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Vertical gradients of heat production were estimated from measurements on samples from
eight boreholes In granitic rocks. Samples contained {rom 10 to 100 specimens, and the bore-
hole depths range from 350 meters to 3 km. For holes less than 1 km deep the scatter of
results is consistent with theoretical expectations based on known small-scale inhomogeneities.
Gradient estimates from the deeper holes are not'strongly influenced by such inhomogeneities,

effects of higher order. examination of the specimen.) In general, geo- a grat
: It has been shown in the companion paper Jogical details were not considered, and trends of provint
that determination of the near-surface vertical oot produetion that might have been associated hole in
gradient of hea't produchqn taken with the lmgar with them were therefore treated as perturba- | mul' ](;

heat-flow relation could, ideally, help determine tions. These measurements will be deseribed and 7 D“l -
metam

. that in establishing this relation no great care . e . ter of he

\ yeas taken in sampling these rocks; with a few studies, .and a..few ad(.htlonal fn.les were obtan.xed seale. T8

. notable exceptions, little attention was given to  tC exammne ﬂ“S. question empmc‘?lly. In keeping small-se
petrologic variations and other local geologic w1th. the. mlphcttzt;ons of the linear heat-flow variatio
conditions. Clearly the relation cannot be true  relation, implausible as they may seem, samples unimpo
in detail, and the sampling problem requircs Were generally selected without regard for the The 1
further attention [sec e.g., Rogers, 1964]. Never-  detailed petrologic information that was avail- were ta
theless, the observability of this relation from able from some holes. Extreme values were re- the Sie
results obtained to date, suggests that in some jected on the basis of an arbitrary statistical Smith,
provinees at least, loeal geologic variations (over  eriterion. (In most cases, however, these values senis o
distances of a few kilometers) can be treated as  ¢ould not have been anticipated by macroscopic analyzd

exposed today at the surface of a pluton. It is
all the more surprising when it is considered
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cal gradient of heat production from measure-
ments in boreholes. Nevertheless, several sets of
such measurements were available from previous

discussed in terms of the theory presented in the
companion paper.

3852

but their uncertainty cannot be evaluated statistically because of the possible effects of small spe‘ctrom

-perturbations of longer wavelength. The data suggest a general decrease in heat preduction Smith [

» with depth in the granitic rocks of a magnitude consistent with the exponential source model, i oratory.

Iy although alternate models are not precluded. A 3-km hole in schist did not exhibit this trend, ; drill cutt
R consistent with the view that upward concentration of sources occurred in the presence of a E di
‘ B‘f melted phase. As uncertainties in the numerical results are large and difficult to evaluate, L lyzed mn
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SaMPLES AND HEAT-PRODUCTION
MEASUREMENTS

Specimens were ‘taken at approximately
equally spaced depth intervals throughout a
number of holes in western North America (Ta-
ble 1). The uranium (U), thorium (Th), and
potassium (K) contents were determined for
each specimen, and the heat production 4, in
units of 10 cal/em® see, was calculated [see
Birch, 1954] from

4 = 0.317p(0.73 U + 0.20 Th + 0.27 K)
¢y

where U and Th are expressed ‘in ppm and K

in per cent, and p is rock density in g/cm?..

Those samples in the form of unerushed core
(‘uc,” Table 1) were analyzed by gamma ray
spectrometric techniques by W ollenberg and
Smith [1964] at the Lawrence Radiation Lab-
oratory. Those in the form of crushed core and
drill cuttings (‘cc’ and ‘de,” Table 1) were ana-
lyzed in the U.S. Geological Survey laboratory
by the gamma ray technique of Bunker and
Bush [1966]. (An updated discussion of their
technique is in preparation.) The sample from
DDB-H-3 was analyzed by chemical methods
in the U.S. Geological Survey laboratory (see
page E2 and Table 14, Tilling and Gotifried
[19697). Details of the equipment and methods
used in these laboratories can be found in the
references cited. For most of the data, the scat-
ter caused by errors in reproducibility is prob-
ably substantially smaller than the natural scat-
ter of heat-production values on the hand-sample
scale. In any case, the statistical measures of
small-scale variance in A include both types of
variations, and the distinction between them is
unimportant in the present application.

The samples designated ST, 8J, JB, and HC
were taken from core holes in granitic rocks of
the Sierra Nevada batholith [Wollenberg and
Smith, 1968; Lachenbruch, 1968]. HC-B repre-
sents a larger sample from the borehole HC,
analyzed in a different laboratory. UL-1 is from
a granitic pluton in the Basin and Range
provinee, Nevada, and DDB-II-3 is from a core
hole in the Boulder batholith, Montana [Tilling
and Gottfried, 1969]. The samples DW and
DW-B aro from 3 deep hole in Precambrian
metamorphic granitic rock in eastern Wyoming
[Ebens and Smithson, 1966]. DW represents

Heat Production Measurements

TABLE 1.

Uranium Thorium Potassium

Heat Production

Contribution to Am*,

per cent

Km*

No.

Thm*

jected Um*

Re-

o
Km*

No.

No.

a* Re-  Ku*,
jected

Thm*,

Re-
jected

ok

Um*

No.

a*

Am*,

10-13 ¢al Re- Um*,
Form! [, km Specimens cm™2 sec™? jected

No.

Sample

.
4

U Th

Un*

ppm

ppm  Tha*

ppm

Am*

©
-

16
11

35
29
34

0.89 49

0.66 5:
5

0.39 53

2.7
2.6

0.10
0.11
0.15
0.04
0.06

0.50
1.31
1.61
2.99
3.14

0.17
0.15
0.28
0.10
0.18
0.11
0.14

1.49
3.92
6.73

21.1

0.25
0.30
0.18
0.23

0.56
1.99
2.97
7.74

0.13
0.22
0.18
0.13
0.17
0.11
0.18

0.7
2.2
3.5
8.9

18
15
17
19

0.35
0.46
0.49
0.55

uc
uc
u
u

38
44

54
38

0.39
1.3

20.8

9.1

109

cc

18
11

]

10.9

N

4.2
8.6

60
19

0.51

cc

w

[}
™

10
17

1.2
1.8
0.79
0.77

9.3
8.5

21
0.14
0.12

2.68
2.99

0.38
0.32
0.29
0.20

14.5

21.0
2.7

2
0.35
0.25
0.28

1.70
1.98
2.88

5.5
4.3

10
99

100

23 18

50

59

1.4
4.8

1.56

0.22
0.21

2.1

3.0
3.0

de

38

13.9

4.9

94

de

w

. e
ue, uncrushed core, v ray, Lawrence Radiation Laboratory; cc, crushed core, v ray, U. S. Geological Survey; ca, chemical analysis of core, U. S. Geological Survey; de, drill cuttings,

~ ray, U. 8. Geological Survey.
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ten samples of solid core analyzed by H. A.
Wollenberg and A, R, Smith (unpublished data),
and DW-B represents 99 samples of drill cut-
tings from {he same hole analyzed in the U.S.
Geologieal Survey laboratory. DC is a 3-km
hole in Precambrian plutonie rock of the Cana-
dian shicld near Flin Flon, Manitoba (D. C.
Findlay, unpublished data, 1966), and DA 15 a
3-km hole in schist near Fairbanks, Alaska
(R. B. Forbes and F. R. Weber, unpublished
data). Samples from both of these holes (DC
and DA) were drill cuttings analyzed in the
U.S. Geological Survey laboratory.

ANALYsis oF Dara

For each of the eleven sets of data (Table 1)
a regression line was passed through (In 4, z)
to determine the mean heat production' d,.*,
its standard deviation ¢%, and the normalized
gradient G* and its standard error y*. These
symbols are defined mathematically in the com-
panion paper [Lachenbruch, 19711, where it is
shown that if the only perturbations of 4(z)
{from the idealized distribution ¢(z)) are ran-
dom ones distributed log normally, these quan-
tities represent reasonable estimates of means
and variations for the quantities sought.

By a similar procedure, regression lines were
determined individually for U, Th, and K for
each set of data and the corresponding param-
eters determined.

The slope of a regression line is very sensitive
to extreme values, improbable in a normal dis-
tribution, if these values occur-near the ends of
the depth interval. It is desirable to attempt to
identify such points by applying some consist-
ent, though arbitrary, eriterion of rejection, For
this purpose we adopted Chauvenet’s criterion
[see Misener et al., 1951], wherein a value is
rejected in a set of n measurements if it does
not lie within the probability zone, 1 — (1/2n)},
for an n-member sample taken from a normal
population ¥ (z:), 7 = 1, 2, 3, -+ n. Thus for
n = 10 we reject those values ¥, for which

Y,* [In Y(z) — In y(z))| > 1.960* (2

where Y (z:) and y(z;) are the observed value
and the value given by the regression line, re-
spectively, at depth z,, and ¥,,* is the geometric
mean of ¥,. For n = 100, the numerical co-
efficient is 2.81. No theoretical significance is
implied for the criterion in this application. It
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is simply a convenient scheme for establishing
the cutoff point for extreme values: about two
standard deviations for the simallest samples up
to almost three for the Jargest ones.

The means (4..%, Th,* U.* K,¥), and
standard deviations (¢*) obtained from each

-of these analyses are tabulated in Table 1.

Element ratios and the relative contribution of
individual clements to heat production are also
tabulated. Among these samples the mean ele-
ment concentrations and the ratio Th,*/U,*
vary by an order of magnitude. Nevertheless,
in all samples at least 80 to 909 of the heat
production is accounted for by the U plus Th.
Hence in analyzing A, the rejection of extreme
values was applied only to U and Th; those

“depths at which either U or Th failed to satisfy

the rejection criterion were deleted in the final
linear regression analysis of (In 4, 2).

In each of the holes, HC and DW, two in-
dependent samples were studied. It is seen that
the 19 specimens of uncrushed core (HC) ana-
lIyzed by Wollenberg and Smith yielded means
for heat production, the individual element con-
centrations, and element ratios within a few per

cent of those obtained from 109 specimens of -

crushed core (HC-B) _independently sampled
and analyzed by Bunker and Bush (Table 1).
By contrast, the means for the two samples
(DW and DW-W) from Wyoming, analyzed by
the same two laboratories, differ by 30% or so.
In this hole the uncrushed core sample (DW-W}
was smaller (only 10 specimens), the rocks were
more heterogeneous on both small and large
seales, and the sample analyzed by Bunker and
Bush (DW) was drill cuttings, not crushed
core, When viewed statistically this discrepaney
is significant, and it is not known which of the
above factors is responsible for it. Although it
is reassuring that both samples recovered the
anomalous thorium-uranium ratio (9.3 for
DW-W, 8.5 for DW), this matter deserves fur-
ther study.

In Figure 1 the normalized gradient of heat
production G* is plotted against its standard
error y* for each sample. The open circles rej-
resent results of the regression analysis for
granitic rocks with all depths included, and. the
solid circles represent results after extreme
values were rejected, The horizontal distanct
between the dashed curves represents a band
of width 2y*. The curves are arbitrarily drawnp
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Fig. 1. Mean normalized gradient G* of heat production and its standard error 4* obtained
from regression analysis of samples deseribed in Table 1. Open symbols represent results from
all data in each sample; closed symbols represent results after extreme values were rejected.
Circles represent samples from granitic rock; triangle represents sample from schist. Squares

represent the weighted mean of all samples except DA, DW, and DC. Dashed curves bound
summarizes Table 1 of Lachenbruch
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there were a universal gradient G(¢$) common
to all the localities represented, if its value were
0.1 km™, and if the only departures from a line
with such a gradient were small-seale random
ones with a lognormal distribution, then each
point of Figure 1 would have a 689 probability
of lying between the dashed curves,

Points lying to the right of G* = 0 (Figure
1) represent heat production deercasing with
depth; those to the left indieate an increase
in heat production with depth. It has been
shown (Table 1, Lachenbruch [1971]) that sim-
ple decreasing source models implied by the
linear heat-flow relation lead to G(¢p) ~ 0.1
km=*, Tixeept for the three large sanples from

(y¥) equals or exceeds that value (Figure 1),
and little significance ean be attached even to
the sign of individual values of G* determined
from them. It is seen that for these particular
data there seems to be a tendency toward posi-
tive G¥, and the question arises whether these
large-uncertainty values have some collective
statistical significance. As the spread in G* is of
the order of ¥¥, it might be assumed without in-
consisteney that each data set is associated with
the same value of G(¢) and the only departurcs
are random small-seale ones, They could then
be identified with & weighted mean ¢/, and its
standard error y(G..) as follows [Tepping, 1957,

p. 871
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Fig. 2. Heat production of samples from two deep boreholes in gra‘nit‘ic rock (DC and
DW) and one in schist (DA). Circles with diagonal lines represent points rejected by the
analysis. Regression line is dashed.
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data with no points rejected are shown as an
open square (Figure 1), and the correspond-
ing values for the data without extreme values
are shown as the solid square. Their significance
is discussed in the next section.

The values of G* for the three deep holes

(Figure 1) differ from one another by several
standard errors (y*) when interpreted in terms
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Fig. 3. Data for uranium presented in the format of Figure 1.
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of the assumptions that G(¢) is the same at
both sites and that the only departures are
random small-scale ones. However, both DW
and DC show decreasing heat production with
depth of the order of magnitude suggested by
the models in Table 1. The difference between
them could be explained, for example, by a
systematic departure from ¢ with a wavelength
equal to the hole depth {3 km) and an amplitude
of 10 or 159% A.* (Fig. 4, Lachenbruch
[19717).

The third deep hole DA, which is in schist,

is the only one that shows a significant increase -

in heat production with depth (G* ~ —0.175,
y* =~ 0.026). It is discussed further below.
In Figure 2, heat production is shown as a
function of depth for the three deep holes. In ad-
dition to small-scale random fluctuations, longer
wavelength perturbations are evident in each
hole. As anticipated in the previous discussion
[Lachenbruch, 19717, when these graphs - are
viewed 1 km at a time, the 3-km trend does
not generally appear. Whether or not the 3-km
trend is generally significant, of course, depends
on unknown departures of greater wavelength.
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Although trends in heat production are im-
portant in geothermal studies, they are less
fundamental from a geochemical point of view
than trends in the distribution of individual
heat-producing elements. In Figures 3 and 4
the individual data for U and Th are presented
in the same form as Figure 1. As might be

expected the trend toward a decrease with depth

for granitie rocks is indicated in both of these
plots. The strong tendency toward an increase
with depth is shown individually for U and Th
in the hole in schist (DA). For the shallower
holes the scatter in G¥* is somewhat greater for
U and Th individually than for 4, as one might
expect when two random samples are combined,
thereby effectively increasing the sample size
and decreasing the standard error.

The plot for potassium, which has only a
minor effect on heat production, is shown as
Figure 5. It is seen that the differences be-
tween the values of G* are large relative to
v* and indicate systematic departures from a
simple hypothetical curve, not attributable to

"~ random small-scale variations. However, even
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Fig. 5. Data for potassium presented in the format of Figure 1

for potassium, the deepest holes in granite sug-
gest a positive value of G¥.

DrscussioNn

Numerical summaries of the data on vertical
gradients of heat production are given in Table
2. The first line represents the open and solid
squares of Figure 1, a mean of the 8 high-un-
certainty estimates of G% with each value
weighted by the reciprocal of the square of y*.
This averaging procedure could be justified if it
were known that (1) G(¢) had the same value

at each of the 7 locations represented by these §

“samples, . and (2) departures from this value
were-only- <111all-scale landom ones. The first of
these’ conditions may be nearly fulfilled as 6 of
the 7 locations yield (g, A) values that lie very
close to the Sierra or Basin and Range curves.
both of which yield a value of D of about 10
km [Roy et al., 1968; Lachenbruch, 1968]. The
remaining (and most heavily weighted) samplc
DW-W, is associated with a (g, 4) value closer
to the ‘stable continental’ curve for which D
might be somewhat less. However, this difference

TABLE 2. Numerical Summary of Data
All Data Extreme Values Rejected

(63} 2) @) 4) (5) (6) (7 8)

G* ¥ (GR (G* + 4¥)t G* ¥ (6% (G* & ")
Weighted mean of (8)

(excludes DC, DW, DA) 0.14 0.07 7.3 4.8-14.2 0.09 0.05 11.3 7-25

DC 0.190 0.026 5.26 46— 6.1 0.192 0.025 5.20 4.6 -6
DW 0.082 0.030 12.2 8.9—-19.2 0.068 0.027 14.7 10.5-24
1/2 (DC +D\V) 0.136 ... 7.4 0.130 ... 7.1 .
DA (schist) —0.189 0.032 -5.3 {(—4.5)—(—-6.4) —0,174 0.026 —5.7 (—5.0)—(—~6.8:

Unit of G* and 4¥ is km,

f
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is small relative to the scatter in G¥% (Figure 1).
Tnsofar as the second condition is concerned,
it is seen from Figure 1 that the scatter m G*
could, indeed, be accounted for by random
small-seale fluctuations alone, However, the re-
sults for U and Th individually (Figures 3 and
4) are less convineing, and the neglected effects
of unknown perturbations of longer wavelengths
render this averaging procedure no more than
suggestive. Thus it is surprising that the mean
value of (G¥)™, (7.3 km for all data, 11.3 km
for cleared data) is close to D, the value ex-
pected from the exponential model. However,
from columns 4 and 8, Table 2, it is seen that
even under the foregoing assumptions these
determinations are highly uncertain. Although
the specific numerical agreement is probably
fortuitous, the sign and magnitude of the re.
sults seem to favor source functions that de-
crease with depth rather like the exponential or
linear models.

The value of (G¥)™* for two large samples
from 3-km holes in granite are in the range
from 5-15 km (columns 3 and 7, Table 2), con-
sistent with the results from the smaller samples
just discussed. The difference in G¥* for these
two holes (~4y*) is not likely to have resulted
principally from small-scale fluctuations. Either
a different G(¢) obtains at each site or the
difference results from longer wavelength pertur-
bations. A simple average of the G¥* values has
a reciprocal of about 7% km (Table 2). This
is the value of D given by Roy et al. [1968] for
‘stable’ regions, the most probable province
assignment for these stations. Once again these
particular numerical values cannot be taken too
seriously, but the results suggest heat produc-
tion decreasing with depth at a rate comparable

to that expected from the exponential model.

Diserimination among similar decreasing source
models is, of course, not possible, and many
more observations of this kind from deep holes
will be needed before trends of heat production
with depth can be established with confidence.

It has been suggested [Lachenbruch, 1970}
that heat sources are exponentially redistributed
in the crust in the presence of a melted phase
during the evolution of granitic rocks, and this
view would not seem inconsistent with the data
deseribed above or with geoehemieal evidence
[see eg., Lambert and Heler, 1967]. A support-
ing counter example is provided by data from
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DA, as it is the only sample that shows a sig-
nificant inerease in heat production with depth
(Figure 2). It is also the only sample not taken
from granitic rock. The material at this site,
a schist, has never reached the minimum melt-
ing conditions according to detailed petrographic
studies (R. B. Forbes and F. R. Weber, un-

published data; R. B. Forbes, oral communica-

tion).
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" Body and surface waves for a
middle of the Nazca plate indica..
axis in the east-west direction. 3
direction of plate motion. A fo_
determined from a eombination -
azimuthal radiation pattern for-.
characteristic can be used for ar
of the continental margin on surc_
eriergy without reflections or chaz
Rayleigh waves by the continen-
tudes due to the continental mar

A simplified form of the ocean tec
proposed in the theory of the new
tonies [Isacks et al., 1968], variants
aside, consists of a rigid slab that
generated in the ocean ridge dist
zontally away from it and finally &
ward and sinks under the continent
type margin.

Difficulties arise when one tries
the driving mechanism of this mode
the most generally accepted. drivine
convective current in the mantle [+
Hess, 1962], but other secondary
motion have been postulated, e.g. =
pull of the sinking slab [Isacks «
19691, and hydrostatic overpressure :
[Orowan, 1964]. Each mechanism .
least part of the observations, and -
be completely discarded. This situ
arise from the possible complexity c
ess, in which all those driving forc
present, but additional data wouw
help to determine their relative imr

The stresses in the slab, at the rid.
under the continent are presumably
leqg.; Sykes, 1967; Isacks and Mc
Mendiguren, 1969], but the stre:
oceanic plate between ridge and
not been determined. Their determ:
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