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ABSTRACT
Radioactivity in graniticvroc_ks of the central Sierra Nevada

varies both regionally and with rock type. It is lowest in the western

foothills and increases eastward to the crest of the range. East of the

crest radioactivity is generally lower than in the crestal region, but
south of Big Pine Creek it increases eastward from low values in the

Inconsolable granodiorite to high values (similar to those along the

'Sierran crest) in the Tinemaha granodiorite of the Pové_rj:y Hills,

Within any given area radioactivity varies with silica and the alkalis;

it is lowest in diorite and gabbro and progressively highei‘ in quartz
diorite, grahadiorite, and quartz monzonite. On the west ‘slope of the

Sierra Nevada, the isotopic ages of the rocks i>ncréase westward,

. opposite to the direction of increase of radioactivity. This relation

and preliminary heat flow values (which indicate a westward decrease

in heat flow) are cohsis,tent with the concept of a vertically fractionated
batholith in which the heat soﬁrces were concentrated in the upper parts.
According to this concept, the oldest rocks ha:ve the lowest heat pro-
duction becausé they have been eroded to the deepest levels. vThis

concept fits less well with the relations east of the crest where the
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isotopié;é‘géé:gf thégjran_i;:‘ic"'rdc-k:s are even éldef than those in the-

| western fojothill_l_\sﬁ.._» Thé:.pi'éturé 'm'éy bé vcomvpvlica.ted by an original
inhomogenéoué dis;:ribution'of the radioéétive m-in'é'ral's. in fhe source
rock‘s’fronlq which the granitic rﬁé.grri,a.s were derived. The proportions
of U, | Th, and K are genérally constant within any givenvpluton'and in
pilutonsﬁ that.afe composifionaily_'sirriilar and éf the safne agé, _But may
be significantiy'différent 1n pl’ut'oﬁs t.‘ha;t ére compositionally and te_m—.
por.ally't.mrelated'. Different propdrtions of thé. radioactive elemenés |
in three _pairs of pluténs that _hé.d been correlated on the basis of
petfogra’phic similarity suggést'ed faulty correlations. Recent géo:logic
work and isotopic age. v.dating have shown that the correlations we_re-.in_
‘ cori;ecf: in two of the cases. A limited study in fission-track auto-
rédidgrap_hy s‘uggests.the‘ U; ‘is mainly cont_é.ined in biotite in'rocks
rich in biotite and in the rllan—magnet‘ic accessory mine'ra..ls in rvo.cks

that contain little or no biotite.
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o INTRODUCTION
The Lawrence Radlatlon Laboratory, in cooperatlon with the
U.. S. Geologlcal Survey (USGS), is engaged in a study of the radio-
act1v1ty and radmgemc heat in the Sierra Nevada batholith. Gamma-
ray radlometrlc and samplmg traverses acrossthe bathohth near |
latitude 37°N were begun in 1963 and have continued to the presertt

Since our initial report (Wollenberg and Smith, 1964), the traverses

have been extended eastward.acxjoss the S1erra Nevada to Owens
Valley, and granitic p‘lutons. »withih_a north-south band approxintately
24 miles wide have be‘en‘examined. Plutons in Yosemite National
Park were also exai'nined by less extensive sampling and radiometry.
. The general area, geologic units, and sample locations are shown on
the map, Figut-e 1. | |

Within the past two years the USGS_'geothermal studies gr.ottp
under the direction of A H. Lachenbruch has drilled four holes on the .
western flank of the Sierra and has successfully optained heat-flow
me'asurements.frorn three‘of them. We have done detailed surface
samplipg and tadionﬁetry in the vicinity of the holes, and have analyzed
‘the drill cores by gamma-ray spectroscopy. The traverses furrtish_
radiometric cotxtinuity between the existing and future heat-flow meas-
urement sites. | E

bBy' combining radiogenic heat production and heat-flow data

(Lachenbruch et al., 1966) with geologic data, one oan construct possible

geophysical—geological models of the Sierra Nevada. Geochemical data
represented by U, Th, and K contents of the grapitic rocks can also
 be used to examine chemical relationships between\ plutons or in a given. _

pluton.
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‘The portion of the batholith unde_r study has been or is presently
begin mapped by members of the USGS. A large part of the area is

described generally by Bateman et al. v(1963). The geology east of .

the Sierran crest is the éubject of a more detailed report (Bateman, 1965).
Nomenclaturevin our paper is ess.entially consistent with that used for
rock units in Bateman's two reporté. One 'exception is the term
"San Joaquﬁn unit" which we use to designate undifferentiated fine-
- grai‘n'ed quartz monzonite and hornblende granodiorite in the Millerton |
Lake area where geologic mapping is stillv lacking.

Prior to this project::, studies of the U and Th cbntent of -
Sierra Nevada pluténic rocks, primarily from the eastern part of the

batholith, were made ‘by members of the U. S. Geological Survey.

E. S. Larsen Jr. and Gottfried (1961) reported fluorimetric analyses

for U on 48 samples; E. S. Larsen, III and Gottfried (1960) pub-

lished U and Th contents-of eight intermediate and acidic igneous
rocks fr_'om the Bi'shop' area. Sediments from streams on the eastern
- slope of the Sierra between Big Piﬁe and Lee Vining were sarﬁpled for
gross radioactivity by Shawe (1953), who found generally high radio-

activity in sediments derived from rocks of the Coyote Flat warp

southwest of Bishop.



-3~ ' UCRL-17565

' II. TECHNIQUES

Field proc‘edurevs.v Field operatiops involved: (1) determination

of the location, :tli'c.hollog_y', and p.l'utohic affiliation of the rock exposure
und.ef ._s_t'udy;a “(‘2.) 'fadionjetric s',_';.a_.n.n_in'g; and (3) sampling. Geologic
é.nd:topograj_phlic_ vc’:ontr.(.)bl'i‘s'furnished by maps pfepared by members of
" the USGS, the geologic fnappiﬁgi p:incipally by Paul Batem.an and -
James Moore. Rééojgﬁition of f0ck uhifs is based on guici;.nce in the
field by Paul Bate;irna.n and Ffanklin C. Dodge.

Instrumentation. Radiometric measurements are made with a

portable y—Aray scintillation counter, that uses a 7.6 cm-diam by -

7.6 cm=-thick Nal(Tl) crystal viewed by a 7.6 cm-diam photomultiplier .
tiibe. The indicator unit is a transistorized count-rate meter with
values expressed in counts/second. Five switch-selected ranges are
available on a siﬁgle 5_0‘—'_divisio_n’ linear scale, providing a total instru-
ment.full'-scale range from 25 to 10,000 c/sec. (These full-scale
sensitivities correspond to y-ray dose rates of 0.625 to 250 ur/hr, as
determined from calibrations with N. B. S. -certified 226Ra sources, )
The 1ow-enefgy threshold ‘of the instrument is adjusted to be 0.120-MeV
y-ray energy. This value is maintained by frequent standard checks
with a natuf_al,,U ‘'source, always carried in the field for this purpose.‘
The general range of y-radioactivity values in the Sierra Nevada is
from 120 c/sec in low-activity terranes to 1300 c/sec in high-‘aétivity

terraines.

Measuremerts. Field readings are made in the general area
of a prospective sampling locati.c.)n to ensure that the sample is repre-
sentative of the-area. During traverses on foot, the instrument is left
turn.ed on wherever ‘p'racticablé, and is continuously mo‘nitored to detect
any appreciablé Chang‘e in radioactivity. At a sampling location,.'ob-
servation of lithology is combined with the radiometric reading to de-

termine the suitability of the site. When placed on a flat rock surface,
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the detector views an area = 0.3 rnZ and an effective thivckness of

S to 10 cm. :Whe.nb the detector is rai,s.ed ~ 1m above the surfa.ce,

the increased solid angle permits a z 30 m‘2 effective area iﬁ flat
terrain. The effective area varies markedly as local relief increases.
‘Where geometry perrrﬁts, the value at a sampling location is recorded
as the fnean of readings (1) with the face of the detector on a flat sur-
face, and (2) with the bottom part of the side of the detector éylinder
againsf the lower part>of a vertical rock surface. The latter configura-
tion generally yields a higher reading, since source-detector geometry
is closer to 47 than it is with the face on the roék. Where vertical
surfaces are absent, readings are made only with the detector face

zigainst the surface.

Sample collecting and preparation. Pick samples are taken from

the freshest material possible. This is fairly easy> in glaciated terrain,
more difficult in weathered 'exposures at lowe.r elevati.bns. An attempt
is .méde to sample a fairl_-y.broad area, i.e., one of *10m radius, if
cénst‘ant radioactivity is indicated by radiometric scann‘ing. Samples
weigh about 1.5 kg, to pi'ovide s.uffivc_:‘ient.material for our z~1 kg
counting configuration. At the laboratory, samples are crushed to
minus 1/2 inch, then placed in a thin-walléd polyethylene container,
10 cm diameter by 9 cm long, for counting,

In surﬁmary, field radiometry permits radioactive continuity‘
between localities. Observation of lithology and reliance on the geologic

map combine to permit the most feasible choice of sampling location. |
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Gammarsp‘ec‘trdmetry. Until éarly 1966, all gamma-ray

spectrometry of our Sierran samples was dpne on one scintillation
spectrometer, consisting»‘of a thallium—acfivatéd sodium—iodide‘-crystal
detector, 10 cm in diaméter bsr 5 cm thick, providing input for 'a 100-
c>hann‘el pﬁlse;height analyzer. kRecently, we have counted some of
the sami:les on a 20 ‘ém-diameter by 10 cm-thick crystal, coupled to v.
a i60(5—chaﬁnel analyzer. | | | .

| The d;tectors and safnpleé ‘:.:Lre' enclosed in 5 qm—thick lead
' shields., located in a ,s_erpentine—éoncrete room vwith walls and roof

1.2 to' 1.5 m thick (Wollénberg and Smith, 1966), As background in the

system is constant, it is easily subtracted when the analyzer's output
islevaluated. Resultant 100- or 400-channel spectrums are"Qpérated '
upoﬁ rhathemétically to yie‘ld quantitative U, Th, and K assays. We
assﬁhle tﬂat in the U and Th z‘iss‘ays each element is in equilibrium
with its decay products, and that in the | K assays the rétio 4OIV{/?’()K
constanf in nature. By application of radiogenic heat values given by
Birch (1954)--4 ppm U = 0.73 p cal/g-y, 1 ppm Th = 0.20 p cal/g-y,
and 1% K= 0,27 'p cal/g—y -- we calculate };é‘at generation values for the
specimens. The analyticalverrors arevthosre due-té the statistical ﬁature
of the éounting procedure and.are dependent upon the number éf counts

and the length of counting time.
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1. GEOLOGIC SETTING

The area under study encofnpasses thé principal plutons of the
central part. ofAthe Sierré Ne;rada batholith. Generally, the wes;tern
plutons are older, moré malfic, a.>nd of higher specific gravify than
those occupyingﬂ'tlr;e crestal region of the range (Bateman et al., 1963(),
but not as old——according to age datin.gbby the K-Ar method--as plutons
east of the crest (Kistler et al., 1965)l. Rock types range from pyréxene
quartz diorite and diorite, generally in small discrete bodies, to granite.
The larger plutons are granodiorite or quartz monzonite, with quartz
monzonite predominant in the younger plutons. Masses ofbg‘ranodiorite
generally conﬁain bdth biotiterand ho‘rnbllende, whereas many bodies of
quartz monzohit'e (especially felsic ones) contaiﬁ oniy biotite.

The granitic rocks are classified by Bateman et al. (1963),
aécording to the ratio of alkali feldspar (modal K-—felds.par + modal
albite) to totai feldspar: |

% Alkali feldspar

L v in total feldspar
Quartz diorite 0-10

Granodiorite . ' 10-35
Quartz monzonite _ ' 35-65

. Granite 65-100
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IV. RESULTS

Tabulatved resuits. The reader is reminded that all results ob-

tained through gamma—ray spectrometry depend on the validity of:
1. equilibrium in the U and Th series

40

R . 39, ..
2. constancy of the K/ 9K ratio

3. radiogenic heat c>onversionvfactors of Birch (1954).

Although these items. have bee.n discussed in Section II, they are re-
peated here for clarity in présen’tation.'

The radioactivities of the individuai plutons are listed in Trable 1.
Urahium, thofium, and heat production range over an ‘order of magnitude,
from averages of 0.7 pf)rn, 1.8 ppm, and 1.1 pcal/g-y respectively in
" diorite and quartz_diorite.t0v6.4\ppm, 23 ppm, and 10.2 pcal/g-y
respectively in some quartz monzoriite bodies. Potassium averages

range from 0.8% in diorite-quartz diorite to 4.02% in the Tinemaha

granodiorite (values approaching 5% have been determined in individual

sampleé-.of alaskite, Batemanet al., 1963). Thorium-to-uranium ratios
range from 3:1 to 5:1 in all of the units with the éxCeptions of the quartz
'mOnz;)n.ite of Big Creek (6.8 :1 avg) the El Capitan granite (6.1:1 avg),
and the Taft granite (6.0:1 avg). |

Radioactivity profiles. . The region-wide distribution of radio-

’ac;tivity is illustrated by the combinéd profiles (A-A' and B-B') of
heat production shown in Figure 2.

| In general, radioactivity increases eastward from the Great
Valley to the range c.re'st with a gradient of = 0.1 pcal/g-y per lateral
kilometer. Easfward from the crest, radioactivity drops off slig'htly in

an area north of Big Pine. However, south of Big Pine heat values
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| ‘inéreaée toward the east over a distance of 15 krﬁ from about 6 pcal/g-y
in'the Inconsolable Granodiorite to about. 10 pcal/g-y 1n samples of
Tineméha granodiorite in the Poverty Hills.(profile C~-C', Figure 2).

The distribution of radioactivity can be explaiﬁed by two hypotheses
which are somewhat éompétible. - The firét proposes a llayered,' vertically

fractionated batholith with rock of higher radioactivity in the upper parts

(Lachenbruch et al., 1966). The relatively low-radioactivity rocks
presently exposed on the western margin then brepresent older, more
deeply eroded material than vrocks exposed closer to the cr.est. This
can be.'expressed quantit-ative‘ly if we divide the western slope into three
units ZOn the basis of radioactivity; unit 1, pré'dominately the Mount
Givens-Lamarck gra‘nodiorite on the east; unit 2, p;edominately the'
"Dinkey Cfeek'v‘—type granddiqrite iﬁ the 'centré.l part; and unit 3, the
""San Joaquin'' unit on the west. The average radiogenic heat proauctions
in the units are = 10 pcal/g;y, ~ 5 pcal/g-y, and =2.5 pcal/g-y, re-
spectively. Prelimiha‘.x_'y_"measurements of heat flow, made in units 1
and-v3, are 1;3 and 0.6 Mcal/crn2 sec, rbespe.ctively. ‘Their difference
could be aCCF‘;.)Tlil;lted for by-t.h‘e removal from unit 3 of an 8-km—thick
slab with the heat productivit§r of unit 1. However, it is difficult to
reconcile a layered r'ad_iogenic‘ model for the entire Sierra Nevada when
relatively h'igh radioactivities are found in the older plutons east of the
present crest.

This bfings into consideration a .second.hy}.)othesis which proposes
that th¢ distribution of .rfa.dioactivity is predominantly a lateral one, re-
flectihg a rvegional distribgtion ‘which pre-dates the intrusion of the

- granitic rocks., Such a regional pattern of U and Th distribution was
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found by Phair and Gott_ifr.iecvl‘ (1 964) in Prec;mbrian and Laramide
intrﬁsives aﬁd métamor_phics of the central Rocky Mountains. There?
average. U and Th are hi_ghe.st in the Colorado Front Range, and are
substantially loWer in moré-distant rbck_s of similar age and composition.
In the Sierra Nevada,,thve higher radioaétivities in granitic rocks of the
crestal region, tanging from Tfiassic_ into Cretaceous, may represent
a.’situation similar to fhaf in:th‘e Front Range. Present sampling a.'nd
- ._rabdiornvetry of tvhe Paleozoic and Mesozoic metanr.lorphosed‘ sédimer;tary'
and volcanic .ro.ck's, considered the. most likely source of t}‘1eb granitics,
ma.y disclose a distribution of radioactivity which matches that observed
in the granitics. Further safnp_ling of plutons east of thé crest, and
heat ﬂow_measuvremevnts in the Owens Valley area, should also help to
resolve whether the presently obsefved distribution of radioactivity is
controlled predominantly by v‘ertical fractionation or by distribution

of sources in pre-granitic rocks.

Radioisotope fraction. The relationship between U, Th, and K
. in the ‘various rock uni-ts can be examined By means of triangular plots
of radioisoutSf)re fraction, based on the normalization of U, Th, and K
contents: Uppm + Thppm + K%: 1. ‘Thez position of points within tl-le
triangular plot does not depend directly on‘the magnitudé of the con-
centrations of U, Th, and K, but rathef represents the relationship
ovf the abundance of each with respect to the others. Examination of
the pldts, Figﬁre 3, indicétés characteristic groupings for some of the
plutons.‘, i.e., the Mount Givens-Lamarck-Half Dome groupings
(Fig'u"r'é/ 34,b,c) afé quite s__imilar. This similarity supports the

hypothesis that théy are closely related genetically.
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Distinct separations between groups of‘s"amples fi‘om a single
pluton are evident: |
1. The bﬁlk of the samples of the "' Dinkey-Creek''-type
- granodiorite are grouped différently from samples of higher-radioactivity
granodiorite designated as "Dinkey-Creek''-type in the vicinity of
Courtright Reservoir ‘(Figure 3d)% Potassium is mbst dominant over
U and Th in hornblende-rich granodiorite of the Millerton Lake area
(which .v'isually resembles granodiorite mapped as ''Dinkey Creek''-
type to the east) and least dominant in the high radioactiVity granodiorite
of Courtright Reservoir,.
2. Rocks mapped as Tungsten Hi_lls quartz monzonite fall
into two 'groups (Figure 3d) which correspond té (a) the Basin Mt.
mass and granodiorite facies, and (b) Bishop Creek-Shannon Canyon
masses described'by Bateman (1963). Potassium is more dominant
in the latter group, but the U-Th fraction ranges are apprbximately
the same in both groups. Isotopic agés indicate that the Basin Mt.
mass is of Cretaceous age and much younger than the Bishop Creek-
Shannon Canyon masses which may be of, Late Tfiassic or Early

Cretaceous age. {P. C. Bateman, personal communication).

a. Field work by members of the USGS in the summer of 1966
has permitted re-classification of the ""high-activity Dinkey Creek!' -
type granodiorite of Courtright Reservoir into a pluton separate from -

the '""Dinkey Creek''-type granodiorite.
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| 3. Rocks designé.téd Cé.thedral peak-type a].askite and granite
(which are now RnoWn to includé sirﬁilar—appearing r.ocks of differing
agés) are distinguished..frorn the Cathedral Peak granite of Yosemite
National Pérk (Figure 3f). The latter group has a considerably broader
U-Th rangé than the qumer. Two s.amp'les from a garnet-bearing

alaskite on Big Pine Creek [ at least 130 million years old (Hurley et al.,

1965)] are distinct in having U predominant.

4. Samples of Tinemaha_granodibrite from the Poverty Hills
are grouped distir;ctiQely from Tinemaha rocks in the Sierra to the
wést (Fig;n'e 3g). | The Poverty Hilis ’group has a \n}ide range. of radio-
aétivity with heat production vaiues from 15.9 pcal/g-y in the Th-
predominant sample to a mean of 7;.8 pcal/g-y in the more potassic
- samples.

Radioactivity of heat-flow measurement sites. Field radiometry

and sarﬁpling were done in the vicinity of the heat-flow measurement

’ Sites: San Joaquin Experimeh’cal Range (SJ), Jose Basin (JB), Shaver ‘
Lake (SL), and Helms Creek (HC); their locétions are shown on

Figure 1. .L'zi-boratory Y-spectrometfic analyses were performed on
surface samples and core from the drill holes. Radioactivity data are
listed on {Table 2 and radiogenicv heat produﬁtion profiles of the three
holes are plotted on Figure 4. Contours of heat éroduction from

s_u‘rface samples a.ré plotteci on Figures 5, .6, énd 7. E#amination of
‘Tablve 2 indicates good .a.gr‘eement between mean values of radioacti\.r.ity
para.rnete.rs of material from the hole é.reas vand radioactiv.ity parameters
of rnatefials from extensive surfacé sampling .of the plutons in which the

holes are drilled.
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The question arises whether the surface samples are truly repre-

sentative of unweéthered méferial at depfh. Rogers et al. (1 963), from

their study of surface sarﬁples and cores of the éoﬁway'granite, found a

slight depletlon of U from the surface, attributable to weathering., This re-
duces the heat productlon calculated from surface abundances of U, Th, and K.
To check this for the S_ierra_Neva.da heat-flow sites, the heat-production data
shown on the cohtour maps were averaged within radii of 1 and 2 km of the
holes; "résults are listed on Table 3, _4Within a 1-km radius (and with the ex-
ception of the JB hole afea), surface samples' average values are quite
close to the é.verage of the core. Within 2 km, surface valuesbare highér than
the average SL and JB cores, nearly the same as the SJ core, aﬁd lower than
the HC core a‘verage'a.' The c.ons.istent similarity between the 1—km_ radius and
coré averages, even in étrongly weatheréd rock at the’SJ area, indicates that
values from these outcrop samples, when avéraged, are vé.lid for determining
the heat production of the particular unit.

Radioactivity and Isotopic Age. Generally the radioactivity of the plutons

varies inversely with their age., A group of samples from plutons encompassed

in this study was dated by Kistler et al; (1965) and we subsequently analyzed it
for ra’dioact-ivity. Data are lislted on Téble 4a, and are plotted as isotopic

age versus radiogenic heat (Figure 8). The plot indicateé, Qith two exce.pt:ions
(hornblende ages of the Tinemaha and McMurry Meadows granodiorites), that
for the sampies older than about 85 my thére is a generél decrease of radio-
activity With inéreasing age. Sémples younger than about 85 my do not show
such a corvrelatlon, rather, rad10act1v1ty appears to be 1ndependent of age

The decrease of radloact1v1ty with 1ncreasmg age of biotite also holds for the

Yosemlte Rockhn, and Belden samples of Curtis et al. (1958) (listed on

Table 4b and also plotted on Flgure 8).
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Broad-scale groupings according to age have been done by

Bateman and Wé,hrhaftig (1966). When radioactivities are assigned to

the age group represented in our sampling, the following relationship

holds: ,
' U, Th,. K Heat,

Rock Units ‘ : ppm  ppm %o pcal/g-v
Cretaceous plutons: v 7.17 »21.3 2T 10.3

(include alaskite and fine-grained

quartz monzonite; Cathedral Peak

granite; Half Dome quartz monzonite;’

Sentinel,  Mt. Givens_, Lamarck and -

Round Valley Peak, granodiorites;

‘and medium- to fine-grained '

granodiorite)

Jurassic or Cretaceous ~3.56 11,0 1.88° 5.3
("Dinkey Creek'' - type '
granodiorite)

Triassic or Jurassic rocks

of eastern Sierra Nevada ' 4,29 18.6 3.78 8.1
We see that, taken as broad groups, the Cretaceous rocks are higher
in radioactivity than the '"Dinkey Creek' -type granodiorite. The older
rocks of the eastern Sierra Nevada appear to be anorhalously high in
radioactivitﬂy.

Increasing radioactivity with later phases of magmatic differenti-

ation is generally acknowledged and was described by Ada.hgé (1955) and

more recently by Rybach>'et al. (1962, 1966) and by Heier et al. (1965).
These were not large-area studies, -ho'wever; they were concerned
principally with frvaction‘ation. in volcanic series (Adams, 1955), and

in plutons emplaced over a relatively short time span (Rybach et al. , 1962

and 1966; Heier et al., 1965). Therefore, it is noteworthy thaf in the

Sierra Nevada, on a regional basis (and with the exception of the older
plutons on the east side) there is a similar inverse correlation of

radioactivity with age.
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Sites of Radioactivity-_-Autoradiography. A limited attempt

was made to determine the sites of Th and U in sdme of the granitic

rocks. We chose the "high radioactivity'' granodiorite of Courtfight

'Re'serv_oir (Sample DC—ii) and ""Dinkey Creek''-type granc;diori-tes |

[ Samples SL-18 from _Shave;' Lake and BCc-13 from Wishon Reservoir

(see Table 4)] as examples with substaﬁtial 'cont‘rasts in radioactivity.
Fission-track autoradiographic techniques. were used,‘ simiiar

to those ernployed by Fleischer et al. (1965) and later adapted to our

purposes by Kleppe and Roger (1966)', This type of autoradiography

" lends itself well to thin sections, mainly because exposure times are
extremely short compared with times required with' conventional film
exposure techniques.

A brief fésumé of the proqedure follows. Uncovered petrographic
thin sections of the three rocks were obtained from the USGS thr'ough the
courteéy of Dr. Franklin C. Dodge. Sheets of high-grade industrial mica,
used as a registering medium, were attached to the uncovered roka sur-
face; the sandwiches wefe exposed to ﬁeutrons at the Livermore Pool-
TYpe Reactor, lL.awrence Radiatiron Laboratory, Livermore,

Only sample DC-11 was exposed to fast neutrons ,b an 80-minute

12

exposure to a broad—spectrum flux of 3.7X10 n/cmz—sec. Fast

neutrons induce fission of Z38U, 2'35U, and 23ZTh. Upon etching the
detecting mica in a solution of HF, it appeared from the fast neutron

exposure of DC-11 that U and Th sites were associated with biotite,

either as rims around grains or as sites centered in the grains.
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Next, all three thin sections with mica attached were exposed
to thermal neutrons (ratio of thermal to fast neutrons, 1000) for 1 hour
to a flux of 3X1010n - cm2 sec. The thermal neutron expo_sure'caused
only 52'*3-5’U to fis.wsioﬁ',s permitting b.etter definition of the sites of U. As.
in thé fast-neutron eprsure,, DC-11 vshowed U associated'.with biotite,
but also U associated ;vith _é;phené ‘and other‘accessory_v minerals, In
SL-18 and BCc-13 where hornblende is the predominant mafic mineral,
there are fewer U tracks than in DC-11 (corresponding roughly to the
differences in whole-rock radioactivity), and they are as sociated more
witﬁ the accessory minerals, principally sphene. Photomicrographs
of the tracks registered in micé, supérimposed on the mineral grains'
thin sections, comprise Figures 9(a), (b), and (c). This limited
autoradiography study éuggests that in biotite-rich rocks the .U is
associated mainly with the 'biotité.,' but in more mafic rocks U may

associate primarily with the non-magnetic accessory minerals.
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V. CONTINUING STUDIES IN THE CENTRAL SIERRA NEVADA
A knowlédge of the distributio_n of radioactivity in source

»materiai of the gfanitic rocks fﬁfn&éh_eé 01;1e baéis from which the model
of a radioacti\'rely f,ractidnated Bathoiith' éan be derived., We are now
- studying the radioactivity of"the material .which most likely r'epresents.
the source ov‘f the granitic roék, the Precambrian, Pa.leozo'ic, and
Mésbzoic sed‘imAentary and volcanic rocks of the Sierra Nevada, Inyo,
~and White mountainsl On the.‘basis of receht field y-ray readings
~ alone, it éppears thaf the radioactivity of these ?ossible sourcé rocks
.varies'By a factor of ten from low values in some carbonafe and méta-—
vollcanic rocks to highs (comparable to field radioactivities vin grano-
dio'ritesi in the siliceous»sed.imentary rocks. |

_. Field 'radiorhetry and sampling of the Santa Rita Flat piutoﬁ of
the Tiﬁemaha'grénodiorité and the granodiorite of Papoose Flat, both
in the'lnyo Mouﬁtains, are yet to be done. It will be interestingv‘to see
if the granodiorite of Santa Rita Flat has a high radioactivity similar
to that observed in Tinemaha granodiorite in the Poverty Hills of
Owens Valley.

An autoradiographic study, using the fission track method, of ‘

iﬁgpresentative samples of the plutons is also planned, wherein sites
of radioactivity will be revealed and U and Th concentrations of the

radioactive minerals determined.
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TABLE 1. Average Values for Radioactivity Parameters and Ages of Sierra Nevada Plutons.

Garnet-bearing porphyritic granite

Radiogenic
. , Aged
No. of ot U, Th, K  Heat, ,Hrnblé/ Biot.
Rock Unit Samples Rate, c/sec ppm ppm % wcal/g-y Th/U (107y)
San Joaquin-Bishop Region _ ‘ 7
Alaskite of Evolution Basin 4 756 4.7 17.0  3.62 7.8 . 3.7
Cathedral Peak—type' granite . ' ‘ _
and similar rocks 17 - 757 3.8 15.2 3.54 6.8 4.9 - /84
Tungsten Hills quartz monzonite 34 690 49 189 3.29 83 42 /75
Mount Givens granodioriteP 44 724 6.8 21,5 2,78 10.0 3.5  87/84
Lamarck granodiorite _ 16 - 946 - 6.3 21.1 2.53° 9,5 3.4 - 84/77
Undifferentiated quartz monzonite 17 839 6.4 23.2 3.38 10.2 5.0
Big Creek quartz monzonite 7 2.6 i5.2 3,11 . 5.8 6.8 _
"Dinkey Creek”—type granodioriteb 42 429 3.4 11,2 1.86 .2 3.5 99/88'
Fine-grained quartz monzonite of | |
"San Joaquin unit" 33 259 1.5 4.3 1.52 2.4 3.2
Tinemaha granodiorite 14 829 4.9 21.5 4.02 9.0 4.5  167/96
" Quartz diorite and diorite 9 202 0.7 1.8 0.8 1.1 3.0 121/113
Granodiorite of Coyote Flat 8 503 2.8 . 11.2 2.62 5.0 . 4.0 /105
2 — 7.7 13.4  3.45 9.2 1.7

-1z-
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TABLE 1, (continued)

Field ‘
No. of Count u, Th, K Heat,
Rock Unit - - Samples Rate, c/sec ppm ppm % pcal/g-y Th/U
Yosemite Region

Tuolumne intrusive series -
Johnsen granite porphry 1 750 5.4 17,1 3,83 8.2 3.3
Hoffman quartz monzonite 1 . 900 7.0 22.9 3,59 10.7 3.3
Cathedral Peak granite 6 696 6.3 15.3 3.61 8.7 3.0
Half Dome quartz monzonite 8 757 7.3 18.8  2.34 9.7 3.1
Sentinel granodiorite 2 637 . 5.8 12.8 2,17 7.4 . 2.2
Taft granite 3 900 5.3 31.4 3.79 11.1 6.9
El Capitan granite 5 580 2.8 15,8 2.37 5.8 - 6.1
Bridal Veil granite 1 500 1.5 7.4 2.73 3.0 4.6
Granodiorite of the gateway 1 300 14 44 116 1.9 3.7
Granite of Arch Rock 1 550 3.7 7.0 2.39 4.8 1.9
Leaning Tower quartz monzonite 1 600 34 10.6 1.65 5.1 3.1
1 130 0.5 1.3 0.42 0.8 2.5

Quartz diorite. of western foothills

_zz_

a. from Kistler et al. (1965),

* b. exclusive.of samples from heat flow-hole area.

§96.7-TU0N



TABLE 2. Radioactivity of Heat Flow Sites and Encompassin'g Plutons (sée also Figure 4)

No. of u, Th, K Heat,
Samples ppm ppm % pcal/g-y Th/U
‘Mt. Givens granbdiorite;‘: 44 6.8 21.5 2.78. ~10.0 3.5
HC hole and vicinity 28 7.7 21.6 3,00 10.8 2.9
- 1"Dinkey Creek'' -type " -
granodiorite 69 3.5 10.8 1.86 5.2 3.4
SL hole and vicinity 28 2.9 9.1 1.70 4.4 3.2
JB hole and vicinity 24 3.0 8.6 1.76 4.4 2.8
Quartz monzonite
~and granodiorite of
"'San Joaquin Unit" 28 1.7 6.1 1,57 2.9 3.4
SJ hole and vicinityT 43 1,5 4.3 1.52 2.4 3.2

“exclusive of hole and vicinity samples

‘entirely in fine-grained quartz monzonite

T

G9GL1-T4dDN
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TABLE 3., Radiogenic Heat Production in Rocks of Heat Flow Measurement

Holes and in Surrounding Surface Areas.

Hole

SL
JB
SJ

HC

In hole

Average Values of Heat Production pcal/g-y

3.5
4.2
2.6
10.7

1-km radius

2-km radius

3.9
5.4
2.3
10.6

4.6
4.7
2.4
9.9
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- TABLE 4a. Radioactivity of Rocks with Isotope Ages Determined by
. Kistler et al. (1965).

“Age, my
' U, - Th, K Heat
Sample ppm ppm = % Th/U pcal/g-y hbde/biot,Rb-Sr
CL-1 Pyroxene-quartz B
| diorite 0.5 4.3 0.44 2.5 = 0.8 121/113
SL-18 Granodiorite- | |
"Dinkey-Creek! 5.2 14.4 2.41° 2.8 7.3 91/92
BCc-13 Granodiorite- ‘ _ . »
. "Dinkey-Creek' 5.6 16.0 1.95 2.9 7.8 92/83
HL-29 Porphyritic biot. _ :
' granite 10.2 24.7 | 3.22 2.4 13,3 /83 82
BCc—12 Mt. Givens ' ,
granodiorite 4.7 17.9 2.47 3.8 7.7 86/87
BCa-20 Mt. Givens | ,
granodiorite 11,0 26.2 2.63 2.4 14.0 87/85
' MG-1 Lamarck grano- , o
diorite 5.7 19.9 = 2.59 3.5 8.9 - 84/77
MG-2 TAungsten Hills |
quartz monz. 3.9 19.6 3.66 5.0 7.8 /76 75
MT-2 Round V. Peak ' ’
. granodiorite 4.7 164 2.47 3.4 7.3 84/87
MT-1 Wheeler Crest | _
quartz monz. 6.9 24.14 3.18 3.5 10.7 /81
BP-5 Granodiorite of o |
Coyote Flat 2.5 10.5 2.43 4.2 4.6 /88
BP-3 Similar to Cathedral .
Peak granite 2.3 174 3.53 7.4 6.1 /85
MG-3 Inconsolable _ |
_granodiorite 2.5 15.7 2.39 6.2 5.6 98/87
- BP-1 Tinémaha
granodiorite 4.4 18,9 2.49 4.3 7.7 150/78

BP-2 Granodiorite of S
McMurry Meadows2.6 13,0 3,19 4.9 5.4 - 151/104
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TABLE 4b. Radioactivity of Plutons with Isotope Ages Determined by
| Curtis et al. (1958).

Radiogenic

i Age, Heat, U, Th, K,

Pluton - (my) npcal/g-y  ppm ppm %
Hoffman quartz monzonite ' 83,3 - 10.7 7.0 22.9 3.59
Johnson granite porphry . 82.4 8.2 5.1 17.14 3,83
Cathedral Peak granite 83.7 8.7 6.3 15.3  3.61
Half Dome quartz mongonite 84.1 9.7 7.3 18.8 2.34
Sentinel granodiorite 88.4 7.4 5.8. 12.8. 2.17
El Capitan granite , 92.2 5.8 . 2.8 15.8 2,37
Gateway granodiorite 92.9 1.9 1.1 1 1,16
Arch Rock granite 95.3 4.8 3.7 7.0 2.39
'Rocklin pluton - 131 3.0 2.8 3.5 1.08
Belden granodiorite 136 2.4 1.6 4.4 1.5

>FHeat value calculated from ‘radioactivity data of Whitfield, J. M.,
J. J. W. Rogers, and J. A. S. Adams, Relationship between Petrology
and the Thorium and Uranium Contents of Some Granitic Rocks, Geochim.

Cosmochim. Acta, 17, 248, 1959,
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FIGURE CAPTIONS
Fig. 1 Location and geologic map showing sampling site, USGS
| heat flow measurement sites, and lines of heat-production pro-

files. (Geologic base from Bateman and Wahrhaftig, 1966).

Fig. 2. Profiles of radiogenic heat production, central Sierra Nevada.

Fig. 3. Radioisotope fraction: (a) Mt. ‘Givens granodiorite,
(b) Lamarck granodioriie, (c¢) Half Dome quartz monzonite,
(d) "Dinkey-Cr.eek“-type granodiorite, (e) Tungsten Hill
quartz monzonite, v(f) Cathedral Peak-type alaskite and granite,
(g) Tinerﬁaha granodiorite, (h) 'San Joaquin Unit fine-grained
quartz monzonite. - |

- Fig. 4. Profiles of radiogenic hoat production in heat flow measure-.

| ment holes. .

Fig. 5. Heat production contours (ncal/g-y) in fine-grained quartz
monzonite, vicinity of San Joaquin hole. Decimal points in-
dicate sample locations._

_ Flg 6.  Heat production contours (u cal/g-y) in "Dinkey—Cre_e_:k"—rtype

o grooodiorite, vicinity of Shaver Lake and Jose Basin holes.
VDecirna’l points indicate sample_lo'cations.

.Fig..,_ 7. .Hebat production contouro (1 cal/é—y) in Mt. Givens and '"high
radioactivity' granodiorites, vicinity of Courtright Reservoir
and Holms Creek hole. Decimal points indicate ‘sample locations.

Fig. 8. Isotopic age vs radiogenic heat.

Fig. 9. Photomicrographs of rhombic fission tracks registered in de-
tecting mica: (a) fission tracks associated with U, rimming

end of grain of biotite and at discontinuities within the biotite,
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"high radioactivity" granodiorite, Courtrjght Reservoir,

Samplé DC-11; (b) Rhom;bic fission tracks associated with U

(~ 230 ppm) iﬁ a gra.ii_l of sphene, “Dir;key—Creek"';type granodiorite,
Shaver Lake Quarry, Sample SL-18; (c) Rhombic fission trvacks
associated with U. (~ 360 ppm) in accessory mineral (spheneé?)
encompassed By hornblende, "Dinkey-Creek' -type granodiorite,

Shaver Lake Quarfir, Sample SL-18.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
‘implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or.

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission™ includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent”that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with thé Commission, or his employment with such contractor.






