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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 to 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 lo 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. I) 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 Iceland. 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" (Ej,, H^ and E^, H J exhibit in many cases 
a higher degree of correlation than do the "component pairs" 
(E^, Ey and H^, H J 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 J H ^ . = -E^. /H, , (1) 

where, following the usual convention, the electric field 
is given in mV/km and the magnetic field is given in -y. 

A resistivity for the earth may be determined from 

p = 0 . 2 T | Z p , (2) 

where p is the resistivity in ohmm, 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 Cagm'ard'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 
inthe vicinity ofa 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: 

REMOTE TELLURIC SITES 
-IOO SEC. 

E , = a H + bH„ 

E„ = cH, -H dH„ 

(3a) 

(3b) 

where a, h, c, 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 ; '= 1,2, (4) 

where the set of coefficients Z^ simply replaces the original 
a, h, c, 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 
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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 
a remote site at which short-period (1 to 100 sec) measurements 
are made, and a satellite site at which long-period (1 to I C 
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 r = T . £* 
1 11 I 

(5) 

where the set of coefficients ( T J 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 telluric-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 
Iransfer 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 

Er=T, ,Z, iH^. (6) 

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

7> = T 7 (7) 
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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') . 

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 donewith 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. 

Field Procedure 

At present we employ the following strategy for procuring 
telluric-magnetotelluric data during a regional reconaissance 
survey. First, we select base sites spaces approximately 
75 to IOO 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) 

Tei lur ic -Magnetote l lu r ic 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 
simultaneously 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): 



TELLURIC-MAGNETOTELLURIC METHOD OF ASSESSMENT 1041 

Xt(</)' + KP'] 
R£R = / - I 

X [ « ) ' + (<)'] 

(8) 

where, for example, eJJ, refers to the j'th 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 -t-1 st point, subtends approximately a triangular segment 
having an area 0.5(e ĵeyj+, - ey,e,j+,). 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 - l 

Xl(<i^w-)-K/^xHi)l 
EAR = 

N - l 
(9) 

2l(<'<--.)-(<<'-i>' 

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

SER = 
r 
J 0 

{[e;(f)]2+ [e-^(t)V}dt 

r 
• I 0 

(10) 

{[ej(f)] '+ [e'^(t)V}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 

SER = 
I 

(co+Aa))/2 

( |E;P+|£M^)do> 
(o)-4u))/2 

I 
(u+Ao.)/2 

(11) 

(|E*,P-f |EjP)da, 
(u>-A<o)/2 

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

Teiluric-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 

^ ' x - Z ' H ' E'-Z'y^H'^ (12) 

rather than by Equation (4), which is for a general orientation. 
The prime denotes that the terms in Equation (12) are 
determined for the principal coordinates. The tensor ele
ments Ẑ y and Zy, 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 

p'^ = 0.2T\Z-J' 

p ' = 0 . 2 T \ Z ' \ ' 

(13a) 

(13b) 

where T is the period in seconds and p'̂ ^ and pJ,, 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 

[ I : ] - Zyx •Zyy 

(14) 

Once the impedance tensor, Z, is calculated, then an 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 (I -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 imagineu-y components as 

Zjk ~ '^jk + ' ° j k 

and the magnetic field vector in Equation (14) as 

H. 

exp (i(ot) 

exp (i(of - iTr/2). 

then Equation (14) can be used to solve for 

Re(E ) = a coscot -f b sintof 

Re(E ) = c coscof -(- d sintttt 

(15) 

(16) 

(17a) 

(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 eariier. 

Although if 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 et at., 1970). 
For comparison, we have plotted in Figure 10 the three 
scalar parameters described eariier: the Raw Energy Ratio 
(RER), Ellipse 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 

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 

1/ .' 

• SPECTRAL ENERGY RATIOS 
• ELLIPSE AREA RATIOS 
A RAW ENERGY RATIOS ,7 

-es'ao' 

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, area Have field values which ha vie 
recovered to normal levels. Second, values for the;tel!uric 
field energies at the easternmost sites (13 and 17) Ipbk very 
similar to the values at the sites west of the Namafjall 
area. On the other hand, telluric field energies in the median 
zone, at sites 2, 16, 5, 14,.and 15, as wel! as the base 
site; are systematically tower. .Sitice the- energy ratios are 
proportional to apparent resistivity ratios, itrseems that the 
depth-averaged resistivity is 25 to 50% lower for this, median 
belt, which is approximately 25-km .wide,, thanf or the^ more 
resistive crustal .blocks ph either side. Clearly this broad 
resistivity low is associated in some way with the recent 
intense volcanism which is concentrated along this same" 
zone. However, a more detailed disc'ussion.'of .the measure
ments in this area must be.postpdried for the!present.time. 

The point we wish to make here is the useful role telluric 
measurements can ptay even in a gross reconnaissance 

.survey of an area. One does not always have to rely on 
precise data analysis techniques to reveal fir.st-ord'er struc
tural trends in an area. On the other handj to extract the 
most iriformatiofi from one's data arid to obtain the' most 
stable electro magnetic parameter.s, there are indisputable 
advantages to calculating the tensor impedance at each site, 
either-directly or indirectly by multiplying the bascjlmped-
ance tensor by thelelluric transfer tensor as.described above. 

SUMMARY AND CONCLUSIONS 

Iii this sectidn we summarize the. major points made in 
the previous discussion and draw upon our experience in 
Iceland to speculate on the applicability of these results 
tp other regions where crustal spreading>may be occurring. 

The land-mass of Iceland occupies an area approximately 
300 by 400 km. As best as we can ascertain at present, 
the temperature and coniposition of the.'mantle, which lies 
at a depth of 10 or 15 kin, is 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 complicated geologic,past 
is imprinted in the crustal rocks, the maritle beneath rriiy 
have uniformly high temperatures over distances of hundreds 
of kilometers. 

On a somewhat smaller scale-size, the crust of th"e,nepypl-
canic zone in Iceland seems tp have a. systematically lower 
resistivity than does the crust of the older (10^ years B.P.) 
Tertiary basalt regions. This lower resistivity can be- ex
plained by the effects of enhanced hydrothermal activity 
at shallow depths {ii <5 km) and a-small melt fraction (several 
per cent),lof basalt in. the deep crust (5 to lO.km), ThiStmelt 
fraction could very easily be the result of a dynamic balance 
between the segregation oif melt from the upper mantle-and 
the creation of new crust =a]6ng a zone of Spreadirig. If 
this is the,Case, the zone of spreading in northern Iceland 
has'a width on the order of' 25 km (somewhat' wider than 
the value of 12 km found by Harrison, J 968, for thesubmarine 
portion of the mid-ocean ridges), Qn the other hand, the 
width pf a spreading center may be somewhat, larger for 
continental areas. Clearly these zones have dimensions 
which make them attractive' targets for regional reconnais
sance studies. 

On a still smaller scale, but of more immediate economic 
value, are" high-fern perature hydrothermal areas, which, al

though having a target size of only a few kilometers width, 
are nevertheless read ily detected ustng.the telluric-magneto
telluric method. In the Thingvellir area several anomalous; 
zones were indicated that had little or no surface-evidence 
of hydrothermal activity. In the Myvaitn area a very di-amatic 
telluric anomaly occurred in the vicinity of a known hy
drbthermal reservoir. 

In conclusion, we; feel that the; telluric-magnetoteJluric 
method has been successfully employed in Iceland for 
investigating problerris havingm variety of scale-sizes, from 
targets' hundreds pf kilometers wide to targets only a few 
kilometers wide. Moreover, these results demonstrate the 
central importance of the; telluric-magnetotelluric riiethod 
in the.regional recdhriaissarice of gedthermal energy. 
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SUBSURFACE VOID DETECTION USING SURFACE RESISTIVITY 
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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 siirveys Jias 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 td 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 signflcant additional coverage of the regions 
between boreholes. 



INTRODUCM(!)N 

Detection and location of subsurface voids is an Increasingly Important . ^ j 
requirement in geotechnical and engineering geophysics applications. The fact |l̂'''i ' y 
that such voids are often localized resistive anomalies in otherwise homogeneous) | L̂ ^ ̂ -' 
groimd has fostered the development of surface electrical and borehole electro- '/V 
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 dieep below the surface and the need for direct data Interpretation 
and display Jtuas led to the developraent 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
pret 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 niunber 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 aband9ned coal mine workings.*** A 
variety 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 nonnal 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 several 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 

**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 coiranutation process 
repeated. An entire 630-meter traverse can generally be surveyed in a period 
of a day. 

The magnetic tapes recorded in the field are processed to yield a cross- \ 
sectional image of resistivity anomalies underlying the survey line. In par- .;V̂  V^-i 
ticular, the cavity target is modeled numerically in the computer analysis to ||:&v<''̂ \̂  ' 
predict the apparent resistivity anomaly for various possible target positions -rj? tr*'*̂  --> 
under the traverse. In this process, the cavity model is systematically assumed--\,,p • 

,>i 

to occupy each possible resolution cell and the associated theoretical apparent 
resistivity profile derived for each current source electrode position. The \ ( ^ 
theoretically predicted resistivity profiles for each assumed target location , \ ^ ^ 
are then cross correlated with the experimentally measured resistivity profiles 
to compare their perturbations in apparent resistivity. 

The resiilt 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. 

'W 

•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 ELECTR'ofaAGNETIC 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 tp find a subsurface cavity suspected from a 
resistivity survey, for example, if the target is 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 and amplitude attenuation of the transmitted pulse 
is governed by the dielectric^ndelectrical 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 tirae-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 sraall localized targets. The system has sucess
fully detected and located cavities having depth-to-dlamter ratios in the range 
of about ten to one. 

Performance of the hole-to-hole VHF electromagnetic system may be defined 
by the spatial resolution 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- rr 
stant of about nine, the nominal spatial.dimension of the transmitter waveforms-
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 

Field 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 raeters. 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 
mi'ne in Kentucky. The results bf this survey accurately detected and located 
the air-filled main entry of the 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 resistivity profile associated with the sedimentary 
geologic overburden structure at this site. 

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

Field sum/eys 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-OOA 
is correct in horizontal location but is larger and deeper than the cave passage 
underlying the survey traverse. This error is attributed to the close lateral 
proximity of the large cave room located about ten meters souCh of the line. 

The hole-to-hole electromagnetic tests' at Medford Cave gave strong veri
fications, of the subsurface cavities. 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 seven meters below surface. 

Tests between holes C2 and C3 show a' larger room of the cave at a depth 
of about nine meters. 

Tests between holes C2 and G5 show the cpmbined effects of the two 
previous cavities as observed between two more widely spaced holes. 

Tests between holes 04 and 08 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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CONCLUSIONS AND NEW POTENTIAL APPLICATIONS 

The automatic pole-dipole earth resistivity technique has been demonstrated 
to perform well a s a surface search method for detecting subsurface voids. As 
a companion system, the hole-to-hole 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 naturai cavities. 

In addition to these applications, the resistivity and electromagnetic 
techniques are potentially useful in several other applications. Some bf 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 raethods); 
(3) detection of geologic anomalies other than voids (both methods); (4) mapping 
and/or monitoring of in situ coal gassification processes (both methods); 
(5) detection and mapping of salt dome flanks (EM method). 
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Abstraet. Sliallow underground voids resulting 
from early coal aining and other resource recovery 
activities over the past several decades are 
now being recognized as a significant cause of 
ground subsidence problems. Uncertain Icnow-
ledge of abandoned coal mines also imposes 
potential hazards in current mining operations 
since uater inundation or the release of methane 
gas is a serious hazard when mine excavation 
operations brealc 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 automatic earth resistivity 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 detecting 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 

Shallow underground voids resulting from 
early coal mining and other resource recovery 
activities over the past several decades are 
DOV 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 Chese 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 
vater 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. However, 
because of the high density of test borings 
required and the relatively high cost of drilling 
services, drilling no longer offers an econo
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 Iqcating shallow soil sinkholes . ;.'. ; 
and solution cavities in karst terrain.- Sub
surface anomalies of this type are common in 
the U.S. and frequently lead to ground subsidence 
snd surface collapse. To investigate such 
potential subsidence problems along highways, 
an 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. 

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 raethod employed a 
simple graphical analysis and Interpretation 
method for locating the detected cavities in 
both position and depth along 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 limestone 
rock at depths ranging froo about ten feet to 
about eighty feet. These cavities were verified 
later by test borings which accurately confirmed 
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 system 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 for 
the effects of Irregular surface terrain and 
compares Che recorded field data vith 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 
ten to one. With this high-resolution target 
detection capabilicy and automatic system 
operation, earth resistivity surveys can be 
made vlch unprecedented accuracy and speed. 

The digitally-operated system reduces the 
number of field personnel required to perform 
a high resolution survey and eliminates human 
errors in manually reading and recording the 
measured data. 

Under the sponsorship of che Bureau of Mines, 
a sirailar systen was constructed and field tests 
were conducted to demonstrate the ability to 
detect air-filled and water-filled abandoned 
coal mine workings in sedimentary geology. 
The sice chosen to test the system vas the 
Brovn-Badgecc, Inc., Busick'Coal Mine near 
Central City, Kentucky. This mine offered a 
complex combination of both air-filled and 
vater-filled targets at several depths. 

Resisclvlcy Techniques Used 

Many electrical resistivity survey methods 
have been devised over the past 70 years. 
However, the measurement and analysis concepts 
for these methods are essentially the same. 
If. an.electrical current distribution is 

• eatabljLahed within the earth, this current will 
generate a pattem of electrical potentials at 
Che earth's surface dependent on the 
compbsltion and structure of the subsurface. 
If the earth at che measurement site consists of 
homogeneous resistivity materials, the surface 
potentials vill show a direct relationship 
vlch the apparent resistivity of the earth. 
For sices with horizontally layered materials 
exhibiting contrasting resistivities, the 
analysis predicclog the electrical potentials 
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becoraes more complicated, but the observed 
apparent resistivity consists of a composite 
representation of the separate layer 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 
vill result. These anomalies may be interpreted 
in terms of possible subsurface structure or 
materials differences. 

In the case of subsurface voids, such as 
tunnels or abandoned mine workings, cwo cases 
must be considered. First, for an alr-fllled 
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 infinitely high resistivity. 
Therefore, the anonaly 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 nay be from nearby rocks or from 
surface sources. For either source the water 
may have a resistivity which is close to chat 
of the surrounding media. 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 che diameter of the void. This was due 
to the large amount of host earth material in 
che measuremenc volume as compared vlch the 
Volume of the void. This limieed capability 
Is obviously not applicable for detecting 
old Eiine voids as the void would have to be 
extremely large to be detectable at normal 
mining depths. For this reason, a technique 
developed by the English speleologist, Bristow 
using a pole-dipole. array was modified for the 
purpose of deteccing these mine voids. Figure 
1 shows in a very general way the current flow 
and equipotential lines for che Wenner (typical 
of che older techniques) and the pole-dipole 
methods. For the Wenner method to respond to 
deeper anomalies, it is necessary to extend 
che eleccrode spacings. This results in a 
greater penetration depth, but also expands the 
effective measuremenc volume as the cube of 
depch. For che 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 
vlch che Wenner array. The Wenner array may 
be viewed as measuring the apparent resistivity 
of the complete voluoe for a hemisphere whereas 
che pole-dipole array measures che apparenc 
resisclvlcy of a small volume along the surface 
of Che same hemisphere. Obviously, che same 
anomaly will appear much more pronounced wich 
che pole-dipole method than wich the Wenner. 
This relative manner of volumetric resistivity 
response is 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 
anomaly will be detected anywhere within the 
volume of the hemispherical shell. However, 
Its location within this volume is IndeterolnaQt 
vlchouc the beneflc of other information. 

Therefore, a survey technique vas 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 che void. 
This process is performed by the automated 
systera and its associated coraputer programs. 
Figure 2 shovs a simplified illustration of 
how the analysis may be done graphically. 
The resistivity anomaly position is located 
on the ground surface and an arc constructed 
using the currenc source electrode as the center. 
The various arcs associated wich anomalies 
intersect at the probable location of Che 
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 pattems with those 
predicted by a computer modeled anomaly void 
located at many hypothetical trial positions 
along the survey traverse. The most probable 
location of the actual target is identified as 
that location where the correlation between the 
experimental field data and the model data 
correlate to a maximum degree. 

Ins truiaen t a cion 

The aucomacic pole-dipole earch resisclvlcy 
survey system provides automatic current 
injection into che .ground via a commutated 
sequence of current electrodes. The currenC 
sink electrode is remocely 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 systen. 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 
che resulting potential readings on tape. 
Field operator functions Involve only the 
movement of the potential electrodes along the 
survey path at che appropriate daca acquislcion 
intervals. The power unit and data logger 
shovn in the left of Figure 3 are set up in a 
central location such as in a tent or trailer. 
As-many as S i current electrodes are then 
connected to the constant current source 
through individual remote current control 
modules connected to a multi-conductor cable 
up to 6&0 meters long. 

The current control modules are digitally 
addressable from the control unit as part of the 
automatic system operation. The earch 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 yield a cross-sectional image of 
resistivity anomalies underlying the survey line. 
The computer analysis program corrects the 
measured surface potentials for terrain elevation 
irregularities. In the program, an anomaly is 
assumed ac some point along the survey line and 
the field data are crossed-correlated vlch Che 
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predicted response. A number (correlation 
coefficient) is generated which gives a measure 
of the match between the model predictions and 
measured data. The predicted anomaly is then 
moved to another location and the cross-
correlation is again computed. This procedure 
is repeated until the entire survey line has 
been profiled. The results are plotted as a 
cvo-dimenslonal grid in a plane underlying che 
survey line. Resistance anomalies detected 
along the survey lines can be plotted in cwo 
forms of image patterns using either shade-of-
gray or contours. Figure i 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 depth 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 
vater-filled aquaduct near Loveland, Colorado. 
Surveys over this three-meter diameter tunnel 
vere conducted at overburden thicknesses ranging 
from about 20 meters to about 50 meters. The. 
lov resistivity anoaalies associated with che 
vacer-filled aquaducc were for the most part 
detected at the correct horizontal locations 
but too shallov. Figure ti is an example of 
Che resulcs of one line on chis survey. The 
Cunnel is locaced at a horizontal distance of 
250 meters at a depth of 20 meters. The 
contour plot places the depth at about 15 
meters. This error in depch is believed to 
be caused by an increasing resisclvlcy profile 
vlch depch. The computer analysis program is 
not equipped at this time to compensate for an 
overburden of varying resisclvlcy. 

Another test of the system was conducted 
over a dry man-made tunnel near Basalt, Colorado. 
At that site the terrain was rocUy and uneven 
vith large-granite outcropplngs along the 
survey line. The tunnel vas approximately 
three meters In diameter. Survey lines vere 
selected to cross over the tunnel at overburden 
thicknesses of 20, 33, 60, and SO meters. 
Figure 5 is the computer generaced shade-of-gray 
ploc for the 33 meter overburden scan. The 
tests at this site vere 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 che syscem 
was conducted over Iledford Cave near Gainsville, 
Florida. This cave is a limestone 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 dlamecer by 
tvency meters long to narrov man-size passages 
and some passages too small to explore and map. 

In most cases, computed anomalies for the 
Kedford Cave were in close agreement vith 
mapped 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 che anomaly. On one line, a high-resistance 

anomaly vas detected in an unmapped area 
near the cave. Test borings carried out 
after the data analysis revealed a cavicy 
at this anomaly. On another line over a 
shallow secclon 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 co the close lateral proximity 
of a large cave room locaced about ten meters 
to one side of the survey line. 

Resistivity surveys were made over the 
Busick Coal Mine near Central City, Kentucky. 
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 che surface was 
approximately fifty raeters. The results of 
the survey accurately detected and located 
the air-filled main entry of the mine located 
betveen 238 and 360 raeters on the horizontal 
axis as seen in the contour plot of Figure 7. 
The depth of chis 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. In the worst case, 
an air-filled section of the mine was overlain 
by an area where scrip mine spoil had been 
placed. This sice did noc shou any indication 
of a resisclvlcy high as expecced. This resulc 
is probably due to a water-saturated, low 
resistance layer lying near che boCtom 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 data base. Areas planned at present 
Include iron mines in northem Minnesota, 
coal mines in southern Illinois, northem 
Wyoming, and central Colorado, and solution 
voids in central Nebraska and subsidence 
problems in central'Cplorado. 

The idealized currenc flow lines shown in 
Figure 1 do not accurately portray the pattern 
vhen layered sedimentary rocks are encountered. 
When geologic layers of different resistivity 
are encountered as in coal mining areas, the 
current flow lines are warped and any Inter
pretation assuraing 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 between layers. 
Additional research is scheduled to develop 
a more accurate computer model for analyzing 
field data collected In sedimentary geology. 

As mentioned previously this technique can 
work at depth to diameter ratios exceeding 
ten to one. This resoluclon means that at a 
300 ft. deoth (lOOM). a single void or 
cluster of voids such as a system of mine 
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entries, must have an effective diaraeter of at 
least 20 ft. to be detected. At greater depths-
the diameter muse 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 vill 
Involve a considerable research effore, buc if 
successful uill render the technique more 
effective in locating voids Co the greatest 
practical depth. 

Conclusions 

The automatic pole-dipole earth resistivity 
technique performs well as a surface method 
for deteccing subsurface voids. The system 
has been applied to probleras of military interest, 
to highway stability 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, resistivity 
highs and lows were Interpreted in good 
correlation uith known air-filled and water-
filled voids. Horizontal posicion of che 
anomaly along che survey line is in general 
more accurate Chan the corresponding depth 
indications. Most of the errors encountered 
in the surveys are due to the electrical 
inhomogeneity of the ground. To improve the 
accuracy, further work is needed to modify 
and adapt the software daca reduccion mechod 
CO account for the effects of layered rock 
above the targets, multiple entry cargecs, 
and targets of complex geometrical shapes, 
such as room and pillar sections. 
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Electrical Parameters for Clay Samples in the Frequency 
and Temperature Dependence (First Results) 

GIOVANNI FINZI-CONTINI * Si-;uHAN Vi-;i . iciu ** 

AUSTRACT 

In lhis work sonic rJsulls ;irc given rofciTing 10 l:ibor:i-
lory e.xpciimcnis c;inicd yjul on cliiv s;iniplcs in ihc r;iiigcs 
I • l b - - . 5- 10-' !-!•/. ;ind :n";- lOU'C. Tlic'cliiignims of conduciiviiy. 
pcrmittiviiy :ind loss-l;ingcnl ii;ivc been obuiincd. ;ind ccil;iin 
iinomalics can be recognized in Hieni. 

Inlruiluciion 

In lhe sphere of a scries of researclies on the icm-
peraiuie behaviour of rocks found in geolhermal areas, 
il seemecl useful to examine lhe behaviour of lhe clays: 
these rocks are of considerable interesl 10 geolhermal 
prospecting in different regions and in Italy in particu
lar, as these clays generally form the cover rock in 
geolhermal fields. Anolher determinant factor which 
has promoted this researeh on clays is their classic 
behaviour in a thermal regime. 

This work was carried oul within ihc sphere of 
the scieniific activity sponsored by UNESCO: one of 
the authors (Vi^Liciu) spent a training period at lhe 
Geophysical Observatory of Siena University during his 
International Posi-Graduaie Course in Geothermics at 
the International institute for Geothermal Research. 
Pisa, Italy. 

So far many sludies have been cin-ricil oul on the 
frequency dependence of conduciivity. permittivity and 
loss-iangenl of rock samples (l-ULU-.u. WAUO 1970: 
Cot.LiriT. KATSUBI: 1975; KATSUIU;. CoLurrr 1973; 
KAr,suin: I".T AI.. 1973: NBNCINI 1973; Ciii-i.inzii. Ciii;-
i.ii)/.i£ 1963; VAN KiiVMiiui.i:N. DI-KI-:VSI-.U 1957; Do-
.srovAi.ov 1947; KI:I;VIL. WAUD 1962). Among these 
studies, laboratory measuremenis which also involve 
the effect of other parameters (e.g. water content, icm-
pei-aiure. electrolyte activity) arc of great inierest to 
surface geophysical techniques (Ciii-.iJir/,i-, CIII;LIDZI; 

1963; VAN KI£VMI:ULIIN, Di;Ki£vsr.K 1957: DOSTOV.ALOV 

1947; Ki;izviL, WAKD 1962). This paper tries to contrib
ute lo the knowledge of electrical proiieriics of clay 
samples, in the induced polarization (IP) frequency 
dependence in particular (PuLt.i-.u. WAKD 1970; CHH-
i.iirzi;. Ciii£i.tir/,ii 1965; VAN KI:VMI:UI.I-;N. DI-;KI-:YSI;R 

1957: DosioVAi.ov 1947). 

in our program of e.xperiments a special eleclric 
measuring sysiem was assembled for the collection of 
dala on the eleclrical properlies of samples in the fre
quency range from 1 • 10""'" to S-10'' Hz, whereas a suita
ble device was set up to study teinperature effects be
lween 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 10 the trends of the electrical properties studied 
in our rock samples (Pliocenic clays of the Siena region). 

Electrical parameters 

The parameters lhat define the electrical character
istics of a rock are conduciivity 0, permittivity z and 
consequently loss-tangent tan £ (COI-LETT 1959; PAR-

KiioMKNKO 1967). if the potential difference AV is ap
plied 10 a medium, that is, in our case to a rock spec
imen, in general bolh the loss current io and the 
displacement current IE flow through it: for this rea
son, conductivity and permittivity are the two major 
electrical parameters of the rocks. They can easily be 
calculated for samples of regular geometrical form, 
when properly energized (PARKHOMENKO 1967, pp. BO
SS). The ratio of the loss to the displacement current 
gives the loss-langeni (or dissipation factor) 

tan 6 o'\y k 
wsAV k WE 

* Director. Osscrvalorio Geofisico. Univcrsila tli Siena. 
Siena, lial.v. 

* ' InsiiliilLil de Ccofizica .'\plicaia. Sir. Iv.vor 78. Hiicurcsli. 
lUimania. 

where w = Ir . j . j being the frequency, and /c is a geo
metrical facior. 

It is widely accepted (KELLER, FRISCHKNECHT 

1966; PARASNI.S 1966; MAIDI3EN 1967), lhat in the low 
frequency range, particularly below 10'̂  Hz, electrochem
ical polarization effects become important; they are 
closely related to the content of moisture in the rocks. 
This lype of frequency dependent behaviour in certain 
rocks, as in clays, for instance, has been termed mem
brane IP (MARSHALL, MAIJDEN 1959): some information 
follows on this subjecl. 

11 is generally supposed that a diffuse cloud of 
cations is chaiacterislic of clay-electrolyte systems (KEL
LER, FRISCHKNECHT 1966, Fig. 261; FRASER ET AL. 
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1971, Fig-.-4). ©n applicaiipii of an electric po'tential, 
positive-charge can-iei:s. easily pas.s ihi'ougli. the cationic 
cloud', but ncga.iivc-cha.i'ge 'ciirriers,. pile up. Tlierefore, 
.something similar to an ,ion-sc lec live, membrane exists', 
which causes a decrease, in the anion mobility, owing ta 
the model .sunimarized above'. This re.duciion i.n mobili
ty is' moat effective far eleclrical potential variations 
which arc low (e.g., .freq.uencies undei-Q.t H'z), with 
respect to the diffusion i.ime'M el' lhc'.ani6n.s: between ntlja-
cent membrane-zpiie'E. On the. other iuind, ihe mobi I ily 
of 'the. aiiidns is hot very greatly affecied w-hen' ihe po-
t.ential variatidhs ai-e fast (e.g., frequencies above 1000! 
Hz-). With refpve,nce .to ihis' niodel, it must be added 
that the rnotjon of 'ihe electric ch'arge cai:riers is also 
influenced by the lemperaturE. F"or instance, it is well-
known that th'e higlier llie 'ternpcraiu.re.., the lower the: 
water viscosity. .Coi'isequently, the mo.bilities of the, elee-
1 rife-charge carriers also increase. A schematic quanti
tative approach to this problem was .attempted (FiNZi-
CONTiNi. .197,1),-introducing the concept 'of I'heoi^etical 
Coniplex Mobility (TCM) and 'su'ggcsting expi-essions 
•for ,rock :speciriG -admiuimce for si mula i.i .ng meiiTbrane 
•polarizing rocks (FINZI-CONTINI irr AL. I912a; .FINZI-

CO.N'TIJST Et AL. 1972b). 

lilectric mca.siiring: system 

The research: aspect of pur laboratory measu rements' 
was coiiGerncd with determining .conductivity, permitti
vity and loss-tapgent. Tlie work- performed during this 
laboratory actiyity referred in particular to three sam 
.pies qfclay found- near Siena (Itaiy). fn order to keep 
the humidity content in these samples appreciably eqiial 
lo the actual conieni ihey had « in situ », bur specimens 
were sealed up immediately after sampling until they '• 
were subjeeied, to' the expiiriments. 

Tlic; main admittance measuring system (FINZI- * 
CoNTiNi tg??; FINZI-CGNT(N[ ET AL. in pi:ep.) basic- k 
ally consisted of a sine function generator with fre
quency range fi;Qm 5-10""' to 5* 10-̂  Hz, two amplifiers 
a.nd an ,pscillosCdpfc: a block diagram of this system is 
reproduced in Figtire 1; the other apparata used are also . 
shovvn: The data for calculating admittance were de- i 
termined by voltage and current measurements on the i 
screen of the scope. It.must be emphasized that for the D 
lower Frequencies (i.e., less than 1 • I'O"' Hz), as it was ^ 
dirficLilt to follow the spot on the screen, pictures were 
tiiken by means of a Polarpid Caraera System; see for ! 
instance Figure 2, whi.ch shows-a Lissajous' figure set 

1 
GENERATOR 

-B POWER 

AMPLlFfER 

HEATER I 

« TEMPERATURE 
RECORDER 

REFERENCE 

TEMPERATURE 
"iG, I, — A siiitpUjmt 6/(K;A iliiip.min oJ llw im'imtrinii sysi'cm. Ohe ccin see tht- s<imi.ile.-eiisrgi2e(i by th'a gc-mraior via a power 

iiinptijicr. ihe uliiiiic riKi^iiajiiie H Ik-iiig. iii'.iicrii;!! id Ihc-stiiuple cia-iiit ihciiyy iiiws). The/, R- milage dilfsraiiee, proporiional r6 
the .smitpli.' i:tin-i-eiU. IE .iijiptii-d iti f/it- .s-i-(,i(,'c x-tf.vi-S, (i/icr due iiDipUjiaision. wht'i-cim, Iht; .s£.:(j/ie y.-iixis receives iltn voll'age Hifjer-
ciu-v siiiiui! heiu'ccii A mi'l li. iii'.iiisiii.i-tt wiiii /•!.'.';;.%•/ fo a suiwbk- puiiil. .4 uiui li electr.ock'^i work lyithoul Lopper sulphate 
-^oUiiihu in oHiey lo iiy-iihl c/(f.y ptiisiniiun. In this Fijiart'. thi: ln'iilt'i- ns w-i-l! as ihf ihei-incic<)up!'c THCI' 'uru suht'iiiuliztid. 
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As an accessory equipment for healing our speci
mens from 20" to 100 "C a thermostatic furnace was 
used, which is able to keep the temperaiure conslani 
wiihin ±_ 0.5"C. Moreover, in a very sniall hole drilled 

40"C 
0.5Hz 

40''C 
0.1 Hz 

40 °C 
0.03 Hz 

90°C 
0.5Hz 

90"C 
0.1Hz 

50°C 
0.03 Hz 

90°C 
0.03 Hz 

l-'ic. 2. — A sclecu'il sci uj Lissajoii.''' curves uhui'uicd jor 
siiiiiple /Vo. 2 for a number of cviupiinibic cncr îz^mg siliui-
lions. Aiiuniiiluiis nun-linciir phenuniciia appear more 
cvidenl ii'lieii jreqiiciic.y and lemperaiure decrease. 

in every specimen, a ihermocoupic was inlroduced, con
nected to a recording system. This ensured that steady 
ihermal 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 wilh high insulating properties. This bath was placed 
inside our furnace, suitably housing all the described 
sample equipment. 

By this technique we attempted I) lo limit the 
water content losses during heating, 2) to ensure the 
thermal stability of the sample and 3) to pertnit recogni
tion of thermal equilibrium in the sample's interior, ac
cording lo the thermocouple dala. To give an idea of 
certain dimensions, we mighl add lhat our samples were 
of cylindrical shape (50 mm long and 25 mm dia
meter), the current densities being within the range 
2-6 • I 0 - ' A/cnr 

Typical results 

A selection of our experimental data is shown in 
Figures 5. 4, and 5; it can be added that the Lissajous' 
figures pointed out the existence of anoinalous non
linear phenomena for frequencies belween 10""" and 
about I Hz, as shown in Figure 2. It is to be noted 
that the conductivity diagrams. Figure 5, exhibit anoma
lies between 50"-60"C; a typical result can also be 
seen in the loss-langenl diagrams versus lemperature 
and for differenl frequency values. Figure 5: it must 
be noted that the maxima obiained above 50 Hz are 
located near the above temperature interval. Other in
teresting data for tan S have been obtained for meas
urements at IOO"C above about 10 Hz. 

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

nho/fn 

0.10 . 

0.03 

0.01 

S A M P L E No. 2 

0.01 0.1 1 10 100 10 10,000 

1-iG. 3. — The conduciiviiy diagrams jor sample No. 2. One notes ihai these irends arc individually in agreemenl wilh classical theo
ries (PARKHOMENKO 1967. p. I9.i. and its conseijiienccs). while the fiQ'C diagram I heavy, dashed-uiid-dolled line) clearly exhibits 
an anomalous irend wilh regard to ihe olhers. 
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11 seems opportune to mention that other physical 
properties of clays, such as intcrlayer absorption of 
water (VAN OLPHEN 1969) and results of thermodynamic 
experiments on ion-exchange equilibrium (VAN BLADER. 

MENZEL 1969), as well as differential thermal analysis 
on clay minerals (KODOMA, SCIINITZER 1969), appear 
able to give measurable icsponses righl in our temper
ature interval. 

11 appears not so easy now to explain in which 
way all these measurements can be linked together and 
framed iheorelically. In the next section possible future 

irends of our work towards studying this argument will 
be sketched. 

Conclusions and possible research trends 

This first research of ours on the electric behaviofis 
of clay samples carried out in temperature and f3 | 
quency dependence has already brought to light son 
not so obvious aspecls of this problem. 

These first results obtained indicate, for our rS 
samples, such behaviour in the low-frequency domM 
and versus temperature, which can be considered^ 

K/rr !^ 

G.i .4 

n.oi_ 

^ 1 1 

G.0IJ01-! 

SAMPLE No. 2 

•IC. 4. — The penniiiiviiy iliugrams fur sample Mo. 2. One notes ihal these Irends are individually in agreemenl with classical lit. 
nes I \'.\hKiH)iiiiiT<Ko l'Mi7. p. 19.1). whereas lhe W C diagram fhetivy. dashcd-aiid-doilcd line) clearly e.-i:hibils an anomnH 
trend iviih regard lo ihe olhers. 
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l-Ki. 5. — Some tan o irends vs. lemperaiure for sample No. 3. One can see ihal. ai leasl according lo Ihe amounl of dala in our 
hands ai lhe moineiil. lhe irends oj these diagrams suggest Ihe exislcnce oj an iiileresling behaviour in Ihe range 50"-60"C 
for jreqiieiicies higher than I l h . 

ticular; this also applies to other measurements on 
differenl types of rocks (e.g.. pyrite-bearing samples) 
carried oul: for more information and comments see 
RoccHi, in prep. Perhaps one of the mosl significant re
sults is the anomaly in the irends of the electrical para
meters around 60"C. In fulure it will be necessary to 
explore carefully the 50"-70" C lemperalure interval for 
lhe same lype of clay, possibly in close connection with 
differential thermal analysis procedures for differenl, 
natural water contents. 

Our intention is also to extend our researches to 
other sedimentary rocks, according to the above-men
tioned concepts, in order to gel information on the 
electrical responses of media of interest to both geo
thermal and geoelectrical prospeciings. 
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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 gradients 
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~^° m^ [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 H2O 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 cannot 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 H2O 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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vection-dominated systems [Norton and Knight, 1977]. Enthalpy, densi
ty, and viscosity of phases in the pure H2O system and in salt-H20 
systems are very dependent 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 H2O or salt-H20 systems. 
Crustal environments which contain hot igneous bodies inevitably 

cause fluid circulation, and if the intrinsic host rock permeability 
is greater than 10"'18 mZ^ heat transfer by convection accounts for at 
least 10% of the total heat transfer, and at permeabilities greater 
than 10~ 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 

n-,' 
i iMi 

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 -I- 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 
VjjP and VyP 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]: 



DENIS NORTON 695 

3T 
Y -g^ + qVH = 7-icVT (2) 

and 

• • ^ ^ ^ = ^ t (3) 

where T is the temperature; Y the stream function; q th'te 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 t̂ he 
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 meaning 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^ = -Sf/Sy and qy = af/Sz. 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 (H2O system) and rock, general boundary and initial conditions, 
and radioactive and volumetric heat sources in a trwo-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. N. 
Convection dominates heat transfer in hot igneous pluton environ- ] 

ments if rock permeabilities are of the order of 10"^^ 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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CONDUCTIVE: FLOW T- = 20° C 
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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 emplaeed 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~^^ 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 H2O 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~^^ m'̂  minimum 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 'vl300°C is presumed to be emplaeed 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 m^ to 10~^^ 
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"^' m^ as the temperature of 
discrete grid points in the pluton decreases to <700OC, 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 ucal/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 siraulated 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 pattem 
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-5c). 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 10^ years to 20 HFU at 8 x 10^ years and then gradually decreases 
to 10 HFU at 1.5 x 10^ 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 is 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 10"^ g/m^ 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^ years elapsed time. Vertical fluid fluxes of the order of 
10~^ g/m^ sec are realized 3 km directly above the pluton, and 8 km 
laterally away from this upflow zone, downward fluid fluxes, '\'10~', 
g/m^ sec, occur. 



DENIS NORTON 699 

CONDUCTIVE: FLOW 

CONDUCTIVE: NO FLOW 
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Fig. 4. Scalar stream function and iostherm distributions after 
1.5 X 10^ years elapsed time. Vertical fluid fluxes at comparable 
positions in previous times have decreased to about 50% of the fluxes 
at 8 X 10^ years. The 100°C and 200°C isotherms have moved to slight
ly deeper portions in response to the decreasing convective flux. The 
outer 1.5 km of the upper 2 km of the pluton fractured at 10^ 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 10^ 
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 10^ years, the isotherms are depressed downward with 
respect to their regional position, cf. 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 
H2O system and salt-H20 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, '̂' 375°C and 220 bars 
for the H2O system, derivatives of fluid density and enthalpy with 
respect to temperature at constant pressure kre maximums, and fluid 
viscosity is a minimum. Therefore thermal perturbations at these 
conditions result in the largest fluid density gradients which togeth-
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Fig. 5a. Vertical thermal gradients from the surface to the base'of 
the system at elapsed time of 2 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). 
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Fig. 5b. Vertical thermal gradients from the surface to the base of 
the system at elapsed time of 8 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). 
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Fig. 5c. 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 inagnitude 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 H2O 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 H2O 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 >_10~'-° m and 
anomaly temperatures are >̂ 375°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. 5, Temperature-pressure sections through the HaCl-H20 systems 
depicting the two-phase surface, liquid-vapor, and critical erid point 
for 0 m and 3 m NaCl concentrations. The approximate region of anoma
lous extreme in transport properties of supereritical fluid Is de
picted for 0 m and. 3 m solutions. Note the shift of the critical end 
point and 'associated anomalous regions to higher temperatures and 
pressures as a result of adding NaCl to the sysfem. 
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obs.erved in models where the pluton tops are 12-km deep, within low-
permeability rocks (10^2'' m^), but are overlain by higher permeability 
(IQ-18 m2j zones which simulate vertical fractures. Theiinal gradients 
are more linear in these systems than in. tbe system discussed above, 
but only a few percent contribution to tihe heat flux by convection inay 
have a significant effect on our interpretations of the thermal envi
ronment in the crust. The most significant featuje of the simulated 
system Is that vertical thermal gradients in systems where convective 
heat transfer occurs do not provide a unique set of data with which 
subsurface temperatures can be predicted.-

Fluid Girculatlon in the Crust 

.Fluid circulation in the.upper crust is predicted to be inore .exten-
Bive than was previously thought; its magnitude may be large' enough 
to -contribute Eignificantly to .the r,edls.̂ tr ibu tion of thermal energy iti 
this envirGnment. The magnitude of the.contribution of fluid circula
tion t.<3 heat i; ran sport depends entirely on the magnitude of permeabil
ity in crustal rocks and the distribution, with respect to thermal 
anomalies, of fluid-saturated rocks with permeabilities >_10~-'-̂  m^. 
The minimum permeability value is realized in rocks which have con-
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tlniiously 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 contlriulty of fractures with respect, 
to depth are unknown. In, tectonically quiescent regions neither 
abundance, nor aperture of fractures have been documented. However, 
indirect evidence suggests that permeabilities sufficient to permit 
significant beat transfer by conv ei:: tion may be realized in the upper 
crust. First, in tectonieally active regions, continuous fractures 
develop to considerable depths, as is indicated "by earthquake hypocen
ter data. Second, igneous Intirusive processes contribute to develop-
ffient 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 extensive fluid cir
culation, as is -evidenced by eroded equivalents to these environments 
which show abundant mineral alteration, as well as- by large gains and 
losses of chemical components in and adjacent to fractures. Transport 
of thermal energy into the crust by magma or simple conduction also 
produces fractures due to the differential thermal expansion: of pore 
fluids and rocks [Knapp and Knight, 1977]. In tectonically less 
active regions, permeability values can be inferred from electrical 
and, perhaps, seisinic properties, empirical relationshaps between pore 
continuity,, and electrical resistivity [Brace, 197l] or variations in 
seismic wave velocity [Nur and Simmons, 1969]. These indir.ect lines 
of evidence suggest that crustal rocfcs contain a fluid phase, which 
may be relatively concentrated in dissolved components, and that they 
are sufficiently permeable to warrant further efforts toward quantita
tive determination of bulk rock permeability. 

Analyses bf transport phenomena in permeable media suggest that 
fluid circuiation through fractured rocks may contribute significantly 
to heat transfer through the crust, at least tp depths of 10-15 km. 
As a consequence of fluid circulation, several effects may be realized 
in nature: Tower than normal thermal gradients over seyeral-kilometer 
vertical distances in the upper crust, abnormally low conductive 
therraal values coincident with fluid downflow zones, and gross errors 
in predicting subsurface temperatures by downward extrapolation of 
thermal gradients. These effects are. undoubtedly "present in- active 
•geothetmal systems and can be predicted, with reasonable confidence, 
•to occur in the vicinity- of virtually all igneous bodies emplaeed into 
the upper crust. The more widespread realization of the effects in 
more normal crust Is mete 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 environment may Indeed be the result of dynanjic flu
id systems, the extent of which Is unknown. 
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"S" Uraight through the dim and open 
portal we entered unopposed, 
and 1. eager to learn what part of 

Hell's bowels those burning walls en
closed, began to lock 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 withoul prop
er ventilation and cooling a mine gets 
hotter with depth. There are of course 
many other mdications that the earth's 
interior is hot. the mosl obvious being 
an erupting volcano. Only slightly less 
spectacular are the handful of areas 
around the world that display hydro-
thermal activity, such as lhe hot springs, 
sleam venls and geysers of Yellowstone 
National Park. One of the fundamental 
axioms of physics, embodied' in what is 
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 increases with depth in the 
earth's crust, there is a flow of heat out
ward from the earth's interior. 

The transfer of heat wiihin the earth 
and its eventual passage to the surface 
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 contemporaries. 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 It." was the first of a long scries of 
papers in which he laid oul the argument 
that the earth's thermal gradient (the 
rate at which the temperature increases 
with depth) would coniinue to diminish 
with lime as the earth cools following its 
formation and solidification from mol

ten rock. By determining the earth's 
thermal gradient from measurements in 
mines and boreholes, he maintained, 
one could tell how long the earth had 
been cooling and so could determine the 
age of Ihe 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 al a rate of between 20 and 40 
degrees Celsius for every 1.000 meters 
of depth. To Kelvin this relation indicat
ed that lhe 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 based on the 
assumption that the heat being lost by 
the earth was drawn from the reservoir 
of heal left over from the earth's origi
nally molten condition. That assump
tion, which was essentially unchal
lenged for decades, was lo be the undo
ing of all estimates of the earth's age 
based on the measurements of its hcai. 
Three observations made Kelvin's esti
mate iaL.llio-age_pf the earth based on 
its'Tnitial heat no longer tenable: the 
discovery of radioactivity by Henri 
Becquerel in 1896. the observation by 

Pierre Curie in 190.'̂  that the radioactive 
decay of certain isotopes liberates heat 
and lhe confirmation by Robert Striill in 
1906 thai common rocks found in the 
earth's crust contain siifncient amounts 
of radioactive isotopes to yield a signifi
cant fraction, if not all. of the earths 
observed heal flow. 

Measuring Heat Flow 

How much heal is the earth losing lo
day as a result of conduction from its 
interior? The global average is close lo 
.06 watt per square meter of surface, or 
aboul 30 trillion watts over the entire 
planel. The amount of energy arriving 
from the sun is almost 6.000 limes grc;ii-
cr. and it is completely dominant in es
tablishing the lemperalure of the earth's 
surface. The flow of heal from the inte
rior is scarcely a trickle: the heat con
ducted through an area lhe size of a 
football field is roughly equivalent to 
Ihe energy given o(T by three l()0-w;itt 
light bulbs. The evolution of the eanh 
covers vast reaches of time, however, 
and a trickle of energy over aeons can 
do significant geological work, such as 
making conlincnls drift, opening anci 
closing ocean basins, building moun
tains and causing earthquakes. The geo
graphic variation in the flow of heal 
from the earth's interior is not greal: 
most measurements lie within a factor 
of three around the mean value. The 
palterns of heat flow in continental re
gions differ from ihose in oceanic ones, 
but the average heal flow through bolh 

DRAMATIC EVIDENCE of Itic power of Ihc enrtirs internal hi-al lo mold (he geology of Ihe 
surface Ls provided by Ihis photograph of Ihc 1971 Mauna Ulu eruption on Kilauea volcano in 
Hawaii. 'ITie photograph was made by Wendell A. Duliicld of Ihc U.S. Geological .Survey as 
he was standing on the rim of the Mauna Ulu craler and looking almcsl straight down. The 
bluLS'h gruy background is (he comparnlivcly cool crust of parlly solidified ba.s'altic lava Ihal 
forms on the surface of the bot liquid-lava "lake" below, Tbe jagged orange streaks are cracks 
lhrough which molten lava is upwelling. The entire scene, Duffield points out, is analogous (o 
Ihe spreading of new sea floor from mid-ocean ridges visualized in Ihe plale-tcctonic niodel. 
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DRILL RIG IN ZAMBIA, originally set up lo bore into (he earth in 
search of cupper, provided one of several "holes of opportunity" used 
by tbe authors and Iheir co-workers as part of their program tu ot>-
tain heat-flow measurements in areas of Africa and South America 
where the existing data are sparse. The earth's lemperalure is taken 
by lowering an electrical-resistance thermometer (called a thermi.s-
tor) down the borehole, making measurements at several deplhs. The 
records are used to establish the rate at which the temperaiure of the 

rock increases with dcplh, a local quanlily known as the geolhermal 
gradient. The /.ambian heal-flow measuremenis were carried oul 
tour years ago wliile the authors were ou leave from Ihe Universiiy 
of Michigan and were based al the University of Zambia. More than 
50 such drill holes were surveyed al eigh( diflereni Precambrian geo
logical sites in the country. The results of (he survey were interpreted 
by Ihe authors as indicating the presence of anomalously warm nia-
lerial only a few (ens of kilomelcrs below Ihe surface of the earlh. 
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' is surprisingly similar. Some areas, such 
as Iceland, exhibit an extraordinary heat 
flow, and geolhermal areas of this lype 
can be tapped as an energy resource. 

If heat is being transported through 
the earth's crust by thermal conduction, 
the amount of heal in transit is equal lo 
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 diff'erent lev
els in mines. The process of drilling a 
hole disturbs the thermal equilibrium at 
the site; hence several weeks or months 
are allowed lo lapse between the drilling 
and the measuring. Even after the dis
turbance has become negligible, subsur
face temperatures are disturbed by such 
efTects as the daily and annual fluctua-
tioli 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 conslant lemperature, 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 lemperalure at one-meter 
intervals wilh fixed thermistors. 

For measurements of thermal con
ductivity two meihods 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 inlo a 
column belween silica disks of known 
conductivity. A constant temperature 
dilTerence maintained between the ends 
of the column causes a flow of heat 
through the sample and the silica stan
dards, and the measuremenl of the rela
tive drop in temperature across the com
ponents of the stack yields the Ihermal 
conduciivity of the sample. For softer 
continental rocks and marine sedimcnis 
a thin needle is inserted into the sample 
and is heated along its length. From a 
record of the rise of temperaiure with 
time the thermal conductivity can be 
calculated easily. 
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THERMAL CONDUCTIVITY of a hard rock sample obtained from a drill hole is measured 
in the apparatus depicted here. The sample, cul and polished in Ihe form of a disk, is inserted 
in a column between silica disks of known conductivity. Con.stant lemperalure difTerences 
maintained between the ends of tbe column cause a flow of beat through Ihc sample and Ihe 
silica standard.s. The sample's Ihermal conductivity is determined by measuring Ihe relative 
drop in temperature across (he components of (he s(ack. Tbe heat flow at Ihe drill site is equal 
to tbe product of observed local temperaiure gradienl limes thermal conduciivity of (he rock. 

More than 5.000 such hcal-flow mea
surements have been reported in a re
cent compilation by Alan M. Jessop of 
Ihc Canadian Department of Energy. 
Mines and Resources and by Jphn G. 
Sclater and Michael A. Hobart of the 
Massachusetts Institute of Technology. 
Allhough the number of measuremenis 
is sufficient for several types of region
al analysis, the data set is slill geograph
ically uneven: more than twice as many 

measurements have been made al sea 
as on land. The middle-latitude oceans. 
North America. Europe and Australia 
are quite well surveyed, whereas large 
areas of the high-latitude oceans and of 
South America, Africa. Asia and Ant
arctica have no measurements at ail. In 
the past four years our group from the 
University of Michigan has helped to 
remedy some of this geographic im
balance on the continents by condiici-
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ing heat-flow measurement programs m 
Zambia, Niger and Braz'd. 

An analysis of the global data without 
regard for specilic 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 

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 

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

This gross grouping of heat-flow rnea
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 ex
pected quite difl̂ ercnl results in the two 
settings. As with many other aspects of 

UNEVEN GEOGRAPHIC DISTRIBUTION of oceanic and con
tinental heat-flow measurements (colored circles) is evident on this 

world map, which is based on one prepared hy (he Nadonai Geophys
ical and Solar-Tcrres(rial Da(a Center. The number of such measure-

64 



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

Heat Flow and Plate Tectonics 

According to plale 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 
earth's surface. "Wherever plates are 
moving apart the gap is filled by hot ma
terial flow'ing upward from the earth's 
underlying manlle. 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 
plale from a ridge one usually finds a 

ments bos increased rapidly in recent years: from 47 in 19S4 to 1,162 in 1962 to more than 
S,000 at present More than twice as many measurements bave been made at sen as on land. 

great oceanic trench, which marKs a sue 
where older and cooler plate is subduct
ed, or recycled back into the interior. 
Frictional and conductive heating of the 
plale 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 
plale interactions, give rise to thermal 
metamorphism, the generation of vol
canic magma and mountain building on 
continents. 

One first looks to the oceanic plates 
wilh their comparatively simple geology 
to obtain evidence for the ihermal mod
el of plale evolution. Edward C. Bullard 
of the Universiiy of Cambridge, who re
ported the first marine heat-flow mea
surements for the Atlantic in 1954. not
ed at that t'me the near-equality of Ihc 
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 
wilh increasing age and hence depth [see 
bottom illustration on next page]. For 
those sites where a thick, impermea
ble cover of sediments prevents the 
removal of heat by seawater circulat
ing through the fractured oceanic crusl. 
heat-flow 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 meters below sea level, 
whereas the oldest ocean basins are 
5.500 meters below sea level. Thus in 
200 million years the sea floor subsides 
by aboul 3.000 meters. The reason is 
lhat the recently 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 explained 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 miUion 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 Cretaceous 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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HEAT FLOW DECREASES with increasing age of ocean floor, as indicated here by Ihe dLs-
tribution of measured heat-flow values for five selected areas on the floor of the Pacific Ocean. 
Data points give the mean value tor each 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 plale of oceanic crust (colorcil curyi). 

the spreading rate would have broad
ened the oceanic ridge and increased its 
volume. This in lurn would have re
duced the water capacily of the ocean 
basins and displaced the sea onto the 
continents. The subsequent regression 
was apparently caused by a reduction in 
the rate of sea-floor spreading that be
gan about 85 million years ago. 

Above subduction zones the heal-flow 
patterns arc morc complex, but ihcy 
nonetheless provide imporiani clues to 
the subduction process. A pattern gener
ally observed at subduciion zones, and 
particularly well documented for the Ja
pan arc system, is one of low heat flow 
near the oceanic trench and very high 
heal flow to the landward side of the 
island arc [see illustration on opposite 
page]. The pattern suggests lhat the top 
part of the cool subducting plale acts as 
a heat absorber, causing the band of 
low heat flow observed adjacent lo the 
trench. Deeper in the subduction zone 
frictional and conductive healing are 
suflicient to mell part of the plate, yield
ing as a product lhe volcanic island arc 
itself and the augmented heat flow be
hind the arc. 

The western U.S. provides anolher ex
ample of an elongated zone of low heat 
flow adjacent to a region of magmalic 
activity and high heat flow [see illii.itra-
lion on page 68]. Here, however, there is 
at present no active major subduction 
zone nearby. David D. Blackwell of 
Southern Methodist Universiiy and oth
ers have suggested that this zone repre
sents a fossil heal-flow pattern, estab
lished some tens of millions of years ago 
when subduction was active along the 
boundary between the Pacific plaie and 
the Norlh American plate. 

Continental heat flow in areas re
moved from plale boundaries also falls 
inlo recognizable patterns. Measure
ments on continents now number al>oiit 
1.700. and from Ihese dala one can draw 
two major conclusions. First, there is a 
general decrease in heal flow with the 
increasing age of a geologic province 
[see top illustration on page 73]. This re
sult is similar lo that for oceans, bui the 
time scale is apparently quite different. 
Whereas oceanic heal flow drops below 
50 milliwatts per square meter after 100 
miUion years of cooling, on conlincnls 
one finds such heat flow in geologic set
tings four or five times older. 

The second major result is lhat for 
large areas of continents there is a clear 
relation between surface heal flow and 
the radioaclivily of the surface rocks. 
Thai continental rocks, granites in par
ticular, generale significant quantities of 
heat by the spontaneous disintegraiion 
of radioactive elements has been known 
since early in this century. In I96S A. 
Francis Birch. Robert F. Roy and Black-
well, all then working at Harvard Uni
versity, demonstrated that when hcat-
llow measurements are plotled with re
spect to radioactive heat generation for 
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the rocks at various sites, the plotted 
values fall along a straight line [see bot
tom illustration on page 73]. Difl"crent 
I'mes were obiained for the eastern U.S.. 
the "basin and range" geologic province 
of Nevada and Ulah, and the Sierra Ne
vada region, but within isach 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 componenl lhat varies from sile 
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 'mto 
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 been 
less well studied, but on the basis of the 
limited data available we have specu
lated lhat in most heal-flow provinces 
there is a regular partitioning of the heat 
flow, with aboul 40 percent of the mean 
surface flux coming from wiihin the 
zone of crustal enrichment and 60 per
cent coming from below. This partition
ing, if confirmed, suggests that the aver
age heat produclion of the continental 
crust should vary inversely wilh its age. 
because in general the older provinces 
display less heat flow. Such a relation 
can be explained wilh a model in which 
radioactivity diminishes with depth, on 
the assumption that the older geologic 
provinces have been eroded lo greaier 
deplhs than the younger ones. 

Another intriguing finding has been 
reported recently by Tom Crough of 
Stanford Universiiy and V. M. Hamza 
of the University of SSo 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 lime scale of this residual heat 
flow appears to be one of a simple cool
ing process, rnuch 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 surface 
today. 

Global Heat Flow 

Lel us now turn our attention to the 
broad features of the ihermal field of the 
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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 Ihe 
map at Ihe top indicate Ihe relative convergence of the Pacific and the Eurasian plates, and (he 
broken lines show the depih (o the subducted slab. The corresponding depths are also indicat
ed in the cross-sectional diagram at the bottom, which is drawn approximately to scale along 
the line AH. The low heat-flow zone (lightest color) observed between the Japan trench and 
tbe island arc suggests Ihal from tlie surface to a depth of about 120 kilometers Ihe cool sub
ducting plate acts as on absorber of heat from the carih's manlle. The volcanoes of (he Island 
arc (black triangles) and (he region of high heal flow (.darkest color) between Japan and main
land Asia result from frictional heating and partial melting deeper in (he subducdon zone. 
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entire earlh 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 spile of the growing number 
of heat-flow measuremenis. however, 
there were still large areas of the globe 
where no data had been gathered. A 
mathematical representation of the 
global distribution of heat-flow mea
surements was desirable in order lo cor
relate regional heal flow with olher geo
physical phenomena, such as the earth's 
gravitational field. The analysis was be
set wilh dilTicullies because of the need 
for extensive exlrapolalion inlo unsur
veyed areas. 

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

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 Lamont-Doherty Geolog
ical Observatory summarized on a sin
gle map the detailed ages of all the oce
anic regions based on magnetic anoma
lies on Ihe ocean floor and the recorded 
reversals of the polarity of the earth's 
magnetic field. Soon after obtaining the 
map wc divided the entire earlh into grid 
elemenis five degrees on a side and pro
ceeded to assign lo each element a heat-
flow value based on the relation of heal 
flow to tectonic age and the fraction of 
different age groups present in the grid 
element. In efTect we were creating a 

FOSSIL SUBDUCTION ZONE appears to account for Ihe 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 tbe shallow and deep parts respectively of a subduction '£onc that was active 
during the early Cenozoic era. Although the subduction of (he oceanic plaics ofl ccniral Cal
ifornia ceased more (ban five million years ago, a heat-flow pattern similar to Ihal seen in 
the currently active Japan arc system persists. Black triangles again denote recent volcanoes. 

synthetic estimate of heat llow in unsur
veyed areas. The full data set. compris
ing observations supplemented by esti
mates, could then be Fiticd by appropri
ate mathematical functions and plotted 
with a minimum of distortion [.iee top 
illustration on pages 74 and 75]. 

The new world heat-flow map con
structed in this way showed for lhe llrsi 
time on a global scale variations in heat 
flow lhat had been recognized in region
al surveys. All the major occanic-ridge 
sysiems can be seen as heat-flow highs. 
as are Alpine Europe, much of western 
Norlh America and the marginal basins 
of the western Pacific. The Gahipagos 
spreading center and the Chile Rise ap
pear as bulges on the dominant East Pa
cific Ri.sc. Regions of low heat How in
clude all the major conlinenlal shicld.s 
and sedimentary platforms and ihc old
est oceanic regions. 

The Thickness of the Liihosphcre 

The determination of the thickness of 
the lithosphere has until recently been a 
seismological endeavor. The seismolo
gist's method is to observe the dispersive 
elTects of a given region of the earih on 
earthquake surface waves that propa
gate across it. The analysis of dispersion 
patterns yields information about the 
elasticity of the crust and the upper 
mantle: in particular the pattern of dis
persion can confirm the existence and 
locale the position of a zone where seis
mic waves travel al low velocity. Sncli 
a zone is probably a manifestation of a 
region of partial melting in the mantle, 
and many geophysicists identify this 
zone as Ihe asthenosphere posiulalcd in 
the plate-tectonic model. Since the litho
sphere is what lies above the astheno
sphere. the depth to this low-velocity 
zone is equal lo the thickness of tho 
lithosphere. 

It has been known for some lime that 
under Ihc old Precambrian shicld.s of the 
conlincnls the seismic low-velocity zfinc 
either is absent or is deep and only weak
ly developed. In contrasi, the young and 
active geologic provinces such as tho.sc 
in the western U.S. have a shallow and 
well-developed low-velocity zone. Re
cently a number of reports have ap
peared suggesting that the depth to the 
low-velocity zone under the oceans also 
increases with Ihe age of the ocean tloor. 
implying thai the oceanic lilhosplicrc 
progressively thickens with lime. 

The depth at which partial melting 
takes place in the mantle in a given re
gion depends on the temperature at 
which the rock of lhe manlle begins to 
melt and on the varialion of temper
ature wilh depth. The depth profile of 
the actual lemperature. called the geo
therm. in turn depends strongly on the 
heat flow. Thus with the aid of consid
erable extrapolation surface heat-llow 
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data can be used to predict the thickness 
of the tectonic plates. 

Since direct measurement of tempera
tures in the earlh is limited to the lop 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 lo 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 construclion 
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 heal-flow measuremenis and the 
seismological data indicate lhat oceanic 
plates thicken as Ihey age, from a few 
kilometers soon afler their formation at 
a ridge lo 100 kilometers or more in the 
oldest ocean basins, where the heat flow 
is low. 

The continental portions of the tec
tonic plates also show a systematic vari
ation in thickness, from 40 kilometers in 
young geologic provinces whose heal 
flow is high lo several hundred kilome
ters under continental shields whose 
characteristic heat flow is much lower 
[see bottom illustration on next two pages]. 
For some shields the geotherm does not 
intersect the mantle's melting curve at 
any depth, and so in a strict sense 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 moiion of the plate system. 
More realistically, we expect lhat 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 
state of the earlh in times long past? 
Most treatises on this subjecl 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 oul to be invalid. (The lesson of 
Kelvin has not been lost on others!) 
Nevertheless, some observations can be 
ventured lhat 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 heal-pro-
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CHARACTERISTIC LINEAR RELATION is frequendy discovered in plotting heat flow 
against heat production for a particular region, as can be seen in lhis graph for data obtained in 
the ea.s'lcrn U.S. (black dots). Such variations in heal-flow data for diflereni conlinenlal re
gions can oflen be attributed to diflering concen(rn(ions of hea(-producing radioactive isotopes 
in (he outer few kilometers of (he earth's crust. The point where (he colored line intercepts Ihc 
vertical beat-flow axis indicates the amount of beat flow coming from below this zone uf crusl
al radioacdve-isotope enrichment The slope of Ihc line tells how deep within the crusl (he 
enrichment persists. The slope and intercept vaiucs together serve lo characterize differenl 
heat-flow provinces. The variation of heal flow within a province is governed by (he region
al variabilKy of (he crustal isotopic enrichment. The differences in heat flow between prov
inces arise principally from variations in the amount of hea( flow coming from below (he crusl. 
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WORLD HEAT-FLOW MAP, conslructcd by the authors on the basis of Ihe available obser-
vations supplemented by estimates, shows variable patlerns of heal flow on a global scale. The 
main zone of high heat flow (darker shades of color) is in Ihe eastern Pacific Ocean otf Central 
America and Soulh America. This zone coincides with Ihe East Pacific Rise, a niajor oceanic 
ridge where new sea floor is being extruded and carried away quite rapidly (o yield a compara
tively broad band of high heat loss. The oceanic ridges in (he Atlantic Ocean and the Indian 
Ocean arc spreading more slowly and hence result in a narrower zone of above-average hoal 
flow. Olher regions of fairly high heal flow include Ihc marginal ocean basins of Ihe wesl
ern Pacific, which overlie active subduction zones, lhe western cordillera of Norlh America, 
where subduction ceased between five and 10 million years agn, and Alpine Europe. The prin
cipal regions wilh below-average heal flow (ligliicr xluiilcs of color) include all Ihe ancieiil Pre
cambrian shield and platform areas of Ihe continents and the oldest parts of Ihe ocean floor. 

ducing radioaclive isotopes: thorium 
232. uranium 238. potassium 40 and 
uranium 235. The continental crust av
erages 40 kilometers in thickness, less 
than 1 percent of the earth's radius, yet 
its endowment of these heat-producing 
isotopes is greal enough for 40 perceni 
of the heat flow at the earth's surface to 
arise within ihc crust itself. The concen
tralion of isotopes in the oceanic crusl is 
less, but it still represents a significant 
enrichment. The implication of this up
ward conceniration is that there has 
been a major geochemical segregation 
within the earlh. The fad 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 aboul the 
Ihermal and tectonic processes in the 
earth's interior comes from a considera
tion of how certain physical properties 
of the earth, such as its strength and vis
cosity, change wilh temperature. Vis
cosity is a measure of the ability of ma
terials, including solids, lo flow; a high
ly viscous material approaches rigid
ity, whereas a low-viscosiiy material is 
much more like a fluid. Elevated tem
peratures generally promote a lower vis
cosity. At the surface of the earlh and 
within the lithosphere the rocks are 
comparatix'ely cold and stiff, but deeper 
in the earlh the increase of temperature 
with depth almost certainly is accompa
nied by a decrease of viscosity, which 
eventually enables the interior to be
have like a fluid. Accordingly the interi
or is likely lo be dominated by fluidlike 
movements driven by density differ
ences of both compositional and ther
mal origin, in contrast lo thepurely con
ductive thermal regime that exists with

in the lithosphere. In the early evolution 
of the earth it was probably the gradual 
reduclion of viscosiiy as the earlh was 
warmed by the radioactive heat lhat be
gan the process of density stratification 
giving rise to the core and the upward 
conceniration of lhe heat-producing iso
topes. The rearrangement of the earth's 
mass as the core settled liberated gravi. 
lational energy, which must have accel
erated the process. The formation of the 
earth's core was a unique mechanical 
and thermal event in the history of the 
earth, unmatched in scope or drama by 
the events of laler aeons, in spite of the 
current preoccupation of the earih sci
ences with contemporary geodynamics 
as embodied in plate tectonics. 

The long-term ihermal evolution of 
the earth is closely linked lo the abun
dance and life span of its heat-producing 
isotopes. For an isolope to be important 
in the earth's thermal history, it must be 
abundant enough and its radioactive 
half-life must be long enough for it to 
contribute significant amounts of heat 
over times comparable lo the age of the 
earlh (4.6 billion years). Only the iso
topes mentioned above (ihoriiim 2."̂ 2. 
uranium 238, potassium 40 and urani
um 235). with their respective half-lives 
of 14.1.4.51. 1.26 and .7 I billion years, 
satisfy these requirements. Taking their 
relative abundances into account, and 
calculating the rate of heat generation 
three billion years ago. one finds lhat 2.2 
times as much heat was (jcing generated 
by radioaclive decay then as is being 
generated now. This enhanced heat pro
duclion was probably rcllccted in a 
commensurate increase in the hcai llow 
at the earth's surface, from which one 
can infer that the lithospheric plates 
then were probably thinner, morc easily 
fractured and hence probably smaller in 
area but greaier in number than the 
plaics of today. The asthenosphere un-

THICKNESS OF THE EARTH'S LITHOSPHERE, or rigid outer shell, can be csiimaied by 
selecting for each five-dcgrce-squarc region of Ihe earth's surface Ihe "geotherm" thai cor
responds to (he mean surface heat flow (see illustration on next paj;e). The depth al which Ihe 
geolhermal curve in(crsec(s (he incipient melting curve determines Ihe thickness of the litho
sphere in that region. As Ihe map shows, the lithosphere Ls thinnest along the oceanic ridges and 
other regions of high heat flow and thickest under continental shields. According lo authors, 
"there seems to be little doubt that this greal thickness of comparatively cold and stiff rock 
imparts Ihe long-term stability lhat has come lo be associaied with the Precambrian shields." 
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derlying the plates was probably in a 
more vigorous state of activity than it is 
at present. 

In the fut ure the lithosphere will con
tinue to thicken and the asthenosphere 
will become more viscous, owing to 
the continued cooling of the earth and 
the slow decay of its radioactive heat 
sources. The motion of the thickening 
plates will become more sluggish and 
retarded, although interruptions in this 
long-term trend similar to the fragmen
tation and dispersal of the "supcrconti
ne nt" of Pangaca over the past 1 RO mil

lion years should be anticipaied. As the 
conti rich tal shields continue to thicken 
and to develop substantial viscous an
chors one. can expect the moiion of the 
plates eventually to cease, bringing to 
ati end the plate-tectonic phase of the 
earth's evCilution, Thus for the diminish
ing band of eanh scientists who stil! ad
here to a nonmobile view of the earth 
there may be some sniall solace in the 
fact that the earlh wil) eventually con-, 
form to their concept of ii. They must be 
patient, howevei-, since that time is 
probably some two billion years hence. 
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T w o TVPICAL FAMILIES of geotherms ft ur ves representing tlie variation of ihe earth's 
lemperature with respect to depth) arc shown here for a coiilincntal province (lilack) and an 
Oceanic proviiice (color). The members'of each family of geotherms arc labeled according to 
the heat flow (in tnilliwalls per square meter) produced at Ibc earth's surface. As might be ex
pected,, the temperature found at n given depth in a regipn of high heat'flow will be higher (han 
the temperaiure at the same depth in a region of low heat flow. Heavy black curve most geo
thermal curves interTiecl represents the temperature at which rock will begin lo mell in the 
earth's mantle. The deptli a( which such melting is otacrved is variable, depending on (he heal 
flow and the geotherm for that region. Under sonic continental regions with low heat How (in 
particular the stable Precambrian shields) there Is probably no melting. Many geologists and 
geophysicists believe tbe base of the rigid lithosphere is dcfliied by (be onset of partial-melting. 
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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 

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 
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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 
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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-lO(lHz) vertical geophones were used as sensors with 

the above recording equipment. All recording equipment 

were standard types conventionally used 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 
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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. i(Haskell, 

1962). For a single layer overlying basement the model 

peaks at the theoretical resonance frequencies of the 

layer 

. (2n-l)a 
* = ~TE 

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 - B e a t t y , Nevatla; S i n g l e l a y e r 

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 

IS to 17 Hz is attributed to a nearby water pump. Thus, 

the validity of groundnoise crustal inversion techniques 

in determining over-burder layer thickness has been 

demonstrated. 

Case 2 - M i l f o r d , U t a h ; Two l a y e r s . 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 is 

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 DDHIA 

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



Table 1 

Summary of Drill Hole Data 

Well 

DDHIA 

DDHIB 

54-3 

3-1 

14-2 

Depth to Bedrock 

35 m 

47 m 

91 m 

195 m 

49 m 

Geology 

0-35m - Altered Alluvium (Alunite) 
35-66m (T.D.) Altered Precambrian 

gneiss 

0-47m - Altered Alluvium 
47m-70m (T.D.) Altered Precambrian 

gneiss 

0-49m - Alluvium 
49-488m - Quartz Monzonite 
488-625m - Biotite Granite 

(intensely altered) 
625m - Hornblende Biotite Quartz 

Monzonite 
(weakly altered) 

Reference 

Parry et al. 
(1976) 

Whelan (1977) 

Ward a Sill 
(1976) 

Phillips 
Petroleum Co. 

U of Utah 
Research 
Institute 

tJ 
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a small discrepancy as to the exact locations of drill 

hole DDHIA and the other surveys because of the mis-

location of a quarter section marker used as a reference. 

Parry, et̂  al. (1976) describes the surface layer at DDHIA 

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 small. 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 5N 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 DDHIA. However, at Station 

5E 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 5N 

indicates a depth to bedrock of about 125 meters which 

also disagree with the groundnoise depths of 53 meters 

for Station 5W 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 DDHIB 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 DDHIA is believed to lie along the north-south 

(baseline) gravity profile. At this location 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 5E 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 ejt al. , 1976) west of the Dome fault 

and fractured igneous-metamorphic rocks east of the Dome 
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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 

jthis 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 5E 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 5E located near the Dome fault are smaller than those 
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at Stations 5N 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 5W. 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 stations. 

Parry, et al. (1976) also inferred a fault in this 

location from surface mapping of opalized alluvium. 
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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 

applied. 

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. 
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This can result in large errors. Groundnoise inter

pretation is based on single station data and therefore 

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 high 

resolution seismic reflection surveys at a fraction of 

the cost. 

Applications of groundnoise techniques in 

oil 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 
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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. 
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INTRODUCTION 

Each year m o r e than $30 million is spent in the free world on geophysical 
work related to m i n e r a l exploration. The included graph shows how and 
w^here this money is spent. Geophysical costs a r e , of cou r se , only a p o r 
tion of the total m i n e r a l s exploration e.x;penditure. Geological and geo
chemical cos t s , land acquisi t ion costs aiid dri l l ing cos ts , not included in 
the above f igures , typically account for the l ion 's share of explorat ion cost."?. 
It would be safe to say that inore than $100 mill ion is spent year ly in the 
free world on m i n e r a l explorat ion. 

Profess iona l ea r th sc ient i s t s of a number of special t ies (geology, geo
chemis t ry , geophysics) in te rac t as a team in the typical explorat ion p r o 
g r a m . ' Support comes from lawyers and landmen (who obtain access and 
m i n e r a l r ights) , f rom r e s e a r c h geoscient is ts (who develop new explorat ion 
concepts , techniques, and instrumentat ion) , f rom deposit evaluation, mining 
and ore t r ea tmen t exper t s (who judge whether or not a m i n e r a l d i scovery 
is indeed nnineable), and from ass i s tan ts and field technicians (who handle 
many of the routine aspec ts of exploration). Management welds the d i v e r s e 
groups into a (hopefully) working whole. 

The mining geophysicist works closely with the geologist . They jointly plan 
geophysical surveys and jointly in te rpre t the survey r e s u l t s . Good geological 
input is an absolute necess i ty to effective exploration use of geophysics . Of 
course the geophysicist should have a thorough educational background in 
geology. Other fields which the geophysicist uses a re : 

. Phys ics 

Mathemat ics 

E l ec t ron i c s / In s t rumentat ion 

Computer P rog ramming 

Chemis t ry and Physica l Chemis t ry 

Economics /Bus ines s 

Minera l Law 

At this point it nnay be helpful to define what a geophysicist i s . 

A geophysicist is a person who makes measu remen t s of physical p rope r t i e s 
of the ea r th and in t e rp re t s these measu remen t s in t e r m s of the geological 
s t ruc tu re of the ea r th . 

The re a r e s eve ra l spec ia l t ies in the broad field of geophysics . Among 
them a re : 



Mining Geophysicist: A geophya.sicist who specia l izes in the explorat ion 
for mine ra l depos i t s . 

Pe t ro l eum Geophysicist : A geophysicist who specia l izes in the explorat ion 
for pe t ro leum. 

Solid E a r t h Geophysicist: A geophysicist who studies p r o c e s s e s within the 
ea r th by geophysical m e a n s . 

Seismologis t : A geophysicist who studies ear thquakes . 



a 

WORLDWIDE EXPENDITURES 

CHANGE 

1 YR SYR 

TOTAL EXPENDITURES $12,950,000 +28% -50% 

AFRICA, 
MIDDLE EAST 

FAR EAST 
29.7% 

CANADA 
26% 

AUST. > ^ 
3 . 9 % ^ ^ 

, ^ ^ ^ EUROPE 
\ 10.4% 

\ 
h . AMERICAN 

1 MEXICO \ 
CENTRAL \ 
AMERICA ' 

11.5% 

UNITED 
STATES 

18.6% 

\ ^ 

WORLDWIDE METHODS USED 

DISTRIBUTION BY EXPENDITURES 

RADIOMETRIC 2.4% SEISMIC 2.6% 

O 
at 
o;. 

o 

FIG. 18, Expenditures and methods used in 1972 in ground geophysics for minerals. 
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PHYSICAL PROPERTIES OF ROCKS 

The geophysicis t m e a s u r e s the physical p roper t ies of rocks at depth and 
in t e rp re t s his m e a s u r e m e n t s ih t e r m s of a 'geological p i c tu re . Although 
there a r e inany physical p roper t i e s which ca.n be measu red , geophysical 
prospect ing techniques rely on the following to the g rea tes t extent: 

Useful Phys ica l P r o p e r t i e s of Rocks 

E lec t r i ca l 

' Magnetic 

Gravity 

Radiometr ic 

Seisnnic 

The following pa ragraphs d iscuss these physical p rope r t i e s in an i n t r o 
ductory way. How they a r e used is the subject of all of the :remaining 
m a t e r i a l . 



ELECTRICAL PROPERTIES OF ROCKS 

I. The in t r ins ic rock p rope r t i e s a re res is t iv i ty and induced polar iza t ion . 

'» A. Resis t iv i ty . Apply Ohm's- law to a hypothetical r o d m a d e f rom 

a rock as follows: 

Ohm's Law: r e s i s t ance (ohms) 
V 

voltage drop (volts) or R = — 
cur ren t (amperes ) 

A - end a r e a of rod 

L = length of rod 

Resul ts : 1) as A i n c r e a s e s , R decreases in inve r se propor t ion 

Z) as L i n c r e a s e s , R inc reases ind i rec t p ropor t ion 

We can therefore define a rock pa rame te r or physical p rope r ty 

by the le t te r rho, p, which is the constant of propor t ional i ty . 

2 
= ohm-m = res i s t iv i ty RA ohms X nn 

m 

l / p = cr = conductivity 

B . Induced Pola r iza t ion . In the above experinnent, ' let the frequency 

of the al ternating cu r ren t be var iab le . Then 

IP Effect = PDC - PAC ^ ^00% = percent frequency effect = pfe' 

PAC 

II. How do rocks conduct e lec t r i c i ty? Most rock-forming m i n e r a l s a r e 

good insula tors but a few a r e conductors . 



A. Rocks with no conducting minera l s st i l l c a r r y e lec t r ic i ty in wa te r 

which fills tiny pore spaces between minera l g r a i n s . 

B . Rocks with e lec t r ica l : conducting rninerals conduct e lect r ic i ty 

• both through the mine ra l grains and through pore water . 

III. Classif icat ion of Rocks and Minera ls 

•Rock or Mineral E lec t r i ca l Resis t ivi ty , p 

pure copper 

pyr i te (FeS ) 

graphi te (carbon) 

grani te 

basa l t 

l imes tone 

al luvium 

calc i te (CaCO ) 

quar tz (SiO ) 

good insula tors 
7 

: 10 ohm-m 1 ohm-m 

good conductors 
-6 

£_= 10 • o h m - m 



MAGNETIC PROPERTIES OF ROCKS 

I. The in t r ins ic rock p rope r t i e s a r e inagnetic suscept ibi l i ty and 

remanent magnet izat ion. 

A . M a g n e t i c S u s c e p t i b i l i t y . 'When a - r o c k con ta in ing m a g n e t i c m i n e r a l s 

i s p l a c e d in an e x t e r n a l m a g n e t i c f ie ld , it a c q u i r e s an induced 

m a g n e t i z a t i o n due to i t s s u s c e p t i b i l i t y 

,. , . . . . , induced m a g n e t i c field s t r e n g t h 
s u s c e p t i b i l i t y , . k = — ; ° :̂ —,.. . , •-—°—; 

e x t e r n a l m a g n e t i c f ie ld s t r e n g t h 

u n i t s of s u s c e p t i b i l i t y a r e 10 . cgs = |j. c g s 

M a g n e t i c r o c k s h a v e induced m a g n e t i z a t i o n due to t h e i r p r e s e n c e 

in the e a r t h ' s m a g n e t i c f i e ld . 

B . Remanent Magnetization. When a rock containing inagnetic m i n e r a l s 

cools from high t empe ra tu r e or undergoes chemica l change while 

in an external field such as the ea r th ' s magnet ic field, it often 

acqui res a remanent or permanent magnet izat ion. 

The rat io of remanent to induced magnetizat ion in a rock is called 

the Koenigsberger ra t io , or Q-factor . 

II. The most common magnet ic mine ra l in rocks is magnet i te (Fe O ) . 

Magnetite accounts for a lmost all niagnetic p rope r t i e s of rocks . The 

magnet ic mine ra l pyrrhot i te is often found in ce r ta in kinds of m a s s i v e 

sulfide depos i t s . It is the only other important magnet ic m i n e r a l . 
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III. Classif icat ion of Ro.cks-and Minera ls 

Rock or Minera l Susceiptibility (|j. cgs) Q-factor 

10 3 10^ 

magnet i te (Fe.O.,) 6. . ^ 3 4 

pyr i te (FeS ) 

quar tz (SiO ) 

igneous rocks 

volcanic rocks 

sediraentary rocks 

i ron ore 

10 

• n,a 

n a 

r a 

100 



GRAVITATIONAL PROPERTIES OF ROCKS 

I. The in t r ins ic rock proper ty is densi ty. 

.,.., . m a s s , 3 

Density = —;; = g m / c m 
volume 

II. Because all rocks have m a s s , they all have a densi ty , and they al l 

have a nneasurable gravity field. Density is m e a s u r e d by f i rs t 

weighing a rock in a i r , and then weighing the same rock while it 

is under wa te r . The difference between these two weights gives the 

weight of water dis.placed and therefore the volume of the rock, 
3 

since water has a know^n density of 1 g m / c m . 

weight in a i r , 3 
p = density = . , ^ . . , ^ . :— = g m / c m 
'̂  weight in a i r - weight in water 

III. Classif icat ion of Rocks and Minerals 
3 

Rock or Minera l Density ( g m / c m ) 

wa te r 1.00 

graphite 2. 23 

quar tz 2.65 • 

pyr i te 5.02 

magnet i te 5.18 ' . ' ' . ' . ' 

gold . 1 9 . 3 

alluvium 1.9-2.1 

igneous rocks 2 .5 -2 .7 

volcanic rocks 2 , 2 - 3 . 0 

sed imenta ry rocks 2 .0 -2 .9 

mass ive sulfide ore 3 . 0 - 6 . 0 



RADIOACTIVE PROPERTIES OF ROCKS 

I, Radioactivity is the spontaneous disentegrat ion of the nucleus of one_ 

or more atoms with result'ing emiss ion of other par t ic les and of 

energy. 

II. Types of par t ic les emitted and their penetration abil i t ies a r e : 

Pa r t i c l e 

Alpha par t ic le (helium nucleus) 

Beta par t ic le (electron) 

Gamma rays (e lectromagnet ic 
radiation) 

Penetra t ion 

2 cm of a i r not paper or rock 

0. 2-0. 4 cm rock 

65 cm rock 
7 cm lead 

III. The main sources of t e r r e s t r i a l radiat ion cause gamma rays of 

var ious ene rg i e s . The decaying s e r i e s , . e lements measu red , and 

energ ies a r e : 

Se r i e s begins with 

40 
K 

U 
238 

T h 
23 2 

Element Measured 

K 
.40 

Bi 
214 

T l 
208 

Gamma Ray" Energy 

1. 35 to 1.58 Mev 

i . 65 to 1. 88 Mev 

2.42 to 2. 82 Mev 

Total count measu remen t 1.35 to 2 .82 Mev 



SEISMIC PROPERTIES OF ROCKS 

I. The in t r ins ic proper ty is the velocity of t r ansmiss ion of mechanica l 

waves in the rock. 

A. Compress iona l Waves. These a re ordinary sound waves in r o c k s - -

the rock par t ic le nnotion is in the same di rec t ion as the wave 

propagation. 

B . Shear Waves. These have no analogy with sound because fluids 

such as a i r and.water will not t r ansmi t shear waves . The par t ic le 

motion is at right angles to the direct ion .of wave .propagation, much 

as a wave travel ing along a loose rope. 

II. Compress iona l waves a re the ones conimonly used in mining geophysics . 

The velocity of these waves in various rocks and m i n e r a l s is as follows: 

Rock or Mineral 

al luvium 

igneous rocks 

volcanic rocks 

sed imen ta ry rocks 

magnet i te 

mass ive sulfide ore 

Velocity Range, f t / s e c . 

1,600-12,000 

13,000-20,000 

10,000-18, 000 

6 ,000-18. QQQ 

18, 200 

20.000-25. 000 



I; I. 

EXPLORATION STAGES 

Most mine ra l exploration p rog rams can be grouped into the following 
s tages : 

1. Bus ines s . Is there a marke t for the commodity sought and can it be 
mined at a profit f rom the deposits e-xpected in a given a r e a ? 

2. Reconnaissance . Large a r ea s a re f irs t considered with the idea of 
locating much smal le r port ions within which chance of d iscovery 
is highest . Odds of making a discovery a re determined mainly by: 
1) odds of occur rence of a deposit , 2) odds of detecting the deposi t 
by the methods employed. 

3 . Examinat ion. Once a favorable smal l a r ea has been identified, a 
c lo se r and more detailed look is required for d i scovery . 

4. Eyaluat ion. When a mine ra l d iscovery is made it mus t be evaluated 
- to de te rmine whether or not a deposit exists which can be mined at 

a profit using existing technology. If the answer is "yes , " then the 
deposi t is called an "orebody, " otherwise it i s just a " m i n e r a l d e 
pos i t" or a "minera l r e s o u r c e . " 

Geophysical surveys a r e used in stages, 2, 3, and 4 above. 
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FORMATION OF .A P O R p l l f e ^ CQPPi%/aR'MOLYBDENUM DEPOSIT 

(Fig. A) 1. A molten igneous sjbo.ck oi gi-anite or quSrtz mohzonite 'Gom-
position is ' empMced in pre-exis t ing rocks;. S.onie of the 
mol ten rnatesrial makers i t s way to the surface to form vbl.-
eanoes and a cove'ring layer of volcanic ro.cks r e su l t s . ' 

.(Fig. A) 2. The • &to.c.k. cQpls i r o m i*s original tempe-rature of m o r e than '. • 
800°C, , a,nd rniherals Begin to-crystall izej in the;mett . Heat 
is carried-away" mainly by groundwater c i rculat ing in-a^ la rge 
convec.tion syst.em around the stock. As m o r e and .more 
m i n e r a l s c rys ta l l ize i'li the inelt, the. res idua l fluid becomes 
enriched in volati les which dp not become p a r t of the. rock . 
Thesfe; volat i les a r e composed msCinly of wate.r vapor, sulfur 
gas and comp'ounds, and Ghlorine,, -with di&solved me ta l s 
such as copper,, molybdenum, lead, zinc, gold arid "silv.er. 

{Fig. A) 3. When the: stock finally becornes s;.olid, its outer m a r gins-
ir .actur6' and the. r~esidual vcjlatile fluids-, which contain th^ 
.metals.i a r e re leased "to the circulat ing groundwater cori- • 
vection sys teni . The cpnyection systern d is t r ibutes the nnetals 
in- zones in b o t h t h e host -rocks; and the parent, stock. Copper 
and'motybdenurri o re .are'zoned inside of =a pyrite- (FeS.2) ha;lo, 
with le.ad, .s i lver and zinc ore- further away. G G M usua;lly 
occurs 'with the •CQ.pper. j jSkarn deppsi ts , often containing' the 
magr i e t i cmine ra l magne-tite (Fe^O^) as well as copper 
mine ra l s a r e sometimes, f6i-med in adjac'ent li.rriest.pne if 

., pre'serit. All of these p rocesses a r e . called miner.ai izat i6n. 

(Fig. A) •4, • The convecting groundwater systern also causes chei^ic^ • 
Ghanges to take place both in the s.tock arid in adjacent host 
r oeks . Fe ldspa r rnihe'rals a re alter^ed to c lays and,micas 
and much quar tz is introduee.d.- This p r o c e s s is called 
a l te ra t ion . Gha rac t e r i s t i c a l te r ati on minerals- oGCur in zones 
arotind the< stock, and the zonation of the a l te ra t ion and rain-

. err'alization p roces se s often help gedlogisM and geophysicis ts 
to locate the orebodi.es.. 

(Fig. A) Si The surface abo.ve a forming"porphyry deposit- is believed fco 
show evidence: of recent volcanisrn and geothfe'rm.al activity 
such as -we see at Yello\vstone today. 

(Fig. B) 6. E ros ion p r o c e s s e s eventually s t r ip off the tdp of the' p o r 
phyry deposit , which-has long since coole;d. The upper pa r t 
of the-copper/niQlybde.nurri orebody and of the pyri te halQ a r e 
exposed at the s.urface, and they undergo oxidatidri. 



(Fig. B) 7. Ox-xtlation of pyr i te (FeS2) prpduce^ sulfuric acid (HgSO^), 
arid thfe-sillfuric acid dissolves cppper frriinefa.ls such as 
chai'G^pyrite (Ca,FeS2) arid bornite (Cu5FeS4). The dissolved 
GOpp.er mine ra l s as chalcocite (Gu2S) to form an enriched 
•zprie. The enriched zone Gontains a l l io f i t s or ig inal copper 
plus what i s added from above. As eros ion and pxidation 
proceed downvyard through the deposit, the enr iched zone 
rrioves. downward also and becomes thicker and r i c h e r . 

(Fig. B) '8. Volcanisrn from a separa te , unrelated volcano pours out 
volcanic rpGks to cover ' the deposit and halt the oxidation 
arid enriGhmerit p r o c e s s . 

(Fig. C) 9. During ensuing tinne to the p resen t the ore deposit is sub-
. "jected to many geologic proces sesi antbng them tilting 

(rotat ion), f ajLvIt'ing, and being co.vered by uncons olid ated-
g rave l s , Mh this way many- dfeposits a r e hidden frbmivie'w, 
arid;'geophysics helps to discover such hidden depos i t s . 



FORMATION OF PORPHYRY D E P O S I T 
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FORMATION OF PORPHYRY DEPOSIT 
TIME: to MILLION YEARS AGO -̂
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SECTION B'—8 

0 - ' > DO IOOO 
= 3 " 

Idealized lorigitudinal-section'looking northwest. „ 

C r o s s s e c t i o n t h r o u g h San Manu.el mine., a p p r p h y r y c o p p e r d e p o s i t in s o u t h e r n A r i z o n a . No te t ha t 
the o r e zone h a s b e e n ro ta ted , f r o m i ts o r i g i n a l v e r t i c a l p o s i t i o n so t h a t now it l i e s on i t s s i d e . 



DistribffQO of l l t i f i t i i i Ifpm, finfuno BBpisif 

.Chainage (Feet) 



M E X I C 0 

Map oE the southwestern United States- and adjoining regions of Nfexico sbo;wing tlie 
principal physiographic subdivisions and the location o.f the: porjihyry copper deposits. 
Names and locations underscored are the deposits described in this volume. 
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( f r o m G e o l o g y ol the P o r p h y r y C o p p e r D e p o s i t s - Southv; /es tern N o r t h 

A r n e r i c a by T i t l e y and H i c k s ) 
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T H E 'grKAVlT Y liIiE.:mOD 

F o r two m a s s e s , M j and M2) p l aced a-dis tance- r a.p,art, the g r av i t a t i oh ' a l 
a.tt 'raction, is , g iven by the equa t ion : 

F 
^^Mj.Mg M-j r M-2 

2 
r • 

where; y = un ive r sa l -g rav i t a fc idna l 'Gpns tah t 

This ' i.s. N-ewton',s L.aw of G r a v i t a t i o n . .We see -that gray,ity---varie;S-direC^t-ly - -
w-ith m a s s and i n v e r s e l y wi th the s q u a r e o f ' the d i s t a n c e . . -

T h e e a r t h prod .uces a g r a v i t a l i b n a l ' f i e l d due to i t s ..rnass (s:ee a.c.cpmpanying 
f ig.ure) .and the. i n t e r a c t i o n be^tween our. hpd.y 's nias-s an.d: the e a r t h l s rna-ss 

".is w h a t we:.ca:H weight . . B e c a u s e the e a r t h s'pins on it's a x i s , i t i s n o t . a trxie 
sphe re , - bu t - is-bulged ou tward a t the e q u a t o r . T h i s rnafces. a po in t on t h e 
eq i ta to r . fur therXrorn . th.e cejciter pf t h e .ear th than i s a point" n e a r -the n p r t h o r - -
s p u t h p o l e . B e c a u s e of t h i s , gra 'wty i s le.ss: a't the .equatdr ' t h a n at, the p o l e s . 
A l s o the ce r i t r i fuga l fo rce : a t the equator-d.ue to the ea , r th ' s sp in t e n d s t o - t r y 
to' f l ing a bo.,dy off int'o s p a c e , t h e r e b y f u r t h e r ^decreas ing t h e we igh t of a 
body at the e q u a t o r r e l a t i ve - to the we igh t of the sam.e bp.dy at. e i t h e r ^pole; 

Ne.ar—surface'geplq^gy rnodif ies the! ea^rth's gra.vity.f ield b e c a u a e of the v a r y i n g 
d e n s i t y of rb'cKsv By mfeasurjing the e a r t h ' s gravity"field^ ^̂̂ ^̂̂  rna;ny p o i n t s , • 
g.eo p h y s i c i s t s a r e . a b l e to' m a p d e n s i t y d i f f e r e n c e s in h e a : r - s u r f a c e ro . cks . 
T h e n by a p p i?p p r i a t e i n t e r p re t a t i on theSe d e n s i t y differe^nc.e_,s a r e y.isuali^.e.d 
in t e r m ' s ' o f wha t t h e y n - i e a n gleplpgical iy. • - - i - . , 

.The.-i.ns,tr-urnenfe us.ed to p e r f o r m a garavity s u r v e y j s caUed, a .g rav i ty m e t e r 
cfr g r a v i m e t e r . . M o d e r n g r a v i t y irteteFS a r e airibrig the m o s t d e l i c a t e and 
p r e c i s e m e c h a n i c a l instrumenLts e'ver made , by "man. T h e y c a n d e t e c t the 
smal-1-dec-re'ase in g r a v i t y due to a 2 - i n c h i n c r e a s e in e l e v a t i o n . T h e i r c o s t 
i s r o u g h l y $10 , 000; T h e y a l l w o r k on the p r i n c i p l e of r n e a s u r i n g \ t h e c h a n g e 
-in weight-of a s .mall c o n s t a n t m a s s wi th in t h e : i n s t r u m e n t . The. m e a s u r i n g 
- sp r ings a r e . rnade of fused q u a r t z (SiO-2), an e x t r e m e l y s t a b l e s u b s t a n c e ( s e e 
aceorhpanyi r ig f i g u r e ) . • - " 

D u r i n g a g r av i ty ' s u r v e y , the i n s t r u m e n t i s f i r s t s e t u p a n d - r e a d a t a b a s e 
s t a t i o n . T h e n i t is t a k e n in t u r n to the s u r v e y s t a t i o n s , and ;after '2-6 h p u r s 
it i s r e t u r n e d to the b a s e , s ta t ion . C h a n g e s in b a s e r e a d i n g s .are c a l l e d d r i f t ' 
and m u s t be c o r r e c t e d fpr.. A l s o s.urvey s t a t i pn e l e v a t i o n s and l a t i t u d e s 
m u s t be( a.ccur-ately known. T h e n a s t ra igh t fo : rward ' s e r i e s of c o r r e c t i o n s 
i s made. , a s i n d i c a t e d in the figure. , b e f p r e the da t a c a n "be u s e d fo r i h t e r -
p r e t a t i o n . 

in p o r p h y r y c o p p e r e x p l o r a t i o n , g r a v i t y s u r v e y s a r e u s e d to: 



1) de te rmine the thickness of gravel or volcanic coyer over bedrock. 
Then if the cover Is •'thin enpugh (less than 2, 000 feet), o ther geo
physical rnrethods m a y be applied. In this appliea'tibn, t he g r av i t y survey 

: . does not .detect ore direct ly; 

2., locate and d.efi'ne. dense •skarn mineralization-. In this, c a s e the .ore. may 
be d i rec t ly detected; 

3 . • map and pro jec t geolpgy by mapping rock density dif ferences . 
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GRAVITY GO R REC TIONS 

2 HR. REPEAT READINGS ON BASE A 

6 AM 12 N 4 PA< 

TIDAL & INST DRIFT CORRECTIONS = 

.3-nig/24 HRS'' _ -

EQUATOR 

LATITUDE CORR; .= - 1.3 mg/MILE NORTH 

SURFACE 

SEA LE.VEL. 

FREE AIR CORR. = + .094 m.g/ FT-ELEV.. 

BOUGUER CGRR. = - .013 (J m g / FT;-ELEV. 

/'SEA LEVEL 

TERRAIN CORR: = + mg 

BOUGUER GRAVITY (mq) SEA LEVEL DATUM = OBS GRAVITY + TIDAL & DRIFT CORR. + LAT. CORR, 

+ FREE AIR CORR, + BOUGUER CORR. t TERR. CORR, 
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Qravity bnduitcfptciive..gcologiccross;sectioii'a)bng.profile B-B' across UpperKafr River valley graheh arid liorthivcstLTn part .of Raft River- Moun
tains. Assumed density tcintrast is'0.5 g/cc. . . • 



THE M'AGNETIC' METHOD 

Rocks a r e magnet ic by vir tue of their coritalned magnetic r n i n e r a l s - - usual ly 
ma-gh:e.tite and /o r pyrrhoti te.- Most rocks a re usually only inagnetic when 
they a r e place.d in an external riiaghetic field, i. e. , dlue, to inclucedvmagne.ti,za.tion. 
0_f coa r se the external-field .which c.au&es rocks to be rn agn e t ic is the, e a r t h ' s 
field.' " - • , - , 

The ea r th ' s ' inagnetic field is like that due bo a la rge bar magnet ic p laced deep 
within the ear th- The or igin of this field is probably explained b.y e l ec t r i c a l 
•currents c i rculat ing in the ea r th ' s core , whi.ch is believed to be composed 
of mol ten i ron and nickel, The poles of the magnetie field, i . e . , , the spots on 
the ea.rth where the magnetic ' field is- ver t ica l , a r e near,, but not a,t.the earth's^ 
rotation- poles- Thus -a cpnapass does not point to t rue oi- geographic nor th , 
blit r a the r to magnet ic north (see the acGdmpanying'figure). -The.ear th ' s field 
has- a s t rength bf abb'ut- 25, 000 g-arnmas at the m.agnetic equator and abou-t-
75., OOP garnmas at the magnet ic poles j 

Many^ rrib d'er tf mag ngt o.iri et er. s measure ; the ea r th ' s field s t rength by mea-s;ur-ing 
the frequency of p r eces s ion of pro tbris as they rb tate a r ound the. e a r t h ' s field 
d i rec t ion . Field s t r eng th ' i s direct ly proportional, to this frequency. The source 
of protons i s usual ly a cpntaine.r of kerosene about the size of a pint j a r . MG.dern 
e lec t ron ics has made magne tomete r s accura te , l ightweight and trouble-free, . 

Magnetic, suryeys can be- conducted ei ther on the ground: or f rbm aii a i r c r a f t . 
G^rpund. surveys a r e perform'ed in much the same way that, gravi ty surveys-
(see above) a re ddne. The •mbd.e,,rn m,agnetpmeter m e a s u r e s the value of the 
e a r t h ' s local field to about 1 gamma. Correc t ions a r e ap'plied f.br the . regu la r 
daily var ia t ions itf the. e a r t h ' s field which ai-ire caused by eleiCtrical c u r r e n t s in 
the ionosphere , high above-the earth. ' 'During t imes of f l a res on the sun, the 
ionosphere becomes very dis turbed, which disrupts, the inaghetie field as, well 
as radio and telephone communicat ions . Surveying is not ppss ibie until the 

;:rnagnetic s torrn subs ides . 

Magnetic surveys a r e also performed-from an a i rc ra f t . In this c a s e the itf-
s t rumenta t ioh is m o r e etomplex, and may be S:ome,what.more; sensi t ive than 
ground m a g n e t o m e t e r s , M o s t surveys a r e fixed-wing, but t he helicOpt-er i s 
also used. The magnet re data a r e recorded on a paper s t r i p chart-and p e r - . 
haps, also on di g ita 1 mag-ne t i c tape. At the same: time,- 3 5 - ram pi ctu re s a r e 
taken of the ground every 1—5 secbtfds by a c-arhera, movinted tp Ip.ok ver t ica l ly 
downward. When thes..e p ic tures are, lat.er deyeloped, they a r e compcired to 
l a r g e r a i r photos to recover the- exact flight path; which is then piosted bn a 
n-iap. During the survey flight a sys t em called an inte^ryo.lpmet.eir niakes 
s imul taneous fiduDial marks; on the-magnetic record and on the-flight path 
film so the two can be precise:l,y t ied-tpgether . 



Onc'e the stfrvey has been flown, the flight path is r ecovered onto m a p s and 
some of the; fiducial points a re posted along the flight path. Then the magnet ic 
profi les a r e read and posted onto the map, somet imes after a complex, s e r i e s 
of c o r r e c t i o n s . F r p m the-po,sted magnetic field values a contour map i s con-
s t rueted , apd this contour map r e p r e s e n t s the final, survey product which the: 
'ged.phyaicist then uses for.his in te rpre ta t ion . 

Many factors m u s t be considered in design of an a e r o mag ne t ic surv ey. These 
are, l isted on the a.ccompanying chart- Once survey specifica,tions a r e chose.n, 
a cont rac tor i s usual ly sel.ected to p e r f o r m the survey, as few miriing corapanies 
find i t cost-effecti 've to maintain their own a i rc ra f t . 

The magnet ic in te rpre ta t ion p rocedure is var iable and complex . The rriagrietic 
survey h a s , of cbur se , mapped changes in the ear th ' s , fjeld caused by the va ry 
ing dis t r ibut ion ofrnagnet ic rninerals in the Surface and near -sur face , r o c k s . 
The magnet ic contour map becomes useful only after i t ,has been in te rpre ted , 
which usua;lly means : 

1. de te r paining the s ize, location, depth and magne t i c suscept ibi l i ty of-the 
var iaus naag,netie source bodies (done mainly by the geophysicis t) , and 

2. i n t e rp re t ing the above source bodies in t e r m s of a geologic picture^ (ddne 
by the geo lpg i s t and the geophysicis t ) . 

In terpre ta t ion :US,ually begins by quick ru les -of - thumb to de te rmine the source 
bodies and then proceeds to very complex modelling using the, computer to 
calculaie the theore t ica l effect of var ious source bodies for compar i son with 
observed data.' The accompanying figure show's the thedre t i ea l magnet ic 
anomal ies over a source body of size 4 x 4 x 2 burie,d 2 units, in an a r e a where 
the e a r t h ' s field is inclined at 60° to the horizpnta.! and for a body with ve r t i ca l 
s ides and a susceptibi l i ty bf 1000 x 10"^ cgs uriits. Many ;'such rnodels', using 
a ^numbe'r of souree bodies i n combination a r e usually n e c e s s a r y fbr a good 
fit to the' observed data. The computer is a very valuable aid in this work . 
An accdrnpanying figure .shows the in te rpre t ive work for^ a. s imple anoniaiy 
on data we obtained in e.as.tei:n Nevada, 

in porphyry copper explorat ion, the magnet ic method ' i s used to: 

1, detect buried ir i trusions which a r e usually more: niagnetic than surrounding 
ro.cks, • • ' - ,-

2. detect-buried raagnetic s k a r n s , which may be very magne t ic , • 

3.' detect magnet ic , lows assoc ia ted with dis t ruct ion of: magnet i te by the 
minera l i za t ion p;rocess, and 

4. m a j j arid pro jec t geology. 
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Model G-806; Poftable Magpetpmeter,, 



A I R B O R N E G E OEHYsiGM. -EXPLORATroN S Y S T E M 
,. Instittito NacionSiSge- Ene rgi a Nuclear . _ 

jAIRCRAET.:. Bli t ten-Norman IsIaiitJer, Model iBN-2A-9E (ST0t) . 
Twin turbo-charged .260. ENP enginosvwith. full IFRjin^tiniiSen-

tation. 

ieaOOlbs (2860.kg) 
3826 lbs; (1737 M 

Gross wt: 
: Empty-wt: 

Useful Load: 2474 Iba (1123-kg)' 
GEcVrting.Equipment: 2315 lbs (1051%) -. 

-^ __ Geophysical Instruments;.. 655.lbs (^S."'-'^) 
DpVratlng-Crew: 510, lbs,(.,232 til) 

. : ..^Fugl (U:S.<galloiis):__ ,,-; 1150 lbs ('522'1^) ' . . , 
Min.rjurvey Speed: ~70.fbLph (113,tditi/hr) . 
F e r r y Cruise-Speed: 160 mph (267 km/hr) 
Max.- Cruise Rai^e': 1263",st; .mile's, :, „ ; 

GAMMA .HAY SPECTRQMETER:-Exp'loramum, Model DlGES-3 001 . 
Four channel differential measurements of potassium, 'iiranivmi, 
thorium ana total count, Wt: -24 tbs, (lO.kg) -

SEEGTEIJM.BTABItilZER.: Explpranium,;, Model MSS-3 OOE 
Proiddes continuous automatio gain adjustment'fp'r each crystal 
aaidp:m. tube. Wt: 16 lbs (7.2 t^) 

CRYSTAL DETECTOR: :Explora»ium, Model 1100 
Nine-G'! dia, x 4 " thk. (153 x 102 mm) Bodiiim iodide c r y s t ^ s . 
Tobil..v^,luine: -1018 iiis;^ (i6,f.83:cm^). Two containers. 
Total wt: 297 lbs (134 kg) . ' . 

PHOTON-MAGNETOMETER: Ge,o,Metrics,-.Model Gr803 : 
Pror ides 0.25 gamma sensitivity, analog-and digital-outputs, 
Stinger-'mourited'sensor, Console wt; 14 lbs (6.35'lig) 

-ANALOG RECORDEB: E^ploraniuin, Model MA,ESr6 
Provides six channels; two event marke r s , multiple chart speeda,, 
inkiess writing, liVt: 34 lbs (15.3 kg) 

DIGITAL HEeORMNG SYSTEM: GeoMetrics; Model G-704 
- Sequejitially, scans, converts,-fortnat's,-.and reeords all digital 

and analog input .;c&a. on magnettc tape fqrfdirect computer 
processing^ Wt: '20 ' lbs (9;i_i<g)'' ' -

MAGNETIC:TAPE,RECGm3EH:'C;ipKer-, :M6del70. - • 
Pioyides digital recording of 300 char^see. at 200 bpi, 

• ^'•Wt:^:3 6 lbs, (i3;6 )!g>'.= . d •̂ - r ' - ' . - - , r - - • --'- - -

•••VISUAL DATA DJSPIJiY^Ge,6MetVics,'Model G-7 OS 
• A digital'data verification system (not sliown) provi cies a 256 

charac ter ' r t sua l display of iUl/recorded survey {̂ ^ Wt: 12 lbs 
(5,4 1^) - ' ' - . . . - . ". • .' ^.' 

INTESyALpMETEH:, GeoMetrics, Model G-8"03:-201 
Erovi'des pulse-to iiaLvigatidn cam era,,'fiducial counters,and r e - " 
cpriterevent; marker ; W t : ' 5 lbs (2,3 kg) 

NAVIGATION GAMERA:- Automax; Model G-2 
35 inm-system .with twin bpHcs; 4p,0<ft.jfilni magazine, 
Wt; 25 lbs (9,1 1^) ' ' . • 

E A D A K ALTIMETER": Honeywell: Model.YG-7600 

Provides 1% llriea.r accvirafcy from 0:to 5,000 feet. Wt: 7 lbs{3. 2kg) 

VLF.NAVlGATlOfJ SYSTEM: Model GJfS 300 
Provides point-to-point radio navigational (tata over 'a l l te r ra in -

. including water, Wt: 20 lbs, (8.5:kg) • 

1. Includes basic-jeqmpmen,t'and;staiidard;a'vionIes. ALL. geophy si cal instruments»are s tandard 19" rack 
mount with .24-32V DC jwiver requirements psrandef; power system i's. 2ay DC. ) 

: ^ a 

Cf-ftipltve geijf.hjou;iii suCvt-j iiii.ta.llai,iun ^liJI^ulder ain.i,afL) 
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Magnetometer Stinger Sensor Installatjon 

•GeoMetries/Exploraiuumihstriiment; Division recently installed, tested and delivered'a fully instrumented airborne; 
surv.ey exploration system to theTnstituto Nacional de Energia Nuclear (NaHonal Institute of Nuclear Energy). TJie 
survey, a i rcraf t is the p.opular BrlttenrNorman Is lander, offering, installation convenience and stable sii rvey charac
terist ics. .The exploration,plat-form,inclu.des an Exploranium four channel digital Gamma-Ray Spectronaeter :employ-
ing- a large crystal volume, {1018 ins.1 •) with- fully automatic spectrum stabilization, -a 'GeoMetrics Proton.Ma;gne-
tpmeter .with stinger mounted:iSensor, and Digital Data Acquisitipn,Systeni .for direct computer ent :ry of all analog •-- -
arid digital survey data, as well as a six .channel analog recorder, intervalometei^ SSriim camera, radar altim'etfer, 
and a VLF radianavigatibn system-. This sophisticated airborne system is ah,essential elem:ent-bf the Institute's 
newly established program to fully'investigate,aiid.ana.lyzethe natural resources of the entire country of Mexico'. 
Wliile,:the priiraary emphasis is the discovery-of -radioaqfcive sources to ineet potential power requirements, capabil
ities also include-recorinaissance-mapping: of geologic-struc tures. To insure effective ground,'fdllow-up-df selected • 
areas of interest, GeoMetrics also provided a helicopter spectrometer platform complemented'by-truck-mounted 
spectrometer systems,, base-station-magTietometerS'iaiid portable instruments. During,various_phases-of the-.Islander 

-instaUation, GepMetrics: provided a comprehensive^tralnir^ program-to familiarize the;-Institute's personnel-with 
total instrument operation and rnaintenance, airborne.and'groundsurvey'prpcedures.i and modem compilation and 
interpretation techniques. Additional "on;-site" training-will continue-to further insure that aU survey pbjectiyes 
arelachleyed \^ltli optimum results;, . ,, - -.-„ .:.^...^-
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AEROMAGNETIC SURVEY M E T H O D : 

F l i g h t Sp e:c ifi c a t i otis - ' -. - ' In F l i g h t C o n t r o l . . . . -•:_ 
.- .(:by P i lo t ) 

-are.a p r o p o s e d f l ight l i n e s 
f l ight d i r e c t i o n topographi .c ,m'ap a n d / o r a e r i a l p h o t o s 

, _ l i n e 'spacirtg —' - ^ dopp le r naviga t io i i 
t e r r a i n c l e a r a n c e , r a d a r a l t i m e t e r 

• 'ground m o n i t o r ' ' - -

f 
D a t a Acqu i s i t i on 

„ ' ..< , , . . [ f l u x ga te I , . [ s t r i p c h a r t r e c o r d e r 
T o t a l M a g n e t i c Int en s i ty - <, ^ > m a g n e t o i n e t e r - v ... . , , -,_. ^ 

° 1 p r o t o n I l_ d i g i t a l m a g n e t i c t a p e 

T e r r a i n C l e a r a n c e o r [ r a d a r I , , , ,. ) s t r i p c h a r t r e c o r d e r 
„ . V-,, , - \ ,. . > a l t i r n e t e r -- \ ' . .., , ^. ^ '•. 
B a r o m e t r i c E l e v a t i p n [ b a r o m e t r i c ! [ d i g i t a l m a g n e t i e t a p e 

I 35 nrtm manner a - f i lm s t r i p 
Posd t ion - < , , , • J- -̂  -, 4.- 1. 

Ĵ  cTos-s t racK dopp le r - d ig i t a l naagnet ic t ape 

F l i g h t n o t e s , time;, e t c , - m a n u a l e n t r y - s t r i p c h a r t r e c o r d 

„ , , . ^ ., g round s t o r m m o n i t o r ' • • 

T o t a l M a g n e t i c Int ,ensity - . ^ 
t i m e r e f e r e n c e 

Da ta I n t e g r a t i o n 

d o p p l e r d r i v e n i n t e r v a l v o m e t e r o r e l e c t r o m e c h a n i c a l f iduc ia l s y s t e m 

C o m p i l a t i o n 

-field e r r o r c h e c k 
fli-ght l ine r e c o v e r y 
b ' a se -map c o m p i l a t i o n 
l ine l eve l i ng and e r r o r ed i t ing 

( c o m p u t e r o r m a n u a l ) 

C o n t o u r i n g 

c o m p u t e r o r m a n u a l 

I n t e r p r e t a t i o n 



X 

Contour in te rva l = 5 y 
Altitude = 5D0 feet 
Scale 2" = 1 rnile; 1:31., 680 

.Interpretation;: 

1, .E:stablish bac;k-ground or 0 level ( und-isfeurbed fi.eld ya.iue)=.E91 5 
to 292.5 : 

2. Es tab l i sh anornalp-us maxirnurn and minirnum -" 

mait-imuni; - 3018 - r 98, y, . 
backg-rpund - 29:20 -^ 0 ra t io , rnin " 

;max 
13. 
9tî  = .. 18' 

3-

4. 

. 5. 

6. 

minimum.-- '290 2—^ ..-1.8 y 

Determine depth-; 10004 500 feet below plane,-^ 500-1..00p feet deep 

D,raw â magnet ic Source b:o;dy.: '^'250;p' x 2500' -^ 2 x , 2 depth uniths 

Check pri 'sm models ; Vacquier A58 = 2 -x 2 at 60 °;i'nclination 

Gompufce apparent .suscept ibi l i ty . K ^ - | f ^ — ^ ^ ^ - ^ = 9^. 8 x ' lO^ ' 

I. 07 X lO"-'3 = lO'OO X 10"^ cgs (infinite body).. Depth extent i s be
tw een^0Oa|_and_ro 1000 < K^ < 2000, X, 10' ̂  cgs 

Geologie explanation, 



MAGNETIC INTERPRETATION PRO.CEDUilE 

P r e - F l i g h t Planning 
de te rmine a r e a , flight direct ion, 
and al t i tude, "and line spacing 

Data Acquisi t ion 

P r e I i m i n a r y EvaluatJon-
topo..-geol, e;or re lation, evaluate 
noise and regional problems 

(* 

t 

No Yes 

GeoL. and Topo 
Correlat ion 

Model Studies -
for .source depth, geometry 

and magnetizatibn 
M. 

R ecomrhenda tions 
for BCMC follow-up, 

JL 

A Y 

Digit izing! 
— ^ -

I Spect ra l Analysjvs 

F i l t e r Design j 

F i l f e r i 5J 

— ^ 

'^Analvsi 
Detailed in terpre ta t ion 
topo. -geol . cor re la t ion 
model anomaly sources 
s t ruc tu ra l in te rpre ta t ion 

' ^J^Pt— 

Lys IS 

of f i l ter 
effectiveness^ 

Status Reppr t 
d iscuss ions with 

BC MC g eol og ist s 
X 

^ 

Modify inte.rp re tation 
mo r e d e tail e d m o d e ling 

i: 
- ^ 

Firi'al Repor t 
recommendat ions to BCMC 

Anomaly test . resiul ts - BCMC feedback 

FIGURE. 1. FLOW CHART'OF MAGNETIC INTERPRETATION PROCEDURE 
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î i-;' 

' •Ml 

! - ' : : ; • 

. l i , 1 

iH'; 

l i 
m 

- • • ' ' -

' • • q 

•. • *T — 

• u p . - 1 , 

TTl-,i 

, ' • ! r 

TT7T 
:'!rfj 
;n^ . ^p^ 

' i f " " ' , 

f . - i r : 

'! .r-' 

[ ! ' [ 

' ̂ l. 
:;. '/. 

>:;; 
. • ' • M - ; 

"hi;; 

: iii-; 

' - ] : : 

- . . ; • - . 

-ir 

• ' : : 

; : . • : : 

MI 

1 ; : ; : 

' l i - -

3-

^ • ' ^ " 1 " 

ii '^-
d 
m 
m 

1 " ' - r 

•li!f 

Mil 

-;': iii 

= ;:.• 

- i ! 

= : ; - [ 

. ' " • 

! • ' ! 

• [ J : ' 

.r;rl 

."'. 

I • 

i i ; . ^ ; ' 
rii; 
• : ' : ; i . ; 

i i s 

.. i ,.,1 

„ - : : - , ; - . 

1 r r 

.iV- ^ 

% i 
m 

'•-f—l 

H T \ • 

•M 
\ l.'. ] 
' . l ' ^ ' - , \ 

"i V.! 

] • > ^ 

^ ' r 1 

. , - 7 / 

. : • ' 

; ;. 
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Horizontal changes In ma.gnetic 'suscepttbil ity are required to produc-e o magnetic 
anomaly. 

:magnetic anomaly 

W 

k = lOGOXIO"^ 

Vertieol chonges in magnetic susceptibility are not detected by moving a magnetometer 
oven or above the earth's surface. 

W 

no magnetic anomaly 

k = lOOOXiO-^ 

Figure 2 

k- '- 3000X)0"^ 

Hor izontal Su-SGep+ibility Ctianges 



THE INDUCED POLARIZATIpN METHOD 

InduGed polar iza t ion (IP) is an e lec t r i ca l .method of geophysical prospect ing . 
Cur-rent.is injeGted .into the ground a-rid take-ii back out at points A and B", 

xintr rc'vr 
,. , 0 - -. , T o _ ^ 

A. ,a B na C a • . D 

respec t ive ly , a dis tance a, apar t . A'specxal ppnsjtant,-cur rent device 'ca l led 
an; IP tran.'srnitter (•xmtr) does th i s . At some distaric'e, na, away, the voltage: 
difference is read bfetween points C, •artd.D by an IP rece ive r (r.cvr); F r o m 
knowledge "of the .am.ount, of curre^nt, I, injected by the t r a n s m i t t e r and df, the 
rec,eived voltage, v, as a furictio'ii' of t r a n s m i t t e r frequ.ency, f, two quant i t ies 
a r e de te r mined: , . 

1. The res i s t iv i ty df the g.round, i ; e , how well or how poorly- the ground 
conducts e lec t r ic i ty , -and 

2. the mag-nitude of the i ridu c e d p pl ar iz a.ti p n ef f e c t, which •'is a rheasure of 
the .a,nio.unt of s ulf id e mi ne r al i z at ion in th'e" neairby ground. 

In-drd-er to unders tand these two measu re raen t s , some background is needed. 
F i r s t , , how doe;S,-electricity go thro'ti^gh.the earth,? Rocks at, depth are. com-
pos-ed mainly of •minerals, •\vhich a r e e lectr ical , insul-atOji-s. But between the 
mineTal g-rrains .are tiny pore space;s. The pore spaces a re gener.ally .filled 
•with g r o.und w a te r and the groundwater cdntaihs dis solved s a l t s , i. e. , sodium, 
calGium-, chlorirfe and. sulfate i ons . The.se iohs;, being e lec t r ica l ly charged, 
mpve' in response to an e lec t r ic field and ca-rry current, through rocks-. 

The- IP t r a n s emitter injects a, s q.ua re -wave al te r nat ing; cur r ent:, as shd.wn on the' 
accompanying f igure. There a re ;two. type's of IP measurepi 'ent , 1) t ime domain -? 
aild 2) frequency domai^n. In the time domain measure inen t the t r a n s m i t t e r 
has; a- current -of f period before ea^ch eur.rent r e v e r s a l , where a's in the frequency 
ddmain measurerf ient t h e r e is rid eur/rent-dff perio.d. Because the origin of 
the IP effect is e a s i e r ' t o unders tand in the t ime dobiaih, we 'wil l consider it 
o n l y i 

Im.agine a square-'wa^ve aiterhating: eur.rent as shown in the figure. It is irn-
porta'rit for the: m^easurem.ent that the edges of the currerit -wavefornn, be exactly 
squa re . In-order to do-this, coriiplex electronic clr.cuits; in the" t rans mi t t er-
constantly adjust ' the tr.a'rismitter voltage s.o, that the t r a n s m i t t e r cu r r en t -is 
p r ec i s e ly regulated. The typical t'i:ansmitte'r voltage is shown in the-f igure. 
The rece ive r m c a su res only wh'en the t rahs .mit te j is; off. It see,s a voltage 
which decays, rapidly with t ime . This decaying, voltage is made 'up of I) e l e c t r o 
magne t i c induction effects (not considered iurthe-f), arid 2) the induced pola,ri-
zation effect. If the -receiVe.r voltage tails off or .decays m o r e slowly, the IP 
effect is la rger . ' 

file://�/vhich


N.OW' r e f e r to t h e f igu re en t i t l ed " R o c k M o d e l for E l e c t r o d e P o l a r i z a ' t i b n . " 
On the r i g h t s i d e i s a fnicxdsc 'opic v iew of a ro.ck •with two-•pore s.paces 
rr iaghified. One p o r e space ; i s - f r e e wh i l e the o t h e r i s b l o c k e d by a mie ta l l ic 
( s u l f i d e miner-a l ) pa r . t i c l e . T h e left s i d e of the p i c t u r e is a m a g n i f i e d v i e w 
of the. i n e t a l l i e par t iG-lc- ionic s o l u t i o n i n t e r f a c e ih t h e b l o c k e d p o r e . 'While 
the. I P t r a n s m i t t e r i s .ori, c u r r e n t f lows via ion m o v e m e n t in the p o r e s p a c e , 
b u t the ions bunap a g a i n s t the m e t a l l i c p a r t i c l e ahd p i l e u p t h e r e . T h e s e ions 
a r e d i s c h a r g e d by e l e c t r o n s (or h o l e s ) m o v i n g i n t h e m e t a l l i c p a r t i c l e . T h e r e 
is thus a c h a n g e i n m o d e of e l e c t r i c a l conduc t ion a c r o s s the m e t a l l i c p a r t i c l e -
idn ic s o l u t i o n i n t e r f a c e . I n t h e so lu t ion e l e c t r i c i t y i s c a r r i e d by i o n s , w h e r e a s 
in the m e t a l l i c p a r t i c l e e l e c t r i c i t y i s c a r r i e d by e l e c t r o n s and h o l e s . Now 
w h e n the t r a n s m i t t e r c u r r e n t i s s h u t off, the ions in the s o l u t i o n flow b a c k 
away f r o m the inte-rface to an e q u i l i b r i u m p o s i t i o n . I t i s th i s ' r e v e r s e i on ic 
m o v e m e n t a f t e r c u r r e n t shutoff t h a t c a u s e s the I P r e c e i v e r to r e a d a v o l t a g e . 
It o c c u r s on ly in the b locked p o r e s wh ich have a m e t a l l i c p a r t i c l e . T h e r e f o r e 
the I P r n e a s t i r e m e n t t e l l s u s tha t t h e r e a re . m e t a l l i c pa r t i . e l e s in the e a r t h . 
B e c a u s e m o s t r o c k s do not c o n t a i n m e t a l l i c pa i - t i c les u n l e s s t hey a r e rn ine r ' a l i zed , 
the I P measui^.te.roLe'nt .detects m i n e r s i l i z a t i o n . 

In p r a c t i c e a s e r i e s of' 7 e l e c t r d d e s . i s i i sua l ly l a id o u t a:t. i n t e r v a l s o i l , , 000 
fee t in a l i n e . T h e t r a n s m i t t e r i s s t a t i oned in a t r u c k at the c e n t e r of t h e 
line., a.rid the t r u c k eng ine r u n s a l a r g e g e n e r a t o r wh ich p o w e r s the t r a n s i r i i t t e r . 
S o m e I P t r a n s m i t t eTS are- c a p a b l e of 20, OQO watts> The I P r ece ive ; r , .which 
•is a h i g h l y s o p h i s t i c a t e d e l e c t r o n i c i n s t r u m e n t , i s c-Ofineeted to v a r i o u s e l e c t r o d e 
p a i r s as the t r a n s - m i t t e r i s ' c o n h e c t e d to v a r i o u s o t h e r e l e c t r o d e p a i r s arid 
rea ;d ings a r e t a k e n . E a c h r e a d i n g i s p lo t t ed at, the i n t e r s e c t i o n of t h e - 4 5 ° d i a 
gona l s f r o m the t r a n s r n i t t e r and r e c e i v e r e l e c t r o d e p a i r s ' ( s e e left s ide of 
f i g u r e -ent i t led "Ef fec t of Body D e p t h on I P A n o m a l y " ) . In t h i s way a w h o l e 
c r o s s s e c t i o n of m e a s jar e m e n t s i s m a d e . R e s i s t i v i t y is c a l c u l a t e d f rorn the 
m e a s u r e m e r i t s and i s p lo t t ed on a s i m i l a r c r o s s s'eGtion. T h e n b e g i n s the 
t a s k of 1) i n t e r p r e t i n g t h e s e c r o s s s e c t i o n s into the s u b s u r f a c e d i s t r i b u t i o n 
of su l f ide r n i n e r a l i a a t i d r i , and 2) c o n v e r t i n g th is t o a geo log i c p i c t u r e . 

T h e c o m p u t e r p l a y s a b.ig p a r t in I P i n t e r p r e t a t i o n . T h e a b o v e r e f e r e n c e d 
f i g u r e s h o w s the effect on the I P a n o m a l y bf m a k i n g an I P s o u r c e body d e e p e r * 
Note t h a t the a m p l i t u d e of the a n o m a l y d e c r e a s e s , i .e-. s m a l l e r n u m b e r s a r e 
r e a d at the s u r f a c e , for a d e e p e r body . Note a l s o thfe t r a p e z o i d a l s h a p e to 
the. p a t t e r n of h igh n u m b e r s o v e r the body . T h e s e a r e theorse t ica l c r o s s 
s e c t i o n s , c a l c u l a t e d on a l a r g e c o m p u t e r . ••' 

T h e ge ophy s:icist"C ons ide r s m a n y f a c t o r s in m a k i n g an i n t e r p r e t a t i o n of one 
o r miore I P c r o s & s e c t i o n s in t e r m s of IP s o u r c e b o d i e s . Then , the g e o l o g i s t 
and the g e o p h y s i c i s t w o r k t o g e t h e r to d e t e r m i n e the ge.d.l.Pgica.l, m e a n i n g of 
the s o u r c e body d i s t r i b u t i o n . T h e r e s u l t of t h i s e f f o r t m a : y be: ai d r i l l t e s t 
of an o r e t a r g e t c o n c e p t . 
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Rock iVlodel .For Electrode Polarization 
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Si m p I ifi e d m o.d e! of the elecfr ical double layers showing a 
negoliive surface charge balanced by cations In an electrode. 

-E.iectrolyte 

Metallic 
Particle 

A simple model for conduction in a polarizable, 
rock. I represents an ionic, or nonpoiarizable 
po.+h, vifhile P nepresen+s o polarizable path. 

Figure I 



Effect of Body De'pth on IP Anomaly 
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Nole thot, for this partic.uor model, doubling the burial depth causes Ih'e andnidly to decrease to: one- th i rd 
of its former value. The body buried 2000 fee l deep is at the lower li'mil of ,our pre sent detectiiDn 
capabilities. 



GEOPH-YSIGS IN POR'PHYRY-.C.OPPER E X P L O E A T I O N 

The three mos t often used geophy s lcai surv'e.ys in pdrphyry copper ex-
•pl.oration and their- 'uses Sre: 

Survey Type 'tJ:se:s 

IP 1) locate sulfide minera l iza t ion 

2} rnap details of sulfide distrib'vitio'n-
(zoriing) 

Magnetic -1) locate intrusions which may or m a y 
not have an asspciated deposi t 

2): loGate magnetic skam;s 

3) detect ma.gnetite dis t ruct ion 

' - 4) rnap and pro jec t geology 

Gravi ty • 1) dete:rmine,; thicknes.s of cover 

2} detect skS-rns bi* massive, sulfide 
mirie r al iz ati on 

The aGcornpanying, f^i.gure shows typical responses for these geophysical tech-
niques over the aiverage pdrphyry copp.e.r d.epos.it, 

iE^plo.r ation for porphyry Goppex d'epo.siis might f oil ow the. s.equence below (other 
s lants to ex^pldration.are, also in logue): 

1. Gene rat ion of Areas, of In teres t 

, a) col lect recoh'naissance geological, gepchemical..and geophysical 
(magnet ic , mainly) data 

b) an'alyze data bas:e: in t e rmp of chances for undis cb veered ore deposi ts 

c) Select specific a r e a s "for. furthe.r mq.r.e detailed exploratiori, 

2. Test ing of Area s of In te res t 

a) m a p geology in detail 

b) p e r f o r m gravity surye„y if cover exis ts 



G) pe r fo rm IP. arid 'detailed i-nagnetic surveys if cover i s thin 

d) analyze data base to de te rmine chances, for oecu r r ence of un
discovered o r e depos i t - - i .e . . , formulate, an or-e tat'rget concept, 
if poss ib le 

e) dril l , t e s t 

The following figures display aerornagnetic and IP data over' se lec t porphyry 
copper depos i t s . 



METHOD 
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RfSlSTIVITY 

MAGNETIC 

GRAVITY 

RESPOMSE/GEOMETRY-

0-3 pfe./ backgrDund 
5 pfe / M ^ -
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whole sulfide system 

p;yrite h a l o — internal sulfide geometry 

whole siulf-ide system 
pyrite ha I. o --internal sulf 1 d;e 
fracturing geometry 

a.s.soc iated st rue tu res or i ri tr us-i on s 
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FORMATION'OF-M-ASSIVE-SULFIDE D E P O S I T S ! 

M a s s i v e sul f ide d e p o s i t s o c c u r in.TBFiost of ' the sh ie ld a r e a s of t h e w o r l d . 
T h e s h i e l d s a r e those- a r e a s . o.f a n c i e n t r o c k s ( m o r e than 6.00 m i l l i o n y e a r s 
;old) w h i c h f o r m e d low {near s e a level ) bu t s t a b l e ar .eas and a r o u h d w h i c h 
the co.nt inents have g r o w n . T h e p'a:'rtiGular t y p e of depp.sit u n d e r con.side:r.a.tipn 
here- is the vol c a ho g e nie m ' a s s ive sulfide., one which o c c u r s in- and i s l i k e l y 
g e n e t i c a l l y reiate .d .to aneiexit v o l c a n i c r o c k s . VolGahogehic m a s s i v e su i f i de s . 
a r e u sua l ly .o f f h r e e t y p e s : 1) ha-r ren p y r i t e (rriast abundan t t ype ) , Z) c o p p e r -
z i n c \ffith m i n o r lead , and p r e c i o u s 'metals : , o.r 3) coppe r - n i c k e l •with m i n o r 
o t h e r .bas.e and. preXJ.igus pne t a l s . By a masis ive- sul f ide we m e a n a depo.si t 
which , c o n s i s t s of m o r e than 40% sulfide; m i n e r a i s . 

0:n .this, con t inen t , .mass ive sul f ide d e p o s i t s o c c u r in Pre ,cambr, ia 'n r o c k s of 
the G.anadian 'Shie ld in: c e n t r a l a n d - e a s t e r n CanadK a-nd the n o r t h e a s t e r n U-.S. 
One m a j o r massi-y-e' su l f ide , -the Uni ted V e r d e d e p o s i t , o c c u r r e d in th'e S e u t h -
•we,st a t X ? r o m e , Ar izb 'na . Oth'e-r'rnor'e, n i ino r •occur.re.nc.es a r e - s c a t t e r - e d 
th roughbu t -^nor thwes te rn Canada.-and Alaska,- M u c h e-xplor i t ion- .potent ia l r e 
m a i n t h r o u g h o u t No r t h . A r n e r i c a a;hd t h r o u g h o u t the •wbrld. " • 

T h e a c c o r n p a n y i n g figu-re.s show t h e evd lu t ion of a t y p i c a l yo.lca;hogenie inass-iv.e 
su l f ide d e p o s i t . At the? pr.e'sehti tim:e', these; depo^s.its a r e . l o u n d wi th in u s u a l l y 
•ver t ica l ly-s ta r id ihg b e l t s of m.e tamo.rphosed v o l c a n i c r o c k s wh ich -a re . s u r r o u n d e d 
by g^ra-nite. B e c a u s e t h e gSani te is not i n t e r e s ting,, i t i s ' n e c e s s a r y to b e ab le 
to d i s t i h g u i s h v o l e a n i c s (usua l ly e a i l e d g r e e r i s t o n e s ) f r b m ^ g f a n i t e s . If t h e s e 
ou t cxop , the. g e p l p g i s t c a n do t h i s , but if t h e r e i s a. l a y e r of, g l a c i a l c o v e r , 
.this., i s u s u a l l y done ae.yo m a g n e t i c a l ly . 

T h e 'Sulfide g-rains in m o s t m"as:sive sul£id*e; d e p o s i t s a r e interc^onn.ected, and 
the e n t i r e depb's i t is t h e r e f o r e "a good e l e c t r i e a l c o n d u c t o r . T h i s e l e c t r i c a l 
conduc t iv i t y is not d,u.e to p o r e w a t e r , but r a t h e r is due to e l e c t r o n s ilowing-• 
th ro t igh t h e s u l f i d e s . T h i s p r o p e r t y f o r m s t h e b a s i s Qf.-mpst geop l iy s i ca l e x 
p l o r a t i o n for m a s s i v e sulfides, , n a m e l y the e l ec t ro rna ;gne t i c (EM) m e t h b d , 
c o n s i d e r e d nex t . . 
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T-HE ELECTROMAGNETIC METHOD 

The e lec t rpmagnet ic (EM) rnethod detects a r ea s of good e l ec t r i ea l conductivity 
•within the ear th . Massive, s-ulfides a r e only one'type of goad conductor, how
el ve-r. "Water-filled.fault zones, graphite layers'withi-n the greens tone be l t s , ,. 
and naan-made culture,, siich a a r a i l roads , power lines fence's, e tc . a r e ' a l l 
often gbod cohductors , and a r e all detected, . , 

To under'sta-hd the vprinciple of.'the. Elyl .method, refer to the figur.e entitled 
"A General ized Picture-, s . " The t r a n s m i t t e r i s a coil of 'wire through which 
an. a l te r nati n g cu r j- e nt of a cer ta in . f r e.g-u enc y, £, is pa: s sed. As the coil i s 
eriergized with cur ren t , it sets, up a magnetic field, calle.d the p r i m a r y field 
and. shown by c i r c u l a r liries with arlrowS in the figure. The magnetic, field 
also al temate 's with fr<Sq.ueney f. The niagnetic field-perrneates surrounding 
space , and .some of it pas ses into the ear th and intersects : the: buried e l ec t r i c a l 
conductpr . As the magnetic field iiinks the cpnduc tor, it causes e l ec t r i ca l 
.currents- to fipw within the epnd.U'Cto.r. Of course-, these curt-ents would ,not 
flpw so fre.e if the body were not a- good ele.ctr.ical conductor. Now the c u r r e n t s 
in the conduetbr a r e alsb' a l ternat ing with frequency f, and they set up the i r 
'own magnet ic field, called" the sec-o-nda-ry field in the* figure. - This secondary 
magnet ic field alsb pe rmea te s s.pace, and some of it links w^ith the receiving- ' 
coil , -which Is a •se.cond: coil ôf -wire.. The rece ive r coil thus: s ee s t-wo magne t i c 
fields, and each cause cur rent t'o flow in the cbil . But the; primar.y field has 
a known value,, -which is rdf'e ter min.e.d .during cal ibrat ion of-.the sys tem, and so 
the curreri t in the r ece iye r coil due to the p r imary cur ren t ean he. nulled Put. 
This l eaves oniy the currer i t due to the secondary magnetic field, i. e. , the-
one due to the, eohductor. Therefp.re, if an EM reading is z^ero, no good e lec t r i ca l 
conductor exists, near the EM system', w.he:fCeas if a rion-zeTO reading is ob-
•tained, a gPod -electrical conductpr is nearbyi This same pr incip le is used in 
land mine de tec tors and in the,, smal l m e t a l de tec tors pe'Pple use to find old 
cpins" in your lawri. 

The' EM .method is actually available, through a larg.e nurnber pf techniques 
•which all work on thej sarne pr inc ip le . Some sys tems a r e a:irborne, sonde are. 
ground and some a r e .semi-airborr ie , i, e. , the transmitte,r is on the ground, 
whereas the r ece ive r is iri an a i rc ra f t . The ^-^pbmpariying p ic tures show 
both, fixed-w:ing and he l icop te r -borne system's. Tlie a i r b„o:r rie sys t em s a r e 
used to locate- conductors , i. e, , in a reconnaissance mode; After a condUGtor 
has be.en locate.d, ground EM techniques a-re used Tor p r e c i s e lGeatio"n and 
de termina t ion of e lec t r i ca l chara.c t e r i sties, of the, conductor-. 

One common airlDorne EM system,, used to'fly large shield :areas fo:r the p u r 
pose of loeatirig GonduGtbr.,s is the INPU T sys t.e m.. The l e t t e r s stand for 
!'induced pulse t r ans i en t , " An accQ.mpanying photo shows a PBY or Canso 
a i rc ra f t , an pld World War H subma:ririe e h a s e i , with the INPUT t r a n s n i i t t e r 
coil s t re tched front nose to wing tip to tai l tp wing tip to nose . The r e c e i v e r 
in this sys tem t l i e s in a b i rd which, is-hung -200 feet belbw the a i rc ra f t . A 



magne tomete r is also ca r r i ed aboard the a i rcraf t , and aeromagnet ic data 
a r e collected at the same t ime as the EM data. 

In the INPUT sys tem the t r a n s m i t t e r coil is pulsed -with a- half sine wave, 
as shown, in, the accornpanying f igure. In the absenc.e oif a conductor, the: 
r ece ive r sees only the pr i rnary field, also shown. If a conductor is p resent ) 
the received waveform i s a l t e red . The rece iver actually •samples the 
reGeived waveform during t r a n s m i t t e r current-off per iods at six different 
t imes after cu r r en t shutoff. Thus six INPUT channelsi a r e displayed on a 
l ight ,sensi t ive paper, which is the data recordingme.d ium. The i l lus t ra t ions 
show anomalous excu-rsions of ei ther 3 or 4 channels , indicating an anomaly 
or a conductor . 

When an a r e a has been flown, the flight path is recovered by "using the-flight 
path t racking film in the same fashion as discussed under aeromagnet ic s u r 
veys . The EM con du c t o r s a re then plotted on a naap in a fashion shown In 
the figure entitled "Typ'ieal INPUT Conductor Map. " The next s teps a r e : 

1) check to see if a cul tural source (fences, .etc.) could account for the 
anomal ies , 

2) se lec t anomalies for ground follow-up based on a) length of the coiidiietor 
(most orebodies a re short , whereas graphite, horizpns often go fp.r mi les) , 
and b) conduGtivity (inost orebodies show as very good conductors)i 

3) p e r f o r m grpund follow-up, which usually begins with ground EM. 

The re a r e a nunaber of ground EM syste.ms which a r e available tp pinpoint a 
conductor . Some have be t te r depth penetrat ion, but a r e s lower , v/heieas 
o thers rnay be fas ter but have l e s s penetrat ion. The geophysic is t n ius t inake 
a cost-effect ive select ion. The Turam technique, shown in an accompanying 
figure is sometirhes his choice. 

In the T u r a m method a l a rge (2000' x 4000') loop of wire is laid out oh the 
ground and is energized with a l ternat ing cur ren t at 200-1000 Hz. This se t s , 
up secondary fields in nearby conductors by the induction p r o c e s s a l ready 
d i s cus sed . The: r ece ive r is a vo l tage- ra t io and base-di f ference rneter con
nected between two s.mall coils which a r e 100 or so feet apa r t . One man 
c a r r i e s each coil and the coils a r e moved along t r a v e r s e l ines perpendiGular 
to one of the long sides of the coi l . When the r ece ive r setup passes over a 
conductor, both the field s t rength rat io and the phase differeri:ce»- betweeri the 
two . rece ive r coils changes. By measur ing these changes p rec i se ly , -the 
conductor Ipcation, width, depth and e lec t r i ca l condvictivity can be approximately 
de te rmined . These p a r a m e t e r s a r e useful duririg the d r i l l testing s tage. 
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FlC. 15. Photo of Seico E.vplorations-L'a'nso KUsyslem-shmving transmitting loop of intUiced pulse transient system. 
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Figure 1.-—Primary E.M Field. 
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Figure 2.—Primary Field DetectM] hi Bird. 

Fi'gure 3;—Primary anil Secondary 'Field Detected 
in Bird. : 
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TYPICAL INPUT RECORDING 
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GEOPHYSICS IN MASS1¥E S.ULFIDE' EXPLOR ATION 

Geophysics is us;e.d in all s tages o£ mass ive sulfide explorat ion. The a e r o 
magnet ic technique is: "often us;eful in .mapping greejnstone be l t s so that ftir.ther, 
exploration effort can he confined to the.se belts r a the r than to, the surrounding, 
b a r r e n grani te . The acoorripanyirig figure shows an inter-pretation of a n a e r o -
magrieti'c rriap in. terrris oJ oc.curre.nce of grani te , sbhist , and greens tone,. Such 
a-rnap helps define a r ea s for aifborne, EM surveys . 

Once a-flying 'area has, b.een picked.,, lhe sequerice shown Pn the, accompariying 
figure is begun, The a i rborne EM is,flown and ground cheeked with ground 
EM. Sdmetirnes ground magnetic and g-ra-vity surveys a r e pe r fo rmed . Ground, 
trjagrietic surveys a re able to detect the magnetic rnineral pyrrhot i te which 
ofte.n accompanies cogper-nickel deposi ts . Gravity surveys a r e able to detec t 
the, hiore dense m a s s i v e sulfides if they are hot too deep, 

Tn summiar.y, the geophys ioal lechniquejS'listed on the table enti tied "Useful 
.Geophysical Responses" a r e often used, with,the . results shpwn.. 

The following diagrani's show geophysicai resul ts-for a.mais.siv.e s:ulfide o r e -
body in Wisconsiri disco veered- by Kelnnecott in 196;8. Shown, ar.e: 

a) the INPUT- profi les for the dis.ebve.ry flight lines,, 

b) S linger am EM anomalies, (a grpund EM s,y'5:te*̂ m) arid,-.gfavity pi r*of i les -which 
show a gravity high due- to the massive, sulfides, 

.c) ground magnet ic pr.ofiles ,(ri6 anomaly) ,arid T u r a m profi les (a big anoriialy 
which goes off *SG:ale on the;se gJ^ t̂phSi, ,and 

d) .a dri l led section through, the brebo.dy. 
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USEFUL- GEOPHYSICAL RESPONSES 
lASSIVE SULFIDE DEPOSITS 

METHOD 

EM 

IP 

MAGNETIC 

GRAVITY 

RESPONSE/GEOMETRY 

Variable Background & Noise 

Conductor ^ „ „ , ^ ^«„«. ,. 
200' to 5000' long 

0 - 3 pfe Background 

5 - 5 0 pfe 10' ^° 200- wide 
200' to 5000' long 

c 1= r,f. 100' to 1000' wide 5 — 15 pfe 
200' to 10.000' long 

Variable 'Background . • 

f ' 200' to 5000' long 

Variable Background 

0.05 to 2.gal 1,°:.^° 2 0 L w l d e " 
• ^ 200' to 5000' long 

CAUSE 

massi ve sui f ides 

massi ve sui f ides 

disseminated sulfides 
around massive sulfide zone 

pyrrhoti te in massive 
sui f ides or lorn formation 

massive sulfides 



INPUT 
Channel 6 ZONE 22 

:ZONE 22 

ZONE -22 

LINE A- ^ , 

LINE B-N 

LINE I-N 

ZONE 22 

MAGNETIC DATA 

FIGU(!:E 5 . t H P H T i P E S D V O ZdHE 2,2. 
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O T H E R A P P L I C A T I O N S O F GEOPHYSICS 

I r o n D e p o s i t s 

Many i r o n o r e d e p o s i t s a r e m a g n e t i c , and so the a i r b o r n e and ground i n a g -
n e t o n i e t e r find e x t e n s i v e u s e . O t h e r g e o p h y s i c a l i ne thods c a n a l s o be u s e 
ful, a l though u s u a l l y not in d i r e c t d e t e c t i o n of o r e . 

B a s e M e t a l Ve in D e p o s i t s (Pb , Zn, Ag) 

T h e s e d e p o s i t s a r e g e n e r a l l y s n i a l l , but a r e s o m e t i n i e s a s s o c i a t e d w i th 
p o r p h y r y c o p p e r d e p o s i t s , i . e . , they a r e zoned a round p o r p h y r y c o p p e r 
c e n t e r s . T h e y a r e u s u a l l y a s s o c i a t e d wi th an i n t r u s i o n , and m a g n e t i c n i e t h o d s 
m a y b e u s e d to d e t e c t and m a p s u c h i n t r u s i o n s . T h e IP^ t e c h n i q u e s , u s e d in 
d e t a i l a r e often use fu l in d e t e c t i n g t h e s e s m a l l d e p o s i t s . E M m e t h o d s m a y be 
app l i ed to d e t e c t i n g v e i n s . 

U r a n i u m D e p o s i t s 

The r a d i o a c t i v e m e t h o d s a r e u sed to d e t e c t the o r e d i r e c t l y . T h i s m a y be 
done f r o m the a i r , on the g round or in a d r i l l h o l e . A l s o s o m e u r a n i u m 
d e p o s i t s h a v e a s m a l l a m o u n t of a s s o c i a t e d p y r i t e (FeS2) , and so I P i s s o m e 
t i m e s u s e d to t r a c e the p y r i t e and the I P a n o m a l i e s a r e then d r i l l t e s t e d for 
u r a n i u m o c c u r r e n c e . 

C o a l D e p o s i t s 

G e o p h y s i c a l a p p l i c a t i o n s to c o a l e x p l o r a t i o n a r e few. The s e i s m i c m e t h o d 
i s s o m e t i m e s use fu l in t r a c i n g s e d i m e n t a r y beds and d e c i p h e r i n g geo log i c 
s t r u c t u r e , and so i s i n d i r e c t l y u s e f u l . S o m e coa l beds have a s s o c i a t e d p y r i t e , 
and c a n be t r a c e d by I P . 

G e o t h e r m a l A r e a s 

A r e a s of hot s t e a m wh ich can be u s e d for po'wer g e n e r a t i o n c a n s o m e t i m e s be found 
g e o p h y s i c a l l y . T e m p e r a t u r e s u r v e y s a r e use fu l but r e q u i r e d r i l l h o l e s to ge t 
a w a y f r o m the l a r g e da i ly and y e a r l y n e a r - s u r f a c e t e m p e r a t u r e f l uc tua t i ons 
Vifhich p r e c l u d e a c c u r a t e d e t e r m i n a t i o n of d e e p t e m p e r a t u r e s . R e s i s t i v i t y s u r 
v e y i n g , u s i n g g e a r s i m i l a r to I P g e a r , can often d e t e c t an a r e a of b e t t e r 
e l e c t r i c a l conduc t iv i t y a t dep th due to the hot , s a l t y w a t e r . 
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FIGURE 3.—Simple high-temperature hot-spring systcan \vith deeply circulating meteorio water assuined to be heated entirely by 
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P H Y S I C A L P R O P E R T I E S OF SOME BASE M E T A L O R E B O D I E S A N D ROCKS 

D i s s e m i n a t e d Sul f ide O r e b o d i e s 
U n m i n e r a l i z e d I n t r u s i v e Rocks 
P y r i t i c H a l o 
V o l c a n i c F l o w s 
S e d i m e n t a r y R o c k s 
C a r b o n a c e o u s L i m e s and S h a l e s 
Al l^uv ium-Sou thwes t USA 

M a s s i v e Stilfide O r e b o d i e s 

P r e c a m b r i a n Sh ie ld B e d r o c k 
G r a p h i t e ( C a r b o n ) , C l a y s 
G l a c i a l Dr i f t 

M a g n e t i t e ( I ron) O r e b o d i e s 

H e m a t i t e ( I ron) O r e b o d i e s 

M o l y b d e n i t e O r e b o d i e s 
P y r i t i c H a l o 

E l e c t r . 
Cond. 

(1) 

Low 
•No 
Mod. 
V a r . 
No 
Mod . 
High 

High 

Low 
High 
No 

Low 

No 

Low 
M o d . 

I P 
R e s p . 

(2) 

Y e s 
No 
Yes 
V a r . 
No 
Y e s 
Y e s 

V a r . 

No 
V a r . 
No 

No 

No 

No 
Yes 

M a g . 
S u s c e p . 

(3) 

No 
Y e s 
No 
V a r . . 
No 
No 
V a r . 

. V a r . 

V a r . 
No 
No 

High 

No 

No 
No 

S p e c . 
G r a v . 

(4) 

L o w 
A v . 
Av.-f 
A v . 
A v . 
A v . 
L o w 

High 

Av.-1-
L o w 
Ay. 

High 

High 

A v . 
Av.-1-

G P 
M e t h . 

(5) 

I P , M a g . 

I P 

E M , M a g . , 
G r a v . 

M a g . , G r a v , 

G r a v . 

M a g . 
I P 

(1) E l e c t r i c a l Conduc t iv i ty 
(2) Induced P o l a r i z a t i o n R e s p o n s e 
(3) M a g n e t i c S u s c e p t i b i l i t y 
(4) Speci f ic G r a v i t y 
(5) A p p l i c a b l e G e o p h y s i c a l M e t h o d s 

R. C. rtolmer 
J u n e 1969 
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AVERAGE COSTS • 
MINING GEOPHYSICAL METHODS 

Field Crew Daily Cost Product ion 

Size of Crew Rate Unit Cost In terpre ta t ion Cost 

IP 3-5 $400-600 1-4 mi . /day $ 1 5 0 - 7 0 0 V m i . $50-300 /mi . 

Air Magnetics 
$800-1500 150-300 mi /day • . .$6-10Vmi. $ 2 - 1 0 / m i . 

$900-1500 50-150 mi /day $ 4 0 V m i . $ 5 - 2 0 / m i . 

$150-300 1-5 mi . /day $200-400^ /mi . $25-200 /mi . 

$150-300' 1-10 mi . /day $200-600Vmi . $25-200 /mi . 
$1000-1500 100-200 mi /day $ i 5 - 4 0 V m i . $ 5 - 1 0 / m i . 
$1000-1500 50-150 mi /day $60-100^ /mi . $ 5 - 1 0 / m i . 

Ground EM 2-4 $300-500 1-4 mi /day $200-600^ $50-100/mi 

Fixed-Wing 
Helicopter 

Ground Magnetics 

Gravity 

Air EM 
Fixed-Wing 
Hel icopter 

2-4 
2-3 

1-2 

1-2 

2-5 
2-5 

fn eludes office work involved in co r rec t ing field data, posting on a map , etc . 
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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 9A025 

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)) tn 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 radioactivity, 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 flux, 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 Che Basin and Range 
province. Laterally extensive silicic partial melts are possible ac 
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 cecconically accive 
areas. The 'Eureka Low,' a conspicuous subprovince ('̂'3 x lO'* km^) wich 
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 che annual precipitation. Heat flow observations in .sui-li 
areas provide useful informacion on regional hydrologic paccerns. 

626 



UCHENBRUCH AND SASS 627 

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 informacion 
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/cm^ s (41.8 
mW/m^). For continuity, we have included in Figure 1 heat flows meas
ured in the Pacific Ocean near Che 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 measuremenc; some were made in shallow holes drilled 
primarily for geochermal 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 regional heat flow in 
crystalline rock, depths greater than 250 m rarely can be justified, and 
uncertainties regarding the regional significance of an individual 
determination can be substantial. 
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630 HEAT FLOW IN THE UNITED STATES 

-sr- --^m/fA 

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 Co their regional thermal and tectonic settings. Figure 3 
shows locations of che hotter known hydrothermal systems in the United 
States. Extending regional heat flow sCudies into chese areas poses 
problems; Che conduccive flux at Che surface can vary from zero co 
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 che 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 
che world average) and a generally high heat flow in the west, with 
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zones of lower heat flow in Che Colorado Plateau and near the Pacific 
Coast and very low values in Che 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 Che 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, Che '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 Co 
confirm Che 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 Che Snake River Plain from ocher 
regions of excepcionally high heat flow and hydrothermal activity in Che 
Yellowscone, Wyoming, area Co Che norcheasc and che Idaho bacholich co 
Che north (Figure 3) [Blackwell, 1971; Urban and Diment, 1975; Morgan 
et al., 1977]. Recent volcanism and hot springs suggest chaC much of 
Che Snake River Plain (particularly in the east) might have excepcion
ally large heac loss, alchough che surface heac flow is complicaced by 
hydrologic condicions [Broct 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 Che accumulating evidence for high heat flow in western Califor
nia Chroughouc a broad band chat 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 difficulc Co evaluace che regional significance of 
some of chem because the rocks are often very permeable wich cempera-
Cures influenced by hydrologic conveccion. In che Great Plains and much 
of the central and eascern Uniced Scaces che concrol is so poor chac 
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 che 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 che general incerprecacion of heac flow 
within provinces that seem to have discincc regimes, racher Chan on Che 
significance of che geographic distribution of the provinces themselves. 
In particular, we shall discuss the Sierra Nevada, Che scable eascern 
and cencral Uniced Scaces, and che Basin and Range wich ics emerging 
subprovinces. The firsC represencs che coldesc cruse in che Uniced 
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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 regions 
outside of these provinces where the heat flow is not as well known. 
In Che San Andreas Faulc zone of wescern California Che 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: 

0 temperature, °C; 
t time, s; 
K thermal conductivity, cal/°C s cm; 

p, p' density of static and moving material, respectively, g/cm^; 
c, c' heat capacity of static and moving material, respectively, 

cal/g "C; 
a = K/pc, thermal diffusivity, cm^/s; 
q vertical conductive heat flux, HFU (10~^ cal/cm^ s); 
q* intercepc value from heat flow-heat production curve, HFU; 
q vertical combined heat flux (convective plus conductive),- HFU; 
q reduced heat flow, HFU; 
A heat generation, HGU (10~^^ cal/cm^ s); 
A radioactive heat production in surface rock, HGU; 
V vertical (seepage) velocity or volume flux of water or magma, 

cm^/cm^ s; 
s = k/p'c'v, characteristic length for groundwater convection, cm; 
k permeability, cm^; 

T(Z) conductive time constant for distance z; 
£.(t) conduction length for time t; 

D characteristic depth for radioactivity or slope of heat 
flow-heat production curve, km; 

r thermal gradient for pure conduction, "C/km; 
z depth; 
h depth of circulation in hydrothermal system; 
H depth to Cop of magma 
0 magma Cemperature, "C. 

Some General Considerations 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. 

-V • q = V . (K7G) (la) 

30 
-7 • q = -A -t- p'c'v • 70 + pc -r- (lb) 

Here q is the conductive flux veccor, 3 is the cemperature, and K is the 
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thermal conductivity. The rate of heat generation per unit volume is 
denoced by A; ic could represenc Che effeces of radioaccive decay, 
friccional heacing, phase change, or chemical reaction. The values p 
and c are Che densicy and heat capacity of material at any poinc, and o' 
and c' are Che corresponding properties for material (usually wacer or 
magma) moving wich velocicy v̂. If Che 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 or pressure. 

Although three-dimensional effects muse be kepc in mind, useful 
simple incerprecations 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 
Che upward component of conduccive flux and Co reverse Che sign conven-
Cion; i.e., 

, . K | f " (2> 

Unless ocherwise specified, q will represenc che conduccive heac flow 
near che earch's surface z = 0. Ic is convenienc also, in Che one-
dimensional models, co Cake Che upward velocicy v co be posicive, 
alchough ic is in Che direccion of negacive z. Wich Chese convencions, 
(1) for Che one-dimensional case reduces Co 

3q , , , 30 _̂  30 ,-, 
-r^ = -A - p'c'v -r— -I- PC T- (3) 
02 dz o C 

where q is Che upward conduccive heac flux, v is che upward volume flux 
of macerial wich volumecric heac capacicy p'c', and pc is Che corre
sponding quancicy in any stationary element. 

Interpretation of regional heat flow in terms of crustal regime 

Heat flow is determined from measuremencs of K and 30/3z (equacion 
(2)) in holes cypically drilled co depchs of 100-300 m. Whecher che 
value is Cypical of condicions in Che underlying crust must be judged on 
the basis of internal consistency of observacions wichin each hole and 
among neighboring ones. Regionally significant heac flows are expecced 
Co vary only smoochly over laceral distances much less than a cruscal 
Chickness, and as a minimum condicion there should be a substantial 
interval in each hole throughout which the measured heat flow is re-
dundanc, 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 (30/3t i* 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 km apart in the Sierra Nevada (Figure 5) 
provides some confidence that a regional condition is being measured 
there. By contrast, determination of Che heat discharge and its re
gional significance in hydrothermal areas such as Long 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 atcempcs Co incegrace (3) with simplifications believed to be 
appropriate for specific regions. 

In our discussion, A will represent heat generated by radioactive 
decay of U, Th, and '''̂ K, 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 <5r 
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 wester^h 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 eascern half of che Uniced States, and the crustal 
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Fig. 8. Regional heat flow and the distribution of volcanic rocks 
erupted in the last 17 m.y. in Che concerminous United States. Dis
tribution of volcanic rocks adapted from Place II of Scewart and 
Carlson [1977] . 

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

Heat production and conductive CransienCs 

To estimate Che relacive imporcance of che terms in (3) we consider 
the contribution dq to the surface heat flow thac each term might make 
in a layer of thickness Az = Z2 - z^: 

^ dz (4a) Aq = 
Z2 

3z 

30 
Aq = AAz + p'c'vAO - pc T — AZ 

d C 
(4b) 

where che paramecers in (4b) are caken as appropriace average values and 
A0 is Che Cemperacure difference across the layer. 

If Az represents a 30-km crust, then the contribution of the first 
Cerm on che righc can be written in dimensional form as follows: 

Aq (HFU) = 0.3A (HGU) (5) 
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Fig. 9 Relation between conduction length £ and time t, or between 
time constant T and distance z, for the range of thermal diffusivities 
(a) of natural earth materials. The scale parameter n may be assigned 
any convenient value. ̂  (For example, if a = 0.008 cm^/s and t = 1 m.y., 
set n = 3 to obtain H = 10 km. Conversely, given z = 10 km, then 
T = 1 m.y.). 

Radioactive 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, chey could account for much 
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/cm^ "C and 
Az = 30 km to represent the crust. The contribution of temperature 
change can be written 

30 Aq (HFU) '̂. -0.6 x 10^ x |^ (°C/yr) (6) 

Thus cooling of the entire crust at rates '\'10~̂  "C/yr could contribute 
significantly to measured heat flow; a total of 20°C or SO'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-
Checical circulacory convection systems can be contrived to remove heat 
from the crust at almost any desired rate, but if the heat transfer is 
by conduction, the rate at which heat may be discharged or stored is 
severely constrained by the low conductivity and substantial volumetric 
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heat capacity of cruscal macerials. These conscraincs can be discussed 
in Cerms of simple limicing heac conducCion models Chat 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//4at. Normally, t is the time 
since some sort of disturbance occurred, z is a distance, usually from 
the source of disturbance, and a represents thermal diffusivity (k/pc). 
We define a characteristic 'conduction length' I and a characteristic 
'conduction time constant' x as follows: 

. (7a) 

• (7b) 

Hence 

— = (—5-)^ = ^ ^ ^ (7c) 

4at 4(C)'' c ^"^^ 
and Che approach Co sCeady condicions can be expressed in Cerms of how 
large c is in relacion to T or how large I is in relation to z, depend
ing on which variables are known. For convenient reference the con
duction length i can be found for any t, and che Cime conscanc T can be 
found for any z for Che range of diffusivicies for natural earch 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 cemperacure change wich amplicude B and period P will 
have a negligible effecc (a few percenc of B) ac depch Jl(P). Thus 
diumal fluccuacions (P '̂' 3 x 10 ^ years) are negligible in sedimencs 
(a -v 0.002-0.008 cm^/s) ac depchs of 30-50 cm (Figure 9, n = -1). The 
annual wave (Figure 9, P = 1 year, n = 0) penecraces abouC 5-10 m in 
poorly conduccing sedimencs and 15 m in crysCalline rock (a = 0.014 
cm^/s). The Cemperacure pulsacions due co repeaced incrusion of a deep 
cruscal layer wich a period of 10^ years would be negligible a few 
kilomecers above (and below) che layer (Figure 9, n = 3). The process 
would Cherefore have che same effecc ac Che surface as a continuous 
intrusion with a uniform (cime averaged) Cemperature. 

2. A rapid change in surface temperature at time t = 0 in the amount 
B perturbs the gradient at the surface by about B/8.(c), and ics effecc 
on Cemperacure may be appreciable ('̂-15% of B) to depth I but is com
pletely negligible (<1% of B) beneath 2 1 . Thus a 5°C post-Pleistocene 
warming 10,000 years ago (Figure 9, n = 2) could disturb the surface 
gradient of che order of 5''C/km in cryscalline rocks; cemperacure 
effeces would be appreciable in holes Co several hundred meCers. 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 / ^ T ( Z ) , and the surface 
heat flow will be almost completely adjusted to the change for times 
exceeding T( 2 ) . Thus a rapid (step) temperature change due to intrusion 
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at the base of a 30-k^crust (a '̂  0.01 cm^/s) will not affect surface 
heat flow for aboutQa or "Jm.y., but the entire crusC will have equili-
braced co che change in 8 m.y. or so (Figure 9, n = 3). 

4. Heating (or cooling) by a constant heat source (or sink) at a 
depth z from cime t = 0 will not affect heat flow at the surface until 
times approaching T(Z). The surface heat flow will not approach its 
steady value until t > 100T(Z), but for t > 3T(Z) temperatures in the 
layer above depth z can be estimated (wichin abouC 10%) by assuming chat 
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 incrusion of a sill in which che 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 ec al., 1976a]. 

Convection—general considerations 

An understanding of regional heat flow in tectonically active areas 
requires 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 transport 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 in (3), 
making allowance in the factor c' 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/cm^ °C. Taking the latter value leads to the fol
lowing dimensional relation for vertical one-dimensional steady con
vection 

Aq (HFU) = lO^v (cm/s) A0 C O (8a) 

Aq (HFU) '̂' v (ft/yr) A0 C O (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 wich a permeabilicy. of only 1 mdarcy (10 ^' cm^); Chey are 
noc uncommon in hydrochermal areas. Such a flow rising across a layer 
wich 10°C cemperacure difference would concribute 10 HFU Co che surface 
flux. 

A second useful relacion for steady vertical flow is obtained by 
neglecting the first and third cerms on che righc in (3) and wricing ic 
in Che form 

3z K 
vq (9) 

Integration yields 

q(zi)/q(Z2) = e^^^^ (10) 

where s is a characteristic distance with the sign of v. 

s = K/p'c'v (11a) 

It is most easily expressed as a rule of thumb in Cerms of feec. 

s (feec) '̂  —r^^T—r for 'sedimenc' (K = 3 mcal/cm s °C) (lib) 
V (ft/yr) 

s (feet) •̂  ,c°?—r for 'rock' (K = 6 mcal/cm s "C) (lie) 
V (ft/yr) 

According to (10) and (lib), steady vertical flow at 1 ft/yr through a 
500-foot layer (Az) would increase the gradient and conductive heat flow 
in Che direccion of wacer flow by Che factor e^ '̂  150. This can lead to 
very large (and short-lived) local fluxes and large cemperacure dif
ferences (equacion (8)) unless Che gradienC on che inflow side is very 
small. Hence che flow will generally cause mosC of Che layer co be 
nearly isochermal if Az >> |s|. Thus for downward flows (s negacive) of 
1 ft/yr Che gradienC near che surface and che measured heac flow will 
generally vanish if Che layer is only a few hundred feec Chick. Sim
ilarly, che 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 convencional means over large 
areas. Some such areas, mancled by permeable volcanic rocks, are of 
considerable inCeresc as pocential sources of geothermal energy. 

Temperature in the layer of thickness Az (equation (10)) is deter
mined by specifying at least one of che boundary Cemperacures and che 
ocher boundary cemperacure or one of che boundary heac flows q(zi) or 
q(z2). To be consiscenc, any physical model muse also conserve mass of 
che flowing wacer. A useful consiscenc solueion for coupled heac and 
water flow is obtained by identifying 0(z|) with the mean ground surface 
temperature and q(z2) with the regional heat flow. In this case, water 
flows horizontally along 22 with no change in temperature, providing a 
source (or sink) for the vertical mass flow to (or from) che surface. 
The model yields a useful rule of chumb; viz., whecher che surface heat 
flow (q(zi)) is signiflcandy differenc from che regional heat flow 
(q(z2)) depends upon whether the depth of vertical water flow Az is 
small or large in relation co |s{ (equacion (10)). A second applicacion 
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of (10) [BredehoefC and Papadopulos, 1965] assigns boCh boundary Cem
peracures 0(zi) and 0(z2). However, unless the assigned temperature 
0(z2) is the value determined by uniform flux from below, q(z2), the 
water flowing horizontally along Z2 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 [Nathenson, 1977] it can be shown that 
the stationary condition described by (10) is generally approached after 
one conductive time constant (T(A2)) for slow water flow between depths 
held at constant temperature and sooner if the vertical water flow is 
vigorous (|S| << Az). 

Equations (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, involving 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 chem. 
There are cwo 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 chese systems and Che regional heat 
flow or magmacism that supplies their heat, we shall discuss some highly 
idealized quasi-one—dimensional models. 

Consider a region near the earth's surface (Figure lOa, z = 0) in 
which the heat cranisfer is initially conductive and che temperature 
profile ts linear with gradient T (Figure 10b, curve I). The heat flow 
q is then KF. Suppose that in a region of high heat flow at time t = 0, 
fractures open in a layer extending from the earth's surface to depth h 
and that this increases the permeability so much chat 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. Idealized one-dimensional model for hydrothermal convection in 
a surficial layer of Chickness h; Che heac is supplied by sceady regional 
heat flow (see text). 

However, the total heat transport across che layer (integraced over Che 
surface above Che fractured region) muse increase, as the initial con
ductive transport is now supplemented by convective transport. For 
simple one-dimensional order of magnitude calculations we assume that 
the net effect of convection is to increase che mean heac flux chrough 
che layer (z < h) by che factor N > 1 (e.g., for the layer with uniform 
vertical flow, upward over half the area and downward over che ocher 
half, (10) yields N = [exp(h/|s|) + exp(-h/| s |)]/2. \-nien che syscem is 
in a stationary state and the lower and upper boundaries are held at 
constant temperatures, N would represenc che Nusselc number; in real 
syseems, neicher surface would be at uniform temperature. We let 0 (t) 
be the average temperature at z = h at time C and assume chac ic is° 
uniform. The surface cemperacure is assumed co be uniform ac Che 
average ambienc value Caken as zero. This condicion would be violaced 
locally by hoe springs, che conveceive discharge of which is included in 
Che faceor N. We neglecC Che change of N chac would occur as che syscem 
evolves. (A useful discussion of Che relacion becween heac flow and 
coupled heac and wacer flow in porous layers has been given by Donaldson 
[1962] and in isolaced fractures by Lowell [1975] and Bodvarsson [1969].) 

In Chis model che mean upward flux from x = h will (inicially) exceed 
che mean flux inco x = h by Che factor N. AfCer cime c che basal cem
peracure will drop from 0* Co some value 9 (t), and che heaC flux 
Chrough Che conveccing layer will drop Co SK0 /h. The convecCing syscem 
will coneinue Co mine heac from che earch uncil che flux chrough ic is 
equal Co the regional conductive flux KF supplied from below, i.e., 
equilibrium will be established when 

NKO /h = Kr 
o K0*/h 

o (12a) 

(0*/N) 
0 

(12b) 

To estimate the time required for stabilization, we first neglect che 

file:///-nien
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heac capacicy of che conveccing layer z < h and consider Che underlying 
region z > h, which we denoce by z' > 0 (Figure 10); heac loss from Che 
surface z' = 0 is proporcional to the temperature 0 (t). The differ
ential equation and conditions are 

z' > 0 (13a) 

0 = 0 * + r z ' t = 0 z ' > 0 (13b) 
0 — 

||T = ? G (t) z' = 0 (13c) 
dz n o 

The solution (modified from Carslaw and Jaeger [1959, p. 71]) for 
Cemperature 0 at the base of the slab is . 

o2 
0 (t) = 0* - 0*(1 - 1/N) [1 - e erfc 6] (14) 

where S^ = (N2a/h^)t. Hence 0 (t) approaches its equilibrium value 
0*/N after a time ° 

0 

• t '̂- h^/N^a (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 0* to 
(1/N)0* (neglected in the above calculation) is roughly 0*(1 -°l/N)hpc/2. 
This heac could sustain the mean anomalous flux of NK(0*/8) (1 - l/N)/2 
for a time 

t -v 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 x(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(X) if X > h [see, 
e.g., Bodvarsson and Lowell, 1972; Carslaw and Jaeger, 1959, Figure 
12].) 

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 chumb, number 4 above). Ic can be viewed crudely 
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as Che conduccive recurn of curve XI, now Che inidal condicion, Co 
curve I, Che final condicion (Figure lOb). The heac flow anomaly Aq at 
the surface can be shown to be 

Aq = -q(l - 1/N) erf - ^ (17) 
/4a t 

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 'V- IIOT (h). 

We illustrate these results with a highly idealized numerical exam
ple. A 'one-dimensional' hydrothermal system with depch h = 2 km 
develops in a region wich sceady regional flux q of 2.5 HFU. Assume 
Chat N = 5 and (perhaps unrealistically) that this value and che 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 regional value with 
80% (i.e., 1 - 1/N) or 2 HFU being supplied by conveceive eransfer. If 
Che 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 heac flow in permeable surface layers: 

1. The heac flow q (and combined flux q ) will vary over horizoncal 
diseances of che order of depch of circulation, h, during all phases. 

2. During an initial phase which might last '̂ T(h) Che mean combined 
flux from che surface will exceed che regional heaC 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. In a waning or recovery phase,•probably longer by a factor of 10^ 
than the initial phase, the mean surface flux will be less Chan regional 
heac flow. 

5. The mean combined flux at che surface integrated over all phases 
will equal Che regional heac flow; if chere was conveceive loss inco 
surface drainage, che incegrated conductive flux will be less Chan Che 
regional value. 

If we can view che Basin and Range province (which is •î lÔ  m.y. old) 
as containing a random sample of such systems (with life cycles of 
<10° years), the average combined flux will equal che regional heac 
flow, and che average conduccive flux will be less. Similar generali-
zaeions apply co syseems confined eo widely separaeed fraccures as long 
as Chey are suscained by regional heaC flow (or a source of heac aC 
depch Chac is uniform for cimes much larger Chan Che scabi-lizacion Cime 
for Che hydrochermal syscem). 

In che foregoing discussion, hydrochermal inscabilicy was iniciaeed 
by incroducing fractures which increased the permeability k or depch of 
Che fracCured layer, h. We assumed a sceady 'regional' conduccive flux 
from greac depch. Even in Che Bacde MounCain High che regional flux 



LACHENBRUCH AND SASS 647 

Eig. 11. Idealized one-dimensional model for hydrochermal conveccion in 
a surficial layer of Chickness h; che heac is supplied by upper ĉ ruscal 
magma ac depch H (see texc). 

does noc 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 0 of Che fraccured zone racher 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 0 . 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. In 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 

KF (18a) 

q = K0 /H 
^c m 

q = K0 /[H - h(N - 1)/N] 
c m 

(18b) 

(18c) 

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. 

H 
N 

N - '^q^ 
(19) 

At the Long Valley caldera in California the mean combined flux at the 
surface has been estimated by hydrochemical means to be greater than 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]. If we assiane a stationary state and 
take q "̂  13 HFU, O = 800°C, and K = 5 mcal/cm s °C, we obtain for the 
effective depth of magma 

. N - l .̂  - , 
H - h — - — =! 3 km 

This implies that hydrothermal convection 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. SCruccural and .seismic evidence [Bailey 
et al., 1976; Hill, 1976; Steeples and Iyer, 1976] suggests that if 
magma now exiscs beneach Che caldera, ic muse be ac a depch of ae lease 
6 Co 8 km. Thus ae lease 3 Co 5 km is made 'Cransparenc' by hydro
chermal conveccion, and waCer muse 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 cime '̂'X (h), say, 
10^-10^ years, and if Chey survive chereafcer; chey do noc resulc in 
anomalous heac loss. In volcanic areas such as Long Valley, hydro
chermal syseems are evidencly supporced by upper cruscal incrusion, and 
Chey 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 km (depending on the choice of K and 0 
in (18c)), the steady surface flux approaches the regional value char
acteristic of the Battle Mountain High (•'>'3 HFU) and the time constant 
for the overburden becomes large in relation to the stabilization time 
for hydrothermal systems. Under chese condicions Che heac supply for 
hydrochermal systems would be considered as either regional heat flow or 
a local magmatic anomaly, depending upon whether or not the magmatic 
condicion were widespread. Both sicuadons probably occur in che Basin 
and Range province. 

Conveccion and Regional HeaC Flow 

Xn general, conveccion 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 Che excepdon or che rule. Ic has already been poinced ouc 
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 Che edge 
of Che 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 che naCural heat discharge of known 
hydrochermal syseems wich reservoir cemperacures greacer Chan 90°C. 
Each circle is cencered ae 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 wich 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 chrough which an anomalous flux 
of 1 HFU would be equivalent to the total rate of combined (conductive -
and convective) heat discharge for che syscem. Typically, Che anomalous 
regions have an area chaC is an order of magnicude smaller Chan che 
circles in which chey are cenCered. The purpose of chis represencadon 
is only Co place some of che beCCer known syseems in a regional per-
specdve. More detailed sCudles of chese and ocher syseems (some per
haps wich high mass discharge ac lower cemperature) 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 che incegraced 
regional flux; wich Che excepdon of che Yellowscone syscem, chelr 
effeces on Che chermal balance of Che crust would be local. For the 
anomalous discharge to equal the integrated regional flux Che circles 
(Figure 12) would have co overlap once on che average chroughouc mosc of 
Che wescern Uniced SCaces. For chose syseems chac mighc be scabilized 
above upper crustal intrusions the circle indicates the rata ac which 
heac muse be supplied by magmacic conveccion. For Chose syseems Chac 
have scabilized and are supporced by regional heac flow the circle 
represents the area over which a negative regional anomaly 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 che mosC frequendy occurring (or modal) value of Che 
conduccive flux. The mean would be biased coward large values by 
effeces of undececced upper cruscal incrusions, alchough che shallower 
ones would probably be idendfied by chelr hoc springs and avoided in 
regional sCudies. In large regions of high heac flow, mosc of Che local 
anomalies of unidencified origin are likely co come from hydrochermal 
conveccion supporced by regional heac flow and modified by Che forcing 
effeccs of variable Copography, permeabilicy, and precipicadon. 
Alchough che combined anomalous flux from chese syseems might integrate 
Co zero, Che mean conduccive flux would be biased coward lower values if 
chere were appreciable convective discharge into surface drainage. (The 
mode and mean are not appreciably differenc for the Basin and Range 
data, possibly because internal drainage minimizes convective loss from 
shallow aquifers.) If 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 co idendfy. This is 
evidencly Che case in che Basin and Range (co be discussed furcher 
below), where highly fracCured rocks are difficulc Co avoid and high 
heac flow and locally variable copography and precipicadon favor small-
scale conveccion syseems [Olmseed ec al., 1975]. 

A hydrologic anomaly on a regional scale seems Co provide che most 
reasonable explanadon of che Eureka Low subprovince of Che Basin and 
Range (Figure 12). The average of 13 heat flows in Chis 30,000 km-
region of souch cencral Nevada is abouC 1.1 HFU, roughly 1 HFU less Chan 
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che heac flow believed characcerisdc of che surrounding Basin and Range 
province. The deeper holes generally showed Chermal evidence of down
ward moving wacer; in Che deepesc hole chis evidence persisCed eo depchs 
greacer Chan 3 Ion [Sass ec al., 1971]. In 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 incegrated 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 southwestem 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 Dinwiddle and Schro
der [1971] report evidence for interbasin flows to depths greater than 2 
km in valleys of the cencral 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 southeastem 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 "v- -2 km for 'rock' (equation 
(lie)). If Che average depth of the interbasin conduic were '^l.i* km, 
according Co (10), che surface heac flow would be roughly half che 
regional heat flow as required. If che recharge velocicy (-v) were cue 
CO 5 mm/yr, the regional depch of wacer 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 che hy
drologic systems studied each overlap the Eureka Low and may have 
somewhat higher mean heat flows. If 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, SC-SO'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 Radioacdvlcy 

Ic has been poinced ouC (5) ChaC mosc cruscal rocks seen ac Che 
surface contain enough radioaccive uranium, chorium, and pocasslum eo 
concribute appreciably co surface heac flow if such rocks were dis-
Cribuced uniformly Chrough che crusC. The cumuladve conCribudon of 
crustal radioactivity must be known in order to determine from the . 
surface heat flow the flux from the top of the mantle. Additionally, 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 Che relacion becween surface heac flow and radio
active heat production of plutonic and highly metamorphosed crystalline 
rock exposed at the surface. Such rocks are che ones mosc likely Co be 
relaCed geochemically co Che inaccessible macerial on which chey rese. 

Figure 13 is a ploe of measured heac flow q versus radioaccive heac 
produccion A of crysCalline drill core or ouCcrop macerial sampled ac 
Che heac flow sice. The 150 or so poincs include all published resulcs 
from che conCerminous Uniced Scaces and adjacenc Mexico and many new 
poincs 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. [1968a] showed that the same line accommodated additional 
observations in the stable central region of the United Staces. Their 
line is shô wn 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 eC al. [1968a], one 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], anci furcher 
confirmadon has come from a value published more recencly [Lachenbruch 
ec al., 1976a]. Ten of che eleven poincs (crossed circles. Figure 13) 
Incerior co che Sierra Nevada physiographic province lie close Co Che 
Sierra line. The elevenCh poinc for che Sierra Nevada(DP, near Che Cop 
of Figure 13) lies far above che Sierra line, as was expecced; che sice 
is only 3 km from Che Long Valley volcanic cencer. Mosc of che ocher 
poincs in Figure 13 are noc close Co any of chese province lines, and 
Chey will be discussed lacer. However, ie will be useful firsc co 
ouCline a simple incerprecacion of che linear relacion for Che Sierra 
Nevada and eascern Uniced SCates; it provides general insight inco 
condicions in Che cruse and manele [Birch ec al., 1968; Roy ec al., 
1968a; Lachenbruch, 1968, 1970]. 

The simplicicy of che linear relacion suggescs a simple model. We 
assume one-dimensional sCeady seace, nonconveccive eransfer and recain 
only Che cerm for heac produccion A(z) on che right side of (3). 

fj = -A(z) (20) 
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Fig-. 13. Observations of heat flow q and radioactive heat production A 
frora crystalline rocks in the conterminous United States; linear regres
sion lines are from Roy et al. [1968a] for the Basin and Range (dashed), 
eastern United States, and Sierra Nevada provinces. Solid circles 
represenc points east of the Great Plains, and crossed circles represenc 
poincs incerior co che Sierra Nevada physiographic province. Verdcal 
arrows represenc correcdons for finice size of pluCons [Roy eC al., 
1968a] . Three of che open circles on Che eascern Uniced Scaces curve ae 
abouc 1 HFU are from che Klamach Mouneains in norchern California. The 
crossed circle slighely above che Sierra Nevada line (q = 1.1) has an 
uncertain heat production. DP is adjacenc Co che Long Valley volcanic 
cencer. 

The linear relation for either province may be written 

q = q* + DA (21) 

where q and A 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 sice a layer of Chickness z is eroded away, A will cake on a new 
value A(z) depending on how radioacdvlcy is discribuced wich depch, and 
q will Cake on a new value q(z), buc (21) should sdll apply. Hence we 
lee c be a funcdon of z and replace A bv A(z) in (21). Then subsci-

o ' 
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Fig. 15. Conceptual model for the distribution of heat production A(z) 
in the continental crust (see text). 

tuting (21) in (20) yields a unique result for heat production as a 
function of depth 

A(z) A e 
o 
-z/D 

(22) 

where A 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 

fO 
q(z*) + A(z) dz (23a) 

q = (q(z*) - DA e"̂ *̂ '̂ ] + DA ^ ^ o o 
(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. In 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]. 
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The characteristic depth D is a parameter characterizing the fraction
ation process. If we assume Chat 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 
exponendal model. In any case, as firse poinced ouC by Birch eC al. 
[1968], in provinces where che linear relacion 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 
Co explain che very low q* chere [Roy eC al., 1972; Blackwell, 1971]. 

For che exponendal model described, cruscal Cemperacures are given 
by [Lachenbruch, 1970] 

0(z) = [q*z + D^A^d - e"^''°)]/K (24) 

where K is chermal conducdvicy. Cruscal cemperacures for che appro
priace province paramecers (q*, D) and for Che ranges of heac produccion 
observed in each province are given for an assumed uniform conducdvicy 
(K = 6 mcal/cm s °C) in Figure 16. Similar curves, some wich differenc 
assumpdons, can be found elsewhere [Roy ec al., 1968a; Lachenbruch, 
1968, 1970; Roy ec al., 1972; DimenC et al., 1975; Lachenbruch et al., 
1976a; Blackwell, 1971]. However, in provinces where the linear rela
tion is found Co apply, cruscal Cemperacures are severely conscrained, 
and models more specialized Chan chis simple one (equacion (24)) do noc 
give signiflcandy differenc resulcs. (The problem has been discussed 
by Blackwell [1971].) The chief uncereaincy is in Che choice of con
ducdvicy, which mighc be adjusCed by +15% wich a proporcional effecc on 
Che Cemperacures shown. For reference we have shown in Figure 16 Che 
curves for Che beginning of melcing for granodiorlce wich pore wacer 
presenc (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 che central and 
upper (eastern United States) curves (A = 10 and 20 HGU) of Figure 16, 
whereas for mosc of the eastern Uniced SCaces, cemperacures are expecced 
eo lie in che lower half of che range shown (becween A = 0 and .A = 10 
HGU). For Che Sierra Nevada curves, cemperacures in cne upper range 
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Fig. 16. Sceady cruscal Cemperacure profiles based on che linear heae 
flow-heac produccion relacion (equacion (24)) for Che Sierra Nevada 
(long-dashed curves) and Che cencral and eascern Uniced Scaces (solid 
curves) for che range of heac produccion (A ) observed in each province. 
Corresponding values of heac flow (q) are shown in parencheses. Assumed 
Chermal conducdvicy is 6 mcal/cm s "C. ShorC-dashed curves GSS 
(granodiorlce sacuraced solidus) and GDS (granodiorlce dry solidus) from 
Wyllie [1971] show che beginning of melcing for rock of ineermediace 
composicion. 

(A = 5 Co 10 HGU, Figure 16) are characcerisdc of che younger (Upper 
Crecaceous) plucons near Che cresc of che mouncain syscem, and in Che 
lower range (A = 0 Co 5 HGU) chey generally represenc condidons -in Che 
wescern foochills. For Che same heaC flow, cemperacures are lower in 
che Sierra Nevada, where a smaller fracdon of che heac originaces ae 
depch (q* = 0.4 HFU in che Sierra and q* = 0.8 HFU in Che easCern Uniced 
Scaces). 

The Basin and Range Province: Effeccs of 
Radioacdvlcy and Conveccion 

The Chird heac flow province defined by Roy ec al. [1968a] is Che 
Basin and Range province, for which all currenc (q, A ) daca 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 km 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 noc in the same sense that the 
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Observations of heat flow q and radioactive heat production A Fig. 17. 
from crystalline rock of the Basin and Range province. 
from earlier studies is dashed. 

Regression line 

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 ChaC che linear regression 
lines will lose Cheir significance in che oCher provinces, too, as more 
data are acquired. However, we consider this unlikely, as the density 
of observation is presently as great in che Sierra Nevada as ic is in 
Che Basin and Range, and ie was recognized ac che oucsec by Roy eC al. 
[1968a] ChaC Che regression analysis was lease signifIcane in Che Basin 
and Range province. A more discriminacing use of che variable qualicy 
daca shown in Figure 17 mighc provide juscificadon for a linear re
lacion in che Basin and Range or pares of it, and chis is under scudy. 
For che presenc, however, ic appears chac che linear regression of q on 
A has liccle significance in Che Basin and Range province, and Che 
quesdon arises whecher insighcs from che foregoing simple model of che 
linear relation can be applied usefully chere. 

According Co Che simple model che sceady sCaCe concribudon from 
cruscal radioacdvlcy is DA , where D is a geochemical characcerisdc of 
che cruse describing ies fracdonadon. This physical incerpreeadon 
does noc depend upon Che conscancy of lower cruscal heac flow (q*) and 
is reasonable whecher or noc che linear relacion applies. On this 
basis, we might subcrace the term for crustal radioactivity from che 
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Fig. 18. Histograms of (a) heat flow, (b) reduced heat flow, and 
(c) radioactive heat production for stations at which both q and A^ were 
measured in the Sierra Nevada province. 
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observed heat flow to obtain Che 'reduced heac flow' q employed bv Roy 
et al. [1972] . ^ 

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 A , are shown in parts a, b, and c, re-̂  
spectively, of Figures 18-20 for the three provinces. For a province in 
which che linear relacion applied in a decerminisdc sense, q would be 
idendcal 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 eastem 
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 HFU 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 resulcs pri
marily from conveccion by groundwaCer, and che large mean, from con
veccion by magma. Before discussing ImpllcaCions of Chese cwo infer
ences we shall consider how widespread che condidons represenced by Che 
sample in Figure 20 might be. 

In brackets in Figures 20a and 20b, statistics 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 measuremencs in che 
Basin and Range province; again che brackecs enclose scacisdcs decer-
mlned wich Che Cwo subprovinces excluded (20 values from che Baccle 
MounCain High and 13 values from Che Eureka Low). The face Chat the 
principal mode, the mean, and the standard deviation are essendally Che 
same for daca in brackets in Figures 20a and 21 adds a noCe of gener
ality to che analysis of daCa in Figure 20. However, wichouc a more 
careful sCudy ci: Che individual siCes Chan we have yee undercaken, more 
refined scaCisdcal creatment is noc warranced. Reduced heac flows 
reporced from che norchern and souchern Rocky Mountains and che Columbia 
Plateau (Figure 14) seem commonly Co fall in che modal range (1.2-1.6 
HFU) characcerisdc of Che Basin and Range daca, and Chose provinces are 
expecced co 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 continuous tectonic unit, and the heat 
flow coverage there is relatively dense. 

The reduction for crustal radioactivity in the Basin and Range prov
ince does not significantly reduce the dispersion, and we should be 
little better off in estimating the heae flow wich a knowledge of local 
radioaccivicy chan 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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Fig. 20. Histograms of (a) heac flow, (b). reduced, heat, fiow, and 
(c.) radioactive heat production for stations at which both q and A- were 
mjeasurad in the Basin and Range province. Statistics In brackets in (a) 
and (b) were detariiiined with data from Battle Mouncain High 'and Eureka 
Low deleted. 

standard deviation "of the crustal correction (DA with -Q*= 10 km, 
Figure 20c) iŝ  only 0.22 HFU,_ about one fourth of the standard devia
tions for both q and -q -. If q and A were normally distributed, the 
reduction from q to. q (equation (257-) would have an insignificant 
effect on the standard deviation (̂ 0̂.03 HFU). The statistics do 'suggest 
that three-dimensional effects, thermal transients, and convect-lonj 
neglected in the simple theory (equation (20)), are- substantially 
greater (ge-nerally by a factor q£ 3 or 4) than the effects <Df -variable 
crustal radioactivity.: As three-dimensional effects are evidently 
unimportant in the other provinces, it is likely that the dispersion of 
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Fig-. 21. Histogram of all heat flow data frcjm the Basin'and Range 
province; Statistics in brackets were determined -with data from -che 
Battle MounCain High aiid Eureka Low deleted. 

reduced hea.f flow in the Btfsin and- Range is due- primarily to hydro-
thermal and (to a lesser extent) magmatic convection, including, of 
course, their time dependent effects', as discussed in an earlier section. 

We ha've mentioned that in the Basin and Range province the mean, 
conductive flux reduced for crustal radioactivity is about twice as 
large as would be expected in stable regions. We naturailly associate 
this large and variable reduced heat, flow with ttie present pattern of 
extensional deformation, magmatism, and hot spring activity that has 
probably characterized tha province for the; past 17 m,y. [Thompson and 
Burke, 1974]. I-t has been shown that cpnvective processes operating 
solely within the crust over this time (twice the conductive time 
constarit for the crust) would probably reduce the mean conductive flux, 
not increase it. Hence the excess, heat is probably supplied convec
tively by magma rising across- (and possibly beneath) the base of the 
crust. Regional variations in the intensity of this magmatic upflux are 
probably responsible" for high heat flow subprovinces like- the Battle 
Mountain. High arid the Rio Grande Trough,, and for local silicic volcariic 
centers like the Long Valley caldera as well. It is likely that these 
variadons 'are, in turn, caused by local variations in the rate of 
crustal extension [Lachenbruch et al-, 1976a] (A, H. Lachenbruch and 
J. H. Sass, unpublished models). 

It is useful to assume that over large areas; the crust is in a quasi-
steiady state, recaiving as much heat by conduction and convecdon across 
its base as it gives off by conduction and convecd'o.n at its surface. 
As q is "nonnally estimated from the conductive heat flow, the actual 
mantie coritribut'ibn would be larger than q by the amount of convective 
loss from hot and warm springs and volcanics. However, the heat deliv
ered by post-Oligoc'ene extrusive rocks iri the' Great Basin is negli''gible 
in relacion Co the conductive heat flow, and judging from Figure 12, the; 
net effect of the hotter known -'Springs might not be important on a 
regional scale. Nevertheless details of the total hydrbldgic heat loss 
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are poorly known, and we shall neglecc Chem alchough Chey could be 
significane. In regions where che conveceive flux is known, ic can be 
accommodated in the computation of q (by using combined surface flux q 
instead of q in equation (25)) if the steady state assumption seems to *" 
warrant it. 

If chere is a characcerisdc flux into the lower crust of the Basin 
and Range, it is likely that it is represented by the modal value of q , 
with the nonmodal 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 'characteristic' conditions in 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 variations in 
radioactivity, the curves are shown only for the near-average A of 5 
HGU (Figure 20c). Likely variations in A (of +3 HGU, Figure 28c) 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 jfl5%. 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 
Uniced SCaCes except that it is drawn for D = 10 km (instead of 7.5 km) 
for consistency. The laccer is a useful (if somewhac arbitrary) refer
ence for conditions one might expect in the Basin and Range crust if it 
were underlain by a stable mantle; it differs frora the corresponding 
curve (q* = 0.8 HFU, D = 7.5 km) for the scable eascern Uniced Scaces by 
less Chan 45''C. 

Alchough Che curves in Figure 22 are drawn as if all of Che manele 
flux q were conducted from the base of Che crusc, Chis condicion is noc 
required nor is ie expecced co apply in che hoccer regimes. Insofar as 
our observacions ae che surface are concerned, che anomalous source may 
be produced by repeaced incrusion ac any depch; if che source persiscs 
long enough co escablish a sceady scate, the temperatures above it will 
fall on the appropriate curve of Figure 22. The time x(z) required for 
a sill-like constant temperature source to equilibrate che overburden is 
shownon che depch axis in Figure 22. (A sill-like source whose screngch 
does noc change wich Cime cakes abouC chree cimes as long. During che 
slow cooling following solidificacion che average gradienC anomaly in 
Che overburden will remain racher close Co chac measured ac Che surface, 
provided chac che original source persisCed for many x.) Thus a con-
Cinuing incrusive process Chac mainCained che 20-km Cemperacure ac 900°C 
for more Chan 3 m.y. would cause a conduccive regime above it as in
dicated by curve F (Figure 22); thereafter, downward extrapolation from 
surface observacions would correccly idendfy Che 20-km Cemperacure. 
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Fig. 22. Generalized conduccive cemperacure 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 EDS 
(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) che 
concribudon of anomalous convecCed flux would be 1.7 HFU. The accual 
anomalous flux inco Che liehosphere ac che cime mighc be greacer or less 
Chan 1.7 HFU, depending upon whecher Che lower pordon was absorbing or 
releasing heaC, i.e., whecher ics cemperacure was approaching che new 
scadonary scate 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 mighc involve no more than Che upward movemenC of 
basalc in narrow conduies en rouce co che 20-km depch, or ic could 
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invplye complex networks of basa-ltic incrusion arid secondary diaperic 
movements of silicic melts and .adjustments of solid rock; 

In Figure 22 we have shown [from Wyllie, 1971], some limiting melting 
relations for- macerials likely to be involved in convective heat, trans
port to and through an anomalously hot crust. The most probable source of 
anomalous heat is upward migration of basalt (or possibly other mantle-
derived magina) beneath or into the base of the crust. For reasonable 
wat'er conte.nts, most of the crystalli2ad"bn and henc''e most of the lateric 
heat release will have occurred by the time the basalt cools past its 
dry solidus (BDS, Figure 22) [Wyllie, 1971; Peck et al., 1966]. Heat 
introduced by the basalt could raise the temperature a.rid melt f•Tactions 
of the Indigenous crustal material, assumed to have an interraediate 
(granodidrice) composition. In the presence of excess water ('vapor 
present'condition'), such rocks would begin to melt along the curve GSS 
(granqdiorite, saturated solidus) (Figure 22), and melting would; be 
complete at GSL (granodiorite saturated liquidus). If no water occurred 
in the cruscal rock exce-pt that bound in hydrous minerals, melting would 
not begiri until temperatures exceeded GDS (granodiorite dry sblidus),, 
and it would not be complete until they reached GDL (granodiorite dry 
liquidus) i If a trace of pore -water were present,, it would dissolve 
preferentially In a melt (of•rhyolite composidon)' that would begin to 
form-along GSS. With further increase of temperature che iricreasing 
melted fraction would become more arid more undersaturated, raaking the 
residual crystals more dif-ficult to melt; -complete melting would not 
occur until temperatures approached GDL. As the radioactive elemerits, 
like the watec, move preferentially into the melt-, upward migration of 
the meit might produce the condition illustrated, scheaiatically in Fig
ure 15 arid at the same time dehydfafe the lower crust. Wyllie [1971] 
has pointed out that unless the lower crust ware somehow rehydrated, a 
second cycle of lower crustal melting would be more difficult, a.s It 
would require temperatures in excess' of GDS. If repeaced cycles did 
occur, however, we might expect more complete upward fractionation of 
radioelements,. This would appear In surface- observations as a decrease 
iri the value of the characteristic depth D (equadon (2-1)). 

It is seen from Figure 2-2 chat at the base of a 30-kiii crust in the 
Battle Mouncain High, basalt melt could b:e scable, and dry intermediate 
crustal rock could be completely melted. Hence some heat is probably 
transferred by magmacic intrusion in the lower crust df the Battle 
Mountain- High, for if it were not, the thermal regime would be- co-n-
ductive, and the-base would be nearly or quite- all melted.. Subs-tantial 
amounts of tnelcing of most crustal rocks in the presence of pore water 
could occur near the base of a 30-kai crusc in the 'characteristic Basin 
and Range' regimes. Herice 'first cycle' (wet) crustal fraccloriation 
could be Initiated, under the Basin and Range 'regimes,- and 'second cycle' 
(dry) fractionation could occur under the Battle Mountain Sigh regime^ 
Convection by quasi-steady upward migration, of a melted fraction could, 
of course, convert one regime- cp the other. 

Typically, the upper 20 km of the Basin and Rarige -crust has a seismic 
velocicy (V = 6.0 kra/s) characteristic of silicic rocks, including 
granite, aria the lower 10 km.or so has a higher velocity (V = 6.7 km/s) 
characteristic of denser (and presumably more refractory) materials. 
Including basalt [e.g., Hill and Pakiser, 1966]. As temperatures in the 
Bactle Mountain High and /similar regions can be in the range 70O''-9O0°C 
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at depths of 15-20 km (curve F, Figure 22), laterally extensive partial, 
silicic melts could occur at midcrustal levels in s-uch regions. Cori-̂  
vectlve transfer attending scretc.hing and -intrusion of the ex-tending 
lithosphere could, however, reduce these temperature estimates by lOO'C 
or so (A. H. Lachenbruch arid J.. H. Sass, unpublished). 

In .summary, we have found that the linear relation between, heat flow 
and surface radioactivity does not apply generally In the Basin and 
Range province. For the linear relation to apply, crustal contributions 
to heat flow should be exclusively from radioactivity, and the raantle 
•fiux should be uniform.: We believe that the, relation falls in the Basin 
and Range province because both condidons are violated there; 'Varia
tions in surfaces heat flow caused by hydrothemiLal arid magmatic con
vection o'vershadow variations caused by crustal radipactl-vity (chey are 
probably greater by a f_actor of 3 or 4), and the anomalously large 
mantle flux is not uniform. Mantle heat flux is probably controlled by' 
magmatic mass flux (into or beneath the base of the crust) which varies 
in intensity, creating subpro'vlnces like the Battle Mountain High and 
the R.io Grande Rift, and more local heat flow anomalies and volcanl.c 
centers as well (Figure 3). Frequently occurring values of reduced heat 
flow suggest that the maritle flux throughout much of the province might 
have characteristic values in the rarige .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 reladons for 
crustal rocks. Theoretical temperatures are consisterit .with the ex-
tens lye mari ife stat ioris of magmatic activity observed in the province.. 

Discussion and Summary 

Our. knowledge of regional heat flow in the United .States has been 
acquired only r.ecently. In his review of. the status of geothermal 
investigations in 1954, Birch [1954a] was able to cite, only three, 
'reasonably adequate' determinations (0,93 HFU' in nprthern Michigan 
[Birch, 1954b], 1.7 HFU in the Colorado Front Range (Birch, 1950],, and 
,1.29 HFU in the Central Valley of Galifornia [Benfield:, 1947]:). Al
though we now know chat each of these Va-lues is quite representative of 
its geologic province, little could be deduced about regional patterns 
from three determinations. 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 chat heiat flow was, 
generally higher in the tectonically active western' United States than 
in the more stable eastern and central portionsi .A few years later, 
publication of over lOD new values [Roy et ai., 1968b; Blackwell, 1969] 
revealed 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, the. northerri and southern- Rockies, an'd the 
Colurabia "Plateau and, a band: df lower heat flow near the Pacific Coast, 
features shown in the", maps of Roy et al. [1972] anii Blackwell [1971]-, A 
map by -Diment et al. [1972] showed the systematic .variations of heat 
flow in the Appalachian Mountain region. Sass, et al. [1971] presented 
100 or so additional values revealing the strong, correlation of heat 
flow with the major N-S, treridlrig tectonic provinces of California, 
including the San Andreas Fault zone. They also defined subprovinces o'f' 
high and low heac flow in the Basin arid Range- provirice, to which ari-
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other, the Rio Graride Rift, has more recently been -added [Decker and 
Smithson, 1975;, Reiter et al., 197,5]. Further detail is shown in the snap 
presented here, and we can, of course, expect the trend to coritinue. 

Our understanding of these heat flow observatioris was increased 
substantially in 1968 by the discovery of the linear relation between 
heat flow and surface radioactivity in New England [Birch et. al., 1968], 
its applicatipn to other provinces (Roy et al., 1968a], and its inde-
'pendent confirraation for the Sierra Nevada [Lachenbruch, 19.68] ,. Curi
ously, 8 years later we still db not know how general this relation 
might be.' It has been shown above chaC in one of the provinces where 
the relation was formerly thought to apply approximately (the Basiri and 
Range province), it does not apply. Although the relation Is now sup
ported by studies in crystallirie rpcks "of Canada [Cerraak and Jessop, 
1?71], Australia [Jaeger, 1970; Sass et al.,̂  1976c], India [Rao et al., 
1976], and Norway [Swanberg et al., 1974], the most convincing results 
remain those from the provinces in which the relation was, first dis
covered, the eastern Uriited States and the Sierra Nevada. As antici
pated by Roy et al. [196aa], data from the Canadian Shield [Germak and 
Jessop, 1971] and to a lesser extent those from central Australia are 
accommodated reasonably well by the line for the stable eastern United 
States, but the parameters determined from these areas independently are 
somewhat different;: in particular, the values q* = 0.64 WU and D = 
11.1 km for nine points in central Australia [Sass,et al,, 1976c] .seem 
significantly different. Several isolated determinatiotts such as 'the' 
three from the Klamath MounCalns in northern California (Figure 13 
and Lacrienbruch and Sass [1973]) and two from Precambrian rocks in 
souchern India [Rao et al., 1976] fall on the eastern Dnited Scares 
curve. The daca from southern Norway [Swanberg et al., 1974] lie rather 
close to the Sierra Nevada Iirie; the linear regression analysis there 
:yielded q.* =0.48 HFU and D = 8,4 km. liowever, nine points from Pre-. 
Cambrian rocks-of western Australia [Sass et al., 1976c] yield q* = 0,63 
arid D = 4i-5 km, a line quite different from those observed elsewhere, 
and four poirits frpm northern and central India [Rao et al., 1976] yield 
q* = 0.-92 P'U and.D = 14.8 km. Judging from our experience with the 
Basin and Range province, many more observations will be needed in all 
of chese areas, and others, to esCablls.h che general significance of the 
relacion b'etweeri heat flow and radioactivity in crystalline rocks. As 
we have .remarked, the Importance of this relation is the requirement it 
places on the verdcal distribution of-crustal radioactivity and tq a 
lesser extent on the total contribution of crustal radioactivity to 
surface heat flow. These requirements relate td the processes respon
sible for evolution of che continental criist.. In ord'er for the linear 
relation to bbtain, several other special requirements must be met 
[lachenbruch, 1970]; i.e., three-dimensional conductive effects and 
magmatic and hydrothermal convection miist. be negligible in the crust, 
and crustal trknsiencs and mantle heat flow must be uniforra throughout 
the province. Thus the linear relation can be expected to apply only in 
more stable regions, and even therev only under rather special cir
cumstances. 'Nevertheless, the insight obtained from the relation can 
provide a basis for "estimating the contribution of crustal radioactivity 
elsewhere on the. continents. Thus the- 'reduced heat flow,' obtained by 
subtracting the estimatad crustal coritribution trom observed heat flow 
[Roy eC al., 1972], might be used to int'erpret continental heat flow 
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where the liriear relation does riot apply. As the reduction depends upon 
the value of D, which varies around the world by a factor of 3, accord
ing to presently available .studies, the reduction must be applied with 
caution. The justification for using D - 10 km in the' Basin and Range 
province is providjed by the linear relation observed in :the Sierra 
Nevada and the observation that granitic rocks- in the- western Basin and 
Range at least are, part of the Sierra Nevada batholith. Reasonably 
corifident reductions can sometimes be made in regions where crystalline 
rock Is not exposed if enough informacion pn crustal compqs.ltion is-
available ,from other sources. Examples are the Califorriia coast ranges, 
where the 'thickness of the Franciscr'an formation (of known radibactivity) 
is estimat'ed from seismic studies [Xac'henbruch arid Sass,, 1973], and the 
Pacific Nprthwest 'coastal provinces, where the basement rock is believed 
to be largely raafic [Blackwell, 1971; Sass et al., 1971] and hence to 
"have rather low radioactivity'^^ It is 'seen from Figure 14 that reduced 
heat flow estimated for sites alorig the Pacific Coast is generally in 
the ,..range characteristic: of the eastern United- 'S-tates except in the. band 
through western and south central Galifornia enclosing the San Aridreas 
Faulty, where it is generally similar to Values in the Basin and Range 
province, 

A- ra:fher complete description of regipnal heat flow in the Onited 
States =and a thorough: understanding of its- impiications for therraal 
scate and processes in the- crust will probably be needed fpr a 'corapfe'-
hensive assessment o£ our gebcKermal eriergy resource and the farmulation 
of rational plan^ for exploring it and exploiting it. As we have seen,, 
.even: in regions where the heat -flow is low and the iikelihodd of an 
exploitable resource is slight-, the uriderstandirig obtained from heat 
flow studies cari be 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 determinationsj are the areas of extremely high 
heat flow beginning to emerge as regional features; their bdu-ndaries are 
generally unknown, however,, arid few ar.eas ar.e sampled adequately -for an 
undersCariding 'of hydrotherraal systems in a- crustal context. Large areas 
of the heat flow control map (Figure 1) are blank, ironically, many of 
these are oil-producing areas where every year more than ,10,000 holes 
are drilled arid temperatures are measured. It is likely that a knowl
edge' of regional heat flow in these areas would increase our under
standing of the widely discussed 'geopressured' energy resources of the 
Gulf Coast [see, e,g,, Jones, 1.969; Jones and Wallace, .1974; Papadopulos 
et al., 1975] and of the general problem of therraal evolution df "sedi
mentary basins and the maturation of hydrocafboris, A comprehensive 
compilation of temperature gradient from some 25,000 sites in oil-
prdducing areas of North America has recently been published by the 
American Association of "Petroleum Geologists in cooperation with the, 
USGS [American Association of Petroleum Geoid'gists-U, S. Geoipgical 
Survey, 1976]; it .cbritains -much useful regiorial information. However, 
as was emphasized by Birch.[1954a], the principal variable affecting 
temperature gradient in the outer layers of the crust is thermal con
ductivity (and locally, water movement). Hence -a compilation df the 
temperature gradient ?aione can be expe'cted tp tell 'us much raore about 
the varia'tions in conductivity (and locally, water movement) than about 
variations in the more fundaraental quantity,, heat flow. Regional heat 
flow studies -are proceeding, at a modest pace (1-imi'ted by the avail-
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ability of; drill holes) at a handful of research laboratories- acro'ss the 
cpuntryi In view of the importarice of regional studies tb the energy 
industries and the enormous amount of drilling they undertake, more 
inceractiori between these groups should hold substantial advaritage for 
all. 

Heat convected by movirig :groundwater requires careful attention in 
heat flow studies,; it can perturb or completely- dominate the regional 
flux, associated with che crustal regime at depth. In tectonically . 
active regions, open fractures, permeable •voleanie rocks, and high heat 
flow may result in clr(iulatdry conveccion systems driven 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 upper crustal magmatic in
trusion, the' combined flux at the surface might be much greater than the 
•regional value for millions of years', If the system is sustained by 
regional heat flow, the combined flux will probably fall "to the regional 
value after 10^-10^ years (depending on 'circulation.depth), but a lin
gering conduction ariomaly will persist long after the circuiation stops. 
Perturbations caused by these •systems -create large dispersidn in con
ductive flux from tectonically active regions, making ie difficult to• 
identify and interpret the regiorial heat flow without a dense network of 
observations [see, e.g.,, Blaclcwell and Baag,, 1973;- Blackwell et al,, 
1975; Brott et al., 1976'; Corabs, 1975; Lachenbruch 'et al,, 1976b; Sass 
and Sairanel, 1976; Sass ec al,, i976b, d] ,. Hydrothermal convecdon 
systeras constitute m'ost df th'e Gargets- under inves tig a Cion as potential 
sources df geothennal ener.gy, and much -will no doubt be learned about 
their inner workings in the next few years. We expect that the in
creased understanding of the dynamics of these systema will help in the 
interpretation of regional heat flow and that the better understa-ndirig 
of regional heat flow will, in turn, increase our general understanding 
of the broader crustal conditions that g.erierate hydrbthermal •systems. 
In regions like the Battle Mouritain High, where the average heat flow is 
about 3 HFU, the steady gradierit in poorly conducting sediinents is 
typically about 100°C7km, and under favorable conditidns. a cdmmercial 
eriergy resource could exist beneath deep sedimentary basins,, even in the 
absence of hydrothermal corivection [see., a. g,,. Dimerit et al., 1975], 

Large aiscurbarices to resional heat flow can also be caused by 
groundwater circulation forced by tht: distribution of precipitation, 
topography, and penneable forniations. In some regions mantled by. 
pe'rmeable. volcanic rocks, do-wnward percolation can completely 'wash out' 
the eonductive flux, making it ,irapossible to study regional heat flow by 
convencional means. In other regions like the Eureka Ld-w, effecCs can, 
be more subCle. Evidence there suggests that a negatlye heat flow 
anomaly over an area v3 X: lO'* kiiî  might be caused by interbasin flow in 
deep aquifers fed b.y downward percolatiori of a small fraction of Che 
-annual precipitation. Heat ,fldw .results: of Chis sort can provide useful 
laformation dn regional hydrolbgic patterns with important implications 
.for underground' disposal of radioactive waste. 
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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 eastem 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 (Q) and heat produc
tion (A) 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 h = 7.5 km and a = 0.79 (ical/cm2 sec, in the Sierra Nevada 6 = 10.1 km and a = 0.40 >ical/cm2 sec, and 
in the Basin and Range province b = 9.4 km and a = 1.4 jical/cm^ sec. The line characteristic ofthe eastern United 
States may have broad applicability to stable portions of continents and thus be considered the reference 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 ofthe 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. 

1. INTRODUCTION 

A major problem in the interpretation of heat flow 
tJata is the wide variation in observations only a few 
'6ns of kilometers apart. In most cases the variations 
*re unexplained and interpretations are based on re-
Sional values which are obtained by some method of 
averaging, for example over squares of latitude and 
longitude or geological provinces. If the variations are 
"ot 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. 

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 ofthe form Q = a •̂  bA, where Q is the heat 
flux at the surface andy4 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 
ofa component from the lower crust {cA-̂ ) and a 
component from the upper mantle (Qn,), remains 

i 



* - . > -^ 

R. F. ROY, D. D. BLACKWELL and F. BIRCH 

Fig. 1. Surface heat flow (Q) as a function of heat productivity 
(4) of the surface rocks for an ideal case. The intercept (a) is 
the flux from the upper manlle (2m) P'"^ *he heat generated 
in the lower crust (cA 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 %'ariable 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 ] . Studiesof the radio-

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 fiux 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 
smal], the amplitude of the anomaly wiD 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 ofthe heat How 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 series, use of 

Table 1 
Conversion factors for heat generation 

Element Heat generation 
(cal/cm 3 sec) 

1 ppm U (ordinary) 
1 ppm Th 
1 ppm eU 
1%K (ordinary) 

0.62 X 10-13 
0.17X10-13 

0.66 X 10-13 
0.23X10-13 

Loon ; 
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Table 2 
Heat flow and heat generation data for 38 localities in the United States. A' 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 [ 11, 
(91 and [10] have been corrected for steady-state topography; heat flow values by all other investigators are preliminary. 
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Locality _ 

New England 
Kancamagus, N. H. 
Waterville, N. H. 
North Conway, N. H. 
Casco, Maine 
Chelmsford, Mass. 
Fitzwilliam, N. H. 
North HaverhiU, N. H. 
Durham, N. H. 

Central Stable Region 
Picher, Okla. 
Riverview, N. Y. 
Levasy, Mo. 
Ely, Minn. 
Saranac Lake, N. Y. 
Wadhams. N. Y. 
Elizabethtown, N. Y. 

Sierra Nevada 
Helms Creek, Calif. 

Loon Lake, Calif. 

Blodgett, CaUf. 
Wright's Lake, Calif. 
Grass Valley, Calif. 
Loomis, Calif. 
San Joaquin, Calif. 

Basin and Range Province 
Quartzsite, Ariz. 
Ajo, Ariz. 
Crescent Peak, Nev. 
Milford, Utah 
Tyrone, N. M. 
Orogrande, N. M. 
Hualapai Mtns., Aiiz. 
Sierrita Mtns., Ariz. 
Oracle, Aiiz. 
Schurz, Nev. 
Ruth, Nev. 
Helvetia, Ariz. 
Lucerne Valley, Calif. 
Bagdad, Ariz. 
Dragoon, Ariz. 

Northern Rocky Mountains 
..^^Butte, Mont. 

Reference 

H. F. Rad 
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11 
20 
10 

5 
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15 
9 

10 
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i 10 
7 

20 

i 19 

Th 

(ppm) 

59 
61 
52 
40 

(30) 
23.5 
26.7 
8.4 

15.0 

21.5 

16.1 
12.6 

3.2 
5.2 

22.8 

U(eU) 

(ppm) 

15.8 
15.9 
12.6 
8.2 
9 
7.6 
4.0 
2.8 

10.0 
3.3 
6.9 
1.4 

<0.3 
<0.3 
<0.3 

7.2 
5:1 

13.3 
4.3 
3.4 
4.2 
1.6 
1.6 

15.0 
7.6 • 

10.4 
14.3 
9.5 
8.9 
1.7 
9.9 
7.5 
7.1 

10.4 
4.7 
3.9 
9.0 
3.7 

6.3 

K 

(%) . 

4.0 
4.1 
4.3 
4.3 

(4) 
3.9 
3.2 
2.8 

4.3 
5.2 
4.1 
2.2 

<1.0 
. <1.0 

<1.0 

2.9 
2.8 

(3.5) 
4.5 
2.0 
2.0 
1.2 
1.5 

(3.5) 
4.2 
4.5. 
3.6 
3.4 
3.5 
3.9 
4.9 
3.2 
2.8 
3.6 
2.9 
2.1 
2.7 
2.8 

• 3.4 

A ' 

10-13cal 

cm^ sec 

20.7 
21.2 
17.6 
12.9 

(11.6) 
9.6 
7.8 
3.8 

7.6 
5.8 
5.5 
1.4 

<0.4 
<0.4 
<0.4 

8.8 
4.0 
9.6 
6.4 
4.7 
3.2 
1.8 
2.2 

10.7 
6.0 
7.9 

10.3 
7.1 
6.7 
2.0 
7.7 
5.7 
5.3 
7.7 
3.8 
3.1 
6.6 
3.1 

8.6 

Q 

10-6 cal 

cm^ sec 

2.27 
2.15 (2.35) 
1.89(2.15) 
1.80 
1.63 
1.63 
1.34 
1.08 

1.46 
1.22. . 
1.17 
0.82 
0.81 
0.79 
0.81 

1.3 
1.25 
1.25 
1.06 
0.83 
0.73 
0.62 
0.6 

2.4 
2.4 
2.3 
2.22 
2.2 
2.2 
2.14 
2.0 
1.9 
1.88 
1.82 (2.0) 
1.78 
1.65 
1.64(1.84) 
1.6 

2.2 

rnm^ 
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the eU conversion factor implies an error of < 5% for 
Th/U ratios from 0 to"» (Birch [8]). Potassium con
centrations which accompany the eU values were de
termined by X-ray fiuorescence. 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/cm^ was assumed in 
converting from cal/g sec to cal/cm^ sec. 

"Hie 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"^ cal/cm^ sec, will be replaced 
by the abbreviation HFU; and the units of heat gener
ation, !0~^3 cal/cm^ 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 ofthe problem. In this paper 
only steady-state heat flow values are used because 
geological corrections havie not been made at any loca
lities in the other regions. The New England data, soUd 
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 belween the Appalachian and Rocky 
Mountains, largely covered by a thin layer of sedimen
tary rocks, has been subjected to only mild disturbances 

3.0 

2.5 

2.0 

. 1.0 — 

0.5 

A, IO"'^CQl/cm'sec 

Fig. 2. Heat flow and heat productivity data for plutons in tht 
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 ofthe 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 point 
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 How-heat 
production data is that heat flow variations measured 
in the sedimentary rocks of the Central Stable Region 
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Fig. 3. Heat flow and heat productivity data for locations in 
'he Sierra Nevada. The points shown as open circles represent 
lhe two values of heat generation measured near Loon Lake. 

S. SIERRA NEVADA 

The data in the Sierra Nevada are listed in table 2 
3nd plotted in fig. 3. Excepting Loon Lake and Grass 
"alley, the determinations were made in holes drilled 
specifically for heat flow. Four of the holes are along 
3n east-west proFde at about 39° N drilled in 1965 by 
Harvard University and two holes are along a profile 
»' about 37° N drilled in 1965-1967 by the U.S. Geo-
'ogical Survey. The slope of the line relating heat flow 
5̂"d heat production is 10.1 km and the intercept is 
•'*0 HFU. The gravity data are ambiguous but a thick

ness of the batholith of about 10 km is consistent with 
^6 observations [17]; seismic data indicate a velocity 
'̂ "ange at about 14 km [18]. 

The areal distribution of radioelements in the cen-
^ Sierra Nevada (about 37° N) has been discussed by 
l̂ ollenberg and Smith [12, 19]. They found several 

"s of uniform heat production, and preliminary 
at flow values in the units with highest and lowest 
at production have been published by Lachenbruch 

«al.[n|_ 

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 radioactive 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 ofthe 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 I) 
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 
ofthe 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 ofO.6-1.3 HFU. 
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Fig. 4. Idealized models for the Sierra Nevada batholith which 
give a linear Q versus/4 relationship. For Model 1 an 11 km 
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 and 
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 
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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 
ofthe plutonic bodies. The data are shown in fig. 5. 
In general, the geology in the vicinity ofthe 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 bathoHth 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. 

- 7. DISCUSSION 

7.1. Distribution of radioactive heat sources 
Only a Umited 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. 
Uchenbruch (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 
equivocal [4, 5, 12], but tend to favor little change 
"> radioactivity with depths of 1 - 2 km. While many 
additional opportunities exist for surface sampling in 
'egions of high relief, a solution to the problem will 
probably have to await the results of deep drilling. At 
'"e present time the assumption of nearly constant 
"ertical distribution within a pluton seems a satisfac
tory first approximation. 

The data of Lambert and Heier [23] on granulite 
acies metamorphic rocks furnish additional evidence 
' an abrupt diminution of heat production below 
fge plutons. In this paper no attempt is made to re-
'e heat flow and heat production in metamorphic 

•^ks 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 ofthe 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 httle (7—11 km in the areas discussed) while 
the different regional values arise from variations in 
heat flux fronr. tlis lower crust and mantle. Heat flow 
and heat production values typical of two areas in the 
Australian shield [25], one area in eastern Austraha 
[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 
ofthe 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), eastem Uruted 
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 miUical/cm 
sec °C. The conductivity ofthe upper layer ofthe 
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 continents is 1.1 —1.2 
HFU [29]. 

The extreme upward concentration of radioactivity 

Temperoture, *C 
' 400 600 

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 ofthe 

crust. 

impUed by the relationship between heat flow and 
heat production results iri smaU 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 States is less 
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 —1.2 
HFU for the curve characteristic ofthe eastern United 
States is 4.0-5.3 HGU. The heat production ofthe 
'continerital crust' is estimated to be 4.4 HGU by 
Heier and Rogers [30]. Nearly the same average value 
was found for aU 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 ofthe Canadian Shield. Thus 1.1-1.2 HFU 
would be the mean as weU as the modal value for con-
tinerits 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 to a 7 — 11 km thick 
layer on the continents, not the whole thickness of 
the crust. 
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Table 3 
Parameters of straight lines relating heat flow and heat production in the United States 

Province 

New England 
Central Stable Region 
Eastern United States 
Sierra Nevada 
Basin and Range Province 

Number 
of data 
points 

8 
7 

15 
6 

12 

Slope 

(km) 

7.2 
8.3 
7.5 

10.1 
9.4 

Standard 
error 
(km) 

0.4 
0.6 
0.2 
0.1 
1.3 

Intercept 

10-6cal 
cm 3 sec 

0.84 
0.76 
0.79 
0.40 
1.40 • 

Standard 
enor 
10-6cal 
cm3 sec 

0.05 
0.03 : 
0.02 
0.03 
0.09 l l i ' 

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 ihe 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 
•he Mesozoic and the other areas for somewhat longer. 
The broad applicability of this hne 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 
values from different continents with the value pre-
oicted by this relationship for the average radioactivity 
ofthe upper part of the continental crust. 

The heat flow - heat production relation for the 
°asin and Range province has an intercept of 1.4 HFU, 
0-6 higher than the intercept for the eastern United 
Elates. If the mantle contribution to the heat flow is 
"e same in the two regions the lower crust in the Basin 

and Range must have a heat productivity of 4 - 5 HGU. 
iich a value is incompatible with seismic and geochem-

j inferences on the composition of the lower crust 
1*3,32]. If the lower crust in this region has a heat 
productivity similar to'that inferred for the Central 

able Region approximately 1.1 HFU is coming from 
the "^ntle in the Basin and Range province, and tem

peratures are much higher than if most of the excess 
heat flow comes from radioactive sources in the crust. 
Because ofthe 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 
ofa 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 [33]. 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 Oregon coast 
with an average heat flow of 4 —5 HFU [35] occurs 
on the extension ofa zone of 2'*' 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 Ihnit 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 
impUes 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 simDar 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 ofthe 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, m 
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 impUcations ofthe 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 
layer — 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 stability level of some sort is imphed. 

One conclusion of this study is that the variabihty 
of continental heat flux over relatively large regions 

is related to heat sources in the outermost few kilom
eters. On the other hand the three provinces, which 
bear a very close relationship with surface geologic 
provhices, differ primarily in the amount of heat com
ing from the mantle. Thus for continental drift to oc
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
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 
and oceans but with different vertical distributions. 
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»-v«^, % r 

12 R. F.-ROV, D, D. BLACKWELL and F. BIRCH 

(341 K, Itoand G. C, Kennedy, Meiting anil phase relations in 
a natuial peridotite, Aro, J. Sci, 265 (1967) 519, 

[35] R, P. Von Herzen, Ocean floor heat fiow measurements 
west of the United States and Baja Califotiiia, Maiine 
Geology 1 (1964)225. 

[36] R. F. Roy, J.N, Brune and T. L. Henyey, A sharp tran
sition in regional heat flow across the San Andreas fault 
near HoUister, California, in preparation (1968). 

[371 S. R, Hart, J. S. Steinhart and T. J, Smith, Heat flow, in: 
Year Book 66 (Carnegie Institution of Washington, 
Washington, D.C, 1968) p.52. 

[38] W. H, Diment, F. O. Ortiz. L. R. Sflva and C, F. Ruiz, 
Terrestrial heat flow, at two localities near VaUenar, -
Chile, Trans, Am, Geophys, Union 46 (1965) 175. 

[39] R. D. Hyndman, Heat flow in Queensland and Northern 
- Territory, Australia, J. Geophys. Res, 72 (1967) 327, 

the 
phi 
car 

fro 
poi 
ide 

*1 
c 
n 



SUBJ 
GPHYS 
HF 
RHG 

ive, and that the 
Evang and Good-
apply any results 
iifyirig them with 
apply them to any 
"ely interpreted aa 
ique to make sure 

;commendation of 
;ted en bloc; this 
1 America, and in 
been determined. 
;matic corrections 
hical classification 
ique and covering 

I Kirsch, it should 
mites, gave means 
:m as an abnormal 
t country; Evans 
leads to the same 
nd Poole gave for 
ng the means we 
mer is the largest 
lites given by Joly 
. The difference 
is cle^r and would 
lust be interpreted 
ilation to the fact 
ions are still being 
be expected from 
le wrong for both. 

i in relation to the 
and C. Goodman, 
the earlier workers 

This is contrary 
1 errors and syste-
rica was correctly 
ans and Goodman 
Feet the correction 

It is concluded 
ssion of terrestrial 
1 attention to the their 

ofthe 

{ ' t iV\ \ \ i^ iUi t iS&ti \^ • •--^-"•*--;i i-g ^-''--'•^''- ' - ' ^ ' -

RADIOACTIVE HEAT GENERATION IN ROCKS. 

E. C. Bullard, F.R.S. 

(Received 1942 February 28) 

It has long beea 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 
lufficient to produce the observed amount of heat flowing out of the Earth. For such 
calculations 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 f 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 
3 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 
calculations. 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, 
of Uranium or Thorium into lead by adding the energies of the particles emitted. This 
ts done in Tables I and II; most of the a particle' 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 C7I,. 
^11, Io and Th depend on range measurements. The error in the sum is certainly 
considerably less than r per cent. Allowance has been made for the energies of th& 
ficoiling nuclei. The accuracy of the energies obtained in this way is confirmed by 
""•ect measurement of the heat generated in some of the transformations. Ra, RaTh 
'nd The give a particles of more than one energy; if one of the lower energy a's is 
eniitted the balance of the energy appears as a -y ray, and if these are neglected and the " 
'"a.ximum energy of the a particles is used the right total energy will be obtained. The 
oranching of the Th series has been allowed for by taking 35 per cent, of the-energy of 
""c The a particles and ThC" jS's and 65 per cent, of the ThC a's and TkC j3's; the 
proportion of the atoms going into the RaC" branch is so small that its effect on the 
*"ergies is negligible. 

The j3 and y ray energies are much more uncertain than those of the a rays, but as 
^ y only contribute about ro per cent, of the total energy, the uncertainty has no great 

*ct on the final result. In the decay of an atom in a state with energy E^ above the 
pound state the first event is the emission of a ^ particle and a neutrino. The sum of 

. The balance energies may in general have a number of discrete values Ei, E^ 
energy {E^ - E^, (Ei - E )̂ . . . is emitted as y rays and as j3 particles belonging 

the line spectrum. Let the probability of these modes of disintegration be^i, p^ . . . 
e energy of the )3 particles corresponding to disintegration with energy E^ will be 

A. Holmes and R. W. I.awson, Phil. Mag], 2, r2 i8 - r233 , 1926. 
t A. Holmes, J'. Wash. Acad. Sci., 23, 169-195, 1933. 
t R. D. Evans and C. Goodman, Bull. Geol. Soc. Amer., 52, 459-490, 1941. 
§ S. Rosenblum and G. Dupouy, jf. Phys. Radium (7), 4, 262-268, 1933. 
II G. H. Briggs, Proc. Roy. Soc , A, 157, 183-194, 1936. 
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TABLE I 

Atom 

Ul 
UXi . 

ux. 
vu 
Jo 
Ra 
Rn 
RaA 
R a B 
RaC 
R a C 
R a D 
R a E 
R a F 

Total 

Energy M £ K 
a 

4-31 

4.89 
4.84 
4-88 
SS9 
6 1 J 

7-83 

5 •40 

4385 

P 

0 0 6 
0-65 

0 1 4 •> 
0 7 2 

O-Ol 

0-34 

1-92 

V 

o-oo 
0 .04 

1-72 

0-05 
O.QO 

i -8 i 
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X 
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XX 
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TABLE II 

Atom 

77i 
MsThi 
M s T l i 2 
RdTh 
ThX 
Tn 
ThA 

, ThB 
ThC 
T h C 
T h C 

Total 

Energy A-IEV 

a P 

4 : 6 

S-."!! 
5-79 
6.40 
6-90 

(3S.%) 2 1 7 
( 6 5 % ) 5-82 

3 6 7 6 

OOI 
0 4 9 

0-15 

( 6 s % ) 0 3 2 

(35%) 0-19 1 

1 1 6 

y 

6-00 
0 7 8 

1-43 

2-21 
1 
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• 
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t 
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t 
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distributed between zero and E^; let the mean be K^E^. The total energy in the j3 rays 
is then HiprK^Er- The energy carried away by the neutrinos is S/>,(i - i ^ , ) £ , ; this 
energy is lost, as the range of the neutrino is great compared with the radius of the Earth. 
The y ray energy is T,{E^ - E,)pf. The estimation of the j3 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 j3 particle 
and the neutrino for each mode. RaE emits no y rays and therefore has only one mode 
of disintegration. The maximum energy ofthe j8 particles is i - t8 MEV, whilst the mean 
energy has been found from calorimetric measurements by Meitner and Orthmann * 
to be 0 3 3 7 ± 0 0 2 0 MEV.^ This result has been confirmed by measurements of tlie 
energy distribution in the /S ray spectrum by Martin and Townsend J and by Neary §, 
who found 1-17 and 0-340 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 Uttle 
or no y rays, and for T h C , which always emits a 0-6 M E V y ray and no others. This 
leaves RaB, RaC, MsTh2, ThB and ThC. If the same method is used for these we shall 
obtain 0-288E1 instead of "LKrE^p^. The assumption that K^ is 0288 (the value for 
RaE) will probably not introduce serious error, but the substitution of E^ for TiE^p^ 
raust lead to an overestimate as E^ > E , and'/), < i . On this assumption these elements 
contribute 109 M E V to the radium series and i - r i M E V 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 ma.\imum ^ particle energy for all atoms e.xcept RaB, RaC, MsTh2 and ThC, 
For RaB, MsThz and TkC they are 0-288 times the ma.ximum energy less o r M E V and 
for RaC 0-288 times the maximum less 0-2 MEV. 

The energies of the line j3 spectra may be calculated from data given by Gurney ||, 
Ellis ^ * * and Oppenheimer.-ff The results are RaB 0-655, ^ a C o o t t , ThB 0-047 
and ThC" o-ot4 MEV. These are the total energies including the energy necessary to 
ionise the atpm. They have been added to the continuous j3 spectrum energies in 
Tables I and I I , that for ThC" being first multiplied by the branching ratio. The 
energies of all other Hne ^ spectra are negligible. 

The y ray energies of Ra{B-i-C) and Th{B-hC) may be determined from Gray's XX 
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 ionisation produced with that produced by Ra(B -I- C). 

The heat generated by the spontaneous fission of Uranium is probably negligible, 
W the published information 1||| is not sufficient to estimate it. 

The total energies liberated in the disintegration of one atom of t / I and Th are 47-6 
and 40-r MEV, with a ma,ximum uncertainty of about 0-5 MEV. The International 
vadium Commission has adopted 3-70 x lo^" as the number of atoms of Ra disintegrating 
per second per gram. This value .depends essentially on accepting the determinations 

* L. Meitner and W. Orthmann, Z. Phys., 60, 143-155, 1930. 
t A more recent detennination by I. Zlotowski (Phys. Rev., 60, 483-488, 1941) gives 

'̂ 320 ±o-oos HfEV. 
X L. H. Martin and A. A. Townsend, Proc Roy. Soc, A, 170, 190-205, 1939. 
§ G. J. Neary, Proc Roy. Soc, A, 175, 71-87, 1940. 
II R. 'VV. Gurney, Proc Roy. Soc, A, i iz, 380-390, 1926. 

'ji C. D. Ellis, Proc Roy. Soc, A, 138, 318-339, 1932. 
C. D. Ellis, Proc Roy. Soc, A, 143, 350-357, 1934. 

t t F. Oppenheimer, Proc Camb. Phil. Soc, 32, 328-335, 1936. 
XX L. H. Gray, Proc. Roy. Soc, A, 159, 263-283, 1937. 
i§ N. Feather, Nuclear Physics, Cambridge, 1936. 
Illl Flerov and Petrjak, Phys. Rev., 58, 89, 1940. 
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1 

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 i per cent. Taking the electronic charge as 4-80 x 10-10 
e.s.u. the mechanical equivalent of heat as 4-19 joules/cal.' and one e.s.u. as 
299-8 volts, the heat generated by the substances in equilibrium with one gram 
of Ra is 0-0673 cal./gm. Ra sec. 

T h e Actinium series is derived from AcU, an isotope of t / I , the parent of the U I - R Q 
series. T h e two series 'will therefore be present in a fixed ratio, and it is convenient to 
add the heat generated by the Acdnium series to that generated by the t / I series. The 
most direct method of determining the ratio of the number of atoms of AcU disintegrating 
per second to the number of C/I is to separate some member of the Ac series chemically 
and determine its activity. M.utually consistent measurements f on protoactinium have 
given 4-0 ±0-1 per cent, for this ratio. A more indirect determination from the ratios 
UII AcU and Pb'^°^(Pb^°'' in minerals of known age has given 4-6±o-i per cent Wc 
adopt the former result (4-0 per cent.), as it is 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 U l and Th series is'43-7 MEV. The energy associated 
-\vith 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 • 

00698 cal./gm. Ra sec. 

The number of Th atoms disintegrating per gm. per sec. has been determined by 
Kovarik and Adams J 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 3 0 X 10"* cal./gm. r / i sec. ' 

These figures are probably, not more than 2 or 3 per cent, from the true values. 
Holmes quotes the amount of heat per gram of Uranium per year. It seems prefer

able to give the results per gram of Radium since the measurements on the radioactivity 
of rocks are made relative to a standard Radium solution, and to get the results in terms 
of Uraniuin introduces the somewhat uncertain Ra : U ratio without any compensating 
advantage. T o 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 I I . The numbers of 
C/I and >4cC/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 43-7 MEV) we get 
the total energy liberated per gram per year. The results for Uranium and Thorium are 

0-723 cal./gm. U year 
0-200 „ Th „ 

compared with 0-790 and 0-230 obtained by Holmes and 0-741 and 0-203 by Evans and 
Goodman. The latter authors have underestimated the total a particle energy for the 
Uranium series by 0-51 MEV, and overestimated the j8 particle energy by 0-36 MEV 
and the y ray energy by 1-45 MEV. The latter differences arise from their assumption 
that the ratio of the ^ and y to the a particle energies is always the same as that given 
by Rutherford, Chadwick and Ellis * for Ra(^B-^C). Further the decay constant of t/l | 

* E. Rutherford, J. Chadwick and C. D. Ellis, Radiations from Radioactive Substanca, 
Cambridge, 1930. 

t M. Francis and T. Da-Chang, Phil Mag., zo, 623-632, 1935; E. Gleditsch arid E. ] 
C.R., 199, 412,-1934; A. V. Grosse, Phys. Rev., 42, 565-570, 1932. 

t A. F. Kovarik and N. I. Adams, Phys. Rev., 54, 413-421. 1938. 
§ A. F. Kovarik and N. L Adams, Phys. Rev., 40, 718-726, 1932. 
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is taken from Kovarik and .Adams without correction for the Ac series. As the energy 
of the Ac series is later added on, it has efTectively been included one and a half times. 
There is also an arithmetical error without which their results would be 0-753 cal./yr. 
gm. U. These errors are largely compensated by the low value (2-84 fc 10*) recommended 
for the ratio of the weights of U and Ra in equilibrium. The best value of this quantity 
is that obtained from the numbers of C/I and Ra atoms disintegrating in a second in one 
gram of t/ancT Ra (12,140 and 3-70 x lo*") corrected for the fact that there is * one atom 
of .(4cC/for every 139 atoms of C/I. The result is 3-06 x 10*. 

Potassium disintegrates with the production of ^ and y rays. Bocciarelli f has 
shovvn that the j8's are of two different energies, and estimates that 60 per cent, have a 
mean energy of 0-13 M E V and 40 per cent, of 0-35 MEV, giving a mean energy ofo-22 
MEV. Anderson and Neddermeyer J give over 0-7 M E V for the maximum energy 
corresponding to 0-20 for the mean energy. By counting the particles from a known 
weight of Potassium with a Geiger-Miihler counter, Bramley and Brewer § have found 
that 27 ± 9 particles are emitted from one gram in a second. Muhihoff (( by the same 
method gets 23, whilst Orbdn ^, by expansion chamber photographs, gets 78. I t is 
difiicult to get reliable absolute results for the number of particles vvith the expansion 
chainber, as both the volume in which tracks can be 'photographed and the time for which 
the chamber is active are somewhat indefiitite. In all the experiments except Muhihoff's 
a thick layer of salt was used, and the calculation of the thickness of salt from which 
particles could come causes great uncertainty. We reject Orbdn's result and adopt 
25 ± 10 as the number of particles emitted in one second by one gram of Potassium, and 
c-22 M E V as the energy. This gives 2-1 x l o " " cal./sec. gm. K for the heat generated 
by the j3 rays. 

Kolhorster *•" found that the y rays from Potassium produced 5 x lo"^^ times less 
ionisation at a given distance than those from the Ra{B-^-C) in equilibrium with the 
same weight of Radium; Muhihoff found the ratio to be 3-3 x lo"^^; Behounek f f found 
'•3 X 10-1' XX afid Gray and Tarrant §§ found 1-6 x lO"". 

Muhihoff found the -y's to have an absorption coeffi^cient i-i times greater than the 
"a(fl -I- C) y rays, whilst Kolhorster found them to be twice as penetrating but regarded 
this as probably an overestimate. Gray and Tarrant found 2-0 M E V for the energy 
of the y rays. Assuming the rays to be similar to those from i?a(5 -t- C) and i-6 x i o ~ ^ 
times less intense, the y ray energy is 0-4 x i-o-i^ cal./sec. gm. K. The total heat generated 
•̂ y the j3's and .y's is then 

2-5 X i o ~ " cal./gm. K sec. 

•nis value may be uncertain by as much as 50 per cent.; it corresponds to 7-9 x 10-^ 
Wl./gm. year compared with Holmes's estimate of 120 x 10"* in 1926 and 20 x 10-* in 
'933- Our value is lower than his 1933 result principally because of the lower value 
Adopted for the number of j3 particles emitted per second. Evans and Goodman give 
3 K10-' cal./gm. year, but it is not clear how they get so low a value as their data are 
practically the same as ours. 

The low value of the heat generated by Potassium makes its contribution to the heat 
Pfoduced by rocks only about 5-10 per cent, of that from Uranium and Thorium. 

« , ' • 
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A. O. Nier, Phys. Rev., 55, 150-153. 1939-
D. Bocciarelli, R.C. Aecad. Lincei, 17, 830-836, 1933. 
C. D. Anderson and S. H. Neddermeyer, Phys. Rev., 45, 653-654, 1934. 
A. Bramley and A. K. Brewer, Phys. Rev., 53, 502-510, 1938. 
W. MuhlhofF, .<4nn. Phys. Lpz. (5), 7, 205-224, 1930. 
G. Orbdn, S.B. Akad. Wiss. Wien (2A), 140, 121-139, 1931. 
•v. Kolhorster, Z. Geophys., 6, 341-357, 1930. 
Behounek, Z. Phys., 69, 654-663, 193J. 
Gray and Tarrenl quote this as r.3 x to"" . 
L H. Gray and G. T. P. Tarrent, Proc. Roy. Soc, A, 143, 681-706, 1934. 
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Further investigations into the j3 and y rays from Potassium to place this important 
result beyond doubt are very desirable. 

Table III 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.f The results 
are between 8 and 22 per cent, greater than those given in Evans and Goodman, Table 
XIII. The main cause of these differences is that the values for Ra in Table III are 
calculated from the amounts of Ra given in Evans and Goodman's Table X, whereas 
their rates of heat generation have been calculated from the amounts of U, and for soine 
reason that is not clear the amounts of U have only been calculated for 81 out of the 
132 specimens. 

TABLE H I 

Proportion by Weight Heat Generation lo-* cal./gm. yr. 

Rock tj'pe 

Acidic 
Intermediate 
Basic 
Sedimentary 

Ra Th 
X 1 0 " " X I O " ' 

1-37 
0-51 
0 3 8 
0-57 

I3-0 
4.4 

3-9 
3-3 

X I Q -

2 8 
2.0 
1 4 
2.0 

Ra 

3-0 
1.1 
0-8 
1-2 

Th 

2-6 
0-9 
0-8 
0-7 

0-2 
0-2 
O-I 
0-2 

Total 

S8 
2-2 

1-7 
2-1 

The radioactivity of Potassium J is due to the rare isotope *°K, which .constitutes 
1/9000 of the whole.§ Using this and the above number of disintegrations per second 
we get a half-life of 1-5 x 10' years. The UjPb ratios give the ages for the oldest rockj 
as 1-5-2-2 X 10̂  years; the heat generation by Potassium in the rocks has therefore at no 
time been more than about twice what it is now. This is directly contrary to the con
clusion of Brewer.ll He assumes that all the '̂̂ Ca in the rocks has been formed from 
*''K; this requires the Earth to be 1,5 x i o" years old. There is little reason for the assump. 
tion, and the conclusion is contrary to everything that is known about the age of the EarUi. 
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 
heating. In fact the heat arriving at the surface from within is less than lO"* of tha; 
receivecl from the Sun. 

In addition to the elements considered above, Rb, Nd, Sm and Lu are radioactivf 
vvith periods comparable to the age of the Earth. They occur so sparsely that their 
heating effect is quite negligible. The large number of artificial radioactive isotopes 
of know-n elements that have been prepared in the laboratory all .have lives much too 
short for them to be of any geological significance. It is possible, however, that there 
have in the past existed radioactive isotopes with lives of about lo* years. If thest 
vvere present when the Earth was formed they would by now have decayed so far as to 
escape detecrion, 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 irnportant geological consequences and would help to explain the widespread 
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., 52, 459-490, 1941-. . 
t I t is doubtful if these results form a homogeneous series and therefore if the mean has anj 

exact significance (see H . Jeffreys, M.N.R.A.S. , Geophys. Suppl., 5, 37-40, 1942. The figures ist, 
however, give an indicarion of the relative importance of Ra, Th and K. 

J G. J. Near>', P roc Roy. Soc , A, 175, 71-87, 1940; A. O. Nier, Phys. Rev., 48, 283-284, 1935 
§ A. K. Brewer, Phys. Rev., 48, 640, 1935; A. O. Nier, Phys. Rev., 48, 2837284, 1933; 

W. R. Smythe and A. Henunendirger, Phys. Rev., 51, 178-182, 1937. 
II A. K. Brewer, Indust. Engng. Chem., 30, 893-896, 1938. 
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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 vvhich might have the right period and abundance is 
AcU. The half-period may be most directly determined by combining the ratio UljAcU 
determined vvith the mass spectroscope *, the ratio of the number of atoms disintegrating 
per second determined by chemical separation of Pa, and the number of Ul 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 humber of atoms of'C/I 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 C/I and AcU dis
integrating and the Pb^''''IPb-''^ ratios in lead frorri minerals of known age, give 2-7-7-0 x 10* 
years for the half-period (see Nier f), the best value by this method being perhaps 
diat of V. Grosse J, who obtained 4-0 x lo^ years. If this low value of the period 
were correct, the heat generated by the Ac series 1-6 x 10" years ago vvould have been 
60 per cent, of that now generated by the C/I series. So large an increase might have 
considerable geological effects, and it is very desirable that the uncertainty about the 
period of .(4c C/should be cleared up. 

I am indebted to Dr. N. Feather for advice on radioactive matters. 

Summary 

The heat generation by Ra, Th and K is considered. It is concluded that the best 
values are: 

7-0 X 10"^ cal./sec. gm. Ra (0-72 cal./gm. U yr., 2-20 x 10* cal./gm. Ra yr.). 
6-3 X 10"' cal./sec. gm. Th (0-200 cal./gm. Th yr.). 
2-5 X io~^^ cal./sec. gm. /C (8 x lO"* cal./gm. K yr.): 

The results for Ra and Th should be correct within 2 or 3 per cent., but that for K 
•night be in error by 50 per cent. 

The .value for Potassium is considerably less than those previously accepted, and 
only 5-10 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 
•niportant geological consequences. ', 

• A. O. Nier, Phys. Rev., 55, 150-153, 1939. 
t A. O. Nier, Phys. Rev., 55, 153-163, '939-
X A. V. Grosse, Phys. Rev., 42, 565-570, 1932. 

. \ 

G4 

J 


