temperature, at least to
modest depths below the surface, in-
creased at a rate of between 20 and 40
degrees Celsius for every 1,000 meters
of depth. To Kelvin this relation indicat-
ed that the earth had been cooling for
only a few tens of millions of years. a
period far shorter than many geologists
and biologists of the time thought neces-
sary for the development of the known
stratigraphic and fossil record. The en-
suing debate spanned half a century and
pitted Kelvin against such prominent
evolutionists as Charles Darwin and
Thomas Huxley. .
Kelvin's calculation was bascd on the
assumption that the heat being lost by
the earth was drawn from the reservoir
of heat left over from the carth's origi-
nally molten condition. That assump-
tion, which was essentially unchal-
lenged for decades, was to be the undo-
ing of all estimates of the earth’s age
bascd on the measurements of its heal.
Three observations made Kelvin's ‘esti-
mate gf-the-age_of the earth based on
its~initial heat no longer tenable: the

“discovery of radioactivity by Henri

Becquerel in 1896, the observation by

Pierre Curie in 1903 that the radioactive
decay of certain isotopes liberates heat
and the confirmation by Robert Strutt in
1906 that common rocks found in the
carth’s crust contain sufficient amounts
of radioactive isotopes 10 yvield a signifi-
cant fraction, if not all. of the carth's
observed heat flow,

Measuring Heat Flow

How much heat is the carth losing to-
day as a result of conduction from its
interior? The global average is close 1o
.06 watt per square meter of surfacce, or
about 30 trillion watts over the cntire
planct. The amount of energy arriving
from the sun is almost 6,000 times great-
er. and it is completely dominant in cs-
tablishing the temperature of the curth’s
surface. The flow of heat from the inic-
rior is scarcely a trickle: the heat con-
ducted through an area the size of a
football field is roughly cquivalent 10
the encrgy given ofl by three 100-warnt
light bulbs. The cvolution of the carth
covers vast reaches of time. however.
and a trickle of energy over acons cun
do significant geological work. such as
muking continents drift. opening and
closing ocean basins, building moun-
tains and causing carthquakes. The geo-
graphic variation in the flow of heal
from the earth's interior is not great:
most mcasurcments lie within a factor
of three around the mean value. The
patterns of heat flow in continental re-
gions differ from those in occanic ones,
but the average heat flow through both

DRAMATIC EVIDENCE of the power of the earth's internal heat to mold the geology of the
surface is provided by this photograph of the 1971 Mauaa Ulu eruption on Kilnuea voleano in
Hawaii. The photograph was made by Weandelt A. Duflield of the U.S. Geological Survey as
he was standing on the rim of the Mauna Ulu crater and looking almost straight down. The
bluish gruy background is the comparatively cool crust of partly solidified basaltic lava that
forms on the surface of the hot liquid-lava “lake™ below. The jngged orange streaks are cracks
through which molten lava is upwelling. The entire scene, Dufficld points out, is analogous to
the spreading of new sea floor from mid-occan ridges visualized in the plate-tectonic model
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DRILL RIG IN ZAMBIA, originally set up to bore into the earth in
search of copper, provided one of several “holes of npportunity” used
by the authors and their co-workers as part of their program to ob-
tain heat-flow measurements in areas of Africa and South America
where the existing data are sparse. The earth’s temperature is taken
by lowering an eclectrical-resistance thermometer (called a thermis-
tor) down the borchole, making measurements at several depths. The
records are used to establish the rate at which the temperature of the
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rock increases with depth, a local quantity known as the geothermal
gradient. The Zambian heat-flow measuremeits were carried out
four years ago while the authors were on leave (rom the Uaiversity
of Michigan and were based at the University of Zambia. More than
50 such drill holes were surveyed at eight ditferent Precambrian geo-
logical sites in the country. The results of the survey were interpreted
by the authors as indicating the presence of nnomalously warm ma-
terial only a few tens of kilometers below the surface of the earth,



“is surprisingly similar. Some areas, such
as Iceland, exhibit an extraordinary heat
flow. and geothermal areas of this type
can be tapped as an energy resource.

If heat is being transported through
the earth’s crust by thermal conduction,
the amount of heat in transit is equal to
the product of the temperature gradient
times the thermal conductivity (a prop-
erty of the rock that describes how easi-
ly it transmits heat). Any experimental
study of the earth's heat flow is con-
cerned with measuring these two quanti-
ties. On continents temperature gradi-
ents are measured by lowering sensitive
electronic thermometers—thermistors—
down drill holes or by measuring the
temperature of the rock at different lev-
els in mines. The process of drilling a
hole disturbs the thermal equilibrium at
the site; hence several weeks or months
are allowed to lapse between the drilling
and the measuring. Even after the dis-
turbance has become negligible. subsur-
face temperatures are disturbed by such
effects as the daily and annual fluctua-
tion in the surface temperature, uneven-
ness in vegetative cover, unevenness in
topography, the movement of ground
water, the uplift or erosion of the sur-
face and variations in climate. Most of
these disturbances diminish to an ac-
ceptable level beyond depths of a few
tens of meters; some, however, can ex-
tend to several hundreds of meters. Al-
though reliable heat-flow measurements
can sometimes be made in holes as shal-
low as 50 meters. most workers who
make such measurements prefer to do
so in holes that are 300 meters or more
in depth.

On the ocean floor, where sediments
are comparatively soft and the. blanket
of seawater provides an environment of
almost constant temperature, the drill-
ing of a hole is unnecessary. There tem-
perature gradients are determined by
plunging a long cylindrical probe sever-
al meters into the soft sediment and
measuring the temperature at one-meter
intervals with fixed thermistors.

For measurements of thermal con-
ductivity two methods are widely used.
For hard continental rock a sample
from the drill hole is cut and polished in
the form of a disk and is inserted into a
column between silica disks of known
conductivity. A constant temperature
difference maintained between the ends
of the column causes a flow of heat
through the sample and the silica stan-
dards, and the measurement of the rela-
tive drop in temperature across the com-
ponents of the stack yiclds the thermal
conductivity of the sample. For softer
continental rocks and marine sediments

- a thin needle is inserted into the sample

and is heated along its length. From a

record of the rise of temperature with

time the thermal conductivity can be
calculated easily.

HEAD PLATE
INSULATOR
—>
HOT WATER
€
COPPER
 Somarggmitormbntn et~ |
GLASS
TISITIIIINTTY
THERMOCOUPLE WELLS ROCK SAMPLE
)
GLASS
]
COPPER
—
COLD WATER
-
INSULATOR
\ HYDRAULIC CYLINDER
BASE PLATE

THERMAL CONDUCTIVITY of a hard rock sample obtained from a drill hole is measured
in the apparatus depicted here. The sample, cut and polished in the form of a disk, is inserted
in a column between silica disks of known conductivity. Constant temperature differences
maintained between the ends of the column cause a flow of heat through the sample and the
silica standards. The sample's thermal conductivity is determined by measuring the relative
drop in temperature across the components of the stack. The heat flow at the drill site is equal
to the product of observed local temperature gradient times therma! conductivity of the rock.

More than 5,000 such hcat-flow mea-
surements have been reported in a re-
cent compilation by Alan M. Jessop of
the Canadian Department of Energy.
Mincs and Resources and by John G.
Sclater and Michael A. Hobart of the
Massachusetts Institute of Technology.
Although the number of measurements
is sufficicnt for scveral types of region-
al analysis, the data set is still geograph-
ically uneven: more than (wice as many

measurements have been made at sca
as on land. The middlc-latitude occuns,
North America. Europe and Australia
are quite well surveyed, whereas large
arcas of the high-latitude occans and of
South America, Africa. Asia and Ant-
arctica have no measurements at all. In
the past four years our group from the
University of Michigan has helped to
rcmedy somc of this geographic im-
balance on the continents by conduct-
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ing heat-flow measurement programs in
Zambia, Niger and Brazil.

An analysis of the global data without
regard for specific site location or geo-
logic setting indicates a fairly wide dis-
tribution of results asymmetrically
spread around a modal (or most com-
monly observed) value of 50 milliwatts
per square meter [see top illustration on
page 66]. Individual values range from

(04 30 . 60°

75°

near zero to several hundred milliwatts
per square meter, the latter being locat-
ed mainly within geothermal areas asso-
ciated with the worldwide system of
mid-ocean rifts. Subdividing the data
into continental and oceanic regions re-
veals similar modal values for both sets:
the oceanic data, however, have a wider
distribution than the continental data,
and the high level of asymmetry forces

90° 120°

the means, or average values, for each
of these regions well above the modes.

This gross grouping of heat-flow mea-
surements has been useful in the past,
and the similarity between continental
and oceanic measurements has served to
stimulate much discussion among geo-
physicists and geologists who had cx-
pected quite different results in the two
settings. As with many other aspects of
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UNEVEN GEOGRAPHIC DISTRIBUTION of oceanic and con-
tinental heat-low measurements (colored circles) is evident on this
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world map, which is based on one prepared by the National Geophys-
ical and Solar-Terrestrinl Data Center. The number of such measure-

J S S———



-earth science, however, heat-flow obser-
vations now find a compelling new in-
terpretation in terms of the concepts of
sea-floor spreading and plate tectonics.

Heat Flow and Plate Tectonics

According to plate tectonics, the
lithosphere, the outer shell of the earth,
is made up of a dozen or so rigid plates

that are being moved about on the
carth’s surface. Wherever plates are
moving apart the gap is filled by hot ma-
terial flowing upward from the earth’s
underlying mantle. This material ac-
cretes to the edges of the separating
plates: the accreting edges form the mid-
ocean ridges. The new rock cools as it
moves away from the ridge. Across the
plate from a ridge one usually finds a
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ments has increased rapidly in recent years: from 47 in 1954 to 1,162 in 1962 to more than
5,000 at present. More than twice as many measurements have becn made at sen as on land.

great oceanic trench, which marks a sie
where older and cooler plate is subduct-
ed. or recycled back into the interior.
Frictional and conductive heating of the
plate in the subduction zone melts part
of it. and the melted fraction rises buoy-
antly to the surface to form the volca-
noes and island arcs typically arrayed
behind the trenches. Such subduction
processes, together with other forms of
plate interactions, give rise to thermal
metamorphism, the generation of vol-
canic magma and mountain building on
continents.

One first looks to the oceanic plates
with their comparatively simple geology
to obtain evidence for the thermal mod-
el of plate evolution. Edward C. Bullard
of the University of Cambridge. who re-
ported the first marine heat-flow mea-
surements for the Atlantic in 1954, not-
ed at that time the near-equality of the
mean heat flow from the continents and
the ocean floor. Today, with the addi-
tion of some 3,500 measurements in
ocean floor of all ages, it is possible to
see a systematic decrease of heat flow
with increasing age and hence depth [see
boitom illustration on next page). For
those sites where a thick, impermeca-
ble cover of sediments prevents the
removal of heat by seawater circulat-
ing through the {ractured oceanic crust,
heat-Aow measurements agree extreme-
ly well with predictions based on mathe-
matical models of a cooling plate.

Such models of plate cooling also ex-
plain the broad topographic features of
the ocean floor. The newly formed
crests of mid-ocean ridges are typically
1,000 to 3.000 mecters below sea level.
whereas the oldest ocean basins are
5.500 meters below sea level. Thus in
200 miltion years the sea floor subsides
by about 3,000 meters. The reason is
that the recentiy accreted rock is hot and
thermally expanded, whereas the older
material has cooled and contracted. The
match between the observed topogra-
phy and the theoretically calculated to-
pography is so good that it seems unlike-
ly the subsidence will be cxplained in
any way other than in terms of a simple
cooling model.

The concept of the thermal evolution
of an oceanic plate may also provide an
answer to a long-standing puzzle in ge-
ology: What gives rise to transgressions
of the sea onto continents? The Upper
Cretaceous period was one such time
of great marine transgression. Starting
about 100 million years ago the sea level
rose; it crested between 90 and 70 mil-
lion years ago and withdrew from the
continents about 60 million years ago.
From the spacing of magnetic lineations
on the ocean floor it can be shown that
the Upper Cretaccous was also a period
of rapid sea-floor spreading. Since the
cooling and subsidence of an oceanic
plate is time-dependent, an increase in
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NUMBER OF MEASUREMENTS

HEAT FLOW (MILLIWATTS PER SQUARE METER)

250

STRIKING SIMILARITY is seen in the asymmetrical distribution of heat-flow values for
both continents (color) and oceans {(gray). Most of the observed values are in the range between
20 and 120 milliwatts per square meter, with the global average being at about 60. The modal,
or most commonly observed, values for continents and oceans (peaks of profiles) are both clos-
er to 50. It is not known at present whether the near-cquality of the continental and the ocean-
ic heat-flow measurements is a fundamental characteristic of the movement of heat within the
earth or is merely a coincidence arising from incomplete sampling. The data for this chart were
compiled by Alan M. Jessop of the Canadian Department of Energy, Mines and Resources
and by John G. Sclater and Michael A. Hobart of the Massachusetts Institute of Technology.
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HEAT FLOW DECREASES with increasing age of ocean floor, as indicated here by the dis-
tribution of measured heat-flow values for five selected areas on the floor of the Pacific Occan.
Data points give the mean value for cach age grouping. Heavy bars show the probable error;
light bars show standard deviation about the mean. Measurements agree extremely well with a
theoretical estimate of heat flow expected from a cooling plate of oceanic crust (colored curve).
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the spreading ratc would have broad-
encd the oceanic ridge and increased its
volume. This in turn would have re-
duced the water capacity ol the occun
basins and displaced the sca onto the
continents. The subscquent regression
was apparently caused by a reduction in
the rate of sca-floor spreading that be-
gan about 85 million years ago.

Above subduction zones the heat-flow
paticrns arc morce complex, but they
nonetheless provide important clues to
the subduction process. A pattern gener-
ally observed at subduction zones. and
particularly well documented for the Ja-
pan arc system, is one of low hecat flow
near the oceanic trench and very high
heat flow to the landward side of the
istand arc [see illustration on opposite
page). The pattern suggests that the top
part of the cool subducting plate acts as
a heat absorber. causing thc band of
low heat flow observed adjacent to the
trench. Deeper in the subduction zone
frictional and conductive heating arc
suflicient to melt part of the plate, yicld-
ing as a product the volcanic island arc
itself and the augmented hcat flow be-
hind the arc.

The western U.S. provides another ex-
ample of an elongated zonc of low heat
flow adjacent to a region of magmatic
activity and high heat flow {see illustra-
tion on page 68). Herc, however, there is
at present no active major subduction
zone nearby. David D. Blackwell of
Southern Methodist University and oth-
crs have suggested that this zone repre-
sents a fossil heat-flow pattern, estab-
lished some tens of millions of years ago
when subduction was active along the
boundary between the Pacific plate and
the North American plate.

Continental heat flow in arcas re-
moved from plate boundaries also falls
into recognizable patterns. Mecasure-
ments on continents now number about
1.700. and from these data onc can draw
two major conclusions. First, there is a
general decrease in heat flow with the
increasing age of a geologic province
[see top illustration on page 73). This re-
sult is similar to that for oceans. but the
time scale is apparently quite different.
Whereas oceanic hcat flow drops below
50 milliwatts per square meter after 100
million years of cooling. on continents
one finds such heat flow in geologic sct-
tings four or five times older.

The second major result is that for
large areas of continents there is a clear
rclation between surface heat flow and
the radioactivity of the surfacc rocks.
That continental rocks, granites in par-
ticular, gencrate significant quantitics of
heat by the spontaneous disintegration
of radioactive clements has been known
since carly in this century. In 1968 A,
Francis Birch. Robert F. Roy and Black-
well, all then working at Harvard Uni-
versity. demonstrated that when hcat-
flow mcasurements arc plotted with re-
spect to radioactive heat generation for



the rocks at various sites, the plotted
values fall along a straight line {see bor-
tom illustration on page 73]. Different
lines were obtained for the eastern U.S.,
the “basin and range” geologic province
of Nevada and Utah, and the Sierra Ne-
vada region. but within each region a
linear relation holds. This finding im-
plies that for a given region the heat flow
at the surface has two components: a
crustal component that varies from site
to site according to the local radioactivi-
ty and a deeper component that origi-
nates in the earth’s mantle and is uni-
form for all sites in the region. Since
1968 this relation has received much at-
tention. Arthur H. Lachenbruch of the
U.S. Geological Survey has looked into
its consequences for the distribution of
heat-producing isotopes in the earth's
crust, and he has explained why the con-
centration of such isotopes should be
expected to diminish exponentially with
depth.

The variation of the mantle-derived
component of the observed heat flow
between different provinces has becn
less well studied, but on the basis of the
limited data available we have specu-
lated that in most heat-flow provinces
there is a regular partitioning of the heat
flow, with about 40 percent of the mean
surface flux coming from within the
zone of crustal enrichment and 60 per-
cent coming from below. This partition-
ing, if confirmed, suggests that the aver-
age heat production of the continental
crust should vary inversely with its age.
because in general the older provinces
display less heat flow. Such a relation
can be explained with a model in which
radioactivity diminishes with depth, on
the assumption that the older geologic
provinces have been eroded to greater
depths than the younger ones.

Another intriguing finding has been
reported recently by Tom Crough of
Stanford University and V. M. Hamza
of the University of Sdo Paulo. They
.show that when one subtracts the heat-
flow contribution originating in the zone
of crustal enrichment, the remaining
heat flow continues to show an inverse
dependence on the age of the province,
but the time scale of this residual heat
flow appears to be one of a simple cool-
ing process, much like what is observed
in the oceans. The cooling on the conti-
nents is apparently much further along.
however, and it must have penetrated
more deeply there. Could it be that we
are seeing residual heat from a tectonic
event 600 million years ago? If we are,
the implication is that such events must
involve at least the outer 500 kilometers
of the earth in order for any residual
heat to be making its way to the surfacc
today.

Global Heat Flow

Let us now turn our attention to the
broad features of the thermal field of the

PACIFIC PLATE

HEAT FLOW
(MILLIWATTS PER SQUARE METER)
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EURASIAN PLATE

DISTINCTIVE HEAT-FLOW PATTERN is produced by the subduction of the tectonic
plate underlying the Pacific Ocean as it dives under the islands of Japan. The arrows in the
map ot the top indicaté the relative convergence of the Pacific and the Eurasian plates, and the
broken lines show the depth to the subducted slab. The corresponding depths are also indicat-
ed in the cross-sectional diagram at the bottem, which is drawn approximately to scale along
the line A8. The low heat-flow zone (lightest color) observed between the Japan trench and
the island arc suggests that from the surface to a depth of about 120 kilometers the cool sub-
ducting plate acts as an absorber of heat from the earth's mantle. The volcanoes of the island
arc (black triangles) and the region of high heat low (darkest color) between Japan and main-
land Asin result from frictional heating and partial melting deeper in the subduction zone.
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entire earth and in doing so combine re-
sults from both the continental and the
oceanic regions. Before 1974 several at-
tempts had been made to plot the ob-
served variations in heat flow on a glob-
al scale. In spite of the growing number
of heat-flow measurements, however,
there were still large areas of the globe
where no data had been gathered. A
mathematical rcpresentation of the
global distribution of heat-flow mea-
surements was desirable in order to cor-
relate regional heat flow with other geo-
physical phenomena, such as the earth’s
gravitational field. The analysis was be-
set with difficulties because of the nced
for extensive extrapolation into unsur-
veyed areas.

By 1974, however, the relation be-
tween heat flow and age for both conti-
nental and oceanic regions was well es-
tablished. Could these known correla-
tions not be utilized to make estimatcs

of the probable heat flow in unsurveyed
areas and so guide the heat-flow con-
touring on a global map? They could if
geological maps were available showing
the ages of all continental and oceanic
regions. Although such maps had exist-
ed for the continents for some time. it
was not until 1974 that Walter C. Pit-
man. Roger L. Larson and Ellen M.
Herron of the Lamoni-Doherty Geolog-
ical Obsecrvatory summarized on a sin-
gle map the detailed ages of all the oce-
anic regions based on magnetic anoma-
lics on the ocean floor and the recorded
reversals of the polarity of the carth’s
magnetic ficld. Soon after obtaining the
map we divided the entire earth into grid
elements five degrees on a side and pro-
ceeded to assign to cach element a heat-
flow value based on the relation of heat
flow to tectonic age and the fraction of
different age groups present in the grid
element. In effect we were creating a

HEAT FLOW |
(MILLIWATTS PER SQUARE METER)

MORE THAN 100

80-100

40-80

JUUL
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FOSSIL SUBDUCTION ZONE appears to account for the elongated region of low heat flow
observed adjacent to a magmatic region of high heat flow in western North America. Sea-floor
spreading under way at present in the Gulf of California and at the Gorda and the Juan de
Fuca oceanic ridges results in high heat flow offshore. Inland the parallel belts of low and high
heat flow mark the sbhallow and decp parts respectively of a subduction zone that was active
during the early Cenozoic ern. Although the subduction of the ocennic plates off central Cal-
ifornia ceased more than five million years ago, a heat-flow pattern similar to that seen in
the currently active Japan arc system persists. Black triangles again denote recent volcanoes.
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synthetic estimate of heat flow in unsur-
veyed areas. The full data set, compris-
ing observations supplemented by esti-
matcs. could then be fitted by appropri-
ate mathematical functions and plotted
with a minimum of distortion {see rop
illustration on pages 74 and 75).

The new world heat-flow map con-
structed in this way showed for the first
time on a global scale variations in heat
flow that had been recognized in region-
al surveys. All the major ocecanic-ridge
sysiems can be scen as heat-flow highs.
as are Alpine Eurape, much of western
Norith America and the marginal basins
of the western Pacific. The Galdpagos
spreading center and the Chile Rise ap-
pear as bulges on the dominant East Pa-
cific Rise. Regions of low heat tlow in-
clude all the major continental shiclds
and sedimentary platforms and the old-
est oceanic regions.

The Thickness of the Lithosphere

The determination of the thickness of
the lithosphere has until recently been a
scismological endeavor. The scismolo-
gist's method is to observe the dispersive
cffects of a given region of the carth on
carthquake surface waves that propa-
gate across it. The analysis of dispersion
patterns yields information about the
clasticity of the crust and the upper
mantle: in particular the pattern of dis-
persion can confirm the cxistence and
locate the position of a zone where seis-
mic waves travel at low velocity, Such
a zone is probably a manifcstation of &
region of partial melting in the mantle.
and many geophysicists identify this
zonc as the asthenosphere postulated in
the plate-tectonic model. Since the litho-
sphere is what lies above the astheno-
sphere, the depth o this low-velocity
zonc is cqual 10 the thickness of the
lithosphere.

1t has been known for some time that
under the old Precambrian shiclds of the
continents the scismic low-velocity zone
cither is absent or is deep and only weak-
ly developed. In contrast, the young and
active geologic provinces such as those
in the western U.S. have a shallow and
well-developed low-velocity zone. Re-
cently a number of reports have ap-
pearcd suggesting that the depth to the
low-velocity zone under the occans also
increases with the age of the ocean tloor.
implying that the occanic lithosphere
progressively thickens with time.,

The depth at which partial meliing
takes place in thc mantle in a given re-
gion depends on the temperature at
which the rock of the mantle begins to
melt and on the variation of temper-
ature with depth. The depth profile of
the actual temperature, called the geo-
therm. in wurn depends strongly on the
heat flow. Thus with the aid of consid-
erable extrapolation surface hcat-flow



data can be used to predict the thickness
of the tectonic plates,

Since direct measurement of tempera-
tures in the earth is limited to the top 10
kilometers of the crust, the extrapola-
tion of temperatures to depths of 100
kilometers or so involves several as-
sumptions. One needs to know how the
thermal properties of the rock vary with
temperature, how radioactivity is relat-
ed to depth and for oceanic regions how
the oceanic plate cools after it is formed
at the ridge. Recent laboratory measure-
ments and field observations have pro-
vided enough data for the construction
of detailed models, so that one can cal-
culate characteristic geotherms for both
continental and oceanic regions with
some confidence [see illustration on page
76). The depths to partial-melting condi-
tions predicted from such calculations
agree well with the seismologists’ results
from their surface-wave studies. Both
the heat-flow mecasurements and the
seismological data indicate that oceanic
plates thicken as they age, from a few
kilometers soon after their formation at
a ridge to 100 kilometers or more in the
oldest ocean basins, where the heat low
is low,

The continental portions of the tec-
tonic plates also show a systematic vari-
ation in thickness, from 40 kilomecters in
young geologic provinces whose heat
flow is high to several hundred kilome-
ters under continental shields whose
characteristic heat flow is much lower
[see bottom illustration on next rwo pages).
For some shiclds the geotherm does not
intersect the mantle’s melting curve at
any depth. and so0 in a strict scnse the
asthenosphere should not exist under
the shields. In these areas thick litho-
sphere would be coupled directly to the
deeper interior, acting as an “anchor” to
retard the motion of the plate system.
More realistically, we expect that the
plate constituting a shield does decouple
from the deeper interior, probably at a
depth at which the geotherm makes its
closest approach to the melting curve of
the mantle. In a sense, then, the conti-
nental shields are at present probably
dragging anchor.

Thermal History of the Earth

What can be said about the thermal
statc of the earth in times long past?
Most treatises on this subject begin by
telling why the problem is a difficult one
and then offer a series of disclaimers in
case one or another assumption should
turn out to be invalid. (The lesson of
Kelvin has not been lost on others!)
Nevertheless. some observations can be
ventured that make possible certain
broad inferences, even though the de-

" tails necessarily remain indistinct. One

first must note the abundance within the
earth’'s crust of the principal heat-pro-
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ON CONTINENTS the distribution of heat-flow values also shows an apparent relation to
the age of the last major tectonic event that afiected the region, just as the distribution of occan-
ic heat-flow values is associated with the time clapsed since volcanic rock hegan to cool fol-
lowing the extrusion of mantle material at an oceanic ridge. In the case of continents, however,
the measurements indicate that the loss of heat after the tectonic event extends over an inter-
val that is four or five times longer than the decay time for heat flow from the oceanic plate.
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HEAT PRODUCTION (MICROWATTS PER CUBIC METER)

CHARACTERISTIC LINEAR RELATION is frequently discovered in plotting heat flow
against heat production for a particular region, as can be seen in this graph for data obtained in
the eastern U.S. (bdlack dots). Such variations in heat-flow data for different continental re-
gions can often be attributed to differing concentrations of heat-producing radioactive isotopes
in the outer few kilometers of the earth’s crust. The point where the colored line intercepts the
vertical heat-flow axis indicates the amouat of heat flow coming from below this zone of crust-
al radioactive-isotope enrichment. The slope of the line tells how deep within the crust the
enrichment persists, The slope and intercept values together serve to characterize different
heat-flow provinces. The variation of heat flow within a province is governed by the region-
al variability of the crustal isotopic enrichment. The differences in heat flow between prov-
inces arise principally from variations in the amount of heat low coming from below the crust.
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WORLD HEAT-FLOW MAP, constructed by the authors on the basis of the available obser-
vations supplemented by estimates, shows variable patterns of heat fiow on a global scale. The
main zone of high heat flow (darker shades of color) is in the eastern Pacific Ocean off Central
America and South Amecrica. This zone coincides with the East Pacific Rise, a major oceanic
ridge where new sea floor is being extruded and carried away quite rapidly to yield a compara-
tively broad band of high heat loss. The oceanic ridges in the Attantic Ocean and the Indian
Ocean are spreading more slowly and hence result in o narrower zone of above-average heat
flow. Other regions of fairly high heat flow include the marginal occan basins of the west-
ern Pacific, which overlie active subduction zones, the western cordillera of North America,
where subduction ceased between five and 10 million ycars ago, and Alpine Europe. The prin-
cipal regions with below-average heat flow (lighter shades of color) include afl the ancient Pre-
cambrian shield and platform areas of the continents and the oldest parts of the ocean floor,

ducing radioactive isotopes: thorium
232, uranium 238, potassium 40 and
uranium 235, The contincntal crust av-
crages 40 kilometers in thickness, less
than | percent of the earth’s radius, yet
its endowment of thesc hcat-producing
isotopes is great enough for 40 percent
of the heat flow at the earth’s surface to
arise within the crust itself. The concen-
tration of isotopes in the occanic crust is
less, but it still represents a significant
enrichment. The implication of this up-
ward concentration is that there has
becen a major geochemical segregation
within the earth. The fact that continen-
tal rocks more than 3.5 billion years old
show this enrichment indicates that the
segregation took place very early in the
evolution of the earth, in all likelihood
at the same time that the earth differenti-
ated into a dense metallic core and a
lighter silicate mantle.

Significant information about the
thermal and tectonic processes in the
earth’s interior comes from a considera-
tion of how certain physical propertics
of the earth, such as its strength and vis-
cosity, change with temperature. Vis-
cosity is a measure of the ability of ma-
terials, including solids, to flow: a high-
ly viscous material approaches rigid-
ity, whereas a low-viscosity material is
much more like a fluid. Elevated tem-
peratures generally promote a lower vis-
cosity. At the surface of the earth and
within the lithosphere the rocks are
comparaltively cold and stifl, but deeper
in the carth the increase of temperature
with depth almost certainly is accompa-
nicd by a decrease of viscosity. which
eventually cnables the interior to be-
have like a fluid. Accordingly the interi-
or is likely to be dominated by Ruidlike
movements driven by density differ-
cnces of both compositional and ther-
mal origin. in contrast to the purely con-
ductive thermal regime that exists with-

in the lithosphere. [n the carly evolution
of the earth it was probably the gradual
reduction of viscosity as the carth was
warmed by the radioactive heat thar be-
gan the process of density stratification
giving rise to the core and the upwurd
concentration of the heat-producing iso-
topes. The rearrangement of the carth’s
mass as the core scttled hiberated gravi-
tational energy, which must have aceel-
crated the process. The formation of the
carth’'s core was a unique mechanicul
and thermal event in the history of the
carth, unmatched in scopc or drama by
the events of later aeons, in spite of the
currcnt preoccupation of the carth sci-
ences with contemporary geodynamics
as embodied in plate tectonics.

The long-term thermal evolution of
the earth is closely linked 1o the abun-
dance and life span of its heat-producing
isotopes. For an isotope to be important
in the earth’s thermal history. it must be
abundant cnough and its radioactive
half-life must be long enough for 1t to
contribute significant amounts of hcat
over times comparable to the age of the
carth (4.6 billion ycars). Only the iso-
topes mentioned above (thorium 232,
uranium 238, potassium 40 and urani-
um 235). with their respective half-lives
of 14.1,4.51, 1.26 and .71 billion ycars,
satisfy these requirements, Taking their
relative abundances into account. and
calculating the rate of hcat gencration
three billion years ago. onc finds that 2.2
times as much heat was being gencrated
by radioactive decay then as is being
generated now. This enhanced heat pro-
duction was probably reflecied in a
commensurate increase in the heat flow
at the carth’s surface. from which onc
can infer that the lithospheric plates
then were probably thinner, more casily
fractured and hence probably smaller in
arca but greater in number than the
plates of today. The asthenosphere un-

THICKNESS OF THE EARTH'S LITHOSPHERE, or rigid outer shell, can be estimated by
selecting for each five-degree-square region of the carth’s surface the “gcotherm™ that cor-
responds to the mean surface heat flow (see illusiration on next page). The depth at which the
geothermal curve intersects the incipient melting curve determines the thickness of the litho-
sphere in that region. As the map shows, the lithosphere is thinnest along the oceanic ridges and
other regions of high heat flow and thickest under continental shields. According to authors,
“there seems to be little doubt that this great thickness of comparatively cold and stiff rock
imparts the long-term stability that has come to be associated with the Precambrian shields.”
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Edited by Albert G. Ingalls
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derlying the pilates was probably in a
more vigorous'state of activity than it is
at present.

In the future the lithosphers will con-
tinue to thicken and the asthenosphere
will become maore viscous, owing to
the ¢ontinued ¢ooling of the earth and
the slow decay of its radioactive heat

sources. The motién of the thickening
plates will become more stuggish and

retarded, although interruptions in this,
long-term trend similar to the {ragmen-
tation and dispersal of the “supcrconti-
nent” of Pangaca over the past 1R0 mii-

lion years should be anticipated. As the
continiental shields continue to. thicken
and to develop.substantial viscous an-
chois cne.can expéét the mation of the
plates eventually teo cease, bringing o
an end the plate-tectonic phase of the
earth's evolution. Thus for the diminish-
ing band of earth scientists who still ad-
here to a nonmobile view of the earth
there may be some sivall solacé in the
fact that the earth will eventually con-,
form fo their concept of it. They must be
patient, however, since that time is
probably some two billlen years hence.
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TWO TYPICAL FAMILIES of peotherms {turves representing fhe varintion of the carth's
temperature with respect to depth} are shown here for a conlinental province (dlack) and an
aceanic province (¢ofor). The members of each family of geotherms are Iabeled -according to
the heat flow {in milliwatts per square meter) produced al the earih’s surface. As might be ex-
pected, the iemperature found st a given depth in a region of high heat flow will be higher than
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ABSTRACT

Groundnoise crustal inversion techniques have
successfully been used to define overburden layer
thicknesses. Power Spectral Density (PSD) estimates
are generated from groundnoise data and observed
spectral peaks are used for interpretation. Since the
spectral peaks are related to the resonant frequency
of the layer, travel time of the layer can be ascer-
tained. Examples of determining thicknesses for one
and two layer cases overlying basement are presented.
Results are compared to drill hole depths and other
geophysical surveys. The groundnoise depths appear to
offer greater accuracy and resolution than gravity,
magnetic, and refraction surveys in the area

investigated.
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INTRODUCTION

The use of seismic groundnoise (microtremors) in
determining overburden layer thicknesses and normal
faulting has proven successful in several geophysical
exploration programs. Applications of this technique
have ranged from determining depth to bedrock of
several thousand feet for copper exploration in
Arizona to mapping buried channels for uranium
exploration in Wyoming. These surveys have proven
successful in areas where refraction, gravity, and
magnetic surveys have failed. In the following
sections of this paper a brief discussion on theory
and two case histories will be presented to demonstrate
the technique and provide insight into its application.
For the reader desiring a more in depth discussion on
theory he is referred to Katz (1976). The two case
studies presented were chosen because there was well

control to confirm results, other geophysical surveys

2 Katz

for comparison, and availability of non-proprietary data.

THEORY

The energy source used in these studies are
naturally occurring microtremors (groundnoise) which
are low amplitude oscillations of the ground surface

that are everywhere present. When these are generated



3 Katz
from non-cultural sources (i.e. not from cars, trains,
etc.) their source spectrum has been found to be white
(flat) over the frequency range of interest (1-30 Hz)
and they appear as a compressional (P-wave) form of
seismic energy. Microtremors entering a low velocity
layer or system of layers overlying a half-space are
multiply reflected at the top and bottom acoustic
impedance interfaces. These processes combine to cause
the layer to enhance selected frequencies related to
the periodicity of the layer. This effect is known as
resonance and can be observed on microtremor Power
Spectral Density (PSD) estimates. That is, groundnoise
PSD plots recorded over a layered system exhibit resonant
peaks. Since these resonant peaks are related to the
frequency-amplification characteristics of the low
velocity layer, travel time of the layer can be deter-
mined. An estimate of layer velocity can also be
obtained from the spectrum.

Two additional points should be made. Normal
incidence is assumed and several investigators have
indicated that they believe that the source mechanism
for microtremors are Rayleigh waves rather than
P-waves. To the knowledge of the author, none of these
investigators have established Rayleigh waves to exist
at higher frequencies (above 2 Hz) using naturally

occurring microtremors. Hudson and Douglas (1975) have



reported that they have found Rayleigh wave spectral
peaks, group velocity minima, and P-wave resonance

of a layer all to occur at about the same frequency.
If this be the case, results would be independent of
wave mode. However, the author could not substantiate

this in practice (Katz and Bellon, 1978).
DATA ACQUISITION AND PROCESSING

Sprengnether MEQ-800 microearthquake systems,
together with DataMagnetics (Oklahoma City) digital tape
units, were used to record field data. Halls Sears
HS-10(1Hz) vertical geophones were used as sensors with
the ébove recording equipment. All recording equipment
were standard types conventionally uéed in microearth-
quake surveys, with the exception of the tape recorders.
The digital tape recorders were operated continuously
for 24 hours sampling at 100 points per second. The
advantage of digital compared to analog recording in
acquiring microtremor data is in their high dynamic
range (72 db) and reduction in system noise. Each site
was occupied for 24 hours.

Field data were edited using smoked paper records
recorded in the field to locate portions of data not
containing transient noise sources (i.e., automobile

traffic). The microtremor data were then broken into

4 Katz
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blocks of 1024 samples. A Fast Fourier Transform was
performed on each block and spectra from 175 data blocks
(30 minutes) were stacked to produce each PSD estimate.

The amount of data used is significant in obtaining high
(90-95%) statistical confidence limits in the PSD

estimates (Katz, 1976).

Computer models used for interpretation are based on
the Thompson-Haskell matrix transformation. ,(Haskell,
1962). For a single layer overlying basement the model

peaks at the theoretical resonance frequencies of the

layer
£ = (2n-1)a
4h
where
n=1, 2, 3
a = P-wave velocity of the layer
h = thickness of the layer

The amplitude of these peaks are proportional to the im-

pedance mismatch of the layer and basement.
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RESULTS

Two cases are presented: Case 1 is a single layer
overlying basement and Case 2 is two layers overlying

basement.

Case 1 - Beatty, Nevada; Single layer

Beatty, Nevada, provided an area of study in which
a drill hole, well log, and refraction data were
available. Thus, the geology was well known and the
validity of the groundnoise technique could be verified.
Geology obtained from the above mentioned sources and
instrument deployment is summarized in Fig. 1. Station 1
was located above the drill hole and its PSD estimate
(solid curve) is shown in Fig. 2 along with that of
Station 8 which was on hard rock. The dotted curve is
the computer model used for interpretation. Note that
the hardrock PSD does not exhibit any predominate
amplitude lobes, whereas, the layered PSD plot does.
This is to be expected since there is no layer at the
hardrock site to cause resonance. It can be assumed
that the hardrock spectrum is similar to the input
(source) spectrum at the base of the layer. Therefore,
it can be seen that the amplitude lobes are entirely
a result of the layer response and not derived from
source effects. The frequency at which the peak

amplitude of the model occurs is inversely proportional
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to the travel time of the layer being modeled. Thus, a
one-way travel time of 30 msecs is obtained for the layer
at Station 1. The travel time (30 msecs) times the
velocity of the layer (1340 m/sec) results in a depth of
41 meters which is the same as that obtained from the
drill hole. Stations 2 and 5, Figures 3 and 4 respectively,
indicate a layer thickness of 39 meters which agrees with
the refraction results. A secondary lobe seen at about
15 to 17 Hz is attributed té a nearby water pump. Thus,
the validity of groundnoise crustal inversion techniques
in determining over-burder layer thickness has been

demonstrated.

Case 2 - Milford, Utah; Two layers. Data were obtained
from several groundnoise stations used to delineate a
geothermal heat source at Roosevelt Hot Springs, Utah
(Fig. 5). The University of Utah has several gravity
and magnetic profiles (Crebs and Cook, 1976), drill
holes (Whelan, 1977), and resistivity lines (Ward and
Sill, 1976) throughout the area. In addition, two
Phillips Petroleum Co. wells (54-3 § 3-1) and one Thermal
Power Corp. well (14-2) have been drilled along these
geophysical profiles. Drill hole information 1is
summarized in Table 1.

Groundnoise Station 5 is located at the intersection
of University of Utah east-west profile 4000N and their
north-south baseline (0) profile. Drill holes DDH1lA

and DDH1B are also located near this site. There may be



Table 1

Summary of Drill Hole Data

Well Depth to Bedrock Geology Reference
DDH1A 35 m 0-35m - Altered Alluvium (Alunite) Parry et al.
35-66m (T.D.) Altered Precambrian (1976)
gneiss
DDH1B 47 m 0-47m - Altered Alluvium Whelan (1977)
47m-70m (T.D.) Altered Precambrian '
gneiss
54-3 91 m Ward § Sill
(1976)
3-1 195 m Phillips
Petroleum Co.
14-2 49 m 0-49m - Alluvium U of Utah
49-488m - Quartz Monzonite Research
488-625m - Biotite Granite Institute

(intensely altered)

625m - Hornblende Biotite Quartz
Monzonite
(weakly altered)

Z3e)Y §
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a small discrepancy as to the exact locations of drill
hole DDH1A and the other surveys because of the mis-
location of a quarter section marker used as a reference.
Parry, et al. (1976) describes the surface layer at DDHI1A
as an altered alluvium being 35 meters thick which over-
lies a clay altered Precambrian gneiss from 35 meters to
the total depth of the drill hole (66 m) and probably to
a depth of 500 or 600 meters (Ward and Sill, 1976).
A sonic log from well 14-2 showed a velocity of
5640 m/sec (18,500 fps) for unfractured igneous basement
rocks. Velocities of 2440 m/sec (8000 fps) for the
altered alluvium layer and 4725 m/sec (15,000 fps) for
the altered gneiss (or fractured igneous) layer were
estimated from the PSD plots.

Interpretation of one-way travel time in each layer
is determined by fitting computer models to observed
groundnoise PSD plots. The interpretation model for
Station 5W (Fig. 6) has been broken into separate
components to illustrate the contributions from each
layer. The dotted curve corresponds to the second
layer. It has an amplitude peak at its fundamental
frequency (1.5 Hz) and harmonics at multiples of 2n+l
times this frequency. The first harmonic is seen at
4.5 Hz. One way travel time of this layer is 167 msecs
corresponding to a peak amplitude at 1.5 Hz. Because

of the small impedance difference between this layer and
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basement, amplitude lobes are sﬁall. The dashed curve
is the contribution from the surface alluvial layer and
the frequency (18 Hz) at which its peak amplitude occurs
corresponds to a layer travel time of 14 msecs. Observed
groundnoise PSD plots (solid), computer models (dashed)
and geological sections interpreted from the groundnoise
data are shown for Stations 5E, 5S, and SN in Figs. 7

through 9, respectively.
COMPARISON OF RESULTS

The east-west gravity profile (4000N) through
Stations 5W and 5E is shown in Fig. 10. Interpreted
thickness from groundnoise and gravity data for
Station 5W agree at 34 meters for the alluvium layer.
Both agree with drill hole DDH1A. However, at Station
S5E there is a large discrepancy. The groundnoise
indicates a thickness of 48 meters, whereas, the gravity
indicates a thickness of 210 meters. The north-south
gravity profile, Fig. 11, through Stations 5S and SN
indicates a depth to bedrock of about 125 meters which
also disagree with the groundnoise depths of 53 meters
for Station S5W and 76 meters for Station 5N.

Discrepancies are difficult to resolve without
additional drill hole information. However, several

points can be made in support of the groundnoise results.
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Drill hole DDH1B to the southwest of Station 5S had a
measured depth of alluvium of 47 meters which is
comparable to the 53 meters found at Station 5S. Drill
hole DDH1A is believed to lie along the north-south
(baseline) gravity profile. At this iocation the depth
of alluvium indicated by gravity modeling is 125 meters
compared to 35 meters found by drilling. Since this
gravity profile ties gravity profile 4000N, it too appears
to be indicating a depth of alluvium that is too large.
Projecting these findings eastward to Station 5E, the
48 meters determined by groundnoise appears to be reason-
able. However, the gravity thickness determined at
Phillips Petroleum's well (3-1) located about 400 meters
east of Station 5E agrees with well results of 195 meters.
Perhaps difficulty was encountered in gravity inter-
pretation when rock alteration was present. Gravity
results failed to differentiate the gneiss layer,
although this second layer was used in modeling magnetic
data (Crebs and Cook, 1976) around Station 5. It is also
possible that groundnoise Station S5E was on the upthrown
block of the Dome fault and the gravity results were
obtained from the downthrown side since there is some
question of exact locations.

Altered Precambrian gneiss has been reported in
drill holes (Parry et al., 1976) west of the Dome fault

and fractured igneous-metamorphic rocks east of the Dome

Katz
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fault. The magnetic interpretation at Station 5 used a
thickness of about 125 meters for the second layer
(altered Precambrian gneiss). The groundnoise determined
this layer to be about 788 meters thick. Resistivity
interpretation (Ward and Sill, 1976) show this layer to
be about 600 meters thick which would support the ground-
noise interpretation. It is interesting to note that
@his second layer is thicker at Station 5E than at the
other stations. This would indicate thickening of the
layer to the east or possible fault displacement at depth.
A more likely reason for this effect is that Station 5E
lies over an area where the second layer is composed of
fractured igneous-metamorphic rocks resulting in slower
velocities and thus an apparent increase in travel time.
Indications of this can be seen by examining the peak
to trough amplitude difference of spectral lobes appearing
at about 10 Hz. On spectra from Stations 5S and SE which
are close to the Dome fault, the amplitude of these lobes
are about 6 db compared to 12 db at Stations 5N and 5W.
These amplitudes are related to the impedance or velocity
ratio at the alluvium/fractured igneous or gneiss inter-
face. Therefore, if the velocity of the second layer
decreases, the velocity ratio between layers becomes
smaller and the amplitude of spectral peaks diminishes.
Since amplitude peaks appearing on spectra at Stations 5S

and SE located near the Dome fault are smaller than those



at Stations SN and 5W, it can be assumed that the
alluvium layer at these stations are underlain by
fractured igneous rocks having lower velocities than
the gneiss under Stations 5N and 5W. A higher velocity
for the gneiss layer would probably have resulted in a
better model fit at Stations 5N and SW. At well 14-2
the fractured igneous layer is about 600 meters thick.
A shallower fault is believed to exist between
Stations 5W (34 m) and 5N (76 m). This interpretation
is based on the 42 meters difference in alluvial
thicknesses at these two closely spaced statioms.
Parry, et al. (1976) also inferred a fault in this

location from surface mapping of opalized alluvium.

13 Katz
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DISCUSSION AND CONCLUSIONS

In general, there appears to be more evidence
supporting results obtained by groundnoise techniques
than those results obtained from gravity and magnetics.
Any error in the groundnoise interpretation would have
been caused from an incorrect velocity being used.

A 10% change in velocity would result in a 10% change in
thickness. Results from this technique are similar to
those of seismic reflection surveys in that both record
travel time information to which velocities have to be
épplied.

There are several advantages of groundnoise surveys
over other geophysical surveys. Compared to gravity and
magnetics they offer greater resolution and accuracy.
Gravity techniques depend on density contrasts between
layers. The groundnoise uses the product of density and
velocity at the interface. The velocity ratio being
larger offers greater resolution, as was seen in its
ability to detect a second layer at Milford, Utah.

A refraction survey was also attempted at Roosevelt Hot
Springs but ran into difficulty with weak arrivals.
Similar problems with refraction surveys were encountered
in other areas where the groundnoise proved successful.
In addition, refraction surveys depend on tying several

stations together to get apparent velocites and depths.

Katz



This can result in large errors. Groundnoise inter-

pretation is based on single station data and therefore

15

these problems do not occur. Additional advantages are:

maximum portability of field recording system, non-
destructive energy source'that is environmentally
acceptable (permitting not required in most areas), and
it is economically cost effective. The groundnoise,
technique can compete in several applications with ﬁigh
resolution seismic reflection surveys at a fraction'of
the cost.

Applicatiens of groundnoise techniques in

0il and gas exploration include:

static corrections for reflection surveys, geophone
design, and preliminary reconnaissance. With the onset
of surface sources such as Vibroseis, the determination
of overburden thicknesses for statics corrections need
to be determined by means other than drill holes. The
groundnoise technique ascertains the travel time of
surface layers that can be used to correct reflection
data. In this application velocity does not need to be
determined since reflection data is also in travel time
format. Hudson and Douglas (1975) have shown that
Rayleigh wave spectral peaks occur at P-wave resonant
frequencies. This information is easily derived from

the groundnoise spectrum and is important in designing

Katz
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geophone -arrays to suppress surface wave motion. Normal
faulting is easily detected by mapping changes in over-
burden thickness. The downthrown side of a fault would
have a thicker surface layer and a corresponding shift
in spectral peaks to lower frequencies.

It is the author's hope that this paper will
stimulate interest in this most promising exploration

tool.

Katz



17 Xatz

References

Aki, XK. (1957). Space and time spectra of stationary
stochastic waves, with special reference to micro-
tremors, Bull. Earthquake Res. Inst., Tokyo Univ.,
35, 415-456.

Alcock, E. D. (1974). Comments on ''comparison of earth-
quake and microtremor ground motions in E1l Centro,
California" by F. E. Udwadia and M. D. Trifunac,
Bull. Seism. Soc. Am. 64, 495.

Asten, M. W. (1976). The use of microseisms in geophysical
exploration, Ph.D. Dissertation, Macquarie Univer-
sity, North Ryde, N.S.W., Australia.

Borcherdt, R. D. and J. F. Gibbs (1976). Effects of local
geological conditions in the San Francisco Bay Region
on ground motions and the intensities of the 1906
earthquake, Bull. Seis. Soc. Am., 66, 467-500.

Crebs, T. J. and Cook, K. L. (1976). Gravity and ground
magnetic surveys of the central mineral mountains,
Utah: Dept. Geol. & Geophys. Univ. of Utah, NSF
Report, Vol. 6.

~ Frantti, G. E. (1963). The nature of high-frequency earth
noise spectra, Geophysics 28, 547-581.

Haskell, N. (1962). Crustal Reflections of plane P and
SV waves, J. Geophys. Res. 67, 4751-4767.

Hudson, J. A. and Douglas, A. (1975). Rayleigh wave
spectra and group velocity minima, and the resonance
of P-waves in layered structures: Geophys. J.R. astr.
Soc., Vol. 42, p. 175-188.

Kanai, K. and T. Tanaka (1961). On microtremors, VIII,
Bull. Earthquake Res. Inst. 39, 97-114,

Katz, L. J. (1976). Microtremor analysis of local
geological conditions: Bull. Seis. Soc. Am., Vol.
66(1):45-60.

Katz, L. J. and Bellon, R. S. (1978). Microtremor site
analysis study at Beatty, Nevada: Bull. Seis. Soc.
Am., Vol. 68, 757-765.

Liaw, A. L. (1977). Microseisms in Geothermal Explora-
tion: Studies in Grass Valley, Nevada, Ph.D. Thesis,
Univ. of Calif./Berkeley, LBL-7002.



Parry, W. T., Benson, M. L. and Miller. C. D. (1976).
Geochemistry and hydrothermal alteration at selected
Utah hot springs: Dept. Geol. & Geophys., Univ.
of Utah, NSF Report, Vol. 3.

Sanford, A. R., Carapetian, A. G., and L. T. Long (1968).
High frequency microseisms from a known source,
Bull. Seis. Soc. Am., Vol. 58, 325-338.

Udwadia, F. E. and M.D. Trifunac (1973). Comparison of
earthquake and microtremor ground motions in
El Centro, Calif., Bull. Seis. Soc. Am. 63, 1227-1253.

Ward, S. H. and Sill, W. R., 1976, Dipole-dipole resis-
tivity surveys, Roosevelt Hot Springs KGRA: Dept.
Geol. § Geophys., Univ. of Utah, NSF Report Vol. 2.

Weller, C. E. (1974). Seismic Exploration Method, U.S.
Patent 3,812,457.

Whelan, J. A. (1977). Thermal gradient and heat flow
drilling: Dept. Geol. & Geophys., Univ. of Utah,
NSF Report, Vol. 5.



FIG.

FIG.

FIG.

FIG,

FIG,

FIG.

FIG.

EIG.

FIG.

FIG.

10

List of Figures

Approximate vertical section showing the
instrument deployment and physical property
data for the Beatty experiment.

Station 1, comparison of PSD estimate (solid)
single layeér computer model (dotted). Layer
thickness equals 41 meters, Hard rock PSD
estimate (Station 8)} also shown.

Station 2, comparison of PSD estimate (solid)
and single layer computer model (dotted).
Layer thickness equals 39 meters.

Station 5, comparison of PSD estimate (solid)
and single layer computer model (dotted).

Layer thickness equals 39 meters:

Location map Roosevelt Hot Springs, Milford,
Utah.

Station 5W, comparison of groundnoise BSD
estimate (solid) with computer model. Dotted
curve is model contribution from layer 2

(788 meters) and dashed curve is contribution
from layer 1 (34 meters).

Station 5E, comparison of groundnoise PSD

estimate (solid) and two layer computer model
(dashed). Layer 1 equals 48 meters and layer
equals 1.18 km.

Station 55, comparison of groundnoise PSD
estimate (solid) and two layer computer model
(dashed). Layex 1 equals 53 meters and layer
equals 788 meters.

Station 5N, comparison of PSD estimate (solid)
and two layer computer model (dashed). Layer
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equals 76 meters and layer 2 equals 788 meters.

Interpretive two-dimensional model for gravity

profile 4000N. Assumed density contrast is
0.5 gm/cc. From Crebs and Cook, 1976.
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FIG. 11 Interpretive two-dimensional model for gravity

profile baseline. Assumed density contrast is
0.5 gm/cc. From Crebs and Cook, 1976.
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Table 1 Summary of drill hole data.
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AU
INTRCDUCTION

Each year more than $30 million is spent in the free world on geophysical
work related to mineral explo ration. The included graph shows how and
where this money is spent. Geophysical costs are, of course, only a por-
tion of the total minerals exploration expenditure. Geological and gec-
chemical costs, land acquisition costs and drilling costs, not included in

the above figures, typically account for the lion's share of exploration costs.
It would be safe to say that more than $100 million is spent yearly in the
free world on mineral exploration.

Proféssional earth scientists of a number of specialties (geology, geo-
chemistry, geophysics) interact as a team in the typical exploration pro-
gram. - Support comes from lawyers and landmen (who obtain access and
mineral rights), from research geoscientists (who develop new exploration
concepts, techniques, and instrumentation), from deposit evaluation, mining
and ore treatment experts (who judge whether or not a mineral discovery

is indeed mineable), and from assistants and field technicians (who handle
many of the routine aspects of exploration). Management welds the diverse
groups into a (hopefully) working whole. -

The mining geophysicist works closely with the geologist. They jointly plan
geophysical surveys and jointly interpret the survey results. Good geological
input is an absolute necessity to effective exploration use of geophysicés. Of
"course the geophysicist should have a thorough educational background in
geology. Other fields which the geophysicist uses are:
" Physics
Mathematics
Electronics/Instrumentation
Computer Programming
Chemistry and Physical Chemistry

Economics/Business

Mineral Law
At this point it may be helpful to define what a geophysicist is.-
A geophysicist is a person who makes measurements of physical properties

of the earth and interprets these measurements in terms of the geological
structure of the earth.

There are several specialties in the broad field of geophysics. Among
them are:




Mining Geophysicist: A geophysicist who specializes in the exploration
for mineral deposits. .

Petroleum Geophysicist: A geophysicist who specializes in the axploration

for petroleum.

Solid Earth Geophysicist: A geophysicist who studies processes within the
‘earth by geophysical means. 4

Seismologist: A geophysit:ist who studies earthquakes.
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PHYSICAL PROPERTIES’ OF ROCKS

The geophysicist measures the physical properties of rocks at depth and
inteirprets his measurements in terms of a geological picture. Although
there are many physical properties which can be measured, geophysical
prospecting techniques rely on the fcllowing to the greatest extent:

Useful Physical Properties of Rocks

Elect.rical .

Magnetic

Gravity .

Radiometric

-Seismic

The following paragraphs discuss these physical properties in an intro--

ductory way. How they are used is the subject of all of the :remaining
material.



ELECTRICAL PROPERTIES OF ROCKS

I. The intrinsic rock properties are resistivity and induced polarization.
4 A. Resistivity. Apply Ohm's law to a hypothetical rod made from

a rock as follows:

Ohm's Law: resistance (ohms) = Voltage drop (volts) or R = -;—,
current (amperes)

A = en_d area ott rod

L= léngth of rod

Results: 1) as A increases, R decreases in inverse proportion
2) as L increases, R increases indirect proportion

We can therefore define a. rock parameter or physical prop’erty

by the letter rho, p, which is the constant of proportionality.

RA ohms x m ] s e el
= - = ohm-m = resistivity

P m
1/p = o = conductivity
-B. Induced Polarization. In the above experiment,’let the frequency
of the alternating current be variable. Then
1P Effect = M x 100% = percent frequency effect = pfe
" PAC
II. How do rocks conduct electricity? Most rock-forming minerals are

good insulators but a few are conductors.



’{“:skﬁ .
A. Rocks with no conducting minerals still carry electricity in water

which fills tiny pore spaces between mineral grains.

B. Rocks with electrical:conducting minerals conduct electricity

 both through the mineral grains and through pore water.

1I1. Classification of Rocks and Minerals

~ 7 'Rock or Mineral - — - - -Electrical Resistivity, p
. good insulators - good conductors
: ' - -6
= 107- ohm-m 1 ohm-m p=10 . ohm-m
- T - v T 1 )

pure copper
pyrite (FeS 2)
graphite ‘(carbon)

granite

basalt

Iimestone

alluvium
calcite (CaCO3)

qu'artz (SiOZ). - . .




II.

MAGNETIC PROPERTIES OF ROCKS

The intrinsic rock properties are magnetic susceptibility and

remanent magnetization.

A. Magnetic Susceptibility. When a.rock containing magnetic minerals

is placed in an external magnetic field, it acquires an induced

magnetization due to its susceptibility

induced magnetic field strength
external magnetic field strength

- susceptibility,. k =
. - <6
units of susceptibility are 10  cgs = p cgs

Magnetic rocks have induced magnetization due to their presence

in the earth's magnetic field.

B. Remanent Magnetization. When a rock containing magnetic minerals
cools from high temperature or undergoes chemical change while
in an external field such as the earth's magnetic field, it often

acquires a remanent or permanent magnetization.

The ratio of remanent to induced magnetization in a rock is called

" the Koenigsberger ratio, or Q-factor.

The most common magnetic mineral in rocks is magnetite (Fe304).
Magnetite accounts for almost all magnetic properties of rocks. " The .

magnetic mineral pyrrhotite is often found in certain kinds of massive

sulfide déposits. It is the only other important magnetic mineral.
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Classification of Rocks-and Minerals

‘Rock or Mineral

magnefite (Fe304)
pyr.ite”(FeS 2)
quartz (SiOZ)
igneous rocks
volcanic rocks
sedimentary ro.cks

iron ore

Susceptibility (g cgs)

Q —factor

10

100
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III.

GRAVITATIONAL PROPERTIES OF ROCKS
The intrinsic rock property is density.

mass

Density = o e

= gm/cm

Because ail rocks have mass, they all have a density, and they all
have a me.asurable_ gravity field. Density i-s méasured by first
weighing a rock in air, and then weighing tl.ne same rock while it

is under water. The difference between these two weights gives the
weight of water displaced and therefore th.e volume of the rock,
sin;e Watér has a known density of 1 gm/cm3.

weight in air . 3
- — - - = gm/cm
weight in air - weight in water

p = density =

Classification of Rocks and Minerals

Rock or Mineral Density (gm/_cm3)
water ' ' 1.00
 graphite ' - 2,23
quartz | 2.65
pyrite . : 5.02
malgnetite o 5.18 |
gold ' i i 19.3
allivium 1.9-2.1
igneous rocks 2.5-2.7
volcanic rocks 2.2-3.0
sedimentary rocks 2.0-2.9

massive sulfide ore 3.0-6.0

-
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RADIOACTIVE PROPERTIES OF ROCKS

I. Radioactivity is the spontaneous disentegration of the nucleus of one

or more atoms with resulting emission of other particles and of

energy.

II. Types of particles emitted and their penetration abilities are:
Particle Penetration
Alpha particle (helium nucleus) 2 cm of air not paper or rock
- Beta particle (electron) 0.2-0.4 cm rock

Gamma rays (electromagnetic . 65 cm rock

radiation) 7 ¢cm lead
IiI. The main sources of terrestrial radiation cause gamma rays of

various energies., The decaying series, . elements measured, and

energies are:

‘Series begins with Element Measured Gamma Ray Enérgy
%0 ' x*0  1.35to 1.58 Mev

y 238 il . " 1.65 to 1.88 Mev
Th?3? o | 11208 | 2.42 to 2.8.2.Mev

Total count measurement 1.35 to 2..82 Mev



II.

SEISMIC PROPERTIES OF ROCKS

The intrinsic property is the velocity of transmission of mechanical

. waves in the rock.

A. Compressional Waves. These are ordinary sound waves in rocks--

the rock particle motion is in the same direction as the wave

propagation.

B. Shear Waves. These have no analogy with-sound because fluids
such as air and.water will not transmit shear waves. The particle )
motion is at right angles to the direction of wave 1}5ropagation, much

as a wave traveling along 'a loose rope.

Compressional waves are -the ones commonly used in mining geophysics.

The velocity of these waves in various rocks and minerals is as follows:

Rock or Mineral ‘ Velocity Rangé,» ft/sec.
alluvium 1,600-12, 000

ignepus rocks | 13, 0010-20,,(‘)(5(.)

volcanic rocks 10,000-18, 000 . ?
sedimentary rocks 6,000-18, OOO} ~
r;'xagnetite 18, 200

massive sulfide ore 20, 000-~25, 000
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EXPLORATION STAGES

Most mineral exploration programs can be grouped into the following
stages: ’

1.

Business. Is there a market for the commodity sought and can it be

mined at a profit from the deposits expected in a given area?

Reconnaissance. Large areas are fiirst considered with the idea of

locating much smaller portions within which chance of discovery
is highest. Odds of making a discovery are determined mainly by:
1) odds of occurrence of a deposit, 2) odds of detecting the deposit
by the methods employed.

Examination. Once a favorable small area has been identified, a

closer and more detailed look is required for discovery.

Evaluation. When a mineral discovery is made it must be evaluated
. to determine whether or not a deposit exists which can be mined at

a profit using existing technology. If the answer is '"'yes,'' then the
deposit is called an ""orebody, ' otherwise it is just a'''mineral de-
posit' or a '""mineral resource."

Geophysical surveys are used in stages 2, 3, and 4 above.
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FORMATION OF A PORPHYRY COPP?R ‘OR MOLYBDENUM DEPOSIT

(Fig. A)

(Fig. A)

(Fig. A)

(Fig. A)

{Fig. A)

(Fig. B)

k.

2'

3.

4, -

5

6.

A molten igneous é"tock of 'gi‘a.nite or quartz monzonite ‘corri-
position is- emplaced in pré- emstmg rocks. Some_ of the
molten material makes its way to the surface to form vol-
canoes and a covering layer of voleanic rocks results. '

The stock cgols from {ts oF 1g1na1 Lemperature of more than
800°C., and minerals Begin to ¢rystallize:in the: melt. Headt
is carried dway rhainly by gro_undf'wqter circulating. in-d. large
convection system around the stock. As more and more _
minerals crystallize in the inels, the residual fluid becomes’
en"r«iche’d in. volatiles which do not become part of the rock,

‘ ‘These volatiles are composed mainly of water ‘vapor, sulfur

gas and comp’oun‘(]rsg and chlorine, -with dissoelved metals
such as copper, molybdenum, lead, zinc, gold and silver.

Wheh the stock finally becomes solid, its cute rmarging

fracture and the residual volatile fluids, which contain the
metals, are released to the cir culating groundwater con- -

veéetion system. ‘The convection system distributes the metals
in' zones in both-the host ¥ocks and the parent stock. Copper
#nd "mol‘;ﬂsdxenum ore are'zoned inside of a pyrite (FeS)) halo,
with lead, silver and zinc ore furthér awdy. Gold usually .
occurs with the ceppgr. ;pSkarn deposits, often containing the

_magnet1c mineral magnetite (Fe30y) @s well ds copper

minerals are sometimes. forrhed in adjacent hmestgpe if

. présent. All of these processes are called mineralization.

The convecting groundwater system also cauges chemical -
changes to take place both in the stock and in adjacent host
rocks, ,Fc,ldsPar miiflerals are altéred to clays and micas

and much quartz is introduced. This process is called
alteration. Characteristic alteration minerals occur in zones _
around the. stock, and the zonation of the alteration and tnin-

_eralization processés often help geologlsts ang geophysicists

4 locate the orebodies.

The surface above a forming porphyry depo‘sit is believed to
show evidence of recent volcanisin and erthermal activity

such as we see at Yellowstone today.

Erosion processes eventually strip off the top of the por-
phyry deposit, which has long since cooled. The upper part
of the: copper/molybdenum orebody and of the pyrité halo are
exposed at the surface, and they underg__o oxidatioi, :



(Fig. B) 7. Oxldatm"l of pyrite (¥ 987) produces sulfuric acid (H2504),
and the- silfaric acid dissolves copper minefals such as
chalcepyrlte {CuFeS 2) and bornite (Cu5FeS4) The dissolved
copper minerals as chalcocite (Cuzd) to ferm an enriched
zZone., Theé eénriched zone contains all.of its original copper
plus what is added from above: As eresion and oxidation
.prc)l,::e__ed downward through the deposit, the enriched zone
TMoves. downward also and becomes thicker and richer.

({Fig. B) 8.  Voleanism from a separate, unrelated volcano pours out
' volecanic rocks te cover the deposﬂ: and halt the oxidation
and enrlchment process. ’

(Fig. C) 9. During ensuing time to the present the ore deposit is sub-
' Jjected to many geologlc processes; amiong themn tilting
(1 otation), aultmg, and being covered by unconsolidated.
gravels, 'In this way many deposits are h1dden from: view,
and geophyslcs helps to discover such hidden dep051ts.



FORMATION O‘F PORPHYRY DEPOSIT
| TIME: 50 MILLION YEARS AGO |

; - : 5 I ‘l‘ T Tt V, o L=
< v ,ql‘:-rvr'?f_‘("_"m“,r-_,;."4"‘4, 3 2 g T N—
<k A<r> 4o 3T “VOLCANIC ROCKS 60 MILLION YEARS (s < T v 24
v. < A 2 e v by o,k € A  Pedg
v oS g N - v L ¥ - T AN 1-‘” L Jd I._,.a'ﬂ"‘ € apV )
Al b L S vt € T v L A-q\'-y
< v >gav ; e ranc
<M € r o 5
¢ r A .

PALEQZ0IC AND MESOZO0IC

SEDIMENTARY ROCKS,
100-500 MILLION YEARS

BEFORE PRESENT//“

PRECAMBRTAN: GRANITE
1900 HILLION YEARS
. BEFORE PRESENT

X)X Xy
%" 1GNEOUS STOCK  x-. -
2060 MILLION YEARS
-X' BEFORE PRESENT

o o | Mile




_FORMATK»JCF PORPHYRY DEPOSFF
TIME: 10 MILLION YEARS AGO>

V-‘W—VOLCANIC ROCKS P
NS 20 MILLION YEARS v2>an

F oy St AN y LY
"%1EEFPR‘E PRESENT r:"_' g : v oA Tev ¥ Taver eyt At
L ; ¢ ol - kS k2l S S, 5

Akl bt it - XN A 41.(,1';1-9:(4&
> LN ~ .-.L
V%0 aneous sTock X VR
Yx:. x60 MILLION YEARS x x|
et BEFORE PRESENT
0 _ . | Mile
SN X X X



FEi ey, J
ﬁm@wﬁaﬁiu

L 48 E?P..,HATIQN f'Wl’wW’NT& L,
cw ?HE ARI?GNA NEW HEXICO PORPHYRY COPPER. PHGV!NEE

i ene 2l @cluaf&z -
g Covgr.
ol 36%
S . 5000 o
17 % s mfer . o 1% N
Biing Exposed Deep .. - Shaliow
. Satford-?d 5§ E Rorencd pre-'50 Non€ -« OX Safford 'KGC '38
MAJOR. Kalamazso 85+ [ Ray 5 woo , R e
DEPOSITS Pinte Yatley "5y, T ¥iamj- o
FOUND  Red Min. EL I éEfﬁ;‘?“”“ .
’ Sal Tord Annéx T,T ¥ o A . 1
) : o JJG : ~ o L
Ocep Bishee 7 ‘Bisbee A oo
Ehi[itc '. ?' " Tyrune ‘. ¥ € . e .

Siiver gell '50

Bagdad | 26687
Helvetla ]
Sierrita-  '55-52

[ s B

HAJOR DEPOSITS Districts with ., _Fjﬂf”“*’ S ey . Deep
OR CLUSTERS Blind Deposits . é-xposed \’nicamc ':Shall‘a'z_{-'_\"b'_l canic Shailew Gravel Gravel
FOUND - 4 o 2 Q- . B IR ' 4 ' |
UNDISCOYERED 10-15 N o L Lmeny o 4% . BZ many

. ®pessibiy severat deposits bensath structural cover

sravel eayer

47% -

=
%
it
u

129% Sk
Sl low DG
“San Hanuel ‘43
Pima-Hission '53-55
~Twin Budles  'Bj

£7 Lakeshore ‘87
Posten Qutte '70

£ tiant fast - '20-G8

e —— s

[RRVIREEEE EE

JE—

ety ol b Fipm i m




R v . e
GILA CONGLOMERATE -
v s ' .

' s s
& 3
& & L] o
21478 LEYEL
0 =
[ N 2 ® o ufhw
.
. A
[ LI | "
e i
.
» L ——"
L y
el 2073 LEYEL

SECTION B'—B

o ¢ 500 . 1600
- ——]

.‘ ‘ldeal'izcd loﬁgifuglinal"se'c!l{iﬂﬁ‘ locking nérthwest. e

Cross section through San Manuel 'miné., a porphyry copper deposit in séuthern Arizona. Note that
_the ore zone has been rotated from its original vertical position so that now it lies on’its side.



© Chainage (Feat)

0 , 1000

TR e MR AT A S S T YT R

Distribu fi’bn_‘ of Alteration Ty pes Panguna |

KQD >

Panguna  Andesife

Lo

COPPER (Weight Percant) , °




S : H -Sqﬂ Loke Ciry
NEv 4 A o BINGHAM
" fene ® UTAH
o YERINGTON b oELY . 3
. ’ ] 3 . - )
| - JcoLo rR 4 0D|0
0' = /// - -
< /
< - / : . . ,
/ / PLATE AU ST
. ! .-
o vl\ ' e
. athpes, P ROVINCE [ g O
H PEAIK"‘\ H . .
/ - BN 7
. ' ., L
v = oBAGDAD - X
: S~ 1=7 w
ARIZONA | =
. BAYe T rENde | SANTA
L2 — 10020 O B ;M__mm_ﬂ
T miLes ' " SAFFORDe fra
SILYER * ‘oSAN MANUEL
B.__E..l:.:.l_- B Ticson .
PIMAMISSION -
’ °ESPERANZA
M EX I C O . BISBEE °

- ©CANANEA

Map of the southwestern United States: and adjoining regions of Mexico showing 'tfhe- '
principal physiographic subdivisions .and the location of ‘the' porphyry copper deposits.
Names and locations underscored are the deposits described in this volume.

(from Geology of the Porphyry Copper Deposits - Southwestern North
America by Titley and Hicks)




ERADE COPPER (PERCENT)

. BANOVER MOUNTAIN

GHIANI=INS

PIRATION

STLYER. B

PIMA MISSION
L. o

THIN BUTTE

90— : S A
, " T

oK TED

TYRONE
I

CHR|NDO

SAN XAVIER] NEYADA

80 PPER CREEK| o

o

'ZDPP£$

CITIES

A0,

SSAFFORD P.
s |

0.

(<]

© LAKE

,SHGRE
PHELYVET

AN HANUEL

>

L T10 !

©SACA

TON

P

RED WOUNTATN

|

LROS

—

EUOY

TBINGHAM

MORENE )

.60

VEKOE

o ‘
STERRITA

Tewrasy

+

MAS

.50

s POSTEN BUTTE
4 . I I - H1LLSEORO

-]
CAS

TLE

) OME|"

BETHLEHER

@ ﬁ
SAFFORD

SRAY

[
SPIKE - E K
D R T I

.3al

ItLs

?fiﬁﬁnxuza

TSANTA RITA

19 2 ) &5 5 1 838

- Copper grade and ore body size for some po:

) ]
100,

3

TONS (HILLIONS)
rphyry copper deposits, meostly U.S.

&

“1600

4

(4]



: + .
. . '
;
- 0f the - Morenci, pperation Trom thé
. " N - .
, .




THE $RAVITY SETEOD

. For two masses, Mq and ME’ placed a distance r apart, the gravitational
attraction. is given by the equation:’

.-

. yMiM; My r Mg
,-_F = S -
Z Gmmmmmenr®

where vy = universal gFavitational Gonstant

-Thls is. Newton 's Law of Grav1tat10n We see that grav1ty var1es du-ectly
W1th mass and mverse}y w1th the square of the distance. :

The earth produces a grav1tat10nalfheld due to its mass (see accompanylng
figure). and the. interaction between our body's mass and the earth's mass

18 what we. call weight. Because the earth spins on its axis, ‘it is not, a true
sphere, but is-bulged cutward at the equator. This makes a point on the
équator further from the center of the earth than is 4 point near the north or - -
sputh pole. Because of this, gravity is less at the equator than atthe ‘poles,
Also the céntrifugal force at the equator-due to fhe earth's spinh tends to- try

o flmg g body off into space, thereby further decreasmg the weight of a

body at the equator relative- to the Welght of the same body at: either: pole;

Near surface geology mod1f1es the. earth's ‘gravity field because of the varymg
density of rocks. By measurmg the earth‘s gravity field at many points,
geophysmlsts are able to map density dlfferencc:s ih hear-surface rocks.

Then by appropriate interpretation these density differences are visualized

) in termys of \xi'ha‘t tl_:}'e.y.n'l.ea:n ,g;egiggic_aﬂy.

._The m‘;trument used to perform a grawty survey is called a gravuy meter.

.,  or gravimeter., Modern gravity meter$ are arhong the most ‘delicate and

premse mechanical instrurnents ever made. by man. They can detect the
siall decreéase in gravity due to a 2-inch increase in elevation. Their cost
is roughly $10, 000: Théy all work on-the pr1nc1p1e of measuring the change
an weight of a smmall constant mass within the instrument; The meéasuring
springs are made of fused quartz (5i0;5), an extremely stabie substance {(see
accompahying figure). S )

During a gravity survey, the instrument is first setup and read at a basé
station. Then it is taken in turn to the survéy stations, and after 2-6 hours
it is returned to the baseé station. Changes in base readings are called drift
and must be corrected for. Also survey station elevations and latitudes
must be accurately known, Then a straightforward series of correchns

is made, as indicated in the figure, before the data can be used for inter-
pretation..

In porphyry copper exploration, gravity surveys are used to:



1)

determine the -thi‘ék—n'ess, of gravel or volcanic cover over bedrock, .
Then if the cover is ‘thin enough (less than 2,000 feet), other geo-
pliysical miethods may be applied. In this app"lnic’a”»ti'o\n! the gravity survey

does not detect ore directly;

locate and define dense ‘skarn mineralization. In this ¢ase the ore may
be directly detected;

* map and Ii;roje;ct_ geology by mapping rock density diffe r‘en'cels.

o
o
3
» g’
T \
.
p
-, .
. :
.
y
TN
L4
1 —a
A
!






ADJUSTING

- SPRING"

LIGHT.

SOURCE

HARTLEY GRAVITYMETER

P

(AFTER DOBRIN)'_

|
i
I
T

i

. GRADUATED

SCALE

.
‘
( ]
! ,
h
:
T
]
-
I
.
Yy
1
"
"
.
ol .
Ve
i

k : “
O R
i 1N
B N
+ \
\ X
n .
. o N ] -
|v'_ L
- at
o I
i- s
3 .

g, i
B 7
i

"




12 | 4

usc's s

'T"ﬁr.‘ $TA.

-%.ﬁs_

j

B
=,

19

15

. 16

@ BASE D
: 17 !

"“" - “A_ .

e,

37

Ko

N(
NGy

LR

o5
)

Ho—

~ O

50 ‘ . 51_ L .




MRILLIGALS

. EQUATOR - _ ' | | i
.. i T K\\\h__ _ L t ' ; {  0

 GRAVITY CORRECTIONS

" 2 HR. REPEAT READINGS ON BASE A

- SURFACE

EA LEVEL:

LJ l'J 141‘

L - 1 L] 1 q 1
8 AM . 12 N qPH
TIDAL & INST. DRIFT CORRECTIONS = . FREE AIR CORR. = + .09 mg/ FT. ELEV. '
3mg/ 24 HRS" | ' . BOUGUER CORR. = - .013 ¢ mg/ FTUELEV,

N

, R -J‘

LATITUDE CORR: = - 1.3 mg/ MILE NORTH | ~ TERRAIN CORR: = + mg

© - BOUGUER GRAVITY (mg) SEA LEVEL DATUM = ‘0BS GRAVITY + TIDAL & DRIFT CORR. + LAT. CORR,

+ FREE AIR CORR. + BOUGUER CORR. + TERR. CORR,
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THE MAGNETIC METHOD
Rocks are magnetic by virtae 6f theii contained magnetic minerals=- usually
'fna«'ghie,tlii‘;e and/or ‘Pyrrhot{i@e,’{ Most rocks ate usually only magnetic when

they are placed in an extérnal magnetlc field, i.e., dune to induced, magnctlzatwn .
Of coutse the external: fleld wh:ch causes rocks to he magnetlc is the. earth'

fleli - ' ‘

" The earth's magnetic field is like that due to a large bar niagnetic placed deep
. within the earfh. The origin 6f this field is probably explained by electrical
currents circulating in the earth's core, which is believed to be composed

of molten iren and nickel, The pdles of the magneti¢ field, i.e., the spots on
the earth where the magnet1c field is. vertical, are near, but not at the earth's
rotation poles. Thus .a compass does not point to true or geographlc north,

but rather to magnetic north {see the accomipanying figure). :The, earth's field
has a strength of about. 25, 600 gammas at the magnetic: equator and about

75, 000 gammas -at the magnetic poles,

" Many modérn magnetometers measure the earth's field strength by measufing
the fregquency of precessmn of protons as théy rotate around the.earth's field
direction. Figld strengthis directly proportional to this freq,ugzlncy The source
of protons is‘usually a container of kerosene abdut the size of a pint jar. Moedern
,ele:c,troniﬁ,cs has made magnetometérs aceurate, lightWeight and trouble-free.

Magnetic surveys can be conducted either on the ground o frofn an airéraft.
Ground surveys are performed in much the same way that. gravity surveys
{s¢e abové) are done. The modern magnetometer- méasures the value of the
earth's local field to about 1 gamma. Corrections are apphed for the. regular
daily variations irthe eafth's field which are caused by electrical currents in
the ionosphere, high above the earth. During times of flares on the sun, the
'ifO'nQSphe;t;e becomes very disturbed, which disrupts the maghetic field as well
as radio and telephone communications. -‘S,qrv-ey'ing is not possible until the
anagnetic storm subsides. :

Magnetic surveys are also performed . from an airciaft. In this case the in-
stramentatioh is mo¥fe complex. and may be somewhat mere sensitive than
ground magnetometers.: Most surveys are fixed-wing, but the helicopter is ‘
also uwsed. The iagnetic datd are recorded on a paper strip chart-and per- .
haps. also on digital magnetlc tape. At the same time; 35-mfh picturés ate
taken of the ground every 1-5 seconds by a camera mounted to look vertically
downward. When these pictures are later developed, they are compared to
larger air photos to recover the exact flight path, which is then posted on a
map. During the survey flight a system called an intervolometer makes
simultaneous fiducial marks on the magnetic record and on the. fllght path
film so the ftwo can be prec1Se1y tled together




Once the survey has been flown, the flight path is recovered onto maps and
some of the fiducial points are posted along the flight path. Then the magnetic
profiles are read and @‘osted onto the map, someétimes after a complex. series
of corrections., From the:posted magnetic field values -a coptour map is con-
structed, and this contour map represents the final survey product whxch the:

. geophysmlst then uses for his interpretation.

Marny facto‘rs tnust be considered in deésign of an aeromagnetic survey. These
are listed on the accompa.nymg chart. Qnce survey specifications are chosen,

a contractor is usually selected to perform the survey, as few mining coinpanies
find it cost-éffective to maintain their own aircraft.

The piagnetic interpretation procedure is variable and complex. " The magretic
survey has, of course, mapped changes in the earth's field caused by the vary-
ing d1str1but1on of magnetic minerals in the surface and near-surfice rocks.
The magnetic contour map becomes useful only after it has beén interpreted,

' fwhlch u.su.ally means:

1. determining the size, location,depth and magnetic susceptibility of the
various magnetic source bodies (done mainly by the g‘feophyéicis‘t)_, and

2. interpreting the above source bodies in terms of a geologm_pwture {done
by the geologist. -and the geophysicist).

Interpretation . usually beglns by quick rules-of-thumb to determine the source
bodies and then proceéds to very complex modelling using the computer to
calculaté the theoretical effect of various source bodies for comparison with
observed data. The accompahying figure shows the theoretical maghetic
anomalies over a source body of size 4 x 4 x 2'buried 2 units in an area where
the earth's field is inclined at 60° to the horizontal and for a body with vertical
-sides and -2 susceptibility of 1000 x 10-6 cgs urits. Many such models, using
a nurber of source bodies in combination are usually necessary for a good

fit to the' observed data. The compiter is a very valuablé aid in this work.
An accompanylng figure shows the interpretive work for a simple anomaly

on data we obtained in eastern Nevada.

I;n-pc')rphyry copper expl-c_:ra'tion, the magnetic method is used to:

+

1.  detect burled intrusions which are usually more magnetic than surroundlng
rocks, - ' -y

2. detect buried magnetic skarns, which may be very mag‘heti_c’:, :

3: ,detect magnetlc lows associated Wlth distruction of magnetlte by the
, ‘mmeralu.atlon process; and

4, - maii- and p.rojec:t geo'l,og,y-
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ATRBORNE GEOPHYSIGA

PR

X.PLORATION SYSTEM

B - InsHtuto Nacion;

;AIRCRAF T Britten- Ncrman Islander Model BN-2A-9R (STOL}
Twini- turbo-charged 260 BNP enmnesﬂthh full IFqu%;rm' B
tation, EaR

Gross wt:. 6300 lbs (2360 kb}
" Empty-wt: 3826 Ibs’ (1737 kayl
Useful Load: 2474-1hs (1123 kg) R

Opcrahng,Eqmpment 2315 Ibs (1051 k) -~
Geophysical Tnstruments:  655.1ba (/297:Kg)
Operating Crew: ; 510 lbs . (232 kg)

Fugl (U. 4ga.llcms) - 1150 lbs (522 kg)

Mm. Survey Spésd: 70 mph (113, “Kin/ht)

Ferry Cruise’ Speed 160 mph (257 kkm/hr)

Max; Cruise’ Range: 1263 at, mlles R ; .

GAMMA RAY SPEC'I‘ROMETIJR Exploramum Madel DIGRS 3001
Four cha.nnel dlfferenhal mesasurements-of pota.ssmm uranium
thorium and total couiit, “Wti -24-1hE. (10 key - :

‘SEECTRUM.STAPILIZER: Explora.mum - Model MS8-3 {502
Provides contimious autamahc gain ad;ustment for each ciystal
aid pim, hibe, Wt: 16 s (7.2 kg)

CRYSTAL: DETECTOR ‘Exploranium,, Model 11,60
Nine 6" dia. x-4" thk. (152°x 102 mm) gadium iddide crystals,
Total. volume 1018 ins.3 (16,__6._8;Lcm ). Two containers.
Totil wt: 297 Ibs (134 kg) T

PROTON MAGNETOMETER: GeoMetrics, Madel G =803 -
Provides 0, 25 gamma senmtnuty, analog ‘and chgutal outputs,
StiRger’ mcunted Sensor, Consolc wt: 14 lbs {6.35'kg)

1. Includes basiciequipment: and standard ;avionics,

3 Anergxa Nuclear

| ARALOG RECORDER- Explora.mum Model MARS—S -
Promdes six channels; two. event markers mulhple ‘chart speeds

inkless Wwriting, Wt: 34 Ibs. (15.3 kg)

DIGITAL RECORTING SYSTEM: GeoMetrics; Model G- 704
- Bequentially-scans, converts, formats .and rédords all digital
and analog mput dal:a on magnelic fape | for’dlrect computer
" procéssing, Wt "2071hs (9:1 kg) .

MAGNETIC TAPE RECORDER: - Cipher; MOAELTO, - . . -
_ Provides digital recordmg of 300 c!mr/sec at 260 ijl

W30 lbs. (13: 6 kg) - L IR

"V]SUAL DA'I’A DISPLAY GeoMetncs Model G705
*A dlgrta.l d&ta veri.ﬁcahon system (not shown) rpwdea a 2oG
character visual chsplay oi all. recox:ﬂed suwey “data, WI:

6.4k :
IN'I‘ERVALOMETER GeoMetr:cs Model G-803-201

Piovides pulse to: havigation ca.mera, fiducial connters and re-"
corder-évent marker: Wi:'5 lbs (2 3 kg]

NAVIGATION CAMERA:. Automax; Model G-2
35 mm. aysbem with twin’opties; 400:4t.. ﬁlm magazine. -
Wt: 25 lbs (9.1 kg) .
‘RADAR-ALTIMETER: Honéywell. MS3el.YG-7600
Provides 1% linear acciiracy froim 0:to 5, 800 feet,.
“VLF NAVIGATION SYSTEM: Model GNS 300

Provxdes pomt to~p01nt radio: nawgatlonal data over-all terrain -
_including water. ‘Wi 20 lbs, (8.5:kg) .

ALL. geophyslcal instruments-are standard 19“ rack -

“monnd w1th é‘i 32V DC pcuwer requirements (Islander power system 18,28V DC }.

Lomplbte freuphytn(,al survey installation {islander aircr alty

12 lbs

WE: 7 Ihs(3. 2ke)




‘ia mnd_er&SurVEy “Ajrcraft (Il:lstl uto Nacwnal cle Energia Nuclear}

Magnetometer Stmg’er Sensor Inst:lllation R

-GeoMetrics/ Exploramum Instrument Division recently installed, tested.and dehvered a !'ully mstrumented airborne
survey exploratmn system to the: Ins!_: to Nacional de Energia I ‘Iuclear (National Instituie of Nuclear Energy).. The
. survey aircraft is-the populaxr Brlt Norman Islander oI[ering msl:a[latmn convenience and stable survey charac-
teristics, The Exploratlon piatform mcludes an Exploramum four channel d1g1tal Ga:mma- Ray- Spectrometer employ—
-ing-a large ctystal volume, (1018 ing.* ) with fu!ly automatic spectrum. sl:ab1l1zatmn, "a GeoMetrics Proton Magne-
tometer with stinger mountéd:sensor, and Digital Data Acquisition System for direct computer entry of all analog --- -
and digital sirvey data, as well as a six chaniiel analog recorder, intervalometer, 35mm camera, radar altzmeter
and a VLF radio: navigation systéim, This sophisticatgd-airborne system is an ‘essential element-of the Institute's
newly sétablished program fo fully investigate: aind analyze the natural resourées of the entire country of Méxicao,
While the prlmc;ry emphams is- tho dlscovery of Tadioadtive sources to meet potentlal power requlrements, capab1[—
1t1es also’ mclude reconnaigsance. mapping’ of EGOIOgIC‘ structures To insure effective ground. follow-up-of selected
areas of’ mterest GeoMetncs also provided a hehcopter spectrometer platform ‘complemented’ by truck-mounted
spectrometer systems, base station magnetometers, and portable 1nstruments . During: vanousvphases of the- Islander
:mstallatlon GeoMetrics: provided a_comprehensive: I:rammg program-to fa.mmanze theInstitute' s personnel w1th
total instrument operation and mamtenance, airborne, a.nd ground survey- procedures, and modern compilation and
interpretation techmques Adchnonal “on=site" tralmng will -continue-to- further insure: that all survey ob]ecmres
are achmved with optimum resu!ts.) o o ) e .




AEROMAGNETIC DATA
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AEROMAGNETIC SURVEY METHOD:

Flight Specifications. . . - In Flight Control
S ' ' . by Pi»lc‘:':,t)
area : proposed’ fllght lings | :
. flight direction o topographic; rmap and/or aerial photos
__line spacing . ———®  doppler navigation . -
terrain clearance : " radar altimeter

“ground fnonitor T -

'

Data Acquisition

Total Magretic Intensity - [ flux gateL magnetometer - [ strip chart recorder
= ' 1 proton | . i | digital magnetic tape

Terrain Clearance or r radar L e f strip chart recorder
. . =4 . altimeter -- .. . .

Barometric Elevation l} ba._I'.O'metrch' 7 1 d—1g1§a1 magnetic tape

P 'tioz;.u } 25 mm.c¢amera - film strip

Fos cross track deppler - digital magnetic tape

Flight notes, time, etc. - manual entry - strip chart record

. , . ‘round storm monitor
Total Magnetic Intensity - tgi o T fserence omter
. m e

Data Integration .

doppler driven intervalvometer or elect'romeqhanical' fiducial system

!

Compilation

field error check

flight line recovery - .
g ' base map compilation . oL . .-
“lime leveling and error editing 3 o

computer or manual
put ! :

Contouring

computer or mannal

Interpretation




Cén_teu_.r i"nt‘éx_‘va;l =5y
Altitude = 500 feet

W ———‘ T -

Interpretation:

1. .Establish background or 0 level (undisturbed field value) =291 5
to- 2925 o

2, ‘Egtablish anomalous maximum and rminimum

masximurn - 3018 — 98y P K
background - 2920 — 0 ratio, i -1--8— = .18 . 5"
max 98

minimurn - 2902 — -~ 18 v ' L -
3. D'e;terrpine depth; 100064500 feet.ll:'?eilow plane — '500—'1._.006 feet deep
4. Drdw a magnetic source body: ~25¢0' x 2500' — 2% 2 depth uniths
5. Check prlsm models: V'a-:;,qui-érf A58 = 2 2 z;.t'xé’O °‘inclination

.98 98" i
T 1.7 x 54,000 91.8x 105
1.07 x 1073 = 1000 x 107 © cgs (infinite body). Depth extentis be-
tween 2000' and ® 1000 < K, < 2600 x 10~ 6 cgs . :

6.  Compute ap_par"ent,SUSc‘ePt‘ibility; K,

7. (Geologie explanation,




MAGNETIC INTERPRETATION PROCEDURE

: R
Pre-Flight Planning . '
determine area, flight direction, Fiitering Yes
and zltitude, -and line spacing «. Needed? _ %;
N i N _ Digitizing
Data Acquisition]| . : - ) C L A .
7 W ' — ' Spectral Analysis
Preliminary Evaluation. , _ : : R ==
topo.-geol. cerrelation, evaluate| - A Y : - Filter Design {- :
noitse and regional problems ) N ‘ I
N G . F-i_l\.te'_r‘i;ng“ 4 : l
ATE : = N l
QObvious “Analysis
Yes ; ) ) .
Targets - | Detailed interpretation of filter
Present? Gool. nd Topo:. __ﬁ topo. -geol..(_cori-elation effectiveness
. model anomaly sources :
Correlation i .
g{ - - structural interpretation .
L A ' ' NFS— ——
Model Studies . . . = m—
. } Status Report
% , for .source depth, geometry ‘ o . L
X and magnetization ‘ discussions with l
mae T » BCMC geologists | |
L ‘
Recommendations Meodif rrirfe” retation l
for BCMC follow-up - 4 o TP - —
more detailed modeling '
. : ) Final Report

recommendations to BCMC

.@no‘maly 'fest_res;;ultsn - BCMC feedback

FIGURE. 1, FLOW CHART OF MAGNETIC INTERPRETATION PROCEDURE
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Horizontal changes in magnetic ‘susceptibility are required to produce a magnetic
" anomaly. : :

-magnetic anomaly

k = 1000x10°6

Vertical changes in magnetic susceptibility are not detected by moving o magnetometer
over or above the earth's surface.

no magnetic anomaly

k = 1000X106

k= 3000X1078

i

Figure 2. __ : Hprizon'm! '-Su«s'ceptibi,lify Changes

i
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THE INDUCED POLARIZATION METHED
Curr;ent_ls Am‘]ect‘_e_,d .1[1]_:0 fc_he g.rounc'l a.nd taken ba.clc qut at po;nts A and B,
;.crr}jt_r _ - - ' r‘%ﬁrr
T T 1
A . A B na . C a D

respéctively, a distance a apart. A 'special consfant-ciurrent device called
an; IP transmitter (xmtr) does this. At some distance, na, away, the voltage
difference is Tead between points Cand D by an IP reeceiver (revr): From
knowledge of the amount of current, I, injected by the transmitter and of. the
received voltage, v, as a function of transmitter frequency, f, two quantities
are dete’r'mihed‘:

1. The resistivity of the gr.und, ire, how well or how poerly the ground
conducts electricity, and

2. the magnitudé of the _‘_‘induced_pg).].&rizzitigr; effect, which is a rheasure of
the amount of sulfide mineralization in the nearby ground.

In ordér to understand these two measurements, someé background is needed.
First, how does-electricity go throughthe €arth? Rocks at depth are com-
posed mamly of tinerals which are electrical insulators. But between the
mineral girains are tiny pore spaces. The pore spaces are generally filled
with groundwater and the g:roundwater contains dissolved salts, 1.e€., sedium,
ca.lcmm, ¢hlorine dand. sulfate ions. These ions, being electrically charged,
move in response to an electric fleld' and carry éarrent t‘hif:'o,ugh tocks. o

The IP transmitter injects a square-wave alternating current, as shéwn on the =
accompanying figure. There are two. types of IP measurement, 1} time domain -
and 2) fréquency dofriain. In the time dornain measurement the transmitter

‘has a current-off period before each current reversal, wheteas in the frequency
domain measurément there is no current-off period. Because the origin of

the IP effect is easier ta- understand in the time domaln we will consider 1t
only.

Imagine a sqUare~-wdve alternating current as shown in the figure. It is im-
portant for the measurement that the edges of the current waveform. be exactly

) 's,quarje_. In order to do this, coniplex electrodic circuits in the transmitter-
constarntly adjust the transmitter voltage so that the transgnitter current is
precisely regulated. The typical transrhitter voltage is shown in the f1gure.
The receiver measures only when the transmitier is off. It sees a voltage
which decays rapidly with time, This decaying voltage is made up of 1) electro-
magnetic induction effects (not considered further), and 2) the induced polari-
-zation effect. 1f the recervér voltage tails off or decays more slowly, the [P
effect is larger.
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Now: refer to the figure entitled "Rock Model for Electrode Polarization."

On the right side is a microscoplc view of a rock with two pore spaces
idaghnified. One pore space: i's'.,f're_e while the other is blocked by a metallic
(sulfide: mineral) particle. The left side of the picture is a magnified view

of the metallic parti¢le-ionic solution interface ih the, blocked pore. ‘While

the, IP transmitter is on, current flows via ion movemeni in the pore space,

but the ions bump against the metallic particle afid pile up thére. These ions
are discharged by electrons (or holes) moving in the metallic particle. There
is thus a ché:nge in mode of electrical conduction across the metallic particle-

" ionic solution interface. In the sclution eléctricity is carried by ions, whereas -
in the metallic particle electricity is carried by electrons and holes. Now
when the transmitter current is shut off, the ions in the solution flow back

away from the interface to an equilibrium position. It is this reverse ‘ionic
movement after current shutoff that causes the IP receiver to read a voltage.

it occurs only in the blocked pores which have a metallic particle. Therefore
the IP measurement tells us that there are metallic particles in the .earth.
Because most rocks do not confain metallic particles unless they are mineralued,
the IP measurement detects minerdlization,

In practice a series of 7 electrodes is i_lsuall_y laid out at-infervals of 1, 000
feet in a line., The transmitter is stationed in a truck at the center of the

line, and the truck engine runs a large generator which powers the transmitter.
Some IP transmitters are capable of 20, 000 watts. The IF receiver, .which

is a highly sophisticated elecironic instrument, is connected to various electrode
pairs as the transmitter is connected to various other electrode pairs arid
readings are takeh. Kach reading is plotted at the intersection of the 452 dia-
gonals from the transmitter and receiver electrode pairs (see left side of
fig',ure entitled "Effect of Body Depth on IP Anomal’y").. In this way a whole
cross section of measurements is made. Resistivity is calculated from the
measurements and is plotteéd on a similar cross seéction. Then begins the

task of 1) int'er_.-pretifng these cross sections into the subsurface disi:r'_if'-bution

of sul‘f_ideImjnerva.lization, and 2) converting this to a geologic picture.

The computer plays a big part in IP interpretation. The above referenced
figure shows the éffect on the IP anomaly of making an IP source body deeper.
Note that the amplitude of the anomaly decreasges, i.e. smaller numbers are
read at the surface, for a deeper body. Note also the trapezoidal shape to
the pattern of high numbers over the body. These are theoretical cross
sections, calculated on a large computer, - ' T

The geophysicist:considers many factors in making an inte r,_preta.lt_ion of one

or more IP cross sections in terms of TP source bodies. Then thé geologist

and the gedphysicist work together to determine the geological meaning of

the source body distribution, The result of this effort may be a drill test
-of an ore target concept.
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Simplified mode! of the electrical a‘éubz’e /ayer, showing ¢

negative surfaceé chorge balanced by cations in an electrode.

" Figure [

A simple model for e-o:n',ducﬂ,on- in @ -pol‘r""iza.bie‘,‘
rock. 1 represents an ionic, or nonpolarizable
path, while P represents o polarizable path.



Effect of Body Depth on IP Anomaly

CASE FB-18 CASE FB-27 _
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Ndfe that, for fhls particugr model, doubling the burial depth causes the anomdly to decrease to one—third
of ifs former vqlue. The body buried 2000 feef deep is at the lower limit of cur present de“’recﬂon
capabilitfies. _ . | » : : . '



GEOPHYSICS IN PORPHYRY COPPER EXPLORATION

The three most often used geomhybacal sui veys in porphyry copper ex-
ploration and their-uses dre: '
Type.

Surve; Uses

P » _ 1) locate sulfide n‘xineralizfati’oh

2) map details of sulfide distribution
(zoning)

Magnetic 1) locate intrusions which may or may
not have ‘an associated deposit

2) locate ragnetic skarns

3) detect magnetite d;iSt-TuCtiOfl

4) map and pro.‘;j_ec,b g-;olog'y
Gravity . ' 1 ) determine, thickness of cover

2) ‘detéct skarhs or mas sivé sulfide
mineralization

The accompanying figure shows typical résponses for these geophysical tech-
niques eveér the avérage porphyry copper deposit.

Exploration for p01phyry copper deposxts m1ght follow the sequence below (ofther
slants to ehploratlon are also in logue):

I. Generation of Aréas of Interest,

. a) collect recorninaissance geological, geochemical and geophysical
(magnetic, mainly) data

1) analyze data base in terms of chances for undiscovered ote deposits
c-,:-)- Sefl_ec't speqi.fi:c areas for "figrtthev_r me‘rfe d_:et‘a_i‘lé& e?c_w;lzloréti‘on_

z. Testing of Areds -of Inteiést
a) map geology in detail

b} perform gravity survey if cover exists



©) perform IP and detailed magnetic surveys if cover is thin

d) analyze data base to determine chances for cecurrence of un-
discovered ore deposit-- i.e., formulate an ore target concept,
if possible

e) drill te st

The following figures display aeromagnetic and IP data over select porphyry
copper deposits. : ) ,



USEFYL GEOPHYSICAL RESPONSES

ﬁ@@ﬁﬁym/ MP%’&? M’P@W?ﬁ

METHOD RESPONSE /GEGMETRY. CAUSE _
, 0-3 pfe/ backgruund whole suifide Syétem”
1P 5 pfe / 4mi? o , : L
6-15 pfe/ zones 500'-1500" wide pyrite hato—— interpal sulfide geometry
1 200 to 2000 rbm background whole sulfide system ,
RESISTIVITY 200.n-m/ 4mi2 ! ' nyrite halo —— internal sulfide
50 n-m/ zones 500'-1500 WIdB; fracturing geometry .
| variable background associated -structures or intru&iogs
1 7 100 to 2000 ‘ S , _ .
MAGNETIC 50 to_zggyygmlz magnetite destruction by sulfides
100 to 50007 / /tc Zmla skarn with magnetite
: uaraable bac&grouﬂd |
GRAVITY associated massive sulfides
i $.02 to Im gal /;0Jm?7“
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FORMATION OF MASSIVE SULFIDE DEPOSITS

‘Massive sulfide deposits occur in.maost of the 'Shield_ afeas of the world.

The shields aré those ateas of aficient rocks (more than 600 million years
old} which formed low {near sea leve)) but stable afeas and around which

the continents have grown. The particular type of deposit under consideration

here is the volcanogenic massive sulfide, one which occurs in and is likely
genetlcally related to ancient velcanic rocks.  Volc¢anogenic massive sulfides

are usually.of three types: 1) batren pyrité (most abundant type), 2) copper-

zinc with mihot lead and precious ‘metals, or 3} copper-nickel with minor
other bhase and. precious metals, By a massive-sulfide we fnean a depos;lt
which. consists of more than 40% sulfide; minerals.

On this, continent, massive sulfide deposits oceur in Precambrian rocks of
the Canadian Shield" in central and.eastern Canada and the northeastern U.S.
One major massive sulflde the Uhited Verde depos1t “oceurted in the South-

west at Jerome Ar170na @Lher MOTE, minor ocourrences are- scattered

throughoutﬁnorthwestern Canada and Alaskas JMuch exploration ,potenual re-

" main throughout North America and throughout the world.

The accompanying figures shew the évfa‘lutior; of & tynfiiac;aI- volcanogenic ‘rﬁaséviv.e
sulfide deposit. At the: presernt tinge, these deposits are found within usually
vertically standing belts of metamorphosed volcanic rocks which. ate surrounded

by granite. Because the granite is not-iiteresting, it is necessary to be able
‘to distinguish voleanics (usually called

reenstones) from.granites. If these

outcrop, the geologist can do this, But if there is a layer fof.gl-aici*al cover,

this. is usuwally dene deromid gnetically,

The sulfide grains in most massive sulfide deposits are interconnected, and
the entire deposit is thereforé a good electrical conductor. This electrical
conductivity is not due to pore water, but rather is due to electrons flowing. -

- through the sulfides. This property forms the basis of most geophysical ex-

ploration for massive sulfides, namely the electromagneti¢ (EM) method,
considered next..
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Volcanic adiivity deposited layer of rhiyolite,
Toward end of rhyolite phase, massive sulfide ore-was deposited
in a circular lens on surface of earth, probably under shallow

water. i

Later volcanism, often of andesitic composition covered massive.

sullide ore.
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FormaTion oF Massiwe Suwnibg DePomior

Time: PRESENT

Guraciar Tive

GRANITE

G RANMITE
1 MILE
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5. Further, miner tilting of thc greenstonés and théir enclosing
granites occurred throuchout geologic time.
6. Recent continental glaciers scoured the surface and left a

cover of glacial till which hides the orebedies,
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THE ELECTROMAGNETIC METHOD

The electromagnetic (EM) miétliod detects areas of good electrical conductivity
within the earth. ‘Massive sulfides are only one type of good conductor, how-
ever. Water-filled fault zones, graphite layers ‘within ithe greenstone belts,
-and man-rade culture, such as railroads power lmes fences, etc. are all
often good coniductors, and are all detected,

To understand the 'principle of the EM method refef to the figure entitled

"A Generalized Picture.:.'" The transmiitter is a coil of wire through which
an, alternating cufrént of a ce(rtam,fre;.quem;)f’ f, is passed. As the coil is v
eniergized with current, it sets up a magnetic field, called the primary field
and shown by circular lines with-arrows in the figure. The magnetic field

also alternates with frequency f. The magnetic field permeéates surrounding
space, and some of it passes into the earth and intersects the buried electrical
conductor. As the magnétic field links the conducter, it causes electrical
cufrrents to flow within the conductor. Of course, these currents would not
flow so free if the bodyj’ were not a- good electrical conducter. Now the curterts
" in the conductor are also alternating with frequency f, and théy set up their
own magnetic figld, called the secondary fiéld in the figure. - This secondary
magnetic field alsé permeates space, and some of it links with the receiving -
coil, which 1s a second coil sof uwi_re.,' The receiver coil thus sees two magnetic
__'f.iie.ld:s, and each cause current to flow in the coil. Buf the: primary field has

a known value, which is .deterniined during calibration-of.the systém, and so
the current in the receiver coil due to the primiary current ¢an be. nulled out.
This leaves only the cuirent due to the secondary magnetic field, i.e., the
one due to the ¢onductor. Therefore, if an EM readmg is Zero, no good electrical
‘conductor exists near the EM systenn, wherdas if a hon-zero reading is ob-
tained, a good ‘electrical conductor is nearby: This same principlé is uséd in
land mine détectors and in the small métal dctectors peopie use to find old
coins in your lawn, :

The: EM method is actually available. through a large number of techniques
which all work on the: same principle. Some systems are airborne, some are
ground and some are ‘sgm‘i—ha‘ir‘bérﬁ-e, 1., ., thé ‘t-‘r_an-smittne_r' is on the ground,
whereas the receiver is in an aircraft. The accompanying pictures show
both. fixed-wing and helicopter-borne systems. Tle airborne systems are
used to locate: conductors, i.e., in a reconnaissance mode. .After a conductor
has been located, ground EM techmques are used for precise location and
determination of éleéttical ¢haracteristics: of the, conductor-

One common airborne EM system,; used to fly large. shield areas for the pur -
pose of locating conductors is the INPUT system. The letfers stand for
"induced pulse transient.'" An accompanying phéto shows a PBY or Canso
aircraft, an old World War JI submariné chaser, withithe INPUT transmitter
coil stretched fronT rose to wing tip to tail to wing tip to nose. The receiver
in this system flies in a bird which, is hung 200 feet below the aircraft. A




magnetometer is also carried aboard the aircraff, and aeromagnetic a'a_ta
are colléected at'the same time as the EM data.

In the INPUT system the transmitter coil is pulsed with a half sine wave,

as shown. in the actompanying figure. In the absence of 2 conductor, the
receiver sees only the primary fiel_d, also shown. If a conductor is present,
the received waveform is altered. The receiver dactually samplés the
received waveform during transmitfter current-off periods at six different
times after current shutoff, Thus six INPUT channels are displayed on a
light sensitive paper, which is the data recording medium. The illustrations
show anomalous excursions of either 3 ot 4 channels, 1nd1catmg an anomaly
or a conductor.

When an area has been flown, the flight path is recovered by using the- flight
path tracking film in the same fashion as discussed under aeromagnetic sur-
veys. The EM conductors are then plotted on a map in a fashion shown in
the figure entitled “Typ‘ical INPUT Conductor Map.' The next steps are:

"1) c¢heck to see if a cultural source (fences, etc.) could account for the
anornalies,

2) select anomalies for ground follow-up based on a) length of the conductor
(most orebodies are short, whereas graphite horizons often go for miles),
and b) conductivity (most orebodies show as very good conductors);

3} perform ground follow-up, which usually begins with ground EM,

There are a number of ground EM systems which are available to pinpoint-a
conductor. Some have better depth penetration, but are slower, whereas
others rhay be faster but have less penetration. The geophysicist must make
a cost-effective selection. The Turam tcchmque, shown in an accompanying
figure is sometimes his choice.

. In the Turam method a large (2000' x 4000’} loop of wire is laid out on the
ground and is energized with alternating current at 200-1000 Hz. This sets.
up secondary fields in nearby conductors by the induction ptocess already
discussed., The receiver is a voltage-ratio and base-difference meter con- -
nected between two small coils which are 100 or so feet apart. One man .
carries each coil and the coils are moved along traverse linés ‘perpendicular
to one of the long sides of the coil. When the receiver setup pas‘se«s_ aver a
conductor, both the field strength ratio and the phase differetice Between the
two receiver coils chanfes. By measuring these changes precisely, the
conductor location, width, depth and electrical conductivity can be approximately
determined. These parameters are useful during the drill testing stage..
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GEOPHYSICS IN MASSIVE SULFIDE EXPLORATION

G‘eophysics is used in all stages of massive sulfide exploration. The aero-
magnetic technique is often useful in cma‘pping greenstone belts 56 that fuv¥ther
explotation effort can be confined to these belts rather than to. the surrounding,
barren granite. The accemipanying figure shows an interpretation of an aero-
maghetic map in terms of occurrence of granite, schist, and gréenstone. Such
a rhap helps define areas for aifborne. EM surveys.

Once-a-flying area has been picked,. the sequence shéwn on the accempanying -
-f;‘i.gu.ré is nbeg‘un, The ai rborné EM is flown and ground c‘he_».e,k,eﬂ with ground
EM, Sometimes ground tnagnetic and gravity surveys are performed. Ground
- Thaghnetic surveys are eable_ to deteét the magnetic mineral pyrrhotite which
ofte;nz accompanies copper-nickel deposits. Gravity surveys are ablé to detect
the frore derse massive sulfides if they are not too deep. g _

In summary, the geophysical techniques listed on the table ‘é:rn'tit'l"etdv "Iseful
_Geophysigal Responses'' are oftén used with the resuits shown. '

The following diagrams show geophysical résults for a.massive sulfide ore-
body in Wisconsin discévered by Kennecott in 1968. Shown are:

a) the INPUT: profiles for the discoveéry flight lines,

- B) Sli‘ng}ram’ EM anomalies {a g;-ouﬁd EM system) an&ﬁ_gfa:vi.ty' p‘r‘ofi‘les ‘“;hieh
show a gravity high due to the massive sulfides,

<) ground magnetic profiled (Ao anomaly) and Turam profiles (a big anomaly
' which goes off scale on these graphs, and

d} a drilled section through the orebody-
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USEFUL GEOPHYSICAL RESPONSES
MASSIVE SULFIDE DEPOSITS

METHOD RESPONSE / GEOMETRY CAUSE
| Variable Background & Noise
' 10" to 200" wide . .
EM Conductor 200" to 5000" long massive sulfides
0. - 3 pfe Background
10" to 200' wide L L
5 - 50 fe a sulfid
- PT® 200" to 5000° long massive suliroes
5 - 15 nfe 100’ to 1000' wide disseminated sulfides _
p 200" to 10,000" long | around massive sulfide zone
* Variable -Background . |
: ' : 10" to 1,000’ wide pyrrhotite in massive
MAGNETIC 2007fto:>10,0007' 200 to 5000' long sulfides .or iorn formation
Varlable Background
GRAVITY 0.05 to 2 ngel 10" to 200° wide

200' to 5000' ‘iong

massive sulfides
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FIGURE 6. SLINGRAW AND GRAVITY PROFILES.
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OTHER APPLICATIONS OF GEOPHYSICS

Iron Deposits

Many iron ore deposits are magnetic, and so the airborne and ground mag-
netometer find extensive use. Other geophysical methods can also be use-
ful, although usually not in direct detection of ore.

Base Metal Vein Deposits (Pb, Zn, Ag)

These deposits are generally small, but are sometimes associated with
porphyry copper deposits, i.e., they are zoned around porphyry copper
centers. They are usually associated with an intrusion, and magnetic methods
may be used to detect and map such intrusions. The IP techniques, used in
detail are often useful in detecting these small deposits. EM methods may be
applied to detecting veins.

Uranium Deposits

The radioactive methods are used to detect the ore directly. This may be
done from the air, on the ground or in a drill hole. Also some uranium
deposits have a small amount of associated pyrite (FeS;), and so IP is some-
times used to trace the pyrite and the IP anomalies are then drill tested for
uranium occurrence.

Coal Deposits

Geophysical applications to coal exploration are few. The seismic method

is sometimes useful ih tracing sedimentary beds and deciphering geologic
structure, and so is indirectly useful. Some coal beds have associated pyrite,
and can be traced by IP.

Geothe rmal Areas

Areas of hot steam which can be used for power generation can sometimes be found
geophysically. Temperature surveys are useful but require drill holes to get

away from the large daily and yearly near-surface temperature fluctuations

which preclude accurate determination of deep temperatures. Resistivity sur-
veying, using gear similar to IP gear, can often detect an area of better

electrical conductivity at depth due to the hot, salty water. '
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PHYSICAL PROPERTIES OF SOME BASE METAL OREBODIES AND ROCKS -

Electr. IP . Mag. Spec. GP
Cond. Resp. Suscep. Grav. Meth.
(1) : (2) . (3) (4) -5
Disseminated Sulfide Orebodies Low Yes No Low IP, Mag..
Unmineralized Intrusive Rocks ‘No No Yes - Av.
Pyritic Halo ' Mod. Yes No ~ Av.+ 1P
Volcanic Flows Var, Var. Var. . Av.
Sedimentary Rocks No No No Av.
Carbonaceous Limes and Shales Mod. ~ Yes No Av.
Alluvium-Southwest USA . High Yes Var. Low
Massive Sulfide Orebodies High Var. . Var. High EM, Mag.,
) Grav.
Precambrian Shield Bedrock Low No Var. Av.+
Graphite (Carbon), Clays High Var. No Low
Glacial Drift No No ~ No Avy.
Magnetite (Iron) Orebodies Low No High High Mag., Grav.
Hematite (Iron) Orebodies No No - No High Grav.
Molybdenite Orebodies . Low No : No Av. Mag.
Pyritic Halo Mod. Yes No Av.+ IP

(1) Electrical Conductivity

(2) Induced Polarization Response
(3) Magnetic Susceptibility

(4) Specific Gravity

(5) Applicable Geophysical Methods

R. C. Holmer
June 1969
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Air Magnetics
Fixed-Wing
Helicopter

Ground Magnetics

Gravity

Air EM
Fixed-Wing
Helicopter

Ground EM

Field Crew

Size

3-5

AVERAGE COSTS

Daily Cost
of Crew

$400-600
$800-1500
$900-1500
$150-300
$150-300
$1000-1500
$1000-1500

$300-500

"Production
. Rate

1-4 mi. /day

150-300 mi/day -
50-150 mi/day

1-5 mi. /day

1-10 mi. /day

100-200 mi/day
50-150 mi/day

1-4 mi/day

MINING GEOPHYSICAL METHODS

Unit Cost

$150-7001/mi.

$6-101 /mi.
$401 /mi.

$200-4001/mi.

$200-6001 /mi.

$15-40) /mi.
$60-100! /mi.

$200-600!

Ilncludes office work involved in correcting field data, posting on a map, etc.

Interpretation Cost

$50-300/mi.
$2-10/mi.
$5-20/mi.
$25-200/mi.
$25-200/mi.
$5-10/mi.
$5-10/mi.

$50-100/mi
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HEAT FLOW IN THE UNITED STATES AND THE
THERMAL REGIME OF THE CRUST

Arthur H. Lachenbruch and J. H. Sass

U.S. Geological Survey
Menlo Park, California 94025

Abstract. A contour map of heat flow based on 625 observations now
available in the conterminous United States shows new detail. Sub-
provinces of exceptionally high heat flow (>2.5 HFU (1 HFU = 10 ©
cal/cm? s)) in the western states are beginning to emerge as regional
features, but their boundaries are still largely unknown. The 'Battle
Mountain High,' previously described in north central Nevada, probably
extends northeastward to Utah and Idaho and westward almost to Califor-
nia. With the eastern Snake River Plain, a region that probably has
large convective loss, it could form a zone of exceptionally high heat
loss that extends almost continuously for 1000 km from the vicinity of
Steamboat Springs near Reno, Nevada, to Yellowstone Park in Wyoming and
possibly northward into the Idaho batholith. A sinuous high heat flow
subprovince of comparable length is emerging in the Rio Grande Trough in
New Mexico and southern Colorado. The linear relation between surface
heat flow and radioactive heat production, so successful in the Sierra
Nevada and eastern United States provinces, does not apply in the:Basin
and Range province. There the variations in heat flow caused by hydro-
thermal and magmatic convection are probably greater by a factor of 3 or
4 than those caused by crustal radiocactivity, and heat flux into the
lower crust is not uniform; it is probably controlled by the mass flux
of intruding magma. Regional variations in this mass f£lux, probably
associated with crustal spreading, can account for the high heat flow
subprovinces, and more local anomalies and silicic volcanic centers as
well. Although convective processes cause a large dispersion of heat
flow in the Basin and Range province, modal values of reduced heat flow
can be used to construct generalized crustal temperature profiles for
comparison with profiles for more stable areas and with melting rela-
tions for crustal rocks. Theoretical profiles are consistent with the
widespread magmatic manifestations observed in the Basin and Range
province. Laterally extensive silicic partial melts are possible at
midcrustal levels in 'hot' subprovinces like the Battle Mountain High.
Effects of hydrologic convection (whether driven by thermal density
differences or regional piezometric conditions) are important to an
understanding of regional heat flow, especially in tectonically active
areas. The 'Eureka Low,' a conspicuous subprovince (3 x 10% km?) with
anomalously low heat flow in southern Nevada, is probably caused by
interbasin flow in deep aquifers fed by downward percolation of a small
fraction of the annual precipitation. Heat flow observations in such
areas provide useful informaction on regional hydrologic patterns.

626
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Introduction

The net outward flow of heat across the earth's surface is a funda-
mental term in the energy balance of processes within the earth. Con-
sequently, measurements of this quantity not only contain information
about the state of the earth but also about processes associated with
the generation, transport, and storage of heat within it. The number of
heat flow data has increased tenfold in the last decade, and this has
led to a more complete understanding of regional variation of heat flow
and its causes. The observations often can be interpreted in terms of
very simple, internally consistent models that give useful insights into
processes of the lithosphere beneath both oceans and continents [see
e.g., Birch et al., 1968; Roy et al., 1968a, b, 1972; Lachenbruch, 1970;
Sclater and Francheteau, 1970}. This paper summarizes the .data avail-
able on regional heat flow in the conterminous United States and dis-
cusses some of their implications for the thermal regime and processes
within the crust.

A Heat Flow Map

The heat flow data available to us as of June 1976 are presented as
coded symbols in Figure 1, and a contoured interpretation of them is
shown as Figure 2. The heat flow unit (HFU) is 10 ° cal/em? s (41.8
mw/mz). For continuity, we have included in Figure 1 heat flows meas-
ured in the Pacific Ocean near the coast; however, we have made no
attempt to contour them. The 625 points from the conterminous United
States include published results from many laboratories and 130 or so
recent determinations in preparation for formal publication by the U.S.
Geological Survey (USGS) (see Diment et al. [1975] and Sass et al.
[1976a] for a complete bibliography of published values). Most of the
published data are supported by tabulations of thermal gradient and
conductivity, but a few of the points have been taken only from pub-
lished graphs or maps. The quality of the data is quite variable, as
many of the determinations were made in holes drilled for purposes other
than heat flow measurement; some were made in shallow holes drilled
primarily for geothermal energy prospecting, and some in holes (usually
in crystalline rock) drilled for scientific studies of regional heat
flow. The best and the worst determinations are generally from holes
drilled for other purposes; the best because such holes may be drilled
to much greater depths than can be justified by limited research budgets
and the worst because such holes are sometimes sited poorly for heat
flow measurements and they may be sampled inadequately to characterize
thermal conductivity. Few determinations have been made in holes
drilled for petroleum exploration because of the difficulty of obtaining
adequate conductivity samples and undisturbed temperature measurements.
In prospecting for geothermal energy, large local anomalies, often in
surficial sediments, are the targets, and substantial uncertainties can
be tolerated. Such holes, commonly drilled to depths of about 50 m,
can, however, give valuable heat flows under favorable hydrologic and
topographic conditions. Even in holes drilled for regiomal heat flow in
crystalline rock, depths greater tham 250 m rarely can be justified, and
uncertainties regarding the regional significance of an individual
determination can be substantial.
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Fig. 3. Regional heat flow and distribution of hydrothermal systems.

Dots show locations of hydrothermal systems in the conterminous United
States with estimated reservoir temperatures greater than 90°C (Renner
et al., 1975). Abbreviations are BMH for Battle Mountain High, EL for
Eureka Low, IB for Idaho batholith, SRP for eastern and central Snake

River Plain, Y for Yellowstone thermal area, RGR for Rio Grande Rift,

and SAFZ for San Andreas Fault zone.

In studies of regional heat flow it has been customary in the past to
avoid regions of hot springs because of their local complexity. However,
current interest in volcanic processes and the origin of geothermal
energy resources requires that these hot spring areas be understood in
relation to their regional thermal and tectonic settings. Figure 3
shows locations of the hotter known hydrothermal systems in the United
States. Extending regional heat flow studies into these areas poses
problems; the conductive flux at the surface can vary from zero to
several hundred heat flow units over distances of a few kilometers, and
substantial amounts of heat may be discharged convectively by lateral
underflow in shallow aquifers into streams and lakes or at the surface
by springs and fumaroles. Under these conditions there is some question
about what we should define and map as 'heat flow.' In many regions we
cannot feel confident, without hydrologic information, that heat trans-
port in the upper few kilometers is exclusively conductive. However,
hydrologic details are generally unknown; the heat flows selected for
presentation in Figure 1 represent the upward conductive flux determined
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Fig. 4. Histograms of heat flow (a) for the conterminous United States
as a single population and (b) for the portion east of the Great Plains
(stippled) and the remainder of the conterminous United States (un-
stippled), treated separately. (For location of the Great Plains, see
Figures 1 and 14.)

in holes (usually to depths of at least 100 m) at all sites not obvi-
ously disturbed by local water movements. Figure 2 indicates the
generalized distribution of heat flow we should expect for observations
under these conditions. The data are summarized in histograms in Fig-
ure 4.

The gross features shown in earlier regional heat flow maps {Roy
et al., 1972; Diment et al., 1972; Blackwell, 1971; Sass et al., 1971;
Diment et al., 1975] persist in Figure 2. These are a generally low-to-
normal heat flow in the eastern United States (1.5 HFU is approximately
the world average) and a generally high heat flow in the west, with
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zones of lower heat flow in the Colorado Plateau and near the Pacific
Coast and very low values in the Sierra Nevada (for identification of
the provinces, see Figure 14). The contours in the east are essentially
unchanged from the map of Diment et al. [1972]. However, in the west,
more information is now available from the work of Combs and Simmons
[1973] in the Great Plains, Reiter et al. [1975] and Decker and Smithson
[1975] in the Rio Grande Trough and Rocky Mountains, and by D. D.
Blackwell, R. G. Bowen, and their associates [Blackwell, 1974; Bowen,
1973; Bowen et al., 1976; Brott et al., 1976] in the Pacific Northwest.
Many new data from the USGS, largely in Nevada and the Pacific states,
are also available [Lachenbruch and Sass, 1973; Diment et al., 1975].

In the map by Sass et al. [1971] a subprovince of exceptionally high
heat flow, the 'Battle Mountain High,' was identified in the northern
Great Basin, and one of normal and low heat flow, the 'Eureka Low,' was
found in the southern Great Basin. The subsequent measurements tend to
confirm the existence of both of these features. It now appears that
the Battle Mountain High may be considerably larger than originally
indicated, extending across northeastern Nevada at least to the Idaho
and Utah borders. It is separated by the Snake River Plain from other
regions of exceptionally high heat flow and hydrothermal activity in the
Yellowstone, Wyoming, area to the northeast and the Idaho batholith to
the north (Figure 3) [Blackwell, 1971; Urban and Diment, 1975; Morgan
et al., 1977]. Recent volcanism and hot springs suggest that much of
the Snake River Plain (particularly in the east) might have exception-
ally large heat loss, although the surface heat flow is complicated by
hydrologic conditions (Brott et al., 1976]. Hence a region of excep-
tionally high heat loss might extend northeastward almost continuously
for 1000 km from the vicinity of Steamboat Springs near Reno, Nevada, to
Yellowstone Park in Wyoming (see Figure 3). Another feature of the new
map is the accumulating evidence for high heat flow in western Califor-
nia throughout a broad band that encloses the San Andreas Fault system
[Lachenbruch and Sass, 1973].

The control is still poor in the western Colorado Plateau and eastern
Great Basin (Figures 1 and 2); the boundaries drawn there are influenced
by the distribution of hot springs and other geophysical data. Although
heat flow data are accumulating in some volcanic regions such as parts
of the Pacific Northwest [Bowen et al., 1976; Sass et al., 1976b; Brott
et al., 1976], it is difficult to evaluate the regional significance of
some of them because the rocks are often very permeable with tempera-
tures influenced by hydrologic convection. 1In the Great Plains and much
of the central and eastern United States the control is so poor that
contours are rather arbitrarily drawn and a few new measurements could
change them over large areas. Work is continuing at heat flow labora-
tories across the country, and better representations of the geographic
distribution of heat flow are expected in thé near future; good dis-
cussions of the major regional features have already been presented
[Roy et al., 1972; Blackwell, 1971; Sass et al., 1971]. Therefore in
this paper we shall focus-on the general interpretation of heat flow
within provinces that seem to have distinct regimes, rather than on the
significance of the geographic distribution of the provinces themselves.
In particular, we shall discuss the Sierra Nevada, the stable eastern
and central United States, and the Basin and Range with its emerging
subprovinces. The first represents the coldest crust in the United
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States, and the Basin and Range subprovinces are probably among the
hottest. Much of the discussion is general and applies to regioms
outside of these provinces where the heat flow is not as well known.

In the San Andreas Fault zone of western California the crustal thermal
regime may be unique; it has been discussed elsewhere [Lachenbruch and
Sass, 1973; Brune et al., 1969; Henyey and Wasserburg, 1971].

In the next section we present some general background material as
context for the discussions to follow. We hope it will make the paper
more useful to readers not specialized in the study of terrestrial heat
flow.

The symbols most frequently used in the text are as follows:

@ temperature, °C;

t time, s;

K  thermal conductivity, cal/°C s cm;
o, p' density of static and moving material, respectively, g/cms;
c, ¢ heat capacity of static and woving material, respectively,

cal/g °C;

a = K/pc, thermal diffusivity, cm?/s;

q vertical conductive heat flux, HFU (10 © cal/cm? s);

g* intercept value from heat flow-heat production curve, HFU;

q. vertical combined heat flux (convective plus conductive), HFU;

q reduced heat flow, HFU;

AT heat generation, HGU (1073 cal/cm3 s);

A° radioactive heat production in surface rock, HGU;

v~ vertical (seepage) velocity or volume flux of water or magma,

cm3/cm? s;
s = k/p'c'v, characteristic length for groundwater convection, cm;
k  permeability, cm?;
1(2) conductive time constant for distance z;
2(t) conduction length for time t;
D characteristic depth for radiocactivity or slope of heat
flow-heat production curve, km;

I thermal gradient for pure conduction, °C/km;
z depth;
h depth of circulation in hydrothermal system;
H depth to top of magma
Om magma temperature, °C.
Some General Counsiderations and Rules of Thumb
General

In discussing the geothermal regime it is useful to refer to the
following general equation which relates the temperature and the proc-
esses that generate, transport, and store heat in the crust.

n

v+ (KV9) (la)

-A + p'e'v + 90 + pe %% (1b)

Here q is the conductive flux vector, 9 is the temperature, and K is the
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thermal conductivity. The rate of heat generation per unit volume is
denoted by A; it could represent the effects of radiocactive decay,
frictional heating, phase change, or chemical reaction. The values p
and ¢ are the density and heat capacity of material at any point, and o'
and c' are the corresponding properties for material (usually water or
magma) moving with velocity V. 1I1f the movement is through pores or
fractures in a fixed framework, v represents the volume flux ('seepage
velocity') and not particle velocity. In general, all of the parameters
in (1), including v, are functions of x, y, and z, and some can have
significant dependence on temperature Oor pressure.

Although three-dimensional effects must be kept in mind, useful
simple interpretations generally involve quasi-one-dimensional models in
which all of the quantities in (1) vary only with depth beneath the
surface z. It is customary in geophysics to define the 'heat flow' q as
the upward component of conductive flux and to reverse the sign conven-
tion; i.e.,

- 30
Unless otherwise specified, q will represent the conductive heat flow
near the earth's surface z = 0. It is convenient also, in the one-
dimensional models, to take the upward velocity v to be positive,
although it is in the direction of negative z. With these conventions,
(1) for the one-dimensional case reduces to

39 _ 4 _ ety 28 39

3z - AT e eV T T (3)
where q is the upward conductive heat flux, v is the upward volume flux
of material with volumetric heat capacity p'c’, and pc is the corre-

sponding quantity in any stationary element.

Interpretation of regional heat flow in terms of crustal regime

Heat flow is determined from measurements of K and 38/3z (equation
(2)) in holes typically drilled to depths of 100-300 m. Whether the
value is typical of conditions in the underlying crust must be judged on
the basis of internal cousistency of observations within each hole and
among neighboring ones. Regionally significant heat flows are expected
to vary ounly smoothly over lateral distances much less than a crustal
thickness, and as a minimum condition there should be a substantial
interval in each hole throughout which the measured heat flow is re-
dundant, i.e., over which the right side of (3) vanishes (after cor-
rection, if necessary, for laterally variable temperature and topography
at the earth's surface; see, e.g., Blackwell [1973], Birch [1950} and
Lachenbruch et al. [1962}). As the earth’s surface is a source of
temperature change (3@/3t # 0) and hydrologic disturbance (v # 0) we
generally have greater confidence in results from deeper holes. The
internal consistency of measurements within and among holes in uniform
granitic rocks at stations 30 lm apart in the Sierra Nevada (Figure 5)
provides some confidence that a regional condition is being measured
there. By contrast, determination of the heat discharge and its re-
gional significance in hydrothermal areas such as Llong Valley, Cali-
fornia (Figure 6) poses special problems.
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Fig. 5. Temperature measurements in granitic rocks of the Sierra Nevada
province adjusted to a common temperature origin at the surface.
Stations are about 30 km apart on a line from the western margin (ST) to
the range crest (HC) [Lachenbruch, 1968].

The heat flow, normally measured in the upper 1% of the crust, pro-
vides only a boundary condition from which we should like to determine
the thermal regime of the crust, i.e., to determine q(z) throughout the
entire crust. This requires a knowledge of how the terms on the right
side of (3) vary throughout the crust. To provide meaningful constraints
on these terms we must obtain insight into the physical processes that
they represent. Interpretations of the crustal regime generally repre-
sent attempts to integrate (3) with simplifications believed to be
appropriate for specific regioms.

In our discussion, A will represent heat generated by radiocactive
decay of U, Th, and QOK, elements present in minute amounts in crustal
rocks. The process goes on steadily, irrespective of what else might be
happening in the earth. The second term on the right in (3) represents
effects of relative vertical movement of crustal (and upper mantle)
masses; they may be solid blocks moving along faults or magmatic and
aqueous fluids generally moving through fractures created by faulting or
through pore spaces. As these movements are generally intermittent or
short-lived, they generate transient disturbances represented by the
last term in (3). Surface indicators of these mass movements are earth-
quakes, young volcanic rocks, and hot springs, which are shown with the
heat flow distribution in Figures 3, 7, and 8. These manifestations are
generally concentrated in the western regions of anomalously high heat
flow, suggesting that the anomalies there are due primarily to convec-
tion and associated transients (i.e., to effects of the last two terms
in (3)). The manifestations are rare in regions of low heat flow in the
Sierra Nevada and the eastern half of the United States, and the crustal
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about 20 km x 30 km {Lachenbruch et al., 1976b].

Temperature measurements in the Long Valley

caldera in California, a region with dimensions of
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Fig. 8. Regional heat flow and the distribution of volcanic rocks
erupted in the last 17 m.y. in the conterminous United States. Dis-
tribution of volcanic rocks adapted from Plate II of Stewart and
Carlson {1977].

regime in these regions seems to be dominated by radioactivity (firsc
term on the right in (3)).

Heat production and conductive transients

To estimate the relative importance of the terms in (3) we consider

the contribution 4q to the surface heat flow that each term might make
in a layer of thickness Az = z; - z7:

2)
Aq = f é& dz (4a)
Z2
'y 30
Aq = AAz + p'c'vAQ - pe It Az (4b)

where the parameters in (4b) are taken as appropriate average values and
A@ is the temperature difference across the layer.

If Az represents a 30-km crust, then the contribution of the firsc
term on the right can be written in dimensional form as follows:

Aq (HFU) = 0.3A (HGU) (55
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Fig. 9 Relation between conduction length 2 and time t, or between
time constant T and distance z, for the range of thermal diffusivities
(¢) of natural earth materials. A The scale parameter n may be assigned
any convenient value. _ (For example, if o = 0.008 cm?/s and t = 1 m.y.,
set n = 3 to obtain £ = 10 km. Conversely, given z = 10 km, then
T=1mn.y.). )

Radiocactive decay results in generation of heat at the rate of 1-10 HGU
in most crustal rocks exposed at the surface. According to (5), if such
rocks were distributed throughout the crust, they could account for wmuch
or all of the observed surface heat flow. Hence the distribution A(z)
is important to an understanding of the crustal regime, and it has been
the subject of considerable study. ’

Skipping to the last term in (4b), we set pc = 0.6 cal/ecm?® °C and
6z = 30 km to represent the crust. The contribution of temperature
change can be written

aq (HFU) ~ -0.6 x 103 x %% (°c/yr) (6)

Thus cooling of the entire crust at rates n1075 °C/yr could contribute
significantly to measured heat flow; a total of 20°C or 30°C of crustal
cooling could account for heat flow at the observed rates for a million
years with no other contributions. However, the rate at which the crust
can cool is controlled by the mode of heat transfer within it. Hypo-
thetical circulatory convection systems can be contrived to remove heat
from the crust at almost any desired rate, but if the heat tramsfer is
by conduction, the rate at which heat may be discharged or stored is
severely constrained by the low conductivity and substantial volumertric
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heat capacity of crustal materials. These constraints can be discussed
in terms of simple limiting heat conduction models that can be reduced
to convenient rules of thumb for the purpose of general discussion.

The solutions to many simple conduction problems can be expressed in
terms of the single dimensionless ratio z//%af. Normally, t is the time
since some sort of disturbance occurred, z is a distance, usually from
the source of disturbance, and o represents thermal diffusivity (k/pc).
We define a characteristic 'conduction length' % and a characteristic
'conduction time constant' t as follows:

2(t) = Y4at ' ) (7a)

t(2) = 2%/4a - (7b)
Hence

22 z 2 1(z2)

Gar ¢ Gy T (7e)

and the approach to steady conditions can be expressed in terms of how
large t is in relation to T or how large 2 is in relation to z, depend-
ing on which variables are known. For convenient reference the con-
duction length % can be found for any t, and the time constant T can be
found for any z for the range of diffusivities for natural earth mate-
rials in Figure 9. A reasonable average diffusivity for the entire
crust may be around 0.01 cm?/s.

Some convenient rules of thumb relevant to the measurement of heat
flow or the interpretations to be presented are as follows:

1. A periodic temperature change with amplitude B and period P will
have a negligible effect (a2 few percent of B) at depth 2(P). Thus
diurnal fluctuations (P ~ 3 x 10 3 years) are negligible in sediments
(¢ ~ 0.002-0.008 cm?/s) at depths of 30-50 cm (Figure 9, n = -1). The
annual wave (Figure 9, P = 1 year, n = 0) penetrates about 5-10 m in
poorly conducting sediments and 15 m in crystalline rock (o = 0.014
cm?/s). The temperature pulsations due to repeated intrusion of a deep
crustal layer with a period of 103 years would be negligible a few
kilometers above (and below) the layer (Figure 9, n = 3). The process
would therefore have the same effect at the surface as a continuous
intrusion with a uniform (time averaged) temperature.

2. A rapid change in surface temperature at time t = 0 in the amount
B perturbs the gradient at the surface by about B/2(t), and its effect
on temperature may be appreciable (“15% of B) to depth 2 but is com-
pletely negligible (<17 of B) beneath 22. Thus a 5°C post-Pleistocene
warming 10,000 years ago .(Figure 9, n = 2) could disturb the surface
gradient of the order of 5°C/km in crystalline rocks; temperature
effects would be appreciable in holes to several hundred meters. The
gradient disturbance would be greater in sediments, but because of the
role of thermal conductivity the effect on heat flow would be less.
Temperatures below an intruded layer maintained at constant temperature
can be treated by these rules.

3. A rapid change in temperature at depth z will not be detectable
in surface heat flow until times approaching 1/4 t(2z), and the surface
heat flow will be almost completely adjusted to the change for times
exceeding Tt(z). Thus a rapid (step) temperature change due to intrusion
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at the base of a 30-km crust (¢ ~ 0.01 cm?/s) will not affect surface
heat flow for about{S—or—4Jm.y., but the entire crust will have equili-
brated to the change in 8 m.v. or so (Figure 9, n = 3).

4. Hearing (or cooling) by a constant heat source {or sink) at a
depth z from time t = 0 will not affect heat flow at the surface until
times approaching 1(z). The surface heat flow will not approach its
steady value until t 2 100t (z), but for t > 37(z) temperatures in the
layer above depth z can be estimated (within about 10%) by assuming that
conditions observed at the surface are steady, i.e., by assuming that
heat flow is independent of depth in the layer. The constant source
approximates long-term slow intrusion of a sill in which the melt does
not survive between intrusive pulses or the thermal recovery of a layer
of thickness z after extinction of a hydrothermal system within it. The
constant sink approximates effects of a cooling sill after solidifica-
tion [see Lachenbruch et al., 1976a].

Convection--general considerations

An understanding of regional heat flow in tectonically active areas
Tequires at least a gross understanding of convective processes in the
crust. We distinguish between two main types: convection by magma and
convection by groundwater. The large-scale effect of magmatic con-
vection on surface heat flow is caused by the upward tramsport of fluid
at temperatures greater than ambient; it always results in a positive
contribution to heat flow. The lateral extent of the positive anomaly
will be comparable to that of the region intruded. In the steady state
the intensity of the anomaly can be determined in terms of the rate
(volume flux) of intrusion v from the second term on the right ian (3),
making allowance in the factor ¢' for the heat of crystallization. For
present purposes, transient effects of convection by magma can be
discussed adequately in terms of the rules of thumb presented in the
last paragraph.

Groundwater convection is a more difficult problem; it generally
involves some flows that are hotter than ambient and others that are
colder, and it is mainly confined to the upper crust, close to the
surface where heat flow is measured. With the search for geothermal
energy it is becoming more important to understand groundwater con-
vection in a regional context. As this process has generally been
treated lightly in discussions of regional heat flow, we shall consider
it here in somewhat more detail than the processes just discussed.

The magnitude of hydrothermal effects can be estimated by retaining
only the second term on the right in (4b). The volumetric specific heat
p'c' for hot and cold water (and for melted rock as well) is generally
from 0.7 to 1 cal/em3 °C. Taking the latter value leads to the fol-
lowing dimensional relation for vertical one-dimensional steady con-
vection

Aq (HFU) = 10%v (cm/s) 40 (°C) (8a)
bq (HFU) ~ v (ft/yr) 68 (°C) (8b)

Equation (8b) is a useful rule of thumb. Seepage velocities of 1 ft/yr
(0.3 m/yr) would result from Darcian flow under unit hydraulic gradient
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in a medium with a permeability of only 1 mdarcy (107! cm?); they are
not uncommon in hydrothermal areas. Such a flow rising across a layer
with 10°C temperature difference would contribute 10 HFU to the surface
flux.

A second useful relation for steady vertical flow is obtained by
neglecting the first and third terms on the right in (3) and writing it
in the form

3.8y )
Integration yields
q(z1)/q(zp) = eb2/s (10)
where s is a characteristic distance.with the sign of v.
s = K/o'e'v . (11a)

It is most easily expressed as a rule of thumb in terms of feet.

100

PR 1 ; ' = °
s (feet) ~ v (£t/yD) for 'sediment' (K = 3 mcal/cm s °C) (11b)
. 200 ' ' _ °
s (feet) v ey for 'rock' (K = 6 mcal/cm s °C) (11l¢)

According to (10) and (11b), steady vertical flow at 1 ft/yr through a
500-foot layer (Az) would increase the gradient and conductive heat flow
in the direction of water flow by the factor e> ~ 150. This can lead to
very large (and short-lived) local fluxes and large temperature dif-
ferences (equation (8)) unless the gradient on the inflow side is very
small. Hence the flow will generally cause most of the laver to be
nearly isothermal if 4z >> |s|. Thus for downward flows (s negative) of
1 ft/yr the gradient near the surface and the measured heat flow will
generally vanish if the layer is only a few hundred feet thick. Sim-
ilarly, the surface heat flow will be 'washed out' by downward per-
colation of only 1 in./yr (a small fraction of annual precipitation)
through a few thousand feet of porous rocks. This effect obviates the
determination of regional heat flow by conventional means over large
areas. Some such areas, mantled by permeable volcanic rocks, are of
considerable interest as potential sources of geothermal energy.
Temperature in the layer of thickness Az (equation (10)) is deter-
mined by specifying at least one of the boundary temperatures and the
other boundary temperature or one of the boundary heat flows q(z;) or
q(z2). To be comsistent, any physical model must also conserve mass of
the flowing water. A useful consistent solution for coupled heat and
water flow is obtained by identifying 0(z;) with the mean ground surface
temperature and q{z;) with the regional heat flow. 1In this case, water
flows horizontally along z; with no change in temperature, providing a
source (or sink) for the vertical mass flow to (or from) the surface.
The model yields a useful rule of thumb; viz., whether the surface heat
flow (q(zy)) is significantly different from the regional heat flow
(q(z3)) depends upon whether the depth of vertical water flow Az is
small or large in relation to |s| (equation (10)). A second application
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of (10) [Bredehoeft and Papadopulos, 1965] assigns both boundary tem-—
peratures @(z;) and 0(z;). However, unless the assigned temperature
©(z2) is the value determined by uniform flux from below, q(z;), the
water flowing horizontally along z; must be a source of heat as well as
mass, its temperature must change horizontally, and the one-dimensional
model is only approximate. It is useful to note, however, that from a
transient solution for this case [Nathemson, 1977] it can be shown that
the stationary condition described by (10) is generally approached after
one conductive time constant (1(Az)) for slow water flow between depths
held at constant temperature and sooner if the vertical water flow is
vigorous (|s] << az).

Equactions (8), (10), and (11) give an indication of the enormous
effects that hydrologic conditions can have on measured heat flow (see,
e.g., Figure 6). In natural systems these effects can be extremely
complex, invelving variable upward and downward flows (with temperature
and pressure dependent properties) in fractures and pore spaces [see,
e.g., Sorey, 1975]. These systems may be in delicate balance, vulner-
able to the effects of earthquakes or the drilling of wells. The pat-
tern assumed by these flows depends upon the conditions that drive them.
There are two distinct cases: (1) the flow is forced by the configura-
tion of fractures and permeable formations and by regional piezometric
conditions controlled by precipitation, evaporation, and topography, or
(2) the flow results from the instability of groundwater heated from
below in a permeable layer. (In general, elements of both driving
mechanisms are present.) The second case tends to produce circulating
cells with an aspect ratio close to unity [e.g., Sorey, 1975}; it should
result in heat flow anomalies that change in sign over lateral distances
of the order of the depth of circulation. No such condition applies to
the first case, which in extreme circumstances could produce persistent
anomalies in surface heat flow on a regional scale (e.g., possibly, the
Eureka Low, to be discussed). The foregoing results can be applied to
order of magnitude calculations for the first case. We shall now con-
sider the second case, which we shall refer to as hydrothermal systems.

Hydrothermal systems

These systems are initiated when the Rayleigh number R exceeds a
critical value [e.g., Lapwood, 1948]. Other things being equal, R
increases linearly with the depth of the permeable zone, the perme-
ability of the zone, and the temperature difference across it; increas-~
ing any of these could initiate a hydrothermal convection system. To
investigate gross relations between these systems and the regional heat
flow or magmatism that supplies their heat, we shall discuss some highly
idealized quasi-one-dimensional models.

Consider a region near the earth's surface (Figure 10a, z = 0) in
which the heat transfer is initially conductive and the temperature
profile is linear with gradient T (Figure 10b, curve I). The heat flow
q is then KI'. Suppose that in a region of high heat flow at time t = O,
fractures open in a layer extending from the earth's surface to depth h
and that this increases the permeability so much that the groundwater
becomes unstable and starts to circulate. Above regions where the water
is moving downward the surface heat flow will diminish, and above
regions where it is moving upward the surface heat flow will increase.
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Fig. 10. 1Idealized one-dimensional model for hydrothermal convection in
a surficial layer of thickness h; the heat is supplied by steady regional
heat flow (see text).

. However, the total heat transport across the layer (integrated over the
surface above the fractured region) must increase, as the initial con-
ductive transport is now supplemented by convective tramsport. For
simple one-dimensional order of magnitude calculations we assume that
the net effect of convection is to increase the mean heat flux through
the layer (z < h) by the factor N > 1 (e.g., for the layer with uniform
vertical flow, upward over half the area and downward over the other
half, (10) yields N = [exp(h/|s]) + exp(-h/|{s})]/2. When the system is
in a stationary state and the lower and upper boundaries are held at
coustant temperatures, N would represent the Nusselt number; in real
systems, neither surface would be at uniform temperature. We let O (t)
be the average temperature at z = h at time t and assume that it is
uniform. The surface temperature is assumed to be uniform at the
average ambient value taken as zero. This condition would be violated
locally by hot springs, the convective discharge of which is included in
the factor N. We neglect the change of ¥ that would occur as the system
evolves. (A useful discussion of the relation between heat flow and
coupled heat and water flow in porous layers has been given by Donaldson
[1962] and in isclated fractures by Lowell [1975) and Bodvarsson [1969].)

In this model the mean upward flux from x = h will (initially) exceed
the mean flux into x = h by the factor N. After time t che basal tem-
perature will drop from 6% to some value 3 (t), and the heat flux
through the convecting layer will drop to @ /h. The convecting svstem
will continue to mine heat from the earth until che flux through it is
equal to the regional conductive flux KI supplied from below, i.e.,
equilibrium will be established when

NKOO/h Kl = Keg/h (12a)
or

e
0

(og/N) £+ (12b)

To estimate the time required for stabilization, we first neglect the
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heat capacity of the convecting layer z < h and consider the underlying
region z > h, which we denote by z' > 0 (Figure 10); heat loss from the
surface z' = 0 is proportional to the temperature @o(t). The differ-
ential equation and conditions are ’

2

-1 2' > 0 (13a)
0 = 0% + Iz’ t=20 z' >0 (13b)

0 _ N

32" - h e, () z 0 (13¢)

The solution (modified from Carslaw and Jaeger [1959, p. 71}) for
temperature Oo at the base of the slab is

82
erfc 8) (14)

= % * - - -

Oo(t) @o Go(l 1/N) [1 ~ e

where B2 = (N2a/h2)t. Hence Oo(t) approaches its equilibrium value
Og/N after a time

"t~ h?/N2e (15)

which can be read from Figure 9. For N = 2 it is the same as the
conductive time constant for the slab of thickness h, and for N = 6 it
is an order of magnitude less.

The sensible heat lost by the slab as its base cools from &% to
(l/N)Og (neglected in the above calculation) is roughly @*(1 'ol/N)hpc/Z.
This heat could sustain the mean anomalous flux of NK(@*/h) (1 - 1/N)/2
for a time °

t ~ h2/Na (16)

The actual time for stabilization of the slab depends upon the complex
behavior of coupled temperature and velocity fields; it will generally
result in changing N and perhaps in an increase in h, if thermal con-
traction results in deepening fractures. However, for larger N (say,
>2) likely to be of interest we judge from the above that processes
internal to the slab (16), not those beneath it (15), will be control-
ling and that a steady state is likely to be approached in times of the
order of 1(h) (Figure 9) or less. For larger times the surface flux
would still have extreme local variations, but perturbations would
integrate to zero, and the average combined flux would equal the re-
gional heat flow q. Stabilization times vary from 1,000 years for
h ~ 400 m to 100,000 years for h ~ 4 km (Figure 9). More active systems
(large N) probably stabilize more quickly. (For a layer in which
circulation is confined to fractures separated by distance A, the
stabilization time will probably be controlled by t(A) if X > h [see,
e.g., Bodvarsson and Lowell, 1972; Carslaw and Jaeger, 1959, Figure
121.)

Restoration of the steady regional heat flux at the surface after
extinction of a hydrothermal system is a very slow process (governed by
the conduction rule of thumb, number 4 above). It can be viewed crudely
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as the conductive return of curve II, now the initial condition, to
curve I, the final condition (Figure 10b). The heat flow anomaly Aq at
the surface can be shown to be

h

4at
where q is the steady regional heat flow. According to (17) the anomaly
would be half its initial value when t ~ h?/a (or 4t(h)) and 10% of its
initial value when t ~ 110t(h).

We illustrate these results with a highly idealized numerical exam-
ple. A 'one-dimensional' hydrothermal system with depth h = 2 km
develops in a region with steady regional flux q of 2.5 HFU. Assume
that N = 5 and (perhaps unrealistically) that this value and the depth h
persist as the system ages. In early stages the average heat flow from
the system will be Nq, i.e., 12 or 13 HFU. After some 25,000 years
(t(2 km)) or less the average flux will fall to the regionmal value with
807 (i.e., 1 - 1/N) or 2 HFU being supplied by convective transfer. If
the circulation suddenly stopped (e.g., from earthquakes or sealing of
fractures), the mean flux would fall to 0.5 HFU, producing a mean local
anomaly of -2 HFU; negative anomalies of 0.5 and 0.2 HFU would still
persist 1/2 and 3 m.y. after circulation stopped, respectively. Al-
though the example is extreme, it serves to illustrate why the heat flow
might be extremely variable in tectonically active provinces where
hydrothermal convection systems are common; the relation of the anom-
alies to the systems that produced them may be obscure.

These highly simplified considerations suggest the following gener-
alizations regarding hydrothermal convection systems supported by
regional heat flow in permeable surface layers:

1. The heat flow q (and combined flux q ) will vary over horizontal
distances of the order of depth of circulatgon, h, during all phases.

2. During an initial phase which might last ~t(h) the mean combined
flux from the surface will exceed the regional heat flow.

3. If the system survives, it will reach a stationary stable phase
in which the mean combined flux will equal the regional heat flow.

4. 1In a waning or recovery phase, probably longer by a factor of 102
than the initial phase, the mean surface flux will be less than regiomal
heat flow.

5. The mean combined flux at the surface integrated over all phases
will equal the regional heat flow; 1if there was convective loss into
surface drainage, the integrated conductive flux will be less than the
regional value.

If we can view the Basin and Range province (which is 107 m.y. old)
as containing a random sample of such systems (with life cycles of
<10° years), the average combined flux will equal the regional heat

low, and the average conductive flux will be less. Similar generali-
zations apply to systems confined to widely separated fractures as long
as they are sustained by regional heat flow (or a source of heat at
depth that is uniform for times much larger than the stabilization time
for the hydrothermal system).

In the foregoing discussion, hydrothermal instability was initiated
by introducing fractures which increased the permeability k or depth of
the fractured layer, h. We assumed a steady 'regional’ conductive flux
from great depth. Even in the Battle Mountain High the regional ﬁlux

Aq = -q(1 - 1/N) erf (17)
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Fig. 11. 1Idealized one~dimensional model for hydrothermal convection in
a surficial layer of thickness h; the heat is supplied by upper crustal
magma at depth H (see text).

does not exceed about 3 HFU, and it leads to regional gradients gen-
erally in the range of 50°-100°C/km. Intrusions in the upper crust
could, of course, produce much higher heat flows locally; if the melts
persist long enough, they can generate a steady thermal condition in the
overburden, heating the rock all the way to the surface. Under such
conditions, hydrothermal instability could be initiated by raising the
basal temperature 00 of the fractured zone rather than by increasing its
permeability. This condition is illustrated in Figure 11 for the simple
one-dimensional case of intrusion at depth H with temperature O . If
the magma supply is sufficient to maintain the isothermal condition at

z = H during the initial stages, a stationary thermal condition will be
approached in the overlying rocks in about t(H) (see Figure 9); other-
wise, it will take longer [Lachenbruch et al., 1976a]. This stationary
condition is represented by curve II in Figure 11, which, of course, is
the same (mathematically) as curve II in Figure 10b. 1In this case,
however, the mean surface flux from the developing system may be less
than the flux in the steady state, and the steady flux may be much
greater than the regional value. In the steady state the mean combined
flux q. from the system can be written

q, = KT (18a)
q = E@m/a (18b)
q, = Ko /[H - h(N - 1)/N] (18¢)

where (18c) is obtained by substituting for K the harmonic mean con-
ductivity of the overburden (H), using the effective conductivity NK in
the fractured zone. The expression in brackets in (18c) could be called
the 'effective depth' of magma; it is the depth that would be implied by
heat flow observations if convection were absent.

N -1 em
H—h—r=Ka— (19)

c
At the Long Valley caldera in California the mean combined flux at the
surface has been estimated by hydrochemical means to be greater tham 10
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HFU by Sorey and Lewis [1976] and about 16 HFU by White [1965]. The
caldera has been a source of volcanism for 2 m.y., and hydrothermal
activity has been in progress at least 300,000 years, more intense in
the past [Bailey et al., 1976]. 1If we assume a stationary state and
take q_ ~ 13 HFU, 0 = 800°C, and K = 5 mcal/cm s °C, we obtain for the
c m
effective depth of magma
H-rr%—lwmqn
This implies that hydrothermal comnvection must extend downward (to
depth h) within 3 km of the magma with very high N or even closer if the
circulation is less vigorous. Structural and .seismic evidence [Bailey
et al., 1976; Hill, 1976; Steeples and Iyer, 1976] suggests that if
‘magma now exists bemeath the caldera, it must be at a depth of at least
6 to 8 km. Thus at least 3 to 5 km is made 'transparent' by hydro-
thermal convection, and water must be circulating to very great depths.
It has been pointed out that hydrothermal systems supported by re-

gional heat flow probably exhaust the sensible heat in time “~t(h), say,
103-10° years, and if they survive thereafter;, they do not result in
anomalous heat loss. In volcanic areas such as Long Valley, hydro-
thermal systems are evidently supported by upper crustal intrusion, and
they can persist for millions of years, discharging heat at an anomalous
rate. This behavior imposes severe heat demands on the underlying
magmatic system [see Lachenbruch et al., 1976a)]. When the effective
depth of magma exceeds 10 or 15 lkm (depending on the choice of K and 6
in (18c)), the steady surface flux approaches the regional value char-"
acteristic of the Battle Mountain High (v3 HFU) and the time comnstant
for the overburden becomes large in relation to the stabilization time
for hydrothermal systems. Under these conditions the heat supply for
hydrothermal systems would be considered as either regional heat flow or
a local magmatic anomaly, depending upon whether or not the magmacic
condition were widespread. Both situations probably occur in the Basin
and Range province.

Convection and Regional Heat Flow

In general, convection by groundwater in upper crustal rocks poses
the greatest obstacle to determining from surface observations the heat
flow associated with crustal conditions at depth. Obvious effects can
often be eliminated by judicious selection of study sites or by the
criterion of internal consistency applied to measurements in deep holes
and in neighboring holes. However, because hydrologic effects can be
subtle, lingering uncertainties may persist. For regional interpreta-
tion it is important to know whether undetected hydrologic anomalies are
likely to be the exception or the rule. It has already been pointed out
that in some regions of porous volcanic and sedimentary rocks they may
be the rule. Thus it is difficult to determine the regional signifi-
cance of heat flow measurements throughout portions of the Pacific
Northwest, including the Cascade volcanos, parts of the Columbia Pla-
teau, and the important Snake River Plain [Brott et al., 1976], and in
other recent volcanic areas such as the San Francisco peaks at the edge
of the Colorado Plateau. Very detailed hydrologic studies and deep
drilling might be required to detect heat from magmatic reservoirs
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Fig. 12. Regional heat flow and the natural heat discharge of known

hydrothermal systems with reservoir temperatures greater than 90°C.

Each circle is centered at the location of the system it represents. A

heat flow of 1 HFU through the circular area is equivalent to the rate

of combined heat discharge estimated for the system. Systems with
estimated discharge of less than 3 x 10% cal/s are not shown.

[Smith and Shaw, 1975] likely to underlie some of these regions. A
similar problem often occurs in sedimentary basins, and for this reason,
sites for regional heat flow studies are often chosen in less permeable
rock, despite the more costly drilling.

In interpreting heat flow in the Basin and Range province it will be
important to estimate the regional effects of hydrothermal convection
systems. Figure 3 shows all the hydrothermal systems with estimated
reservoir temperatures greater than 90°C that Renner et al. [1975] were
able to identify in the conterminous United States in a recent study.
From the data presented by them and from supplementary studies, chiefly
those of Olmsted et al. [1975], Mariner et al. [1974], Bowen and Peter-
son [1970], and Fournier et al. [1976], we have attempted to summarize
the natural heat discharge from each of these systems. This discharge
comes in varying proportions from conductive loss from the reservoir and
from conductive and convective losses from fluid discharged from the
reservoir into shallow aquifers or surface drainage. Methods of esti-
mating these discharges have been discussed by Olmsted et al. [1975],
White [1965, 1968), Sorey and Lewis [1976], Fournier et al. [1976], and
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Morgan et al. [1977]; the methods vary depending upon hydrologic con-
ditions, and, of course, the estimates are subject to substantial un-
certainty. Of the 255 systems listed by Renner et al. (1975], we judged
that about three dozen had total combined natural discharges greater
than about 3 x 10% cal/s; they are shown as circles in Figure 12. The
area enclosed by each circle is the area through which an anomalous flux
of 1 HFU would be equivalent to the total rate of combined (conductive -
and convective) heat discharge for the system. Typically, the anomalous
regions have an area that is an order of magnitude smaller than the
circles in which they are centered. The purpose of this representation
is only to place some of the better known systems in a regional per-
spective. More detailed studies of these and other systems (some per-
haps with high mass discharge at lower temperature) will surely change
the picture.

Insofar as the 255 systems located in Figure 3 are concerned, the
cumulative anomalous discharge is small in relation to the integrated
regional flux; with the exception of the Yellowstone system, their
effects on the thermal balance of the crust would be local. For the
anomalous discharge to equal the integrated regional flux the circles
(Figure 12) would have to overlap once on the average throughout most of
the western United States. For those systems that might be stabilized
above upper crustal intrusions the circle indicates the rate at which
heat must be supplied by magmatic convection. For those systems that
have stabilized and are supported by regional heat flow the circle
represents the area over which a negative regional anmomaly of 1 HFU
would be sufficient to complete the heat balance.

These results offer some hope that we might be able to find a char-
acteristic regional flux to identify with the crustal regime over large
areas of the Basin and Range and similar regions; the most reasonable
choice would be the most frequently occurring (or modal) value of the
conductive flux. The mean would be biased toward large values by
effects of undetected upper crustal intrusions, although the shallower
ones would probably be identified by their hot springs and avoided in
regional studies. In large regions of high heat flow, most of the local
anomalies of unidentified origin are likely to come from hydrothermal
convection supported by regional heat flow and modified by the forcing
effects of variable topography, permeability, and precipitation.
Although the combined anomalous flux from these systems might integrate
to zero, the mean conductive flux would be biased toward lower values if
there were appreciable convective discharge into surface drainage. (The
mode and mean are not appreciably different for the Basin and Range
data, possibly because internal drainage minimizes coavective loss from
shallow aquifers.) 1If the local convection systems were common, the
dispersion of heat flow would be large, and the mode would be poorly
defined, making the regional flux more difficult to identify. This is
evidently the case in the Basin and Range (to be discussed furcher
below), where highly fractured rocks are difficult to avoid and high
heat flow and locally variable topography and precipitation favor small-
scale convection systems [Olmsted et al., 1975].

A hydrologic anomaly on a regional scale seems to provide the most
reasonable explanation of the Eureka Low subprovince of the Basin and
Range (Figure 12). The average of 13 heat flows in this 30,000 km?
region of south central Nevada is about 1.1 HFU, roughly 1 HFU less than
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the heat flow believed characteristic of the surrounding Basin and Range
province. The deeper holes generally showed thermal evidence of down-
ward moving water; in the deepest hole this evidence persisted to depths
greater than 3 m [Sass et al., 1971]). 1In a careful hydrologic syn-
thesis, Winograd and Thordarson [1975) have shown that an 11,000 km?
region, straddling the southern boundary of the Eureka Low, is hydro-
logically integrated into one groundwater basin, although the region
contains 10 topographic basins. The interbasin flow occurs to depths up
to 1 1/2 km beneath the surface in permeable fractured carbonate rocks
underlying the region; discharge is concentrated along a fault line in
the Armogosa Desert on the southwestern margin of the system. Eakin
[1966] has described a similar system in a 20,000 km? region including
much of the eastern portion of the Eureka Low; and Dinwiddie and Schro-
der [1971] report evidence for interbasin flows tc depths greater than 2
km in valleys of the central portion of the Eureka Low. A general
discussion of the problem has been given by Mifflin [1968]), who sum-
marizes evidence for large-scale interbasin flows in regions underlain
by fractured carbonate rocks in southeastern Nevada. The observation of
interbasin flow systems in this region makes it likely that the entire
Eureka Low is caused by such systems and, in fact, that heat flow might
be a useful means of studying them. As the heat flow is still poorly
known in the Eureka Low, it is likely that the pattern is much more
complex than indicated by the single contour that delineates it in
Figure 12. Nevertheless, it is useful to make a very simple steady
state order of magnitude calculation. Suppose water percolated downward
uniformly in the Eureka Low at the average rate of 1 cm/yr, some 5-10%
of the local annual precipitation. Then s ~ =2 km for 'rock' (equation
(11c)). If the average depth of the interbasin conduit were ~1.4 km,
according to (10), the surface heat flow would be roughly half the
regional heat flow as required. If the recharge velocity (-v) were cut
to 5 mm/yr, the regional depth of water flow would be 2.8 km. In the
system studied by Winograd and Thordarson the average recharge rate
required to supply the estimated annual discharge is about 2 mm/yr; for
the system studied by Eakin it is about 5 mm/yr. These values seem
consistent with the foregoing calculations, especially since the hy-
drologic systems studied each overlap the Eureka Low and may have
somewhat higher mean heat flows. 1If the average heat flow anomaly in
the Eureka Low is indeed about -1 HFU, the discharge required to com~
plete the thermal balance can be compared to that of the hydrothermal
systems by comparing the circles in Figure 12 to the mapped size of the
Eureka Low. Next to the Yellowstone system the Eureka Low would have
the greatest heat discharge. However, the temperature of the flow would
be low, 30°-60°C above surface ambient according to (10) (when -v =
1 cm/yr and 5 mm/yr are used). Much of this heat is probably discharged
convectively by warm springs; if it were not, it could cause a substan-
tial positive heat flow anomaly. The possibility of interbasin flows on
the scale suggested by the present configuration of the Eureka Low
requires further investigation in connection with proposals for under-
ground storage of nuclear wastes in such areas [see also Hunt and
Robinson, 1960].

We shall return to the problem of convective transport in a later
section; the next section considers the simpler crustal regime char-
acteristic of regions where convection is unimportant.
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Sierra Nevada and Eastern United States:
Effects of Radicactivity

It has been pointed out (5) that most crustal rocks seen at the
surface contain enough radiocactive uranium, thorium, and potassium to
contribute appreciably to surface heat flow if such rocks were dis-
tributed uniformly through the crust. The cumulative contribution of
crustal radioactivity must be known in order to determine from the .
surface heat flow the flux from the top of the mantle. Additiomally, a
knowledge of how crustal radionuclides are distributed vertically should
lead to a better understanding of the thermal regime and geochemical
evolution of the crust. Substantial progress has been made on these
problems by studying the relation between surface heat flow and radio-
active heat production of plutonic and highly metamorphosed crystalline
rock exposed at the surface. Such rocks are the ones most likely to be
related geochemically to the inaccessible material on which they rest.

Figure 13 is a plot of measured heat flow q versus radiocactive heat
production Ao of crystalline drill core or outcrop material sampled at
the heat flow site. The 150 or so points include all published results
from the conterminous United States and adjacent Mexico and many new
points of our own (heat productions were determined by our colleague,
Carl Bunker, in Denver). Locations from which the data of Figure 13
were obtained are shown in Figure 14, to be discussed further below.
Birch et al. [1968] discovered that a graph of heat flow versus heat
production (q, A ) for sites in New England yields a straight line, and
Roy et al. [19683] showed that the same line accommodated additional
observations in the stable central region of the United States. Their
line is shown in Figure 13 and labeled 'Eastern U.S.'; data from all of
the locations east of the Great Plains (shown in Figure 14) lie close to
this line (solid circles, Figure 13). Two other heat flow provinces
were defined by (q, A_) lines presented by Roy et al. [1968a], cne for
the Sierra Nevada and one for the Basin and Range province. Both lines
are shown in Figure 13. The line for the Sierra Nevada province was
confirmed by independent studies {Lachenbruch, 1968), and further
confirmation has come from a value published more recently [Lachenbruch
et al., 1976a]. Ten of the eleven points (crossed circles, Figure 13)
interior to the Sierra Nevada physiographic province lie close to the
Sierra line. The eleventh point for the Sierra Nevada(DP, near the top
of Figure 13) lies far above the Sierra line, as was expected; the site
is only 3 km from the Long Valley volcanic center. Most of the other
points in Figure 13 are not close to any of these province lines, and
they will be discussed later. However, it will be useful first to
outline a simple interpretation of the linear relation for the Sierra
Nevada and eastern United States; it provides general insight into
conditions in the crust and mantle [Birch et al., 1968; Roy et al.,
1968a; Lachenbruch, 1968, 1970].

The simplicity of the linear relation suggests a simple model. We
assume one~dimensional steady state, noncouvective transfer and retain
only the term for heat production A(z) on the right side of (3).

[« %

—92- = -a(z) (20)
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Fig. 13. Observations of heat flow q and radioactive heat production A
from crystalline rocks in the conterminous United States; linear regres9
sion lines are from Roy et al. [1968a} for the Basin and Range (dashed),
eastern United States, and Sierra Nevada provinces. S$olid circles
represent points east of the Great Plains, and crossed circles represent
points interior to the Sierra Nevada physiographic province. Vertical
arrows represent corrections for finite size of plutons [Rov et al.,
1968a). Three of the open circles on the eastern United States curve at
about 1 HFU are from the Klamath Mountains in northern California. The
crossed circle slightly above the Sierra Nevada line (q = 1.1) has an
uncertain heat production. DP is adjacent to the Long Valley volcanic
center. .

The linear relation for either province may be written
q = q* + DA_ (21)

where q and A0 are heat flow and heat production measured near the
surface z = 0, and q* and D are the intercept and slope parameters that
define the heat flow province. Rocks at sites satisfying (21) vary
greatly in age and have different histories of uplift and erosion;
unless the relation (21) is an accident of the present, it should remain
valid after erosion by an arbitrary amount z at any location. Thus if
at any site a layer of thickness z is eroded away, Ao will take on a new
value A(z) depending on how radioactivity is distribdted with depth, and
q will take on a new value q(z), but (21) should still apply. Hence we
let ¢ be a function of z and replace Ao by A(z) in (21). Then substi-
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tuting (21) in (20) yields a unique result for heat production as a
function of depth

z2/D (22)

A(z) = Aoe
where Ao is the value on the presently exposed surface, z = 0. Suppose
that this distribution extends to some depth z* and that q(z*) is the
heat flow at that depth. Then by using (22) the surface heat flow q is

0

q = q{z*) + J A(z) dz (23a)
z*

q = [q(z*) - DAoe'z*/D] + DA (23b)

The expression in brackets represents the empirically determined inter-
cept q* (equation (21)). The slope parameter D is about 7.5 km for the
eastern United States and 10 km for the Sierra. Hence if the exponen-
tially fractionated layer z* extends throughout all or most of the crust
(z* >> D), the exponential term in (23b) is small, and q(z*) corresponds
approximately to q*, which will probably be approximately the same as
the mantle contribution. (For a more complete discussion, see Lachen=-
bruch [1970].)

This simple model is illustrated conceptually in Figure 15. 1In the
plutonic and highly metamorphosed rocks thought to make up most of the
crust, U, Th, and K are fractionated upward exponentially, presumably by
some process taking place during stages of partial melting or migration
of metamorphic fluids [e.g., Lambert and Heier, 1967; Albarede, 1975].



656 HEAT FLOW IN THE UNITED STATES

The characteristic depth D is a parameter characterizing the fraction-
ation process. If we assume that after equilibrium is established, heat
flow into the lower crust q* becomes uniform throughout the province,
then subsequent measurements in exposed crystalline rocks would gener-
ally follow the linear relation observed (equation (21)).

Other assumptions regarding radioactivity of the lower crust are
possible, and if the constraint imposed by differential erosion is set
aside, source distributions in the upper crust other than (22) are
permissible [see, e.g., Roy et al., 1968a; Lachenbruch, 1970; Blackwell,
1971). Any simple source distribution model is, of course, approximate,
as large variations are known to occur on all observable scales. Al-
though direct observational evidence on the form of A(z) is weak,
statistical studies of heat production in deep boreholes [Lachenbruch,
1971; Lachenbruch and Bunker, 1971] and geologic studies of differen-
tially eroded plutons [Swanberg, 1972] provide some support for the
exponential model. In any case, as first pointed out by Birch et al.
{1968]), in provinces where the linear relation applies, local variations
in heat flow are probably caused by variations in radioactivity strongly
concentrated in the upper crust, and heat flow through the lower crust
is evidently uniform. Important corollaries are that (1) convective
heat transfer is probably insignificant in the crust in these provinces,
for otherwise it would have to be uniform throughout each province, and
(2) if transient conditions occur, they must be uniform throughout the
province. This suggests a deep mantle origin for such transients; e.g.,
a cool subducted slab deep beneath the Sierra Nevada has been suggested
to explain the very low q* there [Roy et al., 1972; Blackwell, 1971].

For the exponential model described, crustal temperatures are given
by [Lachenbruch, 1970}

-2/Dy1/x (24)

0(z) = [q*z + DZAo(l -e
where K is thermal conductivity. Crustal temperatures for the appro-
priate province parametars {(q*, D) and for the ranges of heat production
observed in each province are given for an assumed uniform conductivity
(X = 6 mcal/cm s °C) in Figure 16. Similar curves, some with different
assumptions, can be found elsewhere [Roy et al., 1968a; Lachenbruch,
1968, 1970; Roy et al., 1972; Diment et al., 1975; Lachenbruch et al.,
1976a; Blackwell, 1971]. However, in provinces where the linear rela-
tion is found to apply, crustal temperatures are severely constrained,
and models more specialized than this simple one (equation (24)) do not
give significantly different results. (The problem has been discussed
by Blackwell [1971).) The chief uncertainty is in the choice of con-
ductivity, which might be adjusted by +15% with a proportional effect on
the temperatures shown. For reference we have shown in Figure 16 the
curves for the beginning of melting for granodiorite with pore water
present (GSS) and without it (GDS); they are discussed further in the
next section.

In the highly radioactive rocks of New England (shaded on map,
Figure 2) crustal temperatures probably lie between the central and
upper (eastern United States) curves (A = 10 and 20 HGU) of Figure 16,
whereas for most of the eastern United gtates, temperatures are expected
to lie in the lower half of the range shown (between A = 0 and A = 10
HGU). For the Sierra Nevada curves, temperatures in the upper ragge
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Fig. 16. Steady crustal temperature profiles based on the linear heat
flow-heat production relation (equation (24)) for the Sierra Nevada
(long-dashed curves) and the central and eastern United States (solid
curves) for the range of heat production (4 ) observed in each province.
Corresponding values of heat flow (q) are shown in parentheses. Assumed
thermal conductivity is 6 mcal/cm s °C. Short-dashed curves GSS
(granodiorite saturated solidus) and GDS (granodiorite dry solidus) from
Wyllie [1971] show the beginning of melting for rock of intermediate
composition.

(A =5 to 10 HGU, Figure 16) are characteristic of the younger (Upper
Crétaceous) plutons near the crest of the mountain system, and in the
lower range (A = 0 to 5 HGU) they generally represent conditions in the
western foothills. For the same heat flow, temperatures are lower in
the Sierra Nevada, where a smaller fraction of the heat originates at
depth (q* = 0.4 HFU in the Sierra and q* = 0.8 HFU in the eastern United
States).

The Basin and Range Province: Effects of
Radiocactivity and Conmvection

The third heat flow province defined by Roy et al. [1968a] is the
Basin and Range province, for which all current (q, A ) data are shown
in Figure 17. The locations from which these data were obtained are
indicated hy the points within the Basin and Range province boundary in
Figure 14 and those points in Mexico south of Arizona [from Smith,
1974]. The regression line (dashed, Figure 17) determined by Roy
et al. [1968a] from 12 of 15 available data pairs had a slope D of
9.4 + 1.3 ke and intercept q* of 1.4 + 0.09 HFU. It is clear from the
scatter in Figure 17 that if the Basin and Range province is in some
sense represented by this line, it is not in the same sense that the
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Sierra Nevada and eastern United States provinces are represented by
their lines (Figure 13). As the Basin and Range province now has by far
the most observations, it could be argued that the linear regression
lines will lose their significance in the other provinces, too, as more
data are acquired. However, we consider this unlikely, as the density
of observation is presently as great in the Sierra Nevada as it is in
the Basin and Range, and it was reccgnized at the outset by Roy et al.
[1968a] that the regression analysis was least significant in the Basin
and Range province. A more discriminating use of the variable quality
data shown in Figure 17 might provide justification for a linear re-
lation in the Basin and Range or parts of it, and this is under study.
For the present, however, it appears that the linear regression of q on
A has little significance in the Basin and Range province, and the
question arises whether insights from the foregoing simple model of the
linear relation can be applied usefully there.

According to the simple model the steady state contribution from
crustal radioactivity is DA , where D is a geochemical characteristic of
the crust describing its fractionation. This physical interpretation
does not depend upon the constancy of lower crustal heat flow (q*) and
is reasonable whether or not the linear relation applies. On this
basis, we might subtract the term for crustal radiocactivity from the
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observed heat flow to obtain the 'reduced heat flow' q_ employed by Roy
et al. [1972]. t

q. = q - DA, (25)

Although D is not known directly for the Basin and Range, we might
reasonably assume it to have the constant value of 10 km, firmly estab-
lished in contiguous rocks of the adjacent Sierra Nevada province
(granitic rocks in the western Basin and Range province are part of the
Sierra Nevada batholith).

Histograms of the three variables in (25), heat flow q, reduced heat
flow q. and heat production Ao, are shown in parts a, b, and ¢, re-
spectively, of Figures 18-20 for the three provinces. For a province in
which the linear relation applied in a deterministic sense, q_ would be
identical to q*, a constant (equation (21)). It is seen from Figures 18
and 19 that this is nearly the case for the Sierra Nevada and eastern
United States. In such provinces the simple interpretive model gives q
a clear-cut physical meaning; it is the uniform flux q* from the mantle
or at least the lower crust. No such interpretation is possible for the
Basin and Range, where q_ is widely dispersed (Figure 20b). A second
distinctive feature of the Basin and Range data (Figure 20b) is the
large mean value for q_, about 1.6 HWFU or twice the value for the stable

‘eastern United States usually considered as normal. On the basis of an
earlier discussion we believe that the large dispersion results pri-
marily from convection by groundwater, and the large mean, from con-
vection by magma. Before discussing implications of these two infer-
ences we shall consider how widespread the conditions represented by the
sample in Figure 20 might be.

In brackets in Figures 20a and 20b, scatistics are given for the
Basin and Range province excluding determinations in the anomalous
subprovinces (10 values from the Battle Mountain High and 3 values from
the Eureka Low). For comparison, we show in Figure 21 the corresponding
results for the complete population of heat flow measurements in the
Basin and Range province; again the brackets enclose statistics deter-
mined with the two subprovinces excluded (20 values from the Battle
Mountain High and 13 values from the Eureka Low). The fact that the
principal mode, the mean, and the standard deviation are essentially the
same for data in brackets in Figures 20a and 21 adds a note of gener-
ality to the analysis of data in Figure 20. However, without a more
careful study ci the individual sites than we have yet undertaken, more
refined statistical treatment is not warranted. Reduced heat flows
reported from the northern and southern Rocky Mountains and the Columbia
Plateau (Figure 14) seem commonly to fall in the modal range (1.2-1.6
HFU) characteristic of the Basin and Range data, and those provinces are
expected to have similar crustal regimes [see Blackwell, 1969, 1971; Roy
et al., 1972]. We have focused on the Basin and Range province because
it seems to represent a fairly continuocus tectonic unit, and the heat
flow coverage there is relatively dense.

The reduction for crustal radiocactivity in the Basin and Range prov-
ince does not significantly reduce the dispersion, and we should be
little better off in estimating the heat flow with a knowledge of local
radioactivity than without it. This does not mean that the reduction
(25) for crustal radioactivity in the Basin and Range is not valid. The
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standard deviation ‘of the crustal correction (DA_ with D'= 10 km,

Figure 20¢) is only 0.22 HFU, about one fourth of the standard devia-
tions for both gq and .q_. If ¢ and A ‘were normally discributed, the
reduction frfom 4 to q_ (equation {25?} would have an insignificant
effect on thé~standar§ deviation (“0.03 HFU). The statistics do suggest
that tlreé-dimensional effects, thermal transients, and convection;
deglected in the simple theory (aequation (20)), are substantially
greater (gemerally by a factor of 3 or 4) than the effeckts of variable
crustal radioavtivity. As three—dimensional effects are evidently
unimportant in the other provinces, it is likely that the dispersion of
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reduced Beat flow in the Basin and Range is due primarily to hydro-
thermal and (to a lesser extent)} magmatic convectionm, including, of
course; their time dependent effects, as discussed in 4an earlier section.

We have mentioned that in the Basin and Range province the mean.
conductive flux rediced for crustal radioactivity 4is about twice as
large as would be expected in stable regions. We naturally asscciate
this large and variable reduced heat flow with the present pattern of
extensional deformation, magnatism, and hot sprlng activity thac has
probably characterlzed the province for the past 17 m.y. [Thompson and
Burke, 19741, It has been shown that convective pfocesses operating
solely within ‘the crust over thls time (twice the conductive time
¢ounstant for thHe crust) would probably reduce the mean conductive f£lux,
not increase it. Hence the ekcess. heat id probably supplied convec-—
tlvely by magma rising across (and possibly beneath} the base of the
crizst. Regional variations in the intensity of this magmatic upflux are
probably fésponsible for high heat flow subprovinces like the Battle
Mountain High and the Rio Grande Trough; and for local silicic volcanmic
centers like the Long Valley caldera as well. It is likely that these
variations ‘are, in turn, caused by local variations in the rate of
crustal extension [LacHenbruch et al., 1976a] {(&. H. Lachenbruch dnd
J. H. Sass, unpublished models).

It is wseful to assume that over large areas the crust is in a quasi-
steady state, recéiving as mich heat by conducticn and convection across
its base as it gives off by conductign and convection at its surface.

As q_ is normally estimated from the conductive heat flow, the actual
mantle contrlbutlon would be larger than q_ by the amount of convective
loss from hot and warm springs and volcands. However, the heat deliv-
ered by post-Gligocene extrusive rocks i the CGreat Basin is negligible
in relation to the conductive hear flow, and judglng from Figure 12, the
net effect of the hotter known -springs mlght not be important om &
regional scale. MNevertheless details of the total hydrologic haat loss
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are poorly known, and we shall neglect them although they could be
significant. 1In regions where the convective flux is known, it can be
accommodated in the computation of q_ (by using combined surface flux q
instead of q in equation (25)) 1if the steady state assumption seems to
warrant it.

If there is a characteristic flux into the lower crust of the Basin
and Range, it 1is likely that it is represented by the modal value of q_,
with the noumodal values generally representing superimposed anomalous
convective effects. Excluding the two subprovinces, almost half the
values of q_ fall in the modal range 1.2-1.6 HFU (Figure 20b). (In-
terestingly, the value of q* originally determined from linear regres-
sion by Roy et al. {1968a) was 1.4 HFU.) The Battle Mountain High, a
positive anomaly with lateral dimensions of many crustal thicknesses,
has been defined as a region with q > 2.5, but it is essentially un-
changed if defined as the region q_ > 2. Figure 22 shows crustal
profiles (equation (24)) for a steady conductive mantle flux q_ of 1.2
and 1.6, which might bracket the 'ch4racteristic' conditions ifi the
Basin and Range province, and of 2.0 and 2.5, which are intended to
represent (lower) limiting and typical conditions in the Battle Mountain
High. (The mean for the 20 heat flows in the Battle Mountain High is
3.0 + 0.4 standard deviation; the mean for the 10 reduced heat flows is
2.5 + 0.4 standard deviation.) As such large variations in q_ (from 1.2
to 2.5) have a far greater effect on temperature than variatidns in
radioactivity, the curves are shown only for the near-average &4 of 5
HGU (Figure 20c). Likely variations in A (of +3 HGU, Figure 28¢) would
change the deep crustal temperatures by only +50°C. Variations in
thermal conductivity of +15% from the assumed value of 6 mcal/cm s °C
would change the temperatures in Figure 22 by +15%. Shown also in
Figure 22 is the curve for the Sierra Nevada (q* = 0.4 HFU) and the
curve for q* = 0.8 HFU, which is similar to that for the stable eastern
United States except that it is drawn for D = 10 km (instead of 7.5 km)
for consistency. The latter is a useful (if somewhat arbitrary) refer-
ence for conditions one might expect in the Basin and Range crust if it
were underlain by a stable mantle; it differs from the corresponding
curve (q* = 0.8 HFU, D = 7.5 km) for the scable eastern United States by
less than 45°C.

Although the curves in Figure 22 are drawn as if all of the mantle
flux q_ were conducted from the base of the crust, this condition is not
required nor is it expected to apply in the hotter regimes. Insofar as
our observations at the surface are concerned, the anomalous source may
be produced by repeated intrusion at any depth; if the source persists
long enough co establish a steady state, the temperatures above it will
fall on the appropriate curve of Figure 22. The time t(z) required for
a sill-like constant temperature source to equilibrate the overburden is
shown-on the depth axis in Figure 22. (A sill-like source whose strength
does not change with time takes about three times as long. During the
slow cooling following solidification the average gradient anomaly in
the overburden will remain rather close to that measured at the surface,
provided that the original source persisted for many t.) Thus a con-
tinuing intrusive process that maintained the 20-km temperature at 900°C
for more than 3 m.y. would cause a conductive regime above it as in-
dicated by ‘curve F (Figure 22); thereafter, downward extrapolation from
surface observations would correctly identify the 20-km temperature.
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Fig. 22. Generalized conductive temperature profiles for the Sierra
Nevada crust (A), a stable reference crust (see text) (B), the
characteristic Basin and Range crust (C to D), and lower limiting (E)
and typical (F) conditions in the crust of the Battle Mountain High.

All curves are drawn for a surface heat production (A ) of 5 HGU and
thermal conductivity (K) of 6 mcal/cm s °C (equation ?24)). Correspond-
ing surface heat flow and reduced or 'mantle’' heat flow are shown at the
bottom of each curve. Melting relations [after Wyllie, 1971] are shown
for intermediate crustal rock by the curves GSS (granodiorite saturated
solidus), GSL (granodiorite saturated liquidus), GDS (granodiorite dry
solidus), and GDL (granodiorite dry liquidus) and for basalt by BDS
(basalt dry solidus), and BDL (basalt dry liquidus). In parentheses on
the depth axis is shown the time required for the overburden to approach
thermal equilibrium after intrusion by a sill maintained at constant
temperature.

Above the intrusion we would measure a surface heat flow of 3 HFU and a
reduced heat flow of 2.5, and (relative to curve B, Figure 22) cthe
contribution of anomalous convected flux would be 1.7 HFU. The actual
anomalous flux into the lithosphere at the time might be greater or less
than 1.7 HFU, depending upon whether the lower portion was absorbing or
releasing heat, i.e., whether its temperature was approaching the new
stationary state from below or above. Convective transfer by magma
rising in the lower crust (below 20 km in this example) would cause mean
temperatures there to be less than indicated by the conductive curve F
(A. H. Lachenbruch and J. H. Sass, unpublished models). Convection in
this lower region might involve no more than the upward movement of
basalt in narrow conduits en route to the 20<km depth, or it could
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involve complex networks of basaltié intrusion and secondary diaperic
movements of silici¢ melfs and ;adjustments of solid reck:

In Figure 22 we have shown [from Wyllie, 1971} ‘some limiting melting
relations for materials likely to be involved in convective hear trans-
port to and through an anomalously hot .crusc. The most probable source of
anomalous heat i5 upward migration of basalt (or possibly other mantle-
derived magma) beneath or intc the base of the crust., For reasonable
water ‘contents, most of the crystallization and henée most of the latent
heat release will have occurrad by the time the basalt cools past its
dry solidus (BDS, Figure 22) [wyllle, 1971; Peck et al., 1966]. Heat
introduced by the basalt could raise the temperature and melt fractioms
of the indigemous crustal materisl, dssumed to have an intermediate
(granodiorite} composition. In the presence of excess water (' vapor
présent ‘condition'), such rocks would begin to melt along the curve GS3
{grafodiorite saturated solidus) (Figure 22), and melting would be
complete at GSL (granadiorite saturated liguidus). If no water occurred
in the crustal rock ekcept that bound in hydrous minerals, melting would
not begin until temperatures exceeded GDS (grancdio¥ite dry solidus),
and it would not be complete until they reéached GDL {(grancdiorite dry
liquidus); If a trace of pore watér were present, it would dissoglwe
preferentially in a fielt {of‘'rhyolite compositfion) that would begin to
form -along GSS, With further increase of temperature rhe irfcreasing
mélted fraction would become more and more undersaturated, making the
residual crystals more difficult to dmelt; complete welting would not
occut until ‘temperatures approached GDL. As the radicactive elemerits,
like the water, move preferentially into the melt;, upward migration of
the melt might produce the condition illustrated schematically in Pig-
ure 15 and at the same time dehydraté the lower crust. Wyllie [1571]
has podinted out that unless the lower crust were somehow teliydrated, a
sedond ¢ycle of lower crustal melting would bé more difficult, as it
would require temperatures in excess of GDS. If repeated cycles did
oceur, however, we might ‘expédt more complete upward fractionation of
radicelements. This would appear in gsurface observations as 4 decrease
in the value 6f the characteristic depth D (equatlon {21)).

It is seen from Figure 22 that at the base of a 30-km crust im ‘the
Battle Mountain High, basalt melt could be stable, and dry intermediate
crustal rock could be completely meited. Hence some hedt is probably
transferred by magmatic intrusion in ‘the lower crust of the Bartle
Mountain High, for if it vere not, ihe thermal regime would ‘be con-
ductive, and the: basé would be neariy or quite all melted. Substantial
amgunts of melting of most crustal rocks in the presence of pore water
could occur near the base of a 30-km crust in the 'characreristic Basin
and Range' régimes. Hence 'first cycle' (wet) crustal fractionatibn
could be initiated under the Basin and Range regimes, and 's&cond cycle!
(dry) fractionation could occur under the Battlé Mountain High regime:
Convection by quasi-steady upwayd migratiom of a melted fractiom could,
of course, convert one regime Co the other.

Typically, the upper 20 km of the Basin and Range trust ‘has a seismic
velocity (V. = 6.0 km/s) characteristic of silicic rocks, indluding
granite, and the lower 10 lm or so has a higher velocity (V 6.7 tm/s)
characteristic of denser (anu presumably more refrac:ory) mgterlals,
including basalt [e.g., Hill and Pakiser, 1966]. As temperatures in the
Battle Mountain High and similar vegions cdn be in the range 700°-800°C
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at dépthg of 15-20 km (curve F, Figure 22), laterally extensive partial.
silicic melts could cccur at midcrustal levels in such regioms., Con=
vective transfer attending stretchzng and -intrusion of the extending
llthosphere could, however, reduce these temperaturé éstimatés by lOO“C
or so (A. H. Lachenbruch -and J-. H. Sass, unpublished).

In summary, we havé found that the linear relation between heat flow
and surface radicactivity does not apply generally 4in the Basin and
Range prov1nce For the linear relation to apply, ‘crustal contributions
‘to heat flow should be exclusively from radicactivity, and the mantlé
‘flux should be uniform. We believe that the relation ‘fails in the Basin
and Range province because both conditions are: violated there: Varia—
tions in surface: heat flow cavsed by hydrotheérmal and magmatic éon~
vection overshadow variations caused by crustal radiocactivity (thiey are
probably greater by a factor of 3 or 4), and the anomalously large
mantle flux is not uniform. Mantle heat flux is probably contfolled by
magmatic mass flux (into or beneath the base of the crust) which varies
in intensity, creating subprovinces like the Bdttle Mountain High and
the Rio Grande Rif:, and mere local heat £low anomalies and voleanic
centers as well (Figure 3) Frequently occurring values of reducéd héat
flow suggest that ‘the mantle flux throughout much of the ‘province might
have characteristic values in the range 1.2-1.6 HFU, These consider-
ations form the basis for construction of generalized crustal -tempera-
ture profiles which can be discussed in terms of -melting ¥élations for
crustal rocks. Theoretical températures are consistent with the ex-
tensive manifestations of magmatic ‘activity observed in the province.

Discussion and Summary

Qur, knowledge of regional heat flow in the United States has been
;acquired ouly recently In his review of the status of gecthermal
1nvestlga:10ns in 1954 Birch [1954a] was able €6 cité only three

'reasonably adequate’ deéterminations (0.93 HFU in northern Michigan
[Bireh, 19545], 1.7 HFU in thé Colorado Frout Range [Birceh, 19501, and
1.29 HFU in the Central Valley of;Callforn;a [Benfield, 19471). AI-
though we now know that each of these values is quite representative of
its geologlc prov1nce, little could be deduced about regional patterns
from three determinaticns. In a review about a decade later, Lee and
Uyeda [1965] listed heat flow from about 40 distinct sites in the
conterminous United States; the data indicated that heat flow was
generally higher in the tectonically -active western United States than
in the more stable eastern and <central portions. A few years later,
publication of over 100 new walues [Roy et al., 1968b; Blackwell, 19651
‘Tévedldd correlations between heat flow and higher-order tectonic and
geologic features, chiefly, high heat flow in New England and in the
Basin and Range province, thexnorthern and southern Rockies, and the
Columbia Plat=au and 2 band of ldwer heat flow near the Pacific Coast,
featiires shown in thé maps of Roy et al. [1972] 'and Blackwell [1971]: A
map by Diment et al. [1972] showed the systematic variations of heat
flow in the Appalachian Mountain region. Sass er al. [1971] presented
100 or so additional vdldes revealing the strong,correlatlon of heat
flow with the major N-5 trending tectonic provinces of California,
including the San Andreas Fault zone. They also defined subprovinces of
high and low heat flow in the Basin and Range province, to which an-
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other, the Rio Grande Rift, has more recently been added [Decker and
Smithsdn, 1973; Reiter et al,, 1975]. Further detail is shown in the map
presented here, and we can, of course, expect the tremd to continue.

Our understanding of fhese héat flow observations was increased
substantially in 1968 by the discovery of the linear relation betwesan
‘heat flow and surface radicactivity in New England [Birch et al. 19681,
its application to other provinces [Roy at al., 1968a], and its inde—
-pendent confirmation for the Sietfra Nevada [Lachenbruch, 1968]. Curi-
ously, 8 yea¥s later we still do not know how general this relarisn
might bé. It has been shown above that in ome of the provinces where
the relaticn was formerly thought to apply approximately (the Basin and
Range province), it deoes not apply. Although the relation is ‘now sup-
ported by studies in ¢rystalline rocks of Canada [Cermak and Jessop,
1971], Australia [Jaeger, 1970; Sass et al. s 1976¢], India [Rao et al.,
1976], and Norway [Swanberg et al. 197&1, the most convincing resules
remain those from the provinces in which the relation was first dis-
covered, the éastérn United States and the Sierra Nevada. As antici-
pated by Roy et al. [196Ba}], data from the Canadian Shield [Cermak and
Jessop, 1971] and to a lesser extent those from central Australia ave
accommodated reasonably well by the lineé for the stable eastern United
States, but the paraineters derérmined from these areas independently are
somewhat different; in particular, the values q* = 0.64 HFY and D =
11.1 km for nine points in central Australia [Sass. et al., 1976c] seem
significantly different. Several isclated determihations such as <che
three from the Klamath Mountains in northern California (Figure 13
and Lachenbfuch and Sass [1973]) and two from Precambrian rocks in
southern India [Rao et al., 1976] fall on thé eastern United States
vurve. The data from sbuthern Norway [Swanberg et al., 1974] lie rather
clogse to tha Sierra Nevada line; the linear regression analysis there
yielded g* = 0, &8 HFU and D = 8.4 km. However, nine points from Pre— )
cambrian rocks of western Australia [Sdss et al., 1976¢] yield g* = 0. 63,
and D = 4.5 km, a line quite gifferent from those observed elsewhera,
and four points from northern and central India [Rao et al., 1976] yield
q* = 0.92 HFU and. D = 14.8 km. Judging from our experience with the
Basin and Range province, many more observations will be needed in all
of these dreas, and othérs, to establish the general significance of the
relation between heat £low and radicactivity in crystalline rocks. As
we have remarked, the impertance of this relation is the requirement it
places on the vertiecal distribution of .érustal rddidactivity and to a
lessér ektent on the total comfribution of crustal rad;cactlvltv to
surface heat :flow. These requirements velate to the processés respon~
sible for ewvolution of the contimental crust. In order for the linear
relation to obtfain, séveral other special requlrements must be met
[Lachenbruch, 1970]; i.e., three=dimensional conductive effedts and
magmatic and hydrothermal convecticn mist be negligible in the crust,
and crustal transiémts and mantle heat flow wmust be uniform throughout
the pro¥ince. Thus the linear relation can be expected to apply only in
more stable regionms, and even there; only under rather special tir-
cumstances. Hevertheless, the ingighit cbtained from the relation can
provide & basis for éstimaring the contribution of crustal radicactivity
elsewhere on the éontinents. Thus the 'reduced heat flow,' obtained by
subtracting the estimated crustal contribution from observed heat flow
[Roy et al;, 1972], might be used to interpret continental heat flow
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where the linear rélation dees not apply. As the reduction depends upon
the value of D, which varies around the world by a factor of 3, accord-
ing te presently available .studies, the reducticon must be applled with
caution. The justification for using D = 10 km in the Basin and Range
province is provided bv the linear relation observed in :the' Sierra
Nevada and the observation that granitic rocks in the wesfern Basin and
Range at least are part of the Sierra Nevada bBathelith. Reasénably
confident reductions can sométimés be madé in tegioms whére crystalline
tock is mot exposed if enough information on crustal composition is-
available from other sources. Examples are the California coast Tanges;
where the fhickness of the Franciscan formation {of known radidactivity)
is estimdted from seismic studies [Lachenbruch and Sass, 1973, and the
Pacific Northwest coastal provinces, where the basement Tock is believed
to be la:gely mafic [Blackwell, 1971; Sass et al. 1971] and hence to
have rather low radiocactivity. It is Seen from Flgure 14 that reduced
heat flow estimated for sités alomg thée Padific Coast is geneérally -in
the range characteristic of the eastern United States except in the band
through western and south central Califcrnla encloszng the San Andreas
Fault; where it is generally similar to values in the Basin and Range
province.

A tather complete daseription of regional heat flow in the United
States 'and a thorough understanding of its implications for thermal
state and processes in the crust will probably beé needed for a ‘compfe-
Hénsive assessmént of our gebthiermal energy resource and the formulation
of rational plans for exploring It and explaltlng it. As we have seen,
even in regions where the heat flow 'is low and the likelihodd of an
exploitable resource is slight, the undérstanding obtained from heat
flow studids can bé important for unraveling the more complex thermal
problems in high heat flow areas. It is seen from Figures 1-3 'that only
now, with:more than 600 determinations, are the areas of extremely high
heat flow beginning to emerge as regional features; their boundaries are
generally uuknown, however, arfd féw areas are sampled adequately for an
underscandlng ‘'of hydrothermal systems in a crustal context. Llarge areas
of the heat flow contrel map (Figure 1) are blank. Ironically, many of
these are oil—produc1ng areas where evefy year moré -than 10, 000 holes
are drilled -and temperatures are measured, It is llkely that a knowl-
‘edge of recloﬁal heat flow in these areas would increasé our under-
-standlng of the wldely discussed geopressured' gnérgy resources of the
Gulf Coast [see, e.g., Jomes, 1963; Jones and Wallace, 1974; Papadopulos
et al,, 1975] and of the general problem of thermal eveolution of sedi-
mentary basins and the maturation of Hydrodarbens. A comprehensive
compilation of temperdture gradiént from someé 25,000 sites in oil-
producing areas wof Norrh America has recently been published by the
American Association of Petroleum Geologists in cooperation with the
USGS [American Association of Petroleum Geoldgists-U.S. Geological
Survey, 1976]; it .contains duch useful régiounal information. However,
as was émphasized by Birch [1954a], the pr;nc;pal variable affecting
temperature gradient in the outer layers of the crust is thermal con-
ductivity (and locally, water movemenL) Hence & compilation of the
temperature gradient .alone can be expétted to tell s much more about
thé variations in conductivity (and locally, water movement) than about
variations in the more fundamental quantity, heat flow. Reégicnal heat
flow studies -are proceeding at a modest pace (limited by the avails
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ability of drill holes) at a handful of research laboratories dcross the
country: In view of the importance of regional studies to the energy
industiries and the encrmous améunt of drilling they undertike; more
interaction between these groups should hold -substantial advantage for
all.

Heat convected by moving groundwater requires careful attention in
heat flow studies; it can perturb or completely dominate the regional
flux associated with the crustal regime at depth. In tectonically .
active regions, open fractures, permeable volcanic rocks, and high heat
flow may result in ciréulatdéry convection systems dziven primarily by
thermal density differences. Such systems are expected to produce
perturbations to surface heat flux which change sign over lateral
distances of the order of the depth of circulation, probably up to many
kilometers. If the system is sustained by uppér crustal magmatic in-
trusion, the combined flux at ‘thé surface might be much greater than the
regional value for millions of years, If the system is sustained by
regicnal heat flow, the combined flux will probably fall ‘to the regicnal
value after 103_10§ years (depending on tirculation. depth) but a lin-
gering conduction anomaly will persist long after the circulation stops.
Perturbations caused by ‘these "systems crezate large dispersion in con-
ductive flux from tectonically active régions, making it difficult to-
1dent1fy and interpret the regional heat flow without a dense network of
¢bservations [see, e.g., Blackwell and Baag, 19735 Blackwell et al.,
1975; Brott et al., 19763 Combs, 1973, Lachenbruch ‘=t al., 1976b; Sass
and Sammel, 1976; Sass et al., 1976b, d}. Hydrothermal convection
systems constitute most of the targets under investigation as potentidl
sources o6f geothermal energy, and,much will no doubt be learned abdut
their inner workings in the next few years. We expect that the in-
‘creased understanding of the dynamics of these systems will help in the
interpretation of regicnal heat flow and that the better undevrstanding
of regional heat flow will, in €urn, increase our general undaerstanding
of rthe broader crustal conditions that generaté hydrcthermal ‘systems.

In Tegions like the Battle Mountain High, where the average heat flow is
about 3 HFU, the .steady gradieant in pogrly conducting sediments is
typically about 100°C/km, and under favorable conditioms. a commercial
gnergy resource could exist beneath deep sedimentary basins, even in 'the
absence of hydrothermzl comvection [see, e.g., Diment et al., 1973].

Lirge distirbardées to regional heat flow can also be caused by
groundwater circulation forced by the distribution of precipitation,
topography, and permeable formations. In some regions mautled bw
permeable. voléanit rocks, downward percolatlon <an completely 'wash out'
the conductive flux, making it impossible to study regional heat flow by
conventional means. In other reglons like thé Euréka Low, effects can
be moré subtle. Evidence there suggests that a negative heat flow
anomaly over an area ~3 x 10% im? might be caused by interbasin flow in
deep aquifers fed by downward percolation of a small fraction of the
-annual precipitation. Heat flow tesults of this sort can provide useful
information on regional hydrologic patterns with impeortant implications
for underground disposal of radicactive wasta.
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Combined radioactivity and heat flow measurements in plutonic rocks at 38 localities in the United States define
three heat flow provinces; the eastern United States, the Sierra Nevada, and a zone of high heat flow in the western
United States which includes the Basin and Range province. In each of these provinces heat flow (@) and heat produc-
tion (A4) are related by an equation of the form Q = a + bA. The simplest interpretation of this linear relation is that
the radioactivity measured at the surface is constant from the surface to depth b but varies from place to place. Thus
the fraction of heat flow from the lower crust and upper mantle, a, remains constant within a heat flow province
while the variable upper crustal radioactivity generates the variable heat flow observed at the surface. In the eastern
United States b= 7.5 km and 2 = 0.79 ;1cal/cm2 sec, in the Sierra Nevada b = 10.1 kmand ¢ = 0.40 ucalfem? sec, and
in the Basin and Range province 5 =94 kmanda= 14 ucalfem? sec. The line characteristic of the eastern United
States may have broad applicability to stable portions of continents and thus be considered the refercnce curve for
normal continental heat flow. The similarity of all the slopes indicates that most local variability of heat flow is due
to sources in the uppermost 7-11 km of the earth’s crust, and that the contribution from the lower crust and upper
mantle is quite uniform over large regions. The intercept values can be used to infer the proportion of heat flow from
the mantle and to map provinces with different mantle heat flow. These heat flow provinces correlate closely with

surface geological provinces.

In recent studies in New England and New York
Birch, Roy and Decker (1] found that lateral varia-
tions in heat flow could be correlated with the radio-
activity of the plutonic rocks in which the measure-
ments of heat flow were made. The data plot close
to a line of the form Q =a + bA, where Q is the heat
flux at the surface and A is the radioactive heat pro-
duction of the surface rocks. Their interpretation of
this linear relation is illustrated in fig. 1. It is assumed
that the radioactivity measured at the surface is con-
stant to depth b, but varies from pluton to pluton.
The heat flow from beneath the pluton (a), consisting
of a component from the lower crust (c45) and a
component from the upper mantle (Q,;), remains

I.INTRODUCTION

3 A major problem in the interpretation of heat flow

~ data js the widé variation in observations only a few
tens of kilometers apart. In most cases the variations

are unexplained and interpretations are based on re-

(. Zional values which are obtained by some method of

' veraging, for example over squares of latitude and
longitude or geological provinces. If the variations are

! not random the averaging methods suppress much im-

{  Portant information contained in the unsmoothed data.

* Division of Geological Sciences Contribution No. 1555, Cali-.
fornia Institute of Technology, Pasadena, California 91109.
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Fig. 1. Surface heat flow (Q) as a function of heat productivity
(A) of the surface rocks for an ideal case. The intcrcept (a) is
the flux from the upper mantle (Qp,) plus the heat generated
in the lower crust (¢4 3). The variable heat flow observed at
the surface is due to variations in heat productivity in the sur-
face layer. The vertical scale of the model is exaggerated for
clarity. The horizontal scale for the solid line is in units of
heat production. The horizontal scale for the dashed line is in
units of distance and shows the effect on surface heat flow of
lateral variations in heat productivity.

constant throughout the region and the variable radio-
activity of the upper crust generates the variable heat
flow observed at the surface.

The data from New England and New York imply
a surface layer of variable heat production 6 to 7 km
thick. This thickness is much smaller than the limits
which can be derived from lateral variability by the -
usual geophysical arguments as the horizontal inter-
val between stations is some tens of kilometers. With
many new measurements of radioactivity reported in
this paper, it is now possible to define several heat flow
provinces based on the relationship of heat flow to
basement radioactivity.

2: DATA

The data of this study are measurements of heat
flow and radioactive heat generation in large plutons.
Gravity studies suggest that such bodies typically have
a thickness of 5 to 15 km [2, 3]..Studies of the radio-

2 : - R.F.ROY,D. D. BLACKWELL and F. BIRCH

element distribution in some plutonic rocks [4, 5]
suggest that each intrusive has a fairly uniform heat
production on the exposed surface and over a

vertical range of 1—2 km. Thus there is some justi-
fication for the assumption that the heat generation
measured on core from shallow holes near the present
surface has some relation to that in the rest of the
pluton.

The steady state heat flux due to the radioactive
heat sources in plutonic bodies can be calculated by
analogy with their gravity field [6]. Unless the diam-
eter of a plutonic body is many times its thickness or
the heat production contrast with the country rock is
small, the amplitude of the anomaly will be signifi-
cantly less than that of an infinite sheet. Consequent-
ly, corrections for the finite size of the pluton have
been applied to several of the heat flow values.

Radioelement concentrations were determined by
gamma ray spectrometry for localities where Th con-
tents are recorded. The apparatus and technique are
described by Adams [7]. The measurements are con-
sidered accurate to +5%. At localities where Th is not
listed, equivalent uranium (eU) was determined by
counting alpha particles from 50 g samples of core
crushed to —400 mesh (less than 37 microns). The
powders were packed in aluminum pans 22 ¢cm in
diameter and placed 2 mm from a ZnS (Ag) alpha
particle detector. Scintillations were counted with a
23 cm diameter photomultiplier tube (57 AVP) and
appropriate electronics. A sample with 1 ppm eU has
the alpha activity of 1 ppm U [15}. However, for
samples with a Th/U ratio of 4 the average energy per
alpha particle is about 5% greater than for ordinary
uranium, thus the 5% higher conversion factor from
eU to heat generation in table 1. Because the aver-
age energy per alpha particle in the thorium series
is only 10% larger than in the uranium seriés, use of

SR

—

Table 1
Conversion factors for heat generation

Heat generation

Element
(cal/em3 sec)
1 ppm U (ordinary) 0.62 X 10-13
1 ppm Th 0.17 X.10-13
1 ppm eU 0.66 X 1013
0.23 X 10-13

1% K (ordinary)
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HEAT GENERATION OF PLUTONIC ROCKS

Table 2

Heat flow and heat generation data for 38 localities in the United States. V is the number of radioactivity samples. The numbers
in the reference columns are the references for the heat flow (H. F.) and radioactivity (Rad.) data. The heat flow values from [1],
{9] and [10] have been corrected for steady-state topography; heat flow values by all other investigators are preliminary.

A e
Locality Reference N Th . U (eU) K 10— 13cal 10-6 cal
H.F. Rad. (ppm)  (ppm) (%) em3 sec cm? sec
: <
New England
Kancamagus, N. H. 1 1 557 59 15.8 4.0 20.7 2.27
Waterville, N. H. 1 1 349 61 159 4.1 21.2 2.15 (2.39)
North Conway, N.H. 1 1 145 52 12,6 43 17.6 1.89 (2.15)
Casco, Maine 1 1 32 40 8.2 4.3 12.9 1.80
Chelmsford, Mass. 1 1 30) 9 ()] (11.6) 1.63
Fitzwilliam, N. H. 1 1 145 235 7.6 3.9 9.6 1.63
North Haverhill, N. H. 1 1 24 26.7 4.0 3.2 7.8 1.34
Durham, N. H. ’ 1 10 8.4 2.8 2.8 38 1.08
Central Stable Region
Picher, Okla. 9 13 10.0 43 7.6 1.46
Riverview, N. Y. 1 72 15.0 33 5.2 5.8 1.22
Levasy, Mo. 9 16 6.9 4.1 5.5 1.17
Ely, Minn. 9 7 1.4 2.2 1.4 0.82
Saranac Lake, N. Y. 1 6 <03 <10 <04 0.81
Wadhams, N. Y. 1 6 <0.3 . <10 <04 0.79
Elizabethtown, N. Y. 1 6 <0. <10 <04 0.81
Sierra Nevada '
Helms Creek, Calif. 11 12 72 21.5 7:2 29 8.8 1.3
. 9 14 5.1 2.8 4.0 1.25
Loon Lake, Calif. 9 6 133 3.5) 9.6 1.25
Blodgett, Calif. 9 92 16.1 4.3 4.5 6.4 1.06
Wright's Lake, Calif. 9 109 12,6 34 20 4.7 0.83
Grass Valley, Calif. 10 7 4.2 2.0 3.2 0.73
Loomis, Calif. 9 153 32 1.6 1.2 1.8 0.62
San Joaquin, Calif. 11 12 71 5.2 1.6 1.5 2.2 0.6
Basin and Range Province
Quartzsite, Ariz. 9 6 15.0 (3.5) 10.7 24
Ajo, Ariz. 9 10 76 - 4.2 6.0 2.4
Crescent Peak, Nev. 9 9 10.4 4.5, 7.9 23
Milford, Utah 9 11 14.3 3.6 103 2.22
Tyrone, N. M. 13 20 9.5 34 7.1 2.2
Orogrande, N. M. 13 10 8.9 3.5 6.7 2.2
Hualapai Mtns., Ariz. 9 5 1.7 39 2.0 2.14
Sierrita Mtns., Ariz. 9 9 9.9 49 1.7 2.0
Oracle, Ariz. 13 15 7.5 3.2 5.7 1.9
Schurz, Nev. 9 9 7.1 2.8 5.3 1.88
Ruth, Nev. 9 10 10.4 3.6 7.7 1.82 (2.0)
Helvetia, Ariz. 9 8 4.7 29 3.8 1.78
Lucerne Valley, Calif. 15 15 10 39 2.1 31 1.65
Bagdad, Ariz. 9 7 9.0 2.7 6.6 1.64 (1.84)
Dragoon, Ariz. 13 20 3.7 2.8 3.1 L6
Northern Rocky Mountains
~Butte, Mont. 14 14 19 22.8 6.3 3.4 8.6 22
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the eU conversion factor implies an error of < 5% for
Th/U ratios from 0 to o (Birch [8]). Potassium con-
centrations which accompany the eU values were de-
termined by X-ray fluorescence. The accuracy of heat
productivity measurements by combined alpha count-
ing and X-ray fluorescence is estimated to be +15%
based on comparisons with gamma ray measurements
by H. A. Wollenberg at the Lawrence Radiation Labo-
ratory.

~ The conversion factors from radioelement concen-
tration to heat production are given in table 1, after
Birch {8]. A density of 2.67 g/fcm3 was assumed in
converting from cal/g sec to cal/cm3 sec.

The heat flow and heat productivity values used
are listed in table 2. Heat flow values in parentheses
are corrected for the finite size of the pluton. The
standard errors of the heat flow values are usually less
than 5%, but may be as large as 10% in a few cases for
values in the Basin and Range province.

In the interest of brevity throughout this paper the
units of heat flow, 10~ 6 caljcm? sec, will be replaced
by the abbreviation HFU; and the units of heat gener-
ation, 10~ 13 cal/cm3 sec, by HGU.

3. NEW ENGLAND

The data from New England are located in the crys-
talline Appalachians as defined by King [16]. The last
major metamorphic and igneous activity was in the De-
vonian. The last significant thermal event was a milder
episode of epizonal magmatism in the Triassic. Birch et
al. {1] discuss the interpretation of heat flow data in
this region, including significant corrections for geo-
logical evolution, and the reader is referred to that
paper for further analysis of the problem. In this paper
only steady-state heat flow values are used because
geological corrections have not been made at any loca-
lities in the other regions. The New England data, solid
circles in fig. 2, determine a line with a slope of 7.2 km
and intercept of 0.84 HFU.

4. CENTRAL STABLE REGION

The area between the Appalachian and Rocky
Mountains, largely covered by a thin layer of sedimen-
tary rocks, has been subjected to only mild disturbances

3.0 ~ ' r T

| |
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Fig. 2. Heat flow and heat productivity data for plutons in the
New England area (solid circles) and the Central Stable Region
(open circles). The line is fitted to both sets of data.

since Precambrian time, and is part of the area King
{16] calls the Central Stable Region of North Amer-
ica. In the United States this area includes the Interior
Lowlands and part of the Canadian Shield. Including
the 4 determinations in the Adirondack Mountains
discussed by Birch et al. [1], there are only 7 heat
flow measurements in plutonic rocks of this large

area for which we have radioactivity data. These poin

are plotted on fig. 2 as open circles. The line fitted to
these points has a slope of 8.3 km and an intercept of
0.76 HFU. These parameters are not significantly dif-
ferent from those for the data in New England. Com-
bining both sets of data the line has a slope of 7.5 km
and an intercept of 0.79 HFU. This is considered the
best average for the eastern United-States. It is inter-
esting to note that in a recent gravity study of a large
area in the Canadian Shield, Gibb {3] found that den
sity variations in the upper crust extend to a depth of
about 8 km. One implication of the heat flow-heat
production data is that heat flow variations measured
in the sedimentary rocks of the Central Stable Regjon
may be expected to reflect changes in basement valu
of heat generation.
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Fig. 3. Heat flow and heat productivity data for locations in
the Sierra Nevada. The points shown as open circles represent
the two values of heat generation measured near Loon Lake.

5. SIERRA NEVADA

The data in the Sierra Nevada are listed in table 2
and plotted in fig. 3. Excepting Loon Lake and Grass
Valley, the determinations were made in holes drilled
specifically for heat flow. Four of the holes are along
an east-west profile at about 39° N drilled in 1965 by
Harvarg University and two holes are along a profile
tabout 37° N drilled in 1965-1967 by the U.S. Geo-
logical Survey. The slope of the line relating heat flow
and heat production is 10.1 km and the intercept is
0.40 HFU. The gravity data are ambiguous but a thick-

" Mess of the batholith of about 10 km is consistent with
the observations [17] ; seismic data indicate a velocity.
thange at about 14 km [18].

The areal distribution of radioelements in the cen-
"l Sierra Nevada (about 37° N) has been discussed by

Ollenberg and Smith [12, 19]. They found several
Units of uniform heat production, and preliminary

®at flow values in the units with highest and lowest

®a production have been published by Lachenbruch
€t a) “ ” .

-
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At 39° N two heat flow determinations were made
in rocks with heat generation similar to that of Unit 2
(the ‘Dinkey Creek’ granodiorite) of Wollenberg and
Smith, but the value at Loon Lake falls 0.4 HFU above
the line relating heat flow and heat production and was
not used in the slope calculation. However, several
bodies of quartz monzonite outcrop within 5 km of
the drill site [20]. Their average heat production is
9.6 HGU (see table 2). Thus the data suggest that a
large body of the rock with higher heat production
occurs beneath the drill hole.

Two models have been suggested for the vertical
distribution of radioactive elements in the Sierra Ne-
vada batholith: one, a layered batholith (Lachenbruch
et al. [11]) with fadioactive element concentration
decreasing with depth, the older intrusions having
lower heat production at the present surface because
of deeper erosion; the other a uniform surface layer
about 10 km thick (Hamilton and Myers [21]). The
results shown in fig. 3 are consistent with either model.
As examples, two general two-dimensional models are
suggested which might explain the data (fig. 4). The
models are not based on any specific section through
the Sierra Nevada, but are idealized models composed
of representatives of each of the major heat genera-
tion units present. Because the width of most of the
units is only 30 to 40 km, the pluton thickness for
the model with constant heat production (Model [)
must be slightly larger than is implied by the slope
calculation (11 instead of 10 km). In model 2 a lay-
ered pluton with each layer having a uniform radio-
activity typical of one of the major units present is
assumed. The thickness of the layers was determined
from the increment in heat flow between different
units. A model with smaller increments in heat flow
from each layer, and thus thinner layers, might be
more satisfactory, but the most important point is
the rapid decrease in heat production with depth.
These models will be discussed in more detail in a
paper in preparation. Although the two models ap-
pear quite different the important conclusions of ex-
treme upward concentration of radioactive elements
and slight variation of heat flow from below the ra-
dioactive layer are common to both, for if the bottom
of the intrusive rocks in Model 2 were put at 10—11
km, the variation in heat flow at that depth would be
only 0.4-0.6 instead of the variation in surface heat
flow of 0.6—1.3 HFU.

1
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thick batholith and a constant value of heat production (values
within blocks) versus depth is assumed. The calculated heat |
flow values for drill holes in the center of 30 km wide bodies
with 0.40 HFU from below 11 km are shown as open circles.
For Model 2 a discontinuously decreasing heat production
versus depth and 0.40 HFU from below the batholith is as-
sumed. The heat flow values at the centers of the 30 km wide
blocks are shown as solid circles. The solid line is the ob-
served relationship.

6. BASIN AND RANGE PROVINCE

All of the heat flow determinations in the Basin aprd
Range province, with the exception of those made by
Warren et al. [13] were made in holes drilled for eco-
nomic purposes. Consequently, for this particular use
most of the locations are less than satisfactory due to

R.F.ROY, D. D. BLACKWELL and F. BIRCH
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Fig. 5. Heat flow and heat productivity data for locations in

the Basin and Range province. The points shown as open

circles were not used in calculating the parameters of the
straight line.

the possibility that the heat generation values were
measured on samples from unrepresentative regions
of the plutonic bodies. The data are shown in fig. 5.
In general, the geology in the vicinity of the drill
holes is not well known; however, at the two locali-
ties that fall well below the line, Bagdad, Arizona
(BAG) and Ruth, Nevada (RUT), the quartz monzo-
nite stocks are small and intrude less radioactive coun-
try rocks. Corrections for the finite size of these bod-
ies increase the heat flow by 0.2 0.1 HFU for reas-
onable assumptions about the geometry. The slope
of the least squares straight line fitted to the solid
dots is 9.4 km and the intercept is 1.4 HFU.

Blackwell [22] has presented evidence that the
Basin and Range thermal anomaly may be extended
to include most of the Northern Rocky Mountains.
Data from the Boulder batholith in Montana fall on
the line for the Basin and Range province.

In plutons with heat generation values as high as
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some of those measured in New England, heat flow
values of up to 3.5 HFU might be expected in the
Basin and Range province. The highest heat flow value
presently available which can be explained by meas-
ured radioactivity is about 2.4 HFU. Thus it appears
that most of the values over 2.5 reported by Roy et
al. [9], approximately 15% of the Basin and Range
localities, have an additional heat source term. The
most reasonable general explanation for these points
and others which plot well above the line in fig. 5 is
that the heat flow at these sites has a large component
from transient sources such as recent intrusions in the
crust or nearby hot spring activity.

1. DISCUSSION

1.1. Distribution of radioactive heat sources

Only a limited class of radioelement distributions
appears to be consistent with the linear relation be-
tween heat flow and heat production in plutonic
bodies. The limiting cases are nearly constant heat
production to the lower limit of plutons, or an expo--
nential decrease in heat production with depth. A. H.
Lachenbruch (personal communication, 1968) has in-
dependently arrived at a similar conclusion about the
limiting case of exponential decrease of radioactivity
with depth. In either case the heat flow variations
from crust and mantle beneath the radioactive layer
must be insignificant over large areas of the United
States.

The actual vertical distribution of heat producing
elements, whether constant or decreasing, is obvious-
ly of great importance. Presently available data are
€quivocal [4, 5, 12], but tend to favor little change
I radioactivity with depths of 1 —2 km. While many

additional opportunities exist for surface sampling in
tegions of high relief, a solution to the problem will
Probably have to await the results of deep drilling. At
the present time the assumption of nearly constant
Yertical distribution within a pluton seems a satisfac-
Wry first approximation.

The data of Lambert and Heier [23] on granulite
acies metamorphic rocks furnish additional evidence
Ot an abrupt diminution of heat production below

T8¢ plutons. In this paper no attempt is made to re-
'€ heat flow and heat production in metamorphic
focks because of sampling uncertainties. Whether or

not a similar decrease in radioactivity occurs at some
depth in metamorphic terranes must be based on geo-
chemical arguments alone at the present time. .

Clark and Ringwood [24] suggest that the normal
heat flux from the mantle is 0.5-0.6 HFU. These .
values appear to be upper limits and together with the
data on upper crustal radioactivity and layer thickness
imply a heat production of < 2.0 HGU for rocks in
the lower crust.

7.2. Thickness of the radioactive layer

Recently, based on the geochemical data of Lam-
bert and Heier [23], Hyndman et al. {25] have sug-
gested a crustal heat source distribution similar to
that discussed here. In that paper different regional
heat flow values are explained by assumed variations
in the thickness of the heat producing layer with the
mantle contribution considered to be almost constant
everywhere. However, data from this study suggest
that the thickness of the heat producing surface layer
varies little (7— 11 km in the areas discussed) while
the different regional values arise from variations in
heat flux from tiie lower crust and mantle. Heat flow
and heat production values typical of two areas in the
Australian shield [25], one area in eastern Australia
[25], and the Rum Jungle complex {26, 27] in north-
central Australia are plotted in fig. 6, which is a sum-
mary of the lines calculated for the three regions in the
United States. The data from the Australian shield fall
near the line characteristic of the eastern United States
while the data point for the Snowy Mountains falls
near the line characteristic of the Basin and Range pro-
vince. Although isolated from other heat flow data,
the Rum Jungle was included in the high heat flow
zone of eastern Australia by Howard and Sass [26] .
However, it appears equally likely that Rum Jungle
is an area analogous to the White Mountains in New
England, and the value is actually appropriate for the
shield region. The data from Australia are thus con-
sistent with the ideas presented above.

The possibility of large variations in the thickness
of the radioactive layer is certainly not ruled out.
The layer may indeed be thinner than the average
found here for some parts of the shields. An area
from the United States where a thicker radioactive
layer may explain high heat flow values is the Southern
Rocky Mountains {28].
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Fig. 6. Summary of relationship between heat flow and sur-

face heat production in the Sierra Nevada (A), eastern United

States (B), and Basin and Range province (C). The data points
are from Australia (see text).

7.3. Temperatures

The more definite idea of the vertical distribution
of heat sources which has resulted from this study al-
lows more precise calculation of temperature in the
crust. Three temperature-depth models are shown in
fig. 7. The one-dimensional models were calculated
using the parameters shown and assuming steady state
conditions. For the Basin and Range in particular the
assumption of steady state is probably invalid and the
calculation gives a lower limit for the temperature dis-
tribution. The average thermal ‘conductivity for ap-
proximately 100 sites in plutonic rocks in the United
States reported by Roy et al. [9] is 7.0 millical/cm
sec °C. The conductivity of the upper layer of the
models was taken to be 6.5 millical/cm sec °C (the
lower value because of the temperature dependence
of thermal conductivity). The temperature-depth
curves were calculated for heat flow values of 1.2,
0.95, and 1.9 HFU for the eastern United States,
Sierra Nevada, and Basin and Range regions. The value
of 1.2 HFU was chosen for the eastern United States
because the mode for most continentsis 1.1 1.2
HFU [29].

The extreme upward concentiation of radioactivity
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Fig. 7. Temperature-depth curves for the three heat flow pro-

vinces for the models shown (assumes steady state). The ther-

mal conductivity is 6.5 X 10~3 cal/cm sec °C for the upper

layer and 5.0 X 10~3 cal/cm sec °C for the lower layer of the
crust.

implied by the relationship between heat flow and
heat production results in small temperature differ-
ences within provinces while the lower crustal or up-
per mantle origin for regional differences results in
large temperature variations between provinces. For
example the maximum range of temperatures at the
base of the crust in the eastern United Statesisless  E
than 70°C for a heat flow variation of 0.8 to 2.0 HFU, §
whereas regional temperature differences for a similar |
range in heat flow may be 400°C or more (fig. 7). ;
The range of A corresponding to a range of 1.1 ~1.2f
HFU for the curve characteristic of the eastern United
States is 4.0—5.3 HGU. The heat production of the |
‘continerital crust’ is estimated to be 4.4 HGU by
Heier and Rogers [30]. Nearly the same average value ¥
was found for all areas in the western United States
underlain by Mesozoic batholiths, nearly 250 000
km2, by Phair and Gottfried [4] and by Shaw [31]
for rocks of the Canadian Shield. Thus 1.1 —1.2 HFU
would be the mean as well as the modal value for con-
tinents if anomalous regions such as the Basin and
Range and Sierra Nevada were excluded from the
averages. It is to be emphasized that the average heat
production values apply only toa 7—11 km thick
layer on the continents, not the whole thickness of
the crust.
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1000 N Parameters of straight lines relating heat flow and heat production in the United States
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Number Slope Standard Intercept Standard
Province of data error eror
points (km) (km) 10~6cal 10—6cal
- em3 sec em3 sec
New England 8 7.2 04 084 0.05
Central Stable Region 7 8.3 0.6 T0.76 0.03
Eastern United States 15 7.5 0.2 0.79 0.02
Sierra Nevada 6 10.1 0.1 0.40 0.03
Basin and Range Province 12 9.4 1.3 140 - 0.09

7.4. Heat flow provinces

Based on the results of this study we propose the
identification and definition of continental heat flow
provinces on the characteristic relationship between
heat flow and heat production — the average thickness
of the radioactive layer and the heat flow contributed
by the lower crust and upper mantle. We can now de-
fine three such provinces in the United States (see fig.
6 and table 3): the eastern United States; the Basin and
Range province; and the Sierra Nevada.

The heat flow - heat production relation character-
istic of the eastern United States is based on data from
New England and the Central Stable Region. The same
line may apply to the Australian shield as well. The
Northern Appalachians have been stable since early in
the Mesozoic and the other areas for somewhat longer.
The broad applicability of this line to stable regions
Suggests that it may be considered the reference curve
for normal continental heat flow. This hypothesis is
Strengthened by the coincidence of modal heat flow
Vf.ﬂUes from different continents with the value pre-
dicted by this relationship for the average radioactivity
of the upper part of the continental crust.

The heat flow - heat production relation for the
Basin and Range province has an intercept of 1.4 HFU,
0.6 higher than the intercept for the eastern United

ates. If the mantle contribution to the heat flow is
the same in the two regions the lower crust in the Basin
and Range must have a heat productivity of 4—5 HGU.
_S“Cl'} a value is incompatible with seismic and geochem-
€2l inferences on the composition of the lower crust
3, 32]. If the lower crust in this region has a heat
Productivity similar to'that inferred for the Central
table Region approximately 1.1 HFU is coming from
¢ mantle in the Basin and Range province, and tem-

-

N

peratures are much higher than if most of the excess

heat flow comes from radioactive sources in the crust.
Because of the high temperatures the melting point is
probably reached at shallow depths in the mantle. For
example, the temperature depth curve for the Basin
and Range province (fig. 7, curve C), if extended down-
ward intersects the solidus for dry pyrolite [24] at 50
to 60 km. With a small amount of water partial melt-
ing would occur at still shallower depths. The presence
of a partially molten zone at shallow depths in the
upper mantle is consistent with the seismic, gravity,
and electrical conductivity data in the Basin and Range
province [53] . Because the melting point gradient is
only 2 to 4°C/km [34] the top of the partially molten
zone is essentially an isotherm, the depth of which de-
termines the excess heat flow from the mantle. The
continental crust is usually 30 to 40 km thick while
the oceanic crust is only 5 to 10 km thick; if a partial-
ly molten upper mantle approaches the base of the
crust in thermal anomaly regions, as the evidence sug-
gests, then regional heat flow values might approach
2.5 HFU on continents and 5 to 10 HFU in oceanic
regions. For example the region off the Ofegon coast
with an average heat flow of 4—5 HFU [35] occurs
on the extension of a zone of 2t HFU on the conti-
nent [36]. Once melting begins in the upper mantle or
crust the conducted heat flow above the melt zone will
soon reach quasi-equilibrium and continued addition
of heat to the system from below will be released by
local intrusive or extrusive activity. Thus it is reason-
able that the average heat flow in the Basin and Range
province is near the upper limit of conducted heat
flow on a regional scale and that heat flow - radioac-
tivity data from other analogous thermal anomaly
regions may plot close to the Basin and Range curve.
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The heat flow - heat production plot for the Sierra
Nevada is remarkable for its linearity in a region where
crustal thickness varies by a factor of two, and for its
extremely low intercept. At present it is unclear
whether the low intercept is due to transient or steady
state causes and it should be emphasized that the tem-
peratures shown in fig. 7 are based on the steady state
assumption. The Sierra model (fig. 7, curve A) requires
negligible radioactivity in the lower crust if the heat
flow from the mantle is comparable to that inferred
for the eastern United States (fig. 7, curve B). This
implies some process in crustal evolution which effi-
ciently impoverishes the lower crust of radiogenic
heat sources in a large region. The depletion would
be permanent and we might expect to find other re-
gions which have undergone a similar process. The
zone of low heat flow in western Lake Superior re-
ported by Hart et al. [37] might be part of such a
region. Alternatively a transient heat sink in the lower
crust or upper mantle, for example a layer undergoing
an endothermic reaction, might absorb a large compo-
nent of the mantle heat flow for a limited time. In this
event other areas in similar tectonic settings might
have equally low values of heat flow. For example, in
Japan [29, p. 104], Chile [38] and eastern Australia
[39], there are measurements of heat flow with values
as low or lower than the intercept for the eastern Uni-
ted States. As with the Sierra, these measurements are
located between the Pacific and known or postulated
zones of high heat flow.

7.5. Further implications

There are many implications of the remarkable re-
lationship between heat flow and heat production.
Among those we have mentioned but not elaborated
on are the geochemistry of the continental crust and
the nature of batholiths. Many questions are raised, for
example the nature of the base of the radioactive
Jayer — is it a change in bulk composition or an iso-
grad representing a transition to rocks of the same
composition but impoverished of radioactive ele-
ments? A related problem is the significance of the
similar depth to which the radioactive layer extends
in regions of deep erosion (the Adirondack Moun-
tains) and regions of little erosion (the White Moun-
tains). A stabilitv level of some sort is implied.

One conclusion of this study is that the variability
of continental heat flux over relatively large regions

is related to heat sources in the outermost few kilom- R
eters. On the other hand the three provinces, which
bear a very close relationship with surface geologic [
provinces, differ primarily in the amount of heat com-
ing from the mantle. Thus for continental drift to oc- b
cur and yet different geological regions preserve their
identity over geologic eras, the plane of slip must be
well below the base of the crust. [
The modal heat flow value for stable portions of
continents (1.1 —1.2 HFU) apparently represents the
heat flow appropriate for a crust with average radio- 3
activity overlying a normal mantle. The coincidence
of the continental mode with the average heat flow
in ocean basins is surprising if one is controlled by an
essentially static distribution of heat sources and the
other by a purely dynamic process related to sea floor
spreading. This coincidence revives the argument for
equality of radioactive sources beneath continents [5]
and oceans but with different vertical distributions.

(4
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RADIOACTIVE HEAT GENERATION IN ROCKS.
E. C. Bullard, F.R.S.

(Received 1942 February 28)

It has long been known that the amounts of Radium, Thorium and Potassium in a
thickness of a few kilometres of the rocks occurring at the surface of the Earth are
sufficient to produce the observed amount of heat flowing out of the Earth. For such
aleulations the amounts of heat produced in the disintegration of the Uranium and
Thorium series and of Potassium are required.” The values generally quoted are those
given by Holmes and Lawson.* More recently Holmes 1 has given a value for Potassium

that is six times less than the former one. A great amount of data on the energies of’

these disintegrations has since been accumulated, and it is now possible to derive values
which are unlikely to be in error by an amount that is of any significance for geophysical
problems. As the literature is scattered and specialised it seems worth while to publish
1 note indicating the best values available and the sources of the information. After
this paper was finished a paper by Evans and Goodman | appeared containing similar
aalculations. Their results are not very different from-ours, but the methods by which
they are obtained cannot be expected to yield the best values.

The first step is to calculate the energies evolved in the transformation of one atom.

?f Uranium or Thorium into lead by adding the energies of the particles emitted. This.
18 done in Tables I and II; most of the a particl€ energies have been determined relative
to that of the RaC’ a’s by magnetic focusing. The absolute value of the latter has.
been determined with an accuracy of about one in a thousand by Rosenblum and.
Dupouy§ ; the value they obtained has been confirmed by Briggs.|| Only those of UI,

UL, Io and Th depend on range measurements. The error in the sum is certainly

considerably less than 1 per cent. Allowance has been made for the energies of the
ﬂfcoiling nuclei. The accuracy of the energies obtained in this way is confirmed by
fect measurement of the heat generated in some of the transformations. Ra, RaTh
and ThC give a particles of more than one energy; if one of the lower energy a's is

emitted the balance of the energy appears as a y ray, and if these are neglected and the

Maximum energy of the a particles is used the right total energy will be obtained. The
br""‘Ching of the Th series has been allowed for by taking 35 per cent. of the-energy of
the ThC o particles and ThC” B’s and 65 per cent. of the ThC’ a’s and ThC 8's; the
Proportion of the atoms going into the RaC” branch is so' small that its effect on the
energies is negligible.
he B and y ray energies are much more uncertain than those of the a rays, but as
¢y only contribute about 10 per cent. of the total energy the uncertainty has no great
ellect on the final result. In the decay of an atom in a state with energy E, above the
8round state the first event is the emission of a B particle and a neutrino. The sum of
of'e" energies may in general have a number of discrete values E,, Ey . . . The balance
the energy (E, - E,), (E,~E) . . . is emitted as y rays and as § particles belonging
e line spectrum.  Let the probability of these modes of disintegration be p;,p, . . .
€ energy of the B particles corresponding to disintegration with energy E, will be

* A. Holmes and R. W. Lawson, Phil. Mag., 2, 1218~1233, 1926.

t A. Holmes, ¥. Wash. Acad. Sci., 23, 169~105, 1933.

1 R. D. Evans and C. Goodman, Bull. Geol. Soc. Amer., 2, 459-490, 1941.
§ S. Rosenblum and G. Dupouy, 7. Phys. Radium (7), 4, 262-268, 1933.

I G. H. Briggs, Proc. Roy. Soc., A, 157, 183-194, 1936.
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TaBLE ] .
Atom Energy MEV References
a ] ¥y a Y
Ul . 431 . .
. Ux, . 0-06 0-00 1 11
o UX, 065 0-04 ) | bt
Ul 4-89 . -
Jo 4-84 *
Ra 4-88 I
Rn 5:59 t
RaA 611 t
RaB o14 192 * * %
RaC o~72} .
RaC’ 7-83 t
RaD 0-01 0-05 §
RaE 034 0-00 [ il
RaF 540 t
Total 43-85 1-92 1-81
TasLe 11
Atom Energy MEV. References .
a B Y a Y
Th 416 , .
MsThx 001 6-00 * § §
MsTh2 049 078 i 91
RdTh 5-52
ThX 5-79 t
Tn 6-40 t .
ThA . 6-90 t
. ThB o015 *
T TRC . W35%) 217 {(65%) 032 1-43 t 1t 8§
ThC’ (65%) 582 t
ThC* (35%) o'19 ) .
Total 36-76 1-16 221

. Feather, Nuclear Physics, Cambridge, 1936.
. B. Lewis and B. V, Bowden, Proc. Roy. Soc., A, 145, 235-249, 1934.
S Marshall, Proc. Rov. Soc., A, 173, 391—-410, 1939.
. D. Lee and W. F. Libby, Ph): Rev., 55, 252-258, 1939..
. Meitner and W. Orthmann, Z. Phys., 60, 143-155, 1930.
. J. Neary, Proc. Roy. Soc., A 175, 71-87, 1940.
. Feather, Proc. Camb. Phil. Soc., 34, 115-119, 1938.
. J. Henderson, Proc. Roy. Soc., A, 147, 572-582, 1934.
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11 N. Feather, Proc. Roy. Soc., A, 165, 530~551, 1938.
§§ L. H. Gray, Proc. Roy. Soc A, 159, 263-283, 1937.
i E. Rutherford and H. Rxchardson Phil. Mag., 26, 324-333, 1913

%% E. Rutherford, J. Chadwick and C. D. Ellis, Radiations from Radioactive Substancd:
Cambridge, 1930.
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distributed between zero and E,; let the mean be K,E,. The total energy in the 8 rays
is then Xp, K E,. The energy carried away by the neutrinos is Xp (1 ~ K )E,; this
energy is lost, as the range of the neutrino is great compared with the radius of the Earth.
The y ray energy is Z(E, - E,)p,. The estimation of the 8 particle energy requires a
knowledge of the energies and probabilities of the various modes of disintegration and
the form of the function giving the distribution of the energy between the B particle
and the neutrino for each mode. 'RaFE emits no y rays and therefore has only one mode
of disintegration. The maximum energy of the 8 particles is 1-18 MEV, whilst the mean
energy has been found from calorimetric measurements by Meitner and Orthmann *
to be 0-337+0-020 MEV.}+ This result has been confirmed by measurements of the
energy distribution in the B ray spectrum by Martin and Townsend | and by Neary§,
who found 1-17 and o-340 MEV. The ratio of the mean energy to the maximum is
therefore 0-288. ’

This ratio may also be assumed for UX,, UX,, RaD and MsThi, which emit little
or no y rays, and for ThC”, which always emits a 0-6 MEV y ray and no others. This
leaves RaB, RaC, MsThz, ThB and ThC. If the same method is used for these we shall
obtain 0-288E, instead of ZK,E,p,. The assumption that K, is 0-288 (the value for
ReE) will probably not introduce serious error, but the substitution of E, for ZE,p,
must lead to an overestimate as E, > £, and’p, < 1. On this assumption these elements
contribute 1-09 MEV to the radium series and 1-11 MEV to the Th series. The level
systems are so uncertain that an accurate calculation is not possible and a more or less
arbitrary allowance must be made. The figures given in Tables I and II are 0-288
times the maximum B particle energy for all atoms except RaB, RaC, MsThz and ThC,
For RaB, MsThz and ThC they are 0-288 times the maximum energy less o-1 MEV and
for RaC 0-288 times the maximum less o-2 MEV.

The energies of the line 8 spectra may be calculated from data given by Gurney ||,
Ellis § ** and Oppenheimer.}t The results are RaB 0-055, RaC o-ot1, ThB 0-047
and ThC" o-o14 MEV. These are the total energies including the energy necessary to
ionise the atom. They have been added to the continuous B spectrum energies in
Tables I and II, that for ThC" being first multiplied- by the branching ratio. The
energies of all other line B spectra are negligible.

The y ray energies of Ra(B+C)and Th(B + C) may be determined from Gray's 11
measurements of the ionisation produced. The results are consistent with those
obtained by adding the energies of the y ray lines. The remaining y ray energies are
small with the exception of that of MsThz, which has been determined §§ by comparison
of the jonisation produced with that produced by Ra(B +C).

The heat generated by the spontaneous fission of Uranium is probably negligible,
but the published information {{} is not sufficient to estimate it.

The total energies liberated in the disintegration of one atom of Ul and Tk are 47-6
and 4o.1 MEV, with a maximum uncertainty of about o-§ MEV. The International

dium Commission has adopted 3-70 x 101° as the number of atoms of Ra disintegrating
per second per gram. This value depends cssentially on accepting the determinatiois

* L. Meitner and W. Orthmann, Z. Phys., 60, 143~153, 1930.
t A more recent determination by I. Zlotowski (Phys. Rev., 6o, 483-488, 1941) gives
©320 20.005 MEV. .
1 L. H. Martin and A. A. Townsend, Proc. Roy. Soc., A, 170, 190203, 1939.
§ G. J. Neary, Proc. Roy. Soc., A, 175, 71-87, 1940. ’
I R. W. Gurney, Proc. Roy. Soc., A, 11z, 380-390, 1926.
':J C. D. Ellis, Proc. Roy. Soc., A, 138, 318-339, 1932.
* C. D. Ellis, Proc. Roy. Soc., A, 143, 350357, 1934.
tt F. Oppenheimer, Proc. Camb. Phil. Soc., 32, 328-335, 1936.
L H. Gray, Proc. Roy. Soc., A, 159, 263-283, 1937.
% N. Feather, Nuclear Physics, Cambridge, 1936.
i Flerov and Petrjak, Phys. Rev., 58, 89, 1940.
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of Braddick and Cave, Ward Wynn-Williams and Cave, and Watson and Henderson, and

rejecting the low values of Jedrezjowski, and Geiger and Werner.* The adopted value §

is probably correct to within 1 per cent. Taking the electronic charge as 4-80 x 10-10

esu. the mechanical equivalent of heat as 419 joules/cal. and one e.s.u. a 3
299-8 volts, the heat generated by the substances in equxhbnum thh one gram f

of Ra is 0-0673 cal./gm. Ra sec.

The Actinium series is derived from AcU an 1sotope of U], the parent of the UI-R, ‘

series. The two series will therefore be present in a fixed ratio, and it is convenient to
add the heat generated by the Actinium series to that generated by the Ul series. The

most direct method of determining the ratio of the number of atoms of AcU disintegrating -

per second to the number of U is to separate some member. of the Ae series chemlcally
and determine its activity. Mutually consistent measurements + on protoactinium have
given 4-0xo-1 per cent. for this ratio. A more indirect determination from the ratiog

UI/AcU and Pb*%[P§7 in minerals of known age has given 4-6to-1 per cent. We |

adopt the former result (4-0 per cent.), as it i§ independent of the rock ages which are
subject to some uncertainty. The total energy of the Actinium series determined by
the same methods as those for the Ul and Th series is'43-7 MEV. The energy associated
with the series is therefore 4-0 x 43-7/47-6 =3-7 per cent. of that from the Ul series, and
the energy from the amounts of the two series associated with one gram of Ra is+

0-0698 cal./jgm. Ra sec.

The number of Tk atoms disintegrating per gm. per sec. has been determined by
Kovarik and Adams 1 as 4-11 x 10® with a limit of error of 2 per cent. From this and the
value given above for the energy per atom the total amount of heat generated by the
substances in equilibrium with one gram of Th is

6-30 x 107 cal.Jgm. Th sec. !

These figures are probably not more than 2 or 3 per cent. from the true values.

of rocks are made relative to a standard Radium solution, and to get the results in terms
of Uranium introduces the somewhat uncertain Ra: U ratio without any compensating

advantage. To obtain a figure comparable with Holmes’s we require the number of}
disintegrations from one gram of Uranium in a second. This has been determined by}
Kovarik and Adams§, who obtained 24,770 a particles per sec. from a gram of Uranium. {!

As discussed above, 4 out of every 204 of these belong to the Actinium series. The
remainder are equally divided between Uranium I and Uranium II. The numbers of
Ul and AcU disintegrations per second per gram of Uranium are therefore 12,140 and

490. Combining these with the energies of the two series (47-6 and 437 MEV) we gai

the total energy liberated per gram per year. The results for Uranium and Thorium are

o-723 cal./fgm. U year
0200 ,, Th ,,

compared with 0790 and o-230 obtained by Holmes and o-741 and o-203 by Evans and
Goodman. The latter authors have underestimated the total a particle energy for the
Uranjum series by o-51 MEV, and overestimated the B particle energy by o-36 MEJ
and the y ray energy by 1-45 MEV. The latter differences arise from their assumptios

that the ratio of the B and y to the a particle energies is always the same as that given{

by Rutherford, Chadwick and Ellis * for Re(B +C). Further the decay constant of Ul

* E. Rutherford, J. Chadwick and C. D. EMis, Radiations from Radioactive Substances

Cambridge, 1930.
+ M. Francis and T. Da-Chang, Phil. Mag., zo0, 623-632, 1935; E. Gleditsch and E Foyn,
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C.R., 199, 412,-1934; A. V. Grosse, Phys. Rev., 42, 565-570, 1932.
I A. F. Kovarik and N. 1. Adams, Phys. Rev , 54, 413421, 1938.
§ A. F. Kovarik and N, 1. Adams, Phys. Rev., 40, 718-726, 1932.
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erson,and [ s taken from Kovarik and Adams without correction for the Ac series. As the energy ’ . §’ R
pted value of the Ac series is later added on, it has effectively been included one and a half times. 3 i B
80 x 10710 There is also an arithmetical error without which their results would be 0-753 cal.fyr. % 22 5
€.s.u. as gm. U. These errors are largely compensated by the low value (2-84 x 10%) recommended . =
one gram for the ratio of the weights of U and Ra in equilibrium. The best value of this quantity : f 35 ¥
is that obtained from the numbers of UT and Ra atoms disintegrating in a second inone . Fi |
the UI-Ra K gram of U and Ra (12,140 and 3-70 x 101%) corrected for the fact that there is * one atom . ' e
wenient to & of AcU for every 139 atoms of UI.  The result is 3-06 x 108, : ' f e }’_ :
ries. The Potassium disintegrates with the production of 8 and y rays. Bocciarelli{ has i sy 3
integrating shown that the B’s are of two different energies, and estimates that 6o per cent. have a Bl EY R 4
chemically K mean energy of 013 MEV and 4o per cent. of 0-35 MEV, giving a mean energy of 0-22 [ % 3
inium have MEV. Anderson and Neddermeyer | give over o-7 MEV for the maximum energy B f: . 2
1 the ratios corresponding to o-2o for the mean energy. By counting the particles from a known - fl e 8
cent. We weight of Potassium with a Geiger-Miihler counter, Bramley and Brewer § have found iR &
s which are that 27 +9 particles are emitted from one gram in a second. Mubhlhoff || by the same . {2 '; 3
ermined by method gets 23, whilst Orbdn §, by expansion chamber photographs, gets 78. It is b bt 4
y associated difficult to get reliable absolute results for the number of particles with the expansion ( #g: »‘!. .
[ series, and chamber, as both the volume in which tracks can be photographed and the time for which ity 8
ais . the chamber is active are somewhat indefinite. In all the experiments except Muhlhoff’s . f‘*' % 8
a thick layer of salt was used, and the calculation of the thickness of salt from which X B3k 3
. particles could come causes great uncertainty. We reject Orbdn’s result and adopt 73 &
termined by e £ particl . . db £ P . d ¥ |
this and the 254 10 as the number o partlc‘ €s famltted 1In one second Dy one gram of Fotassium, an 8
¢-22 MEV as the energy. This gives 2.1 x 1072 cal./sec. gm. K for the heat generated g
-ated by the b £%
. y the B rays. . ~ 2
Kolhérster ** found that the y rays from Potassium produced 5 x 101 times les 3
! ionisation at a given distance than those from the Ra(B+C) in equilibrium with the ‘ 5
1€s. s same weight of Radium; Muhlhoff found the ratio to be 3-3 x 10~3; Béhounek ++ found 1 o1
ieems prefer- 1-3x 10719 11 and Gray and Tarrant §§ found 1-6 x 10711, ; Fs'.\i#é : ¥
radioactivity Mubhlhoff found the 9’s to have an absorption coefficient 1-1 times greater than the s oL
sults in terms Ra(B + C) y rays, whilst Kolhérster found them to be twice as penegrating but regarded - o i3
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Further investigations into the B and y rays from Potassium to place this importan;
result beyond doubt are very desirable.

Table I1I gives the rate of heat generation calculated from the mean amounts of Rq,
Th and K given by Evans and Goodman* for a large number of rocks.} The resultg
‘are between 8 and 22 per cent. greater than those given in Evans and Goodman, Tabl,
XIII. The main cause of these differences is that the values for Ra in Table III ar,
calculated from the amounts of Ra given in Evans and Goodman’s Table X, wherea;
their rates of heat generation have been calculated from the amounts of U, and for som,

reason that is not clear the amounts of U have only been calculated for 81 out of the |

132 specxmens
TasLe 111

Heat Generation 10™* cal./gm. yr.

-~

Proportion by Weight
—
Ra Th K

Rock type X107 x10- X10-% Ra Th K Total
Acidic 1-37 13-0 2-8 30 2-6 o2 5-8
Intermediate o-51 44 2-0 11 09 02 2.2
Basic o-38 39 I-4 0-8 o8 o1 1-7
Sedimentary 0-57 33 2.0 12 07 o2 2.1

The radioactivity of Potassium ] is due to the rare isotope 99K, which constitutes
1/9o00 of the whole.§ Using this and the above number of disintegrations per secong
we get a half-life of 1-5 x 10® years. The U/[Pb ratios give the ages for the oldest rocks
as 1-5-2-2 X 10° years; the heat generation by Potassium in the rocks has therefore at ny
time been more than about twice what it is now. This is directly contrary to the con-
clusion of Brewer.]] He assumes that all the 49Cq in the rocks has been formed fron

90K this requires the Earth tobe 15 x 10% yearsold. There is little reason for the assump. |§

tion, and the conclusion is contrary to everything that is known about the age of the Earth,
He then proceeds to calculate the temperature of the surface of the Earth in the past by

a method that tacitly assumes the present temperature to be controlled by radioactive |k
heating In fact the heat arriving at the surface from within is less than 104 of thy [§

received from the Sun.
In addition to the elements consxdered above, Rb, Nd, Sm and Lu are radioactive
with periods comparable to the age of the Earth. They occur so sparsely that thei;

heating effect is quite negligible. The large number of artificial radioactive isotopes J§f
of known elements that have been prepared in the laboratory all have lives much tos

short for them to be of any geological significance. It is possible, however, that ther J§
have in the past existed radioactive isotopes with lives of about 108 years. If thex[lf

were present when the Earth was formed they would by now have decayed so far as
escape detection, and yet would have such long periods that they would not be detected

if formed by artificial disintegration. The former existence of such isotopes would

have important geological consequences and would help to explain the widespreal
intrusions of early Pre-Cambrian time.” By eliminating isotopes that are known to bt
stable or to have short lives and those which would lead to products of extreme rarity,
the possible isotopes with long periods may be much reduced, and it is probable that tht
progress of studies in artificial disintegration will in the near future so narrow the field

* R. D. Evans and C. Goodman, Bull. Geol. Soc. Amer., 5z, 459—490, 1041:
t+ It is doubtful if these results form a homogeneous series and therefore if the mean has ‘any
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that it will be worth while to make an intensive examination of the few remaining possi-

‘bilities. The only known isotope which might have the right period and abundance is

AcU. The half—penod may be most directly determined by combining the ratio UI/4cU
determined with the mass spectroscope *, the ratio of the number of atoms disintegrating
per second determined by chemical sepamtlon of Pa, and the number of UT atoms dis-

integrating per sec. per gm. determined by counting a particles. The result is 8-2 x 10%~

years. If this is correct, the number of atoms disintegrating when the Earth was formed
about 1-6 x 10 years ago would be about 16 per cent. of the dumber of atoms of UT now
disintegrating and no large effect would be produced. More ‘indirect determinations
of the half-period of AcU from the ratio of the number of atoms of UI and AcU dis-
integrating and the P62%7/Pb% ratios in lead from minerals of known age, give 2-7-7-0 x 108
years for the half-period (see Nier 1), the best value by this method being perhaps
that of v. Grosse I, who obtained 4-0x 108 years. If this low value of the period
were correct, the heat generated by the Ac series 1-6 x 10° years ago would have been
6o per cent. of that now generated by the Ul series. So large an increase might have
considerable geological effects, and it is very desirable that the uncertainty about the
period of AcU should be cleared up.

I am indebted to Dr. N. Feather for advice on radioactive matters.

Swummary .

The heat generation by Ra, Th and K is considered. It is concluded that the best
values are:

7-0 x 1072 cal./sec. gm. Ra (o-72 cal.[gm. U yr., 2:20 x 168 cal. /gm Ra yr.).

6-3 x 1072 cal.fsec. gm. Th (o-200 cal./gm. Th yr.).

2-5 x 1078 cal.fsec. gm. K (8 x 1078 cal./gm. K yr.).

The results for Ra and Th should be correct within 2 or 3 per cent., but that for K
might be in error by so per cent.

The .value for Potassium is considerably less than those previously accepted, and
only s-10 per cent. of the heat generated by radioactivity in a rock is produced by
Potassium. It seems unlikely therefore that the radioactivity of Potassium’ has any

important geological consequences. ,
* A. O. Nier, Phys. Rev., 85, 150153, 1939.

1 A. O. Nier, Phys. Rev., 55, 153-163, 1939.
1 A. v. Grosse, Phys. Rev., 42, 565-570, 1932.
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