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ABSTRACT

The applicability of the Uranium-Thorium-Helium 
method for dating basalts was tested by measurements on 
young rocks from the San Francisco Volcanic Field, The 
uranium and thorium were measured with a newly assembled 
gamma-ray spectrometer which was inter-laboratory calibrated. 
The uranium was also measured by the delayed neutron 
technique with the cooperation of the Department of Nuclear 
Engineering. The delayed neutron method has excellent 
sensitivity and specificity and was also inter-laboratory 
calibrated. The helium was extracted on a new fusion and 
clean-up system and was measured with a rebuilt mass spec
trometer.

Samples from the San Francisco Volcanic Field, near 
Flagstaff, Arizona, were chosen for this study because of 
previous studies and were also dated by the Potassium-Argon 
method. The uranium and thorium geochemistry of these 
samples was studied in relation to magmatic history, frac
tional crystallization, potassium content and geochronology.

The comparison of Uranium-Thorium-HeHum measure
ments and Potassium-Argon dates shows that only ~2Q$ of the 
helium is retained. This low retention will not allow 
exact gecchronological correlation, but may be a useful 
indicator of relative ages for young samples. The loss of 
helium seems to arise partly from the surficial position of

x
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the uranium as evidenced by leaching studies. The small 
size of the helium atom and the release of energy during 
decay may also play an important role. Retention of helium 
was demonstrated in separated plaglocla.se and indicates 
that helium is retained within crystal lattices.



CHAPTER 1

INTRODUCTION

Isotope geochronology Is an Important adjunct In 
the study of the earth sciences because it adds the dimen
sion of time to the many complex geologic events in the 
earth’s history. Relative methods such as stratigraphic 
correlation allow one to order older and younger events 
relative to one another, This technique is certainly use
ful; however, to fully understand geologic processes, an 
absolute time scale (measured in years or some other astro
nomical unit) is desirable and often necessary.

Isotopic (dating) techniques have been developed 
over the last twenty years into extremely useful tools for 
geochronology. These techniques have been especially 
Important for determining the age of the earth ani older 
rocks by the rubidium-strontium dating technique; and for 
younger Mesozoic and Cenozoic dates, by the potassium-argon 
(K-Ar) dating technique. Carbon 14 has made it possible to 
date historic man and other events which occurred in the 
last 30,000 years. No general technique exists for dating 
the Interval from 30,000 to one million years ago (m.y.), 
Wetherill and Tilton (1967) give an excellent review of 
recent work in geochronology; they consider the measurements 
of samples that are less than a few m.y. to be one of the 
current frontiers in research.

1
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Several specialized techniques such as uranium 

disequilibrium (Kaufman, et al., 1971i Xigoshi, 19&7; 
Taddeucci, Broecker and Thurber, 1967), K-Ar dating of 
sanidine (Dalrymple, 1967), He dating of fossils (Fanale and 
Schaeffer, 1965: Schaeffer, 1967; Bender, 1970), paleomag- 
netic studies (Cox, 1969), and thermoluminescence (Sabels, 
1963? Aitken, Fleming and Zimmerman, 1967), have been used 
with some success. Due to the short time span (in a geologic 
reference) of the last one million years, fossil correlations 
and differences are difficult to interpret in diverse locali
ties.

The last one million years is especially Important as 
an Indication of man and his evolution. This time period is 
also an important Indicator of the most recent processes and 
events that have changed the surface of the earth. The study 
of the past is important for its implications in the future, 
and an absolute time scale is necessary to quantify any pro
cesses that are observed.

A technique for dating basalts, which are widespread 
in space and time, would help place this last one million 
years in geochronological and quantitative perspective.
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The Basis for This Research

For reasons discussed in this section it seems 
possible that the uranium-thorium-helium (U-Th-He) method 
could be applied to the dating of young basalts.. The his
torical aspects of the U-Th-He technique are discussed in 
Chapter 2. The only technique that has been applied to 
young basalts is K-Ar dating. The main limit of the K-Ar 
technique is the 930° ppm (0.9^) argon in the atmosphere 
absorbed or incorporated into the sample, which masks the 
small amount of radiogenic argon which has accumulated in 
less than one million years. Since the atmospheric helium 
is only 5 parts per million (ppm), this technique should be 
2000 times more sensitive, all other things being equal.
Since the inception of this research, some progress has been 
made on dating young basalts by the K-Ar method, where the 
air correction is low (Dalrymple, 1971; Gramlich, lewis and 
Naught on, 1971). In many samples the .air is not low, and 
apparently cannot be removed (Mussett and Dalrymple, 1968).

The systematics, advantages and problems of the 
U-Th-He technique will be discussed in Chapter 3* Attempts 
to use this technique on rocks were unsuccessful prior to 
1950, in part due to the analytical problems. New techniques 
that are more sensitive and specific have been developed and 
applied in this study. The uranium is determined by the
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delayed neutron technique, which is extremely sensitive and 
specific for Uranium 235, and is explained in detail in 
Chapter 4.

The thorium is measured using gamma-ray spectrometry 
of large samples and this method is also a check on the 
uranium and potassium content (discussed in Chapters 5 nnd 6), 
The helium is measured with a mass spectrometer using an 
internal ^He isotope standard (described in Chapter 7)«

The main effort of this research is to test the 
utility of the U-Th-He dating technique on young basalts.
The San Francisco Volcanic Field near Flagstaff, Arizona, 
was chosen as a field area because of its many recent volca
nos and flows, and because of earlier studies of relative 
ages by means of geomorphology and stratigraphy (Chapter 4).

At the outset of this research it was hoped that the 
U-Th-Ee technique could be applied to young basalts and 
improve the accuracy of dating over other methods in use. 
However, if the method does not give absolute dates, measure
ment of known samples may indicate reasons for the discrep
ancy and allow suitable corrections to be made in order to 
achieve an improved chronology in the San Francisco Volcanic 
Fieldi This study will serve as an indicator of the general 
utility of the U-Th-He method to date young basalts.



CHAPTER 2

HISTORICAL REVIEW

The U-Th-He method was one of the first instrumen
tal methods used to attempt to measure the age of the 
earth. Helium was first identified terrestrially in min
erals containing uranium and thorium in the 1890*s. It was 
realized that helium resulted from the radioactive decay of 
uranium and thorium. Shortly thereafter it was suggested 
that a time scale "based on helium accumulation could be 
made. The first measurements were made in 1897* and more 
followed in the years from 190? to 1911* As might be ex
pected, these methods of measuring helium, uranium and 
thorium were fairly crude when compared to our present 
methods. The problem of helium leakage was realized and 
many of the measured ages determined by this method seemed 
to be low for this reason. Studies were also carried out 
in the laboratory to measure the diffusion of helium through 
glass and temperature of.release of helium from minerals 
(Hurley, 195*0.

In the 1930*3 it was suggested that using minerals 
with lower uranium-thorium and helium contents would prevent 
the helium from being lost due to excessive gas pressure or

5



6
radiation damage. The equipment was still crude compared to 
our modern instruments; The uranium content was determined 
by measuring the radon content of the sample after fusion.
This was done with an ionization chamber and an electrometer,
A radium standard was used to produce standard radon for 
calibration as National Bureau of Standards radioactivity 
standards were not then available. Thorium was determined 
by a flow method to measure thoron. Helium was measured 
volumetrically using a McLeod gauge, with a detection limit 
of around 10”^ cubic centimeters at standard temperature and 
pressure (Hurley, 1954),

Later the use of a direct counting for determina
tion of uranium-thorium content was begun. By the early 
1940*3 workers were measuring several minerals in a given 
rock sample and noting the different mineral ages; In this 
way the retention characteristics of minerals were determined. 
The fact that many early ages were too low was later reflec
ted in giving a helium ratio in years, rather than an age. 
Magnetite seemed to show the best retention. The study of 
the heat of release and diffusion of helium in minerals was 
also initiated (Hurley, 1954)1

Norman Keevil wrote two papers important to this 
research. The first (1940) deals with interatomic forces 
and helium in rocks. Zeevil showed by calculations of the 
activation energy of trapped He in crystals that it cannot
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leak from, common minerals at room temperature, He also 
pointed out that helium can leak if there are imperfections 
or cracks, hut leakage amounted to only a small percent in 
most cases. However, if the sample is glassy, then the 
leakage may be higher because the structure of glass is much 
less tightly knit than that of crystalline substances.

The second article , (1941) deals with the unreliabil
ity of the helium ages compared to geologic ages. Xeevil 
compares expected geological and measured U-Th-He ages of his 
samples and those of other workers and generally finds the 
measured age to be lower. The data are classified according 
to rock type and age, including approximately 150 rocks and 
170 minerals. In general, the retention of helium is around 
35^. Crystalline basic rocks, including basalts, show 
complete retention in some cases, and an average retention . 
of 45#. Some fine-grained basalts (lavas) show very poor 
retention, 10% or less. The basic rocks show 55X retention, 
for the youngest samples (a few m.y,) and show a lower reten
tion of 35% for 600 m.y. old samples.

Xeevil* s work generated optimism for success of this 
research for two reasons: solid crystalline rocks should not
leak, and young basic rocks gave the best retentivity of any 
rock type.
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During World War II the majority of work on uranium- 

helium dating stopped, but afterwards research was Initiated 
to find the reasons for low ages and to try to understand 
helium leakagei Theoretically, helium was too large to 
diffuse out of most mineral lattices at a significant amount 
in geologic time. The problems seemed to center on the 
location of uranium and thorium and radioactive damage. 
Leaching of rocks did remove the superficial uranium and 
thereby increased the calculated age, but even these ages 
were often low. At this point, in the early 1950*s, the use 
of the uranium-helium method was at a low point in its 
history. Newer, more successful methods such as uranium and 
lead isotope measurements by mass spectrometry and the 
potassium-argon method had attracted more attention (Hurley, 
1954).

Holland (1954) studied the effect of radiation 
damage by noting the helium content, radiation damage and 
density of zircons and sphenes. However inhomogeneous 
distribution of radioactivity rendered interpretation of 
these efforts difficult. Damon and XuIp (1957) found that 
non-metamict zircons gave reliable ages.

Panale and Xu Ip (1961) measured helium and uranium 
in limestone and marble. The sedimentary calcite specimens 
of known age contained only a small fraction of the helium 
expected from the true age. The excess He appeared to be 
related to gaseous inclusions.
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Fanale and Eulp (1962) used this method to date magnetite 
specimens at 19^ m.y^ This result compared well with the 
potassium-argon dates of associated minerals (195-197 m.y.). 
The samples, larger than 70 mesh, were leached with acid, 
12-50# was dissolved, and fused at l400°c; The uranium and 
thorium were analyzed "by isotope dilution mass spectrometry^ 
However, Green and Damon (1963) presented evidence which 
indicated that the technique of acid leaching necessary to 
yield the correct age may be different for different samples. 
A pyrite sample with low U,and Th gave an age that was 10# 
low. The helium contents varied from 10""̂  to 10""cubic 
centimeters at standard temperature and pressure.

Damon and Green (1963) measured 1-10 mm crystals of 
magnetite associated with a diabase intrusion from the Sierra 
Ancho Mountains in Arizona. The sample should show an age 
between 1140 m.y. as determined by potassium-argon dating of 
underlying and overlying geologic formation. After acid 
washing (16-60# dissolved) the magnetite gave dates around 
1240 m.y. which agreed well with zircons (lead isotope 
dated) from the same area (Silver and Deutsch, 1963). 
Dissolution of 10-30# of the sample by acid removed 30 to 
50# of the activity indicating the superficial location of 
the uranium.

Fanale and Schaeffer (1965) and Schaeffer (196?) 
describe a technique for dating pleistocene fossil shells
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which shows much promise where suitable fossils are available. 
It is based on the fact that the aragonite shell picks up 
uranium from sea water within several thousani years after 
death, and retains the uranium and he H u m  1 They dated 
molluscs at 3.5x10^ years and 10^ years, in agreement with 
^3®Th _ 23^u data, and stratigraphic evidence.

Bender (1970, 1971 and 1972) continued the work of 
Panale and Schaeffer on corals. Some samples gave ages that 
agreed well with independent stratigraphic ages, although 
some samples gave ambiguous results. Some samples gave the 
right age, but were not internally consistent. Some of the 
problems were attributed to anomalous disequilibrium of 
uranium daughters. His results show that dating of corals 
works: 1) if they are unrecrystall!zed; 2) if the 23^u/23®U 
and 230ji1/23if-u ratios are concordant; 3) if the samples show 
low (<5%) leakage of ^ 2Bn; and 4) if a suite of samples, 
rather than only a single sample is measured, With such 
restrictions the technique is obviously of limited 
applicability.



CHAPTER 3

URANIUM-THORIUM-HELIUM DATING

The U-Th-He dating technique is based on the fact
that decay of uranium and thorium produces helium. The

italpha particles from the nuclear decay become He atoms 
when they stop. In general, the age of the sample is deter
mined by knowing the rate of .decay and measuring the parents, 
U and Th, and the daughter. He. The decay schemes for ^^U, 
^3®U and ^^Th are shown in Figure 1. They may be summarized 
as follows:

235u-> 2°7pb + 7 ^Ke + 4 ̂  + 4 V
238u-> 206Pb + 8 ^He + 6 ^ ” + 6 y
232Th-̂ 208Pb + 6 Ĥe + 4 ^ “ + 4V

The Helium Clock as 
Applied to Young Basalts

The helium clock is the geochronologist*s term for 
the application of the accumulation of helium from the decay 
of uranium and thorium in a closed system to date the time 
of closure of the system. The conditions and constraints of 
the He clock are similar to those for the potassium-argon 
clock (Damon, 1968, 1970). The amounts of parent and

11
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daughter must be measured? the decay constants must be known; 
the rock must have no helium present when It cools, that Is, 
all previous helium must have been removed during the volca- 
nlsn* the rock must retain all Its parents and radiogenic 
daughters (Intermediate as well as He); and the rock must not 
gain any parent atoms after erruptlon. The He clock has 
several complexities not encountered with the argon clock.
At zero age the uranium Is not In equilibrium with Its 
daughters and because of their non-negligible half-lives.
This disequilibrium has been used to date rocks that are less 
than 300,000 years in age. In the case of young dates, 
approximately 1 m.y., this disequilibrium will result in less 
helium production and an erroneously young age if calculated 
on the basis of equilibrium. Similarly, the presence of 
excess daughters, such as excess Ha, will give more helium 
and result in too old an apparent age for very young samples 
of a few thousand years.

Dating of Young Samples low 
In Uranium and Thorium

This research was undertaken in order to test the 
applicability of the U-Th-He technique. At the time of initi
ation in 1969, no serious work had been done for almost 30 

years on the general applications of this method to volcanic 
rocks.

13
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The only other general technique for dating young 

rocks Was the potassium-argon technique. As mentioned 
previously, the 0,9% atmospheric argon occluded or dissolved 
in samples usually masks the radiogenic argon in young rocks. 
The 5 ppm helium in the atmosphere gives a 2,000 fold lower 
air correction; in fact, the air correction should be negli
gible for rocks older than 10,000 years. The He/Ar ratio in 
most igneous rocks will be "10 for X/U ~10^ and Th/U ̂ 3.5* 
that is to say 10 helium daughters are produced for one argon 
daughter. The mass spectrometer background is negligible at 
mass 4,

On the other hand, helium can leak out more easily 
than argon due to its smaller size. If uranium or thorium 
exist on a grain boundary, helium leakage is more likely. 
Moreover, the measurement of parts per million of uranium and 
thorium is more time consuming and less precise than the 
determination of the larger (percent or more) abundance of 5.

Even with a vacuum fusion and gas analysis system 
constructed of low permeability glass and metal, the helium 
blank may be equivalent to the helium produced in a one 
million year old, one gram basalt sample.

The earlier dating attempts gave low ages on minerals 
high in uranium and thorium probably because radiation 
damage induced helium leakage. Earlier attempts to date 
ordinary rocks low in radioactivity may have encountered



serious analytical difficulties, ?or example, basalts are 
low in uranium and thorium, and the uranium and thorium are 
not usually concentrated in minerals. In addition, several 
studies have indicated that the uranium and thorium are 
sometimes not homogeneously distributed (Xleeman, Green and 
Lovering, 1969? Condie, et al,, 1969: Henderson, MacKinnon 
and Gale, 1971).

15

Alpha Decay
The most serious consideration in applying the 

U-Th-He method to basalts is the possible loss of helium.
The alpha particle decay mode of uranium, thorium and their 
daughters is an extremely energetic event on an atomic scale, 
releasing more than 10,000 times the energy of a beta or 
gamma event within a few microns path length in solids.

The damage to solids by alpha particles (Friedlander 
and Kennedy, 1955) will be discussed in detail. Holland 
(195*0 considered the problem from the dating standpoint on 
the basis of theoretical and experimental work by Seitz 
(1952) and Slater (1951). It is known that large amounts of 
radiation can cause breakdown of the crystal structure, for 
example, the metamictization of zircon, by 0,1$ U. The 
question is, what happens in a mineral with only a few ppm 
uranium and thorium?

The range of a 5 Mev alpha particle Ra (in air) 
is 3.75 mg/cm^; its range in other materials may be
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calculated by the formula (Friedlander and Kennedy, 1955) i

J L  = 0.90 + 0.0275Z + (0.06 - 0.0086Z) log B
M

where Z is the atomic number of the absorber; E, the energy 
In Mev; and M is the mass,

In magnetite (Fê Oî ), for example, the equation must 
be calculated for Fe and 0 and then weighed for their compo- 
sition; The result is 5«^7 mg/cm , or about 11 microns, A 
similar calculation for plagioclase (NaAlSl^Og - CaAlgSi^Og) 
shows a path of 9 microns. What does this alpha particle do 
In approximately 10 microns? In the beginning it reacts 
mostly with electrons imparting a maximum of about 2 Kev to 
some, but generally around 100-200 ev is transferred. The 
alpha particle uses up most, around of its energy and
path length ionizing atoms. These resultant electrons will 
interact with others causing secondary effects. These 
secondary electrons use 60% of the total energy. Since the 
atoms are held in the lattice by chemical bonds (~25 ev) a 
considerable disordering can take place. If 98% of 5 Mev is 
distributed evenly, it can break 2x1o5 bonds; of course, 
many of these bonds may recombine after the particle has 
passed. The rest of the energy (at the end of the path 
where the alpha is slow), about 1%, will be used in close 
encounters ("collisions") with atoms, displacing some of
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them. Calculations show that of the energy is trans
ferred to the lattice producing phonons (a particle with 
unit excitation of a mode of elastic vibration of an ideal 
crystal) which gives a heating pulse of about 10,000°K for 
10”9 seconds along the track. A further damage is due to 
the recoil of the parent nucleus which will displace about 
1,000 atoms.

What happens after this violent decay? Natural 
crystal lattices normally contain numerous defects, only 
some of which were probably created by alpha decay. In fact, 
uranium and thorium, having large radii, may have been 
located at these natural defects. Despite the extreme 
physical conditions during the decay event, it will not have 
a great effect if only a few ppm’s of uranium or thorium are 
contained within a crystal. Eosholt, Shields and Garner 
(1963), observed that superficial uranium, thorium and 
daughter products are preferentially leached away under 
natural conditions.

Helium loss will, of course, give a low apparent age. 
Actually, helium atoms are not as mobile at 300°X as 
expected; although the helium is not chemically bound, it is 
too large ( .95 £ radius) to readily diffuse out of minerals 
(Keevil, 19^0). Keevil’s calculations were for perfect 
crystals and indicate that less than of the helium can 
escape, even in one billion years, For damaged or non-ideal



crystals, the helium will diffuse faster, but the chance of 
it getting out still seems small unless actual open channels 
exist. Experimental measurements on non-metamict zircons 
and magnetite show that some minerals can retain essentially 
all their helium (Damon and Eulp, 1957)•

The escape of an alpha particle from a decay that 
occurs close to the edge of a crystal is also important. In 
this case, the helium is actually ejected from the mineral. 
For a 1 cm crystal with uniformly distributed uranium and 
thorium, about 0.5X will be ejected; for a 1 mm crystal, 5% 
will be ejected; for a .1 mm crystal, k0% will be ejected 
(Keevil, 1940). However, a more important effect may be the 
addition of helium by superficial uranium and thorium on the 
surface and at grain boundaries. Since as much as 80% of the 
radioactivity of the crystal may be on the surface, this 
addition effect can be very severe.

For the best age results the distribution of the 
uranium and thorium in minerals should be homogeneous 
(Green, 1962). Inhomogeneities will lead to analytical 
problems and also to localized radiation damage in the 
material. If a particular portion of a 1 mm crystal has most 
of the uranium and thorium in it, then one crack or channel 
to the surface from this point could allow much of the helium 
produced to escape.

18
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Alpha decay is such a violent event that it proves 

useful in some cases. It has been used to date zircons by 
radiation damage-helium pressure-lattice expansion-density 
(Holland, 195*0. This alpha decay event has also been put 
to use in dating by "alpha-recoil" measurements (Huang, 
Maurette and Walker, 1967).

Helium from Decay of Uranium and Thorium 
The helium production from uranium and thorium can be 

calculated separately from the general equations (Wetherill 
and Tilton, 1967).

P = P0e~At (1)

t = 1 In (2)
A ?

r0 = p + d (3)

where PQ equals original parent? P is parent now present;
D is the daughter, % is the decay constant; ard _t represents 
time.

Substituting (3 ) into (1) yields:
2 = e^-i (4)

and solving for (t) gives:

so:
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For the uranium series, the radioactive disequili

brium must be calculated for ages less than 1.5 m.y.
In this case:

where the helium from the daughter is calculated according to 
the method of Bender (1970) based on the equations of 
Kaufman (1964), The helium from a daughter is expressed as 
a fraction of the helium from parent alone.

238u = 1 
23^0 = 1 
2 3 0 ^  =

226Ba=

X 23O

L-e"^230t j

2̂26-^230 ] ̂ ̂226j\  )_

235u = 1 ^235 = 0.0459
137.8 X238

231 . 0.04# ~+ _ l - e ' ^ l *
t ^  231
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Table 1 gives the helium production from uranium and 

thorium and their daughters, Table 2 shows the helium produc
tion for 1 jug U + 3.0, 3.5, and 4.0 jug of thorium. Table 3 
gives the data used for the half lives in the calculations. 
Figure 2 shows the data from Table 2,
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Table 1. Helium Production from Uranium, Thorium and 
Daughters (In units of 10-12 moles)

Thousands of years 1 ;ug U Ijig Th

50 0.105 0.064
100 0.271 0.128
200 0.686 0.256

300 1.200 0.384
500 2.25 0.640
700 3.32 0.896

900 4.40 1.152
1,000 4.93 1.28
1,200 5.82 1.54
1,500 7.62 1.92
2,000 10.31 2 .5 6

4,000 21.07 5.12
6,000 31.83 7.68

8,000 42.59 10.24
10,000 53.35 12.80
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Table 2. Helium Production In Basalts for 1 jug Uranium 

(In units of IQ-l^moles)

Thousands 
of years Th/U = 3 3.5 4.0

50 0.297 0.329 O.36I
100 0.655 0.719 0.783

.200 1.45 1.58 1.71
300 2.35 2.54 2.73
500 4 .17 4.49 4.81
700 6.01 6.46 6.90
900 7.86 8.44 9 .0 0

1,000 8.77 9.41 10.05
1,200 10.43 11.20 11.96

1,500 13.38 14.34 15.30
2,000 18.0 19.3 20.55
4,000 36.43 39.0 41.55
6,000 54.90 58.70 62.55
8,000 73.30 78.45 83.55

10,000 91.85 98.15 104.55



Table 3« Physical Constants for Uranium, Thorium and 
Daughters

Isotope t 5 Years Years"^

238u 4.51x109 0.15373:1 O'9

23̂ u 2.48x105 0.2795x10-5

2 30Th 7.6x10^ 0.0912x10-4

226Ba 1.62x10^ 0.4275x10-3

232 t h 1.39xl010 0.498x10-10

235u 7,13x10® 0.09725x1o-8

231Pa 3.25x1O4 0.2135x1o-4
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CHAPTER 4

THE SAN FRANCISCO VOLCANIC FIELD

Robinson (1913) reported the results of the first 
extensive geologic work on the San Francisco Volcanic Field 
near Flagstaff, Arizona, He reviewed the geologic history 
of the .area and recognized several periods of volcanism. He 
recognized Pliocene basalts which he called the first 
period, followed by acid to intermediate lavas (second 
period) which make up the major peaks of the field; He also 
briefly mentioned the third period which consisted of 
basalts and was thought to be Pleistocene in age. The 
major portion of Robinson's study involves the second 
period of acid to intermediate volcanism,

Colton (1936) extended the work of Robinson, concen
trating particularly on the Pleistocene basalts. Later 
(Colton, 1967) he revised and cataloged 422 cones and, 
where possible, their flows, Colton devised a system of 
classification for the lava flows and cinder cones based on 
weathering and erosion. The classification is used to 
establish a chronology. Stage I being the oldest and Stage V, 
the youngest. Table 4 gives his classification scheme of 
the numerous volcanic cones and flows. This geomorphologieal

26



2?
Table 4. Colton’s Classification

Stages
Geomorphologic Feature I II III IV V

Volcanic Flows
Edge of flow 0 # X X X
Smooth surface X # 0 0 0
50 ft, canyons eroded X X # 0 0
escarpment on mesa top X # 0 0 0
lava tops 0 0 0 # X
pressure ridges 0 # X X X
spatter cones 0 # X X X
lava tops displaced X
no erosion, no canyons 
lava tops in place, 

flow edge visible 
Aa or pahoehoe surface , X

Cinder Cones
no cone, plutonic plug present X
dikes, ridges X
cone with gullies X
crater wall X
no gullies
crater breached* # #
crater may not be breached*
clay soil formed* X X X
symmetrical cone*

X X
X X
X X
X
X X

X = feature is present 
0 = feature not present 
# = feature somewhat present 

blank = doesn't apply

* See text
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chronology was one of the reasons for .choosing this area to 
test the uranium-thorium-helium method. Another reason was 
the fact that the chronology was fairly well established^at 
the extreme agest Sunset Crater, 900 years ago (Smiley,
1958) and the older basalts, around eight million years ago. 
The older dates would allow a comparison between the estab
lished potassium-argon ages and the U-Th-He measurements.

Cooley (1962) extended some of the geomorphologic 
correlations of others in which he referred to three erosion- 
al surfaces previously recognized (see Figure 3 ). The Zuni 
Surface is represented by the older basalts and was placed 
in middle Pliocene based on fossil evidence. The succeeding 
younger surfaces are Black Point and Wupatki, Based on 
fossil evidence he puts the Black Point at late Pliocene or 
early Pleistocene age. The Wupatki is placed in middle to 
late Pleistocene, also on fossil*evidence.

Cooley uses the erosional surfaces to divide Colton's 
Stage I into three groups: older basalts, Stage IB, and 
Stage IA, Stages II, III and IV can sometimes be associated 
with blocked drainages, which allows relative age relation
ships on the basis of subsequent down-cutting by the Little 
Colorado River,

Breed (1964-) points out that there are several types 
of volcanic cones in the field. His types include: 
symmetrical craters, assymetrical craters, cleft craters,
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mound craters and explosion craters. He suggests that these 
types are primary features and not due to subsequent events. 
As a result, some could show greater effects of weathering 
or erosion in a given time. This requires care in assigning 
a chronology to dissimilar cone types.

In addition to the above previous work, Dr, George 
Ulrich, Dr. Edward Wolfe, and Mr, Bichard Moore of the U.S, 
Geological Survey, Astrogeology Branch, at Flagstaff, were 
doing field work and mapping in the area. With their help 
and advice and cooperation of Dr, ?. E. Damon, who suggested 
this area for the dating research, and Mr, William Breed of 
the Museum of Northern Arizona, who was well acquainted with 
the area,we collected a suite of samples in the summer of
1970. Additional samples were collected in the summer of
1971. Some of the samples showed stratigraphic relations 
which allow establishment of a relative chronology.

Table 5 lists the samples collected and their stage 
classification by Colton or Cooley, or assigned by Ulrich, 
Wolfe and Moore. The map (Figure 4) shows the location of 
the samples. The first 21 samples collected in the summer 
of 1970 include several representative samples from each 
stage. Samples 22-31, collected in 1971, were planned 
especially to study erosion rates (Damon, 1971) on Stage III 
basalts and. to study uranium series disequilibrium on 
Stage IV basalts.

30
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Table 5• Samples from the San Francisco Volcanic Field

Number Description Stage

1 Lava Pt. IA
2 Tappan Wash II
3 Antelope Hill III4 S P Crater IV
5 Black Point IB .
6 Bonlto Flow (Sunset) V
7 Doney IV
8 Crater 4l6 III
9 Woodhouse Mesa IA.

10 Merrlam IV
11 Kellam Ranch IA12 W, Crater 1?6 II or III
13 Crater 392 IV
14 Crater 171 III
15 Kellam Ranch Group, upper IA
16 * * " middle IA or II
17 m m  m  .lower IA or II
18 Gyp Crater V
19 Cedar Ranch older
20 Switzer Mesa older
21 Anderson Mesa older
22 East O'Neill III or IV
23 Winona III
24 Jump-Off III
25 Crater 115 III
26 South Maroon IV or
27 Thick South Sheba III
28 Merrlam at Grand Falls IV
29 Kan-a-a (Sunset) V
30 Crater 84 IV
31 Strawberry IV
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The collection of samples involved locating the 

proper flow or cone and selecting a fresh, non-glassy 

sample. A  ten pound sledge hammer was used to break large 
pieces and a smaller hammer used to break weathered sur
faces, Samples (8 kg) were collected in order to have at 
least 3 kg of 1 to 3 cm sized pieces for gamma-ray spectrom
etry after the sample was crushed, washed and hand picked.

Previous Chronology of the San Francisco Volcanic 
Field by Instrumental Methods

In addition to the geomcrphological and stratigraphic 
correlations, several studies have been made using instrumen

tal techniques, Sabels (1963) used thermoluminescence to 
determine ages of flows and cones. Using 900 year old 
Sunset Crater as a calibration point on his data, he 
plotted the natural thermoluminescent glow areas (A) 
divided by the alpha activity (c<) versus the age, Els ages
are listed below;

Sabels1 Thermoluminescence Data
Stage

V
V
V 
IV 
IV 
IV 
IV

Sample "age"
Bonito Flow 900 5
Sunset Crater 1500
Kan-a-a 2000
S P Flow 2000
Strawberry Flow 5000
Merriam Flow 22000
Monument Entrance 30000

Flow
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Sabels reported that the Monument Entrance flow

overlies a glacial till of "lowan-Wlsconsln" age which
would place the age of the flow between 25,000 and 50,000
years. However, Pewe (1972 seminar) reports that drill
holes through this flow do not reveal the glacial till and
that the flow is older than Sabels has estimated, Pewe
suggests that this flow may be as old as 230,000 years,
which dates the age of the source rock of the till,

Sabels found that the glow areas for the older
samples were too small and concluded that the glow areas
were subject to decay. He determined the decay constant

using the age of the Bonlto lava as 900 years and the x-ray
induced glow data. These ages also appeared to be too
small, so he recalculated the decay constant without using
the induced glow information. In summary, he concludes,
",,.comparison of the thermoluminescence and alpha activity
data is possible only for samples of very similar, if not
identical composition."

A further problem is Sabels* reference point,
Bonlto Flow, dated at 900 years by dendrochronology (Smiley,
1958). Measurements using gamma ray spectrometry (Chapter
5) and delayed neutron techniques (Chapter 6) have shown the

226presence of excess Ha. This excess has also been found

in Italian lavas (Civetta, Gasparlnl and Adams, 1970). The 
226excess Ha will give a larger A/cf because the half life 

226of Ha is 1600 years, whereas the half life for uranium is



4,SxlO^years. Therefore, Sahels has observed an A/c<value 
that may be 20# too high and has used this value as his 900 

year reference point. A sample with Th/U = 3 has half its 
alphas from uranium, and in 900 years only a fraction will 
be in equilibrium. This would tend to make all other 
samples seem to be much too young.

Damon, Long and Sigalove (196 3) reported Carbon 14 
analyses on caliche and give inferred ages. The caliche 
associated with the younger Merriam Flow (sample 28) has 
been "dated" at 5400 years. This age is a minimum for the 
flow because the carbon in the caliche comes from the atmos
phere, but the flow could be considerably older than the 
caliche since the caliche must have formed after the flow.

Babbitt (1964) gives a paleomagnetic chronology of 
the San Francisco Volcanic Field, which is shown in Table 6. 
More recent and extensive work on palecmagnetism (Cox,1969) 
shows that many more reversals occurred in the last 4.5 
m.y. than previously realized. The observation of more than 
20 reversals makes correlation very difficult without radio- 
metric dates. However, on very young lavas a magnetic 
measurement is useful since the last reversal was 0.7 million 
years ago. Therefore a young flow (for example, Stage IV and 
V of Colton) with normal polarity is certainly less than 0.7 
million years old. A young flow with reversed polarity is 
probably older than 0.7 million years, but younger than 1.6.

35
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Table 6, Babbitt's Faleomagnetic Data

Stage
Geomagnetic
Polarity Description Number

V normal Sunset Crater 6, 29
IV normal S P Crater 4
III normal Sheba Craters 2?
II normal Upper Tappan Wash 2
II normal Sast of Wupatki 15
II reversed Lower Tappan Wash, 

East of Wupatki
IA normal S P Region 1
IA reversed Wupatki Region 9
IB reversed all flows 5
older normal Anderson Mesa 21
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Babbitt's measurements indicate that Stages V, IV and 
probably III are younger than 0 .7 m.y. in age. This is not 
quite so clear-cut since there is a period of normal polar
ity from 0.9 to 1,0 m.y. ago (Watkins, 1972). Black Point 
(sample 5) is Stage IB and gives an age of 2,4 + 0,3 m.y., 
which fits well with this chronology. Prior to this study 
several samples had been dated: Damon and associates (1966,
1968) give K-Ar dates on Black Point (mentioned above), 
Anderson Mesa and some other basalts from the general area 
but not considered in this research. In their i960 report, 
Damon and associates concluded, "The pale©magnetic data 
together with the K-Ar dating can be interpreted as indicat
ing that all of Colton's Stage I and early Stage II flows 
were extruded between 2,4 and 0,85 m.y. ago. Late Stage II 
and all of Stage III, IV and V were extended during the 
last 0.85 m.y. This would indicate that Cooley's (1962) 
Wupatki erosion cycles occurred during the last one million 
years, whereas the Black Point erosion cycles occurred later 
than 2.4 m.y. ago and before the beginning of the Wupatki 
erosion cycles." Later the reversal was dated at 0.7 m.y. 
(Cox, 1969).



CHAPTER 5

GAMMA-RAY SPECTROMETRY TO MEASURE 
NATURAL RADIOACTIVITY OF ROCKS

All rocks show natural radioactivity from long-lived 
primordial isotopes. The levels of gamma activity are quite 
low in,common crustal rocks such as the basalt to rhyolite 
series. The main species occurring aret

Nuclide
Crustal

Abundance
40k O H 00 O k* natural K 2%

23S0 99.27% of natural U 2 ppm
232 ?h 100# of natural Th 7 PPm

U and Th also have a complex decay series, and it is 
the daughters which account for most of their gamma rays.
The decay schemes of uranium and thorium were given in 
Figure i. The details are shown in Table 7 for the principal 
gamma emitters. These isotopes occur in all rocks and can 
be used to interpret the geochemical history of the rock.
They are also the parents of ^He and ^ A r , which can be used 
for dating purposes.
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Table 7. Principal Gamma Hay Species

Nuclide Energy (mev)

232Th Series
228Ac 0.3380.908

0.963
212Fb 0.239

0.511
0.5830.860
2.615

258U Series

2l6pb 0.295
0.352

2l2fBi 0.6091.12
1.76

235{j series

235u 0.185

Data from Adams and Gasparini (1970)
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Detection of Natural Radioactivities 

Sodium-iodide crystals activated with thallium, 
Nal(Tl), have been used for gamma ray measurements because 
of their phosphor properties, for about 20 years. These 
scintillators have a high density due to the high atomic 
number of iodine and are machined to a particular shape and 
encased in an aluminum housing that is coupled to a photo
multiplier tube (Frledlarder ard Kennedy, 1955).

Hurley (1956) used a well-type Nal(Tl) detector to
measure the 0,238 mev gamma ray from ^ISp^ the Thorium

226Series, as well as the 0,186 peak from Ra in the Uranium
hr)Series, and the 1.46 K peak. His samples weighed approxi

mately 200 g and 100 ppm was required for accurate analysis, 
Adams, Richardson and Templeton (1958) used a 

3"%3" Nal detector to measure the 2.62 mev peak in
the Thorium Series, the 1 ,76 mev peak for -uranium, and the 
1,46 peak for potassium. The larger crystal permitted the 
use of 600 g samples, and produced reasonable efficiency for 
the high energy gammas where there was less interference 
for U and K and none for Th.

In this laboratory MieIke (1965) used Hurley's 
method when only a well-type crystal was available. Later, 
when a 3"x3M crystal was acquired, Xuck (1968) used the 
method of Adams, Richardson and Templeton (1958) to analyze



several 3 kg samples using an old multichannel analyzer 
which behaved erratically. For many samples, this 3 kg 
size is not feasible, both in quantity to be collected, or 
for analysis of a particular mineral in the sample. The 
work involved in separating 3 kg of a single mineral would 
be too time consuming.

Adams and Gas par ini (1970) report a number of other 
systems that are currently in use; their book also collects 
data on measurements of standards. Many scientists have 
used gamma ray spectrometry to measure the natural radio
activity of rocks (Heier and Rogers, 1963; Rogers, Adams and 
Gatlin, 1965; Adams, 1964; and Wollenberg and Smith, 1968),

The theory and operation of scintillation counters 
and multichannel analyzers is given in standard text books 
and references (Friedlander and Kennedy, 1955; Chase and 
Rabinowitz, 1962; Lapp and Andrews, 1963; and Adams and 
Gasparini, 1970),

Measurement Technique
The experimental procedure requires a 2,8 kg rock 

sample, crushed to 1-2 cm size pieces, washed, and hand
picked to remove weathered pieces. The sample is placed in 
a 6^" diameter flat-bottomed cardboard container filled 
with approximately 4** of rock, and the container placed in 
a 4” thick lead shield. The gamma rays are detected by a
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3"x3" Nal(Tl) flat crystal (Figure 5). The data is stored 
in a solid-state multichannel analyzer (Nuclear Data 128) 
which is adjusted to detect 100 kev to 2,9 mev. Backgrounds 
or standards are run for three days after every two samples. 
Samples are counted for 48 hours; data is taken every 24 
hours. Thorium and uranium standards are measured after 
each sample or background analysis to check peak position. 
The thorium peak generally drifts no more than one channel 
per week. Table 8 shows the channel widths, energy, and 
background. Figure 6 shows the sample (gross) and back
ground spectra for a typical analysis.

Calibration
The system has been calibrated by independent 

measurements of thorium, uranium and potassium on the same 
samples. Tables 9 and 10 show the comparisons in measure
ment using the following methods: (1) Ms. Anne Sigleo 
analyzed samples for potassium using flame photometry and 
atomic absorption spectrometry at the University of Arizona 
Laboratory of Isotope Geochemistry; (2) the writer 
analyzed more than thirty samples for uranium using the 
Nuclear Engineering Department’s reactor employing the 
delayed neutron technique (Chapter 6); (3) Dr. Joe Duval
analyzed two samples in the laboratory of Professor J.A.S. 
Adams at Rice University, Department of Geology, using
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Table 8. Background. Data for Nal(Tl) Detector

Element Energy Interval (mev) Channels Background'

0.10 - 2.95 128 210 cpm

X 1.46 1.39 - 1.52 6 b4.41 + .04

U 1.76 1.69 - 1.82 6 1.59 + .02b

Th 2.62 2.56 - 2.69 7 0.98 + ,02b

a with 3 kg reagent grade NaCl
^ + 1 for a 3 day count
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Table 9« Comparison of Gamma Ray Spectrometry, Flame

Photometry, and Atomic Absorption Determination 
of Percent Potassium.

Sample
Flame

Photometry
Atomic

Absorption
Gamma Ray 

Spectrometry

1 0.54 0.53 0.52

2 1.20 - 1.17
5 0.91 0.88 0.94
8 1.22 - 1.20
9 1.06 1.03 1.10
11 0.95 0.91 0.97
12 0.51 - 0.51
19 0.51 0.50 0.53
19a 0.51 0.51 0.53
20 0.45 0.44 0.44
21 0.79 0.77 0.82



Table 10. Comparison of Thorium, Uranium and Potassium 
Measurements.

4?

19-70 1-71-TT

U (ppm) 
RU X 1.3LRL X 1.20
UA DN 1.20
UA X 1.3

+ ,2 4,8 + ,4
+ ,05 4.5 + •!
+,05 4,5 + •1
± .1 4.3 + .3

Th ( p m )
HU X 
LRL Y 
UA V
K (%)

4.0 + .3  
3.7 ± .1
4.0 + .2

20.7 ± .6 
17.9 + .2 18.0 + .5

RU X 
LRL V 
UA X 
UA PP 
UA AA

0.56 + .08 
0.49 + .01 
0.53 + .02 
0.51 + .02 
0.50 + .02

2.77 ± .15 
2 .6 0 + .02
2.7 + .1
2.7 ± .12.8 + .1

RU - Rice University, Department of Geology 
LRL - Lawrence Radiation Laboratory, Berkeley 
UA - University of Arizona, Laboratory of 

Isotope Geochemistry 
DN - Delayed Neutron Counting, Nuclear 

Engineering Department 
a - Gamma ray specurometry 
FP - Flame photometry 
AA - Atomic absorption
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gamma ray spectrometry. Their system uses 300 g samples 
and two 3"x3" crystals facing each other. (4) Mr. Alan H, 
Smith analyzed two samples for uranium, thorium and potas
sium, His system at Lawrence Radiation Laboratory,
Berkeley, uses 1 kg samples and a 4"z8" crystal for gamma 
ray spectrometry.

Our system has not been directly calibrated because 
the required 2,8 kg of a suitable standard is not available. 
The system has been corrected for the thorium contribution 
to the uranium and potassium channels by using a thorium 
point source at the center of a sample. The data are 
analyzed; the background and sample contributions are 
subtracted. The additional counts (due to the thorium) in 
the uranium and potassium channels are compared to the 
thorium counts in the thorium channel. This procedure is 
also followed for the uranium contribution to the potassium 
channel. The potassium in the uranium channel is negligible; 
the uranium in the thorium channel is around 1%,

The choice of the number of channels to include in 
the peak is based on the peak shape and the increase in 
sample count compared to the increase in background. The 
size of the H and U channels is purposely small to avoid 
overlapping which would present problems with different 
K/U ratios.
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Several sample sizes and geometries were tried.

These Included containers 5 and 6% Inches In diameter. 
The 6|-** diameter container gave approximately 10^ Increase 
In count rate for a 2.6 kg sample. Sample sizes In the 
range of to 1 cm were compared to pieces 1-3 cm In diame
ter and less than difference was found In the Th channel. 
A fraction of average size 6 cm^ was compared to one of 
18 cm^ and differences of less than 4^ (l.e., +2$) were 
found for K, U and Th. The sample weight versus count rate 
of thorium was compared and weights of 600, 1300 and 2600 
grams gave count rates of 0,69, 0.84 and 1.00, respectively.

Results
Results of measurements on San Francisco volcanic 

field "basalts are given in Table 11 , Measurements of 
standards and replicates gives the following precision. The 
large potassium peak is generally subject to a small back
ground and small interference correction. The background is 
usually about 20^ of the gross count rate; the U and Th 
contribution to the K is generally around 15^« The potas
sium determination on standards and intercomparIsons shows 
a precision ± 3# (Is-) for samples with more than 0.6# K.

The thorium has no interference and a relatively low 
background. However, the background may represent as much 
as 35# of the counts in the thorium channel for the samples



Table il. Results of Gamma Ray Spectrometry

Sample Thorium
(ppm)

Uranium
(ppm)

Potassium 
(per cent)

1 2.02 0.69 0.52
2 2.81 0.93 1.17
3 6.94 1.89. 0.49
4 10 .0 3.15* 1.76
5 2.84 1.01 0.94
6 2.74 1.42* 0.62
? 10 .6 3.17 0.79
8 3.60 1.15 1.20
9 3.28 1 .06 1.10

10 5.66 1.54 0.68
11 3.13 0.99 0.97
12 3.46 1.18 0.51
13 6.23 1.55 0.51
14 3.24 0.95 0.81
15 2.52 0.73 0.80
16 7.79 2.35 0.67
17 2.67 0.82. 0.82
18 3.25 1.57 0.76
19 4.06 1.25 0.53
20 1.82 0.51 0.44
21 ■3.16 0.96 0.82
22 10.9 3.72 2.14
23 2 .60 0.95 0.88
24 4.0? 1.19 1.09
25 2.40 0.75* 0.69
26 6.05 1.74* 1.03
27 4.68 1.58 1.22
28 3.97 1.43* 0.93
29 2.73 1.43* 0.65
30 5.57 1.58* 0.4?
31 9.75 3.27 1.97

* 238 226U disequilibrium or Ra excess



low In thorium. The thorium determinations show a precision 
of + 4# (l<r) for samples with more than 3 ppm thorium.

The uranium determinations have a large contribution 
due to the thorium higher energy peak (compton scatter) 
which amounts to approximately 30# of the peak; the back
ground amounts to approximately 25^ of the peak. The 
uranium determinations are less precise, showing + 7% (Itr) 
for samples above 1 ppm uranium. For this reason, the 
uranium is also being determined by another technique to 
verify the uranium content (see Chapter 6),
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CHAPTER 6

THE DELAYED NEUTRON TECHNIQUE TO MEASURE 
NATURAL URANIUM IN GEOLOGICAL SAMPLES

In order to measure parts per million (ppm) uranium, 
a very sensitive and specific method is necessary. One of 
the netfer methods is the measurement of neutrons emitted 
after irradiation of the sample in a nuclear reactor. This 

technique is described fully by Amiel (1962), Dyer, Emery 
and Leddicotte (1962), and Gale (196?), The delayed neu
trons are emitted from certain excited nuclei which arise 
as a result of nuclear fission of uranium and thorium. These 
nuclei have been left in highly excited states (by an amount 
of energy exceeding the binding energy of a neutron) by the 
negatron decay of fission produced parent nucleus. The 
neutrons are emitted instantaneously after the negatron is 
emitted and thereby exhibit half-lives of the negatron 
emitting parent. Thermal neutron fission of ^ ^ U  produces 
negatron emitting parents which range in half-life from 1,6 
to 54 seconds (see Table 12). Fast neutron fission can be 
used for determination of ^ ® U  and ^ ^ T h .  Several recent 
publications have used the delayed neutron technique (Amiel, 

Gilat and Heymann,1967; Henderson, MacKinnon and Gale, 1971; 
and Spalding and Sackett, 1972).
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Table 12, Fission Produced Neutron Emitting Isotopes

*Isotope ti absolute yield

ho-co 54,5 sec .063
13?!
88Br

24.4 sec
16.3 sec 1̂

138i 6,3 sec .310
89Br 4.4 sec 1
139i 2.0 sec ' >  .672
90Br . 1.6 sec J
85as ,43sec .254

Total = 1.65 delayed neutrons/I00 fissions

* Neutrons per 100 fissions
Data from Dyer, Emery and Leddicotte (1962)
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Experimental Procedure
The neutrons are detected "by eight BF^ counters 

which are mounted in a paraffin shield. The counters are 
2** in diameter by 12" (sensitive length) and filled to 70 cm 
with 96# enriched gas (RSN-44A-Mg, Reuter Stokes, Inc,), 
A lead shield (6" in diameter) surrounding the sample holder, 
decreases the gamma flux to the counters. The counters are 
connected to junction box and one preamp, HV, amplifier and, 
scaler-timer (Figure 7 ) ‘, The sensitivity of the counters 
to gammas and neutrons was adjusted with the discriminator 
by using irradiated samples of NaCl + HgO (for gammas) and 
NaCl + DgO (for neutrons and gammas), or a 1 mCi PuBe 
neutron source. The background for the system with the 
reactor at 100 KW was around 17 counts; the sensitivity was 
approximately 14 counts/ug "uranium.

Later the system was modified by adding a new 
electronics unit. This included a higher output HV supply 
for the 8 BF^ counters and a field effect transition preamp 
(Qrtec 109PC) with a 100x10"^sec rise time. Also, a much 
wider range amplifier (Ortec 460), was added which allowed 
a lower operating voltage; this was also due to the low 
noise level from the new electronics. A pulse shape 
amplifier (Ortec 458) was also added to discriminate 
between gammas and neutrons due to the difference in their



PNEUMATIC TRANSFER TO NUCLEAR REACTOR 11 FETPREAMP HV

BF3

l-SAMPLE
PARAFFIN

PULSESHAPER SCALER
TIMER

1 cu | 10 gram SAMPLE
" -̂RABBIT

•JMMM

Figure 7. Delayed Neutron Experimental Setup
Ui
Ux



rise time. Apparently we were over-loading the old system 
because the new sensitivity was approximately 70 cpm/ug U;
At the same time the background rose from 17 cpm to approx
imately 160•, however, the higher count rate from the samples 
more than compensates for this due to the poor statistics 
from low count rates (samples with only 5 jug). The new 
system gives an error (If) of 5% for 10 g of sample with 
1 ppm U for a single measurement.

Delayed neutrons are emitted from which is 
produced from ^ 0  and present in most geological samples.
The half-life of these neutrons is 4,2 seconds, and a 25 

second delay after irradiation and before counting elimi
nates this interference. Self shielding estimates are 
given by Gale (1967):

1,5% per 10-2 g L1 
k% per 10~2 g 3 
5% per 10"" 3 g Cd 
k% per 10"^ g Gd 
none up to 5*1 O'** g U 
none up to 10"*̂  g Th

These interferences are not significant in the analyses 
of basalts,
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Analysis Procedure

The 10 gram sample was crushed to small pieces and 
powder and placed in a polyethylene snap-top vial which was 
then sealed. The sample was loaded in the polyethylene 
rabbit, transferred into "lazy susan" position, and irrad
iated for 60,0 seconds in a Triga Reactor Mark I at 100 
kilowatts with a flux of 5x10*2 neutrons/cm^sec. The sample 
was removed from the rabbit (in later experiments, the whole 
rabbit was counted) and placed in the counting shield (see 
Figure 7 )• After a 25.0 second delay from the end of the 
60 second irradiation, the sample was counted for 60 .0  

seconds, A 0.1 sec, error in the delay amounts to a 0,3# 
error; our timing is estimated to be within +0.5 sec. A
weighed copper foil was irradiated with each sample to use

64for flux monitor. The Cu 0.51 mev gamma was counted for 
30 seconds after a 30 hour delay and the results corrected 
for time of irradiation, counting, and foil weight. These 
corrections never exceeded 12# and were usually within +3#«

Calibration Procedure
Calibration was done by using weighed amounts of 

Atomic Energy Commission New Brunswick Laboratory standards 
(Table 1 3and Figure 8 ), Three different standards were 
used to make samples, some of which had dunite or basalt 
added to check for possible interferences. Previous work
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Table 1 3, Calibration Samples

NBL Standard Weight Jig u Other

#77 1,2190 gms 15.73
77 1.^425 18.61 8.7903 gm Dunite
77 0.9786 12.62 9.62157s™ Basalt
77 7.54095 97.27

#76a 0.43745 44.18
76a 0.97190 98.16

76a 0.97020 97.99 9.25110 gm Basalt
76a 0.69833 70.53 9.852 gm Basalt
76a 1.4875 150.24 8,2230 gm Basalt
76a 1.49198 150.69

#75a 0.53560 267.3 8.8129 gm Basalt
75a 0.52690 263.5
75a 0.24255 121.3

80 Th std• • 0.920 32.2 Contains 929.2;ug Th

Standard
U #77 10 ■ppm Stated 0.0011$ u (.00129 is a better

value)
u #76 100 ppm Stated 0 0 0 H a

U #75a 00 ppm Stated 0.050$ u
Th#80 1000 ppm Th, Stated 0,01010$ Th, .004$ U

(.0035 from calculations')
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has verified the uranium content of standards 76a and 75a? 
however, standard 77 has shown 12,9 rather than 11 ppm 
(Buttle, O'Brien and Mueller, 1969). Our measurements 
confirm the 12.9 value as more acceptable. Other standard
ization procedures were used by intercalibration with other 
samples by mass spectrometry (Rosholt, Petermann and Bartel, 
1968). and gamma ray spectrometry (Chapter 5). Table'll 
shows these comparisons and also measurements of the U.S, 
Geological Survey standard rocks.

The thorium standard allowed correction for the 
delayed neutrons due to fission daughters produced from 
thorium by fast neutrons. In rocks with a Th/U ratio of 4, 
this correction amounts to about 5%» In the case of unusual 
rocks with Th/U of 40, for example GSP-1, the correction is 
around 30$. The thorium standard is made from a mixture of 
dunite and monazite sand; the monazlte sand is stated to be 
9.7$ Th02 and 0.35$ u3°g and- consequently has a Th/U ratio 
of 28.7. Standard #80 is listed as containing 0,101$ Th 
and 0,004$ U. Assuming the thorium value is correct, the 
uranium content should be 0.0035$. In, the present work, 
0,0035$ U has been used in correcting the results for inter
ference by thorium. It is assumed that the pitchblende 
sample from which the uranium standards were prepared 
contained negligible (Th/U 0.05) thorium (Lang, Griffith 
and Steacy, 1962).
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Table 14. Delayed Neutron Standard Samples (ppm U)

I II III IV Avg. Independent 
* Measurements

l-71a 5.09
5.11 4.60 I

l-71b 4.194.63 4.39
1

. 1h .53 4.9a %-spect 4.5el-71c * 4.52 4.09 4.18J1
19-70 1.21

1.07
1.22
1.271.14

1.24 1 .16^► 1.20 1.3f %-spect 1.2®
3633 24.922.6 23.7'24.2.[23 .8 23.7% m.s.

SB208 7.17 7.601 
7.20 Ĵ 7.3 7.3b m.s. 

D.N.d Avg. C
BCR-1 1.58 1.59 1.72 1.56 1.62 1.80 1.7
W-l 0.62 0.56 0.57 0.59 0.62 0.54
G-2 2.22 2.80 2.22 2.3 2 .07 2.0G-l 3.74 5.0 3.81 3.9 4,42 4
GSP-1 2.78 3.15 2 .96 2.9 2.68 2,0
AGV 1.94 1.89 1.87 1.9 2.09 1.9
PCC-1 .05
DTS-1 .05 O.03

0.01

?■ J.S, Duval (1971, Personal Communication)
° J«N. Rosholt (1971t Personal Communication) 
® Adams and Gasnarini (1970) 
d Gale (1967)
e A.R, Smith (1968, Personal Communication)
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Results

Table 15 presents the results of uranium determina
tions on basalts from the San Francisco Volcanic Field. 
Columns I and II were run using the old electronics (June 
and July, 1967)1 Columns III and IV were run in November 
of 1971, and January of 1972, using the new electronics. 
These results can be compared with the gamma ray spectrom
etry results of Table 11. Typical discrepancies are less 
than Oil ppm.
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Table 15, San Francisco Volcanic Field Basalts 

Delayed Neutron Results (ppm U)

I II

1 0.68 0.69 0.59
2 0.71 0.88 0.93
I
5

(2 .1 2)
3.75
1 .06

1.80
3.70
1.09

1.80
3.84
1.02

6 1.29 0.97 1 .16
7 3.65 3.42 (4.17)
8 1.29 1.19 1.34
9 1.04 0.89 1.08

10 1.49 1.55 1.49
11 0.86 1.08 1 .16
12 1.16 1 .2 0 1.01
13
14

/l.49 11.48 
0.93 1 .06

1.59
1.39.
0.95

15 0.60 0.82 0.75
16 2 .1 0 2 .3 6 2 .2 0
17 0.79 0.90 0.77
18 1.07 1.17 1.13
19
20

/ l . 21 
11.07 0.46

1.22
0.50

1.271.14
0.48

21 0.84 0.81 0.7922

25

26

27
28
2930
31

III IV Avg.
0.67

0.71 0.80
1.853.76

0.99 1.14 1.09
3.70
1.271.01
1.511.00
1.12
1.50
0.97

0.67 0.70
2.22
0.82
1.12

1.24 1 .16} 1.20
0.48
0.81

3.54 3.5
0.73 0.7
1.25 1.2

f 0.66 
l 0.68

0.70J 0.68
1.17 1.09')1.16/ 1.12

£ : B 1.65} 1.62
1.12 1.26 1.20
0.96 1.04 1.00
1.25 1.2
3.36 3.3



CHAPTER 7

THORIUM AND URANIUM IN BASALTS FROM 
THE SAN FRANCISCO VOLCANIC FIELD

Basalts are a common rock considered to comprise at 
least one-half of the crust of the earth. Basalt is the 
descriptive name applied to a fine-grained volcanic rock 
made up of calcic plagioclase and pyroxene with or without 
olivine and containing about 50% SiOg, which sometimes con
tains phenocrysts. The chemical composition of basalts is 
in between the acid rocks of the earth's crust, such as 
rhyolite, and the ultrabasic rocks comprising the mantle 
(Mason, 1966; Krauskopf, 1967). Detailed study of the min
eralogy, chemistry and magmatic history has led workers in 
this field to subdivide basalts into several types, These 
are discussed in the two-volume treatise (Hess and Polder- 
vaart, 1967, 1968), The discussion to follow includes ba
salts in general, and particularly the basaltic samples 
from the San Francisco Volcanic Field.

The magmatic history of basalts as well as the 
chemical composition controls the mineralogy. The common 
minerals present are: olivine, pyroxene, plagioclase, and 
opaque iron-titanium oxides. These major minerals may form



phenocrysts of up to one centimeter In size, but are common
ly of millimeter and sub-mllllmeter sizes and make up the 
finer-grained material. This finer-grained material or 
groundmass, will also Include the elements which are not 
chemically compatible with the major minerals and were 
excluded during their growth. The chemical elements In the 
fine-grained matrix include those of large radii (0.8 &) 
and ionic charge of +3 or +4. The chemical elements concen
trated in the fine-grained groundmass Include the rare earth 
elements and thorium and uranium all of which are grouped as 
lithophile elements (Adams, Osmond and Rogers, 1959).

Geochemistry of Thorium and Uranium
Ringwood (1955a,-b) has reviewed and extended 

Goldschmidt’s rules which deal with the substitution of 
different ions in a crystal structure. In particular, the 

rules concern the ionic radii and the ionic charge. The 
application of these rules is generally with regard to trace 
elements. Other factors must be considered as well, espe
cially the electronegativity which relates to the ionic or 
covalent nature of the bond (Pauling, i960).

In Ringwood’s second paper (1955b), he considers the 
role of complex formation and free ion behavior. Most ions- 
of charge greater than 3 are network formers (that is, they 
form ionic complexes) in silica melts. However, Ringwood
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considers U and Th as special cases because of their large 
ionic radii (0.97 and 1.02 1, respectively) and +4 charge. 
"Despite their high charge, it seems unlikely that they will 
behave as complex formers, because of their relatively large 
size which makes it difficult to form a UO4 or ThO^ tetrahe
dron. As a result, U and Th probably behave essentially as

+2 ofree ions. They are unable to replace Ca (radius 0,99 A) 
in silicate minerals because of the difficulty in attaining 
electrostatic neutrality of the structure" (Ringwood, 1955%, 
p. 248).

In general, highly charged trace element ions are 
not readily accepted into the common silicate minerals 
during magmatic crystallization, but tend to accumulate in 
residual magmas. Due to their exclusion from the major 
minerals of basalt, the uranium and thorium are well dis
persed throughout the mantle and basic portions of the crust 
and concentrated near the surface of the earth. The abun
dance of thorium and uranium in basalts is generally 2-6 and 
0.5-2 ppm respectively (Adams, Osmond, and Rogers, 1959), 
Although the absolute contents of uranium and thorium vary, 
the Th/U ratio is generally between 3 and 4 (Rogers and 
Adams, 1969). Measurements summarized by Adams and Rogers 
(1969) indicate that the major mineral phenocrysts contain 
approximately one-tenth the concentration of U and Th of the 
fine-grained groundmass. This is further borne out by the 
generally uniform distribution of uranium and thorium in



autoradiography and fission track studies, although in some 
cases U and Th do appear localized (Condie, et al., 1969).

Thorium and uranium are important indicators of the 
source and magmatic history of a "basalt. Basalts contain 
more than ten times the uranium and thorium of ultrabasic 
rocks believed to be of mantle origin. This uranium and 
thorium enrichment in crustal basalts is due to exclusion 
from olivine-pyroxene and plagioclase during fractional 
crystallization. The residual melt is later erupted as a 
primitive basalt, which may assimilate or become mixed with 
other magmas of higher uranium and thorium content. However, 
the primitive basalt may continue to crystallize pyroxene- 
olivine and plagioclase through a Bowen type differentia
tion series (Turner and Verhoogen, i960).

Th/U. Th/X and K/U Ratios and 
Differentiation Trends

Larsen and Gottfried (i960) reported results of 
thorium and uranium determinations in several series of 
igneous rocks. Because precise measurement techniques were 
not available for their analyses, the results have large 
errors below 1 ppm U and 1 ppm Th. In the plutonic series 
that show the basic to acidic normal differentiation trend, 
the U and Th increase with differentiation. In the case of 
volcanic rocks from Hawaii, they found the youngest rocks 
(highest in SIO2 ) have mere Th and U than the older basalts
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except for one case where the reverse trend was noted in 
rocks with very low SlOg (b0%) and high alkali content. 
Volcanic rocks from Lassen Volcanic National Park show the 
usual trend of increasing U and Th with increasing differen
tiation to dacite. Samples from the Valles Mountains, New 
Mexico, also show the increasing U and Th with differen
tiation to andesites. They found the Th/U ratio varies 
between 2§ to 5 (generally 3 - 4) for all the rock series 
they have studied,

Heier and Rogers (1963) reported Th, U and X contents 
of many basic rocks and arrived at similar conclusions to 
Larsen and Gottfried (i960). They found generally increasing 
U and Th with differentiation and that basalts from one area 
will be more similar to each other in their Th/U ratios than 
those from other geographic locations. Heier and Rogers 
(1963) found that Th/U ratios showed a slight increase with 
increasing U and Th contents for plutonic rocks. They also 
suggested that during differentiation of magmas, the Th, U 
and X all increase with Th U X in enrichment. Thus they 
suggested that the Th/U, Th/K and U/K ratios all increase 
with increasing concentrations of Th, U and X, with the Th/X 
showing the greatest Increase, They felt the increase may 
be due to magmatic differentiation acting on originally 
homogeneous source material or from compositional differences 
in the source material of the different magma types. Heier,



McDougall and Adams (1964) reported U, Th and K measurements 
of several dated volcanic series In Hawaii. In one series 

they found the Th, U. and K Increased from the oldest (4,5 m, 
y ^ ) to youngest (1.4 m.y.) rocks. In two other series, there 
was no definite trend? however, these cover only 0,5 to 1.0 
m.y. Intervals, which may be too short a time.

To explain differences In basalt composition and 
trends, Heler and Rogers (1963) suggest formation of differ
ent basalt types at different depths (corresponding to differ
ent temperatures and pressures). Another possible explana
tion is mixing with other magmas of different compositions. 
Assimilation of crustal material by melting can also account 
for some changes,

San Francisco Volcanic Field Basalts
The results of measurements described In Chapters 5 

and 6 are shown in the histogram (Figure 9 ). The results of 
the potassium determinations have been included because it 
can be measured by gamma ray spectrometry (Chapter 5). ard 
its Importance in X-Ar dating. Potassium is also excluded 
from the major minerals of basalt and tends to behave some
what like uranium and thorium (but for different reasons).
The results show a large spread which implies that the U,

Th and X contents of these basalts are actually different.

The samples appear very similar in bulk chemistry (R. B. Mocre,
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U.S. Geological Survey, Flagstaff, Arizona, personal conmunl- 
cation) and petrology, but are very different in their trace 
elements (Leventhal, 1972),

Switzer Mesa, sample 20, shows the lowest thorium, 
uranium and potassium content. Relative to sample 20, the 
other samples showed up to seven times greater amounts of 
uranium, thorium and potassium, Sven if samples 4, 7, 22 and 
31 (the samples highest in U, Th and X) are excluded, the 
difference in thorium, uranium and potassium contents is 
still much larger than that observed in any of the major 
elements.

Figures 10 and 11 show the thorium versus potassium 
and uranium versus potassium. Figure 12 is a plot of thorium 
versus uranium in the samples. In general, the samples fall 
between a Th/U ratio of 3 and 4, which is typical for basalt 
samples from continental regions.

There appear to be two trends present in the samples. 
One trend (a) in Figures 10 and11 was the 2/U slope of 10^ 
and K/Th slope of 3^10^, which is usually found (Fanale and 
Nash, 1971» Heier and Rogers, 1963). The other trend (b) 
was observed in rocks having more uranium and thorium (or 
less potassium). If the former trend (a) was the normal 
differentiation trend, then the latter (b) might represent a 
magma mixing, very late differentiation, or crustal contamin
ation trend. If trend (b) is due to magma mixing or crustal
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contamination it must have a composition higher in thorium 
and uranium or lower in potassium than the normal basic to 
acidic rock differentiation trend. The rocks in trend (b) 
showed %/Th slope of 0.3x10^ and K/U slope of 1x103. Some 
crustal sedimentary rocks such as shales and sandstones 
tend to have this composition (trend b) (Rogers and Richard
son, 1964? Filler and Adams, 1962a), but it would be impos
sible to assimilate enough of these to account for the Th,
U and K content. Although ultrabaslc rocks show similar 
K/U ratios to trend (b) (Fisher, 1970), their overall X and 
U contents are too small to explain the high absolute 
amounts of U present. Very late differentiation could ex
plain the relative depletion of X (and enrichment of U ani 
Th). This can be accomplished by crystallization and se
lective removal of minerals containing X (for example, or- 
thoclase) and the leaving of residual melt enriched in U 
and Th,

In addition to these trends, there were three sam
ples 4, 22 and 31* that fell between the trends and had the 
most uranium, thorium and potassium. From their chemical 
composition these rocks almost fit into the basaltic- 
andesite classification (Coates, 1969). Eastwood (1970) has 
proposed, on the basis of chemistry and ^sr/^^Sr ratio, 
that basaltic-andesites he studied from central and southern 
Arizona are formed by a mixing of mantle basalt and a more 
silicic (andesitic) magma of lower crustal origin.
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After this study was initiated, it was found that 

Best, Hamblin and Brimhall (1966) gave results of Th, U and 
K analyses of late Cenozoic basalts from the western Grand 
Canyon region in the northwestern corner of Arizona. They 
found results similar to the present study; that is, Th/U 
constant, but increases in Th and U relative to X for some 
samples. They were not able to interpret this data with 
respect to age of the samples or chemical composition and 
concluded that a complex magmatic history was involved in 
their samples.

Discussion of San Francisco Volcanic Field Data 
Several trends appear when the Th, U and X analyses 

are compared. The Th/U ratios appear rather constant, but 
actually range from 2.6 to 4,0. In general, the samples with 
the very highest Th and U contents show low Th/U ratios 
(samples 4, 31, 22 and 7 ). Of these samples, only 7 does not 
have a high X value as well. Samples which have the highest 
Th/U ratio are those which have intermediate Th and U contents 
(samples 16, 3» 13, 26, 30 and 10). Except for sample 26, 
these samples also show low X content.

This grouping of samples in Figure 12 into highest 
U and Th content and low Th/U ratio (c), intermediate U and Th 
content and high Th/U ratio (d), and low Th and U content (e) 
is quite evident. The samples in (d) (Figure 11), are the
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same ones that are associated with the higher values of (b) 
(dashed line in Figures 10 and ll). In other studies (Heier 
and Rogers, 1963), unique or similar Th and U contents or 
Th/U ratios were interpreted to be evidence of different 
processes or geographic locations. The map of sample loca
tions ( Figure 4 ) indicates no particular geographic 
clustering or grouping of these samples on the basis of their 
Th, U or Th/U values.

In general, the young samples (Stage IV, circles) 
show higher U and Th contents. The older samples ("older 
basalts" and Stage I, squares ) show lower contents of U 
and Th. However, the samples (6, 29 and 18) associated with 
Sunset Crater (Stage V) show lower values than the Stage IV 
samples, . The Th/U versus X data were examined, but show no 
clear overall trend. The samples associated with Sunset 
Crater, samples 6, 29, and 18, do show a trend of the high
est U, Th, and K for sample 18, which is the youngest (Moore, 
1970). The two samples from Merriam crater show the reverse 
trend, since sample 28 is younger than sample 10,

Doe, et 3.1.(1969) reported analytical data for south
ern Rocky Mountain basalts in order to determine if any are 
"primitive" (from the mantle). They measured XgO, SiOg, U,
Th, Fb, Rb, and Sr in order to determine the amount of 
crustal contamination. The general petrology and chemistry 
appears similar to the samples of this study. Of the
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elements and isotopic ratios, they felt the potassium 
content was the best indicator. In general, samples with 
less than KjjO (0,8^K), 0.6 ppm U, and 2 ppm Th are clas
sified as primitive (uncontaminated). In one case, they 
report a sample which satisfies their other criteria, but 
has a higher K^O (1.7^) and 1 ppm U.

Based on these requirements, only samples 20 and 1 
are primitive. The U and K requirements are satisfied by 
samples 25, 23, 15, and 17. Samples which satisfy only the 
K requirement include 3 , 13, 30, 12, 19, 6, 16, 29, 10, 7,
21, and 14; however, all these samples have higher U and Th.

In summary, it is evident that a simple one-stage, 
single-source magmatic history of the samples cannot be 
postulated. Depending on which elements, their concentra
tions, and ratios are used, several groups of samples repre
senting complex processes are present. Samples 20 and 1 
probably represent primitive-uncontaminated mantle basalt.
At the other extreme, samples 4, 22, and 31 probably repre
sent magma mixing to form basaltic-andesites. Samples 5, 9, 
and 11 have very similar Th, U and X contents and are also 
the same age, within the error of dating (Chapter 9 ). These 
samples may represent eruptions from the same magma source. 
Samples associated with trend (b) on Figures 10 and 11 may 
represent very late stage differentiation where the potassium 
has been selectively removed by crystallization or else
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contamination of the magma by a rock or magma very high in 
uranium and thorium and low in potassium.

Trend (a) is the more generally observed large-scale 
differentiation trend. The geographic distribution of the 
youngest (Sunset Crater) and Stage IV samples shows no 
obvious relationship. The geographic location of the older 
(older and Stage I) samples also gives no obvious correla
tion. Sunset Crater (samples 6 and 29) and Gyp Crater 
(sample 18) show low and very similar U, Th and X contents 
relative to the Stage I to IV trends observed. This may 
signal the beginning of tapping of a new basalt magma, and 
new eruptive sequence. It may also reflect a trend of over
all decreasing U, Th and K, since this trend occurs for 
sample 28, which is younger than sample 10.



CHAPTER 8

HELIUM MEASUREMENTS 

Helium Mass Spectrometry
The helium measurements in this work were made "by 

use of a mass spectrometer which separates ions according to 
their mass-to-charge ratio by use of a magnetic field 
(Benyon, i960 5 Inghram and Hayden, 1954; Dalrymple and 
Lanphere, 1969; and Herzog, Eskers and Erwin, 1962),
Precise measurements were attained by using an internal 
standard of another helium Isotope (of mass 3 ) with each 
analysis. This is the isotope dilution technique and its 
use for helium was first described by Damon and Ship (1957). 
The mass spectrometer used in this study was a Consolidated 
Electronics Corporation Model 612-diatron 20-3 which was 
described by Damon and Green (1963). The machine is a 2 cm. 
radius, 180° magnetic deflection with voltage sweep which 
resolves unit masses up to 20 and shows mass 40 as a 
shoulder on mass 44 (Damon and associates, A5C project 
reports, 1967; Barrington, 1963). The mass spectrometer was 
disassembled, cleaned and new insulators, filament and 
anode installed. The pyres: glass was entirely replaced with 
stainless steel tubing on the mass spectrometer. The mass
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spectrometer is now pumped "by an Ultek super vac-ion pump 
(20 liters per second). Pressures below are usually
attained,

The fusion system is a new design and will be de
scribed in detail (Figure 13). The sample is melted in a 
one-inch diameter, 0,060 inch wall molybdenum crucible by 
radiofrequency induction heating. The lower three inch 
portion of the crucible has a 1 /16 inch wall, AlgO^ shield 
to reduce the heat loss. The crucible is six inches high 
and is heliarc welded (Precision Joining Research, Oakland, 
California) to a four inch kovar tube. The kovar tube is 
joined to 7052 glass and this glass joined to 1720 glass 
(Scientific Glass Instruments, Pasadena, California), as is 
shown in Figure 13, The 1720 glass is used throughout the 
system because its diffusion coefficient for helium is 
10,000 times lower than ordinary pyrex at room temperature 
(Norton, 1957). The samples are mounted above the crucible 
in four nearly horizontal arms in a 1720 glass sample holder. 
The samples are pushed into the crucible by an external 
magnet moving a steel washer which is enclosed with the 
samples. As many as five pieces of basalt, weighing three 
grams each, can be loaded in each arm. The fusion envelope 
is enclosed by a Vycor-Pyrex jacket which is separately 
pumped.
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The cleanup system (Dushman, 1962) includes a Ti-Zr 
alloy (Amax Specialty Metals Company) for removal of N^, Og 
and CO at 8o6°C and Eg at 300°C (J. H. Reynolds, University 
of California, Berkeley, personal communication). The CuO 
converts CO to COg and %  to H20. The C02 and H2O are 
adsorbed on zeolite and other gases are held down on char
coal at liquid nitrogen temperature. The Ti-Zr turnings and 
CuO pellets are enclosed in stainless steel containers of 
the flow-through type (J. Huneke, California Institute of 
Technology, Pasadena, personal communication). The cleanup 
and fusion system is pumped with a mercury diffusion pump and 
oil fcrepump both isolated from the system by liquid nitrogen 
traps.

By careful adjustment of the permanent magnet and the 
repeller voltage, the mass 3 and 4 peaks were maximized. The 
repeller was at a meter setting of 20, These settings were 
kept for all analyses in order to maximize sensitivity and
especially to avoid any mass discrimination effect of the
1 4JEe and He,

At a setting of 6uA emission the sensitivity of the 
mass spectrometer in the static mode is 0.4x1 O'*-^mcles/mv.
The background is less than 0.05 av, therefore the signal 
equal to the background would be 0.02x10”^^ moles. This
sensitivity can be increased by a factor of 2 by operating 
at lOuA emission.
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Analysis Procedure

The analysis procedure Is as follows (see Figure 14) • 
the mercury diffusion pump and vac-ion pump are in continu
ous operation. Valve C is closed except during mass spectro- 
metric measurements of the samples. The sample is in the 
sldearm, the entire system heated to 60°C with heating tapes, 
the CuO heated to 550°C» the Ti-2r turned off. The spike 
pipette is pumped by opening I. The pressure is then approx
imately 10~^mm, Valve I is closed, the crucible is heated 
to approximately 100°C, valve II is opened for two minutes 
then closed and then valve A is closed. Valve I is opened 
for three minutes to admit the ^5e and then is closed. The 
sample is then pushed in, heated to greater than 1250°C for 
more than five minutes. The temperature is read with a 
mirror at the top and an optical pyrometer. Examination of 
used crucibles have shown beautiful black glasses with no 
evidence of anything but complete melting. The fusion oper
ation generally requires approximately one hour and fusion 
is attained with the 5 kilowatt induction heater at a power 
setting of 7 (400 microamps plate current and 0.7 amps 
input).

After the fusion, valve 3 is opened and the gas is 
frozen over to charcoal 3 for two minutes. The gas is 
cleaned with CuO for four hours, and is then again frozen to
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B for two minutes,following this, the CuO is turned off, and
the Tl-Zr is turned on. After approximately twelve hours
the gas is again frozen to charcoal 3 for two minutes after
which the Ti-2r is allowed to slowly cool to 300°C. Then
the gas is again frozen to 3 for two minutes. After the
system has cooled to less than 100°C, valve 3 is closed.
Liquid nitrogen is put on charcoal 3 and the recorder is
turned on. An aliquot of the sample is admitted to the mass
spectrometer and valve C is closed. Then valve D is opened
and pressure must be less than 2xl0~^mm for an acceptable
cleanup. The filament is slowly raised until emission is
obtained and then increased very slowly until 6̂ lA (3*5 amps
to the filament). Valve D is closed and C is opened to
admit the sample for analysis. The mass 4 and 3 peaks are
measured three times each, the mass 2 peak is measured.
This procedure is then repeated. Then the spectrum from

20mass 12 to 44 is scanned, especially to look for Ne to 
determine if there is a leak or any air helium in the 
sample. The liquid on charcoal is kept full during the 
run. Valve C is closed and D is opened and the mass spec
trometer is pumped. Valve 3 is opened, and after the gas is 
equilibrated the above analysis procedure is repeated.

This analysis procedure and data reduction method 
are similar to those in use (Dalrymple and Lanphere, 1969) 
for argon mass spectrometry in the static mode (Leventhal,
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Coleman and Damon, 1970). This helium mass spectrometer has
a "background which Is within the noise level of the one mv
recorder trace and which does not Increase with time, so
that no mass spectrometer background correction is necessary.
The filament current (and emission) control is a small
variac type device which cannot be controlled to a fine
degree, therefore the filament current and emission will
take several minutes to stabilize. The first few peaks are
usually not as constant as the rest of the run. In view of
these differences from an argon analysis, the data is not
extrapolated to zero time. The reduction consists of taking
ratios of peak heights of adjacent peaks. The average of

h, cthe ratios is used for the determination of the He and -'He, 
The mass 2 peak can be used to determine the contribution of 
T&j' and HD to the mass 3 peak. This interference is less 
than 3^ of the -̂ He in the spike and within the noise level 
of the recorder for all samples reported in this work.

Soike Preparation and Calibration 
The 3ne spike was prepared by expanding a portion of 

an AEC-Honsanto Mound Laboratory standard. The spike was 
stored in a 1720 glass container with a volume of $00 cm^ 
and dispensed by a metal pipet. The metal pipet was made by 
welding together two Nupro SS-^H stainless steel valves with 
a steel insert to decrease the volume to 0.55 cm3. The
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valves were welded together so that the bellows were not 
Included In the spike volume (D. Bogard, NASA, Houston,
Texas, personal communication). The spike contained 2.20 
X 10”** moles initially, and decreased according to the 
following equation (Dalrymple and Lanphere, 1969)1

3He:£ = T0e-Sr
where "3Eex” is the 3He content of spike number "z";

Vs
+ vr

where is the spike volume and "Vr " is the reservoir
volume, MT0" is the experimentally determined volume of the 
first spike, z = 1. The ^Ee in spikes 10, 25, 50, 75, 100 
and 150 isj 2.18, 2.14, 2.09, 2.04, 1.99 and 1 ,89 respec- 
tivly. The ^He spike has been calibrated using air (^Ee = 
5.24 ppm), basalt standard UCB-BCR-2, and Bruderheim met
eorite as shown in Table 16.

System Blank
pMeasurements of blanks has given 2X10~ moles for 

complete fusion and cleanup. If no fusion is performed, 
the blank is 1X10” *2  moles. This indicates that some of 
the blank is due to heating of the crucible and 2% re
sidual gas remaining from the previous sample which was 
fused (see Table 17).
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■ 3Table 16, Calibration Samples for He Spike,

Sample Amount 4 a He
(calculated)

4 3He/ He 
(measured)

3 aHe spike

b
Air I .36 cc 3.18 14.4 2.18

,0.891 cc 2.08 9.6 2.14
0.557 cc 1.30 6.7 1.95
0,938 cc 2,20 9.5 2.24

c
UCB-BCR-2 0.99 gm 0.627 2.5 2.50

1,08 gm 0.684 2.8 2.39
d

Bruderheim O.253 gm 0.587 2.2 2.10

in units of 10"*10 moles 
b 4
5.24 ppm He in air

CO.633 10-10 moles/gm 4Ee (Reynolds,1971)

2,32 lO"^-® moles/gm ^He (E.C, Alexander, Dept.
of Physics, Univ. of 
California, Berkeley, 
Personal communication)
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Table 17. Summary of Blanks and Background

Experimental conditions ^He/^He ^He, 10”^^moles

^He spike; no cleanup 0.01 0.02
fusion; no spike * 0.2
no fusion; no spike * 0.1* 0.1
fusion; -̂ He spike 0.11 0.2

0.11 0.2
0.14 0.3

static background * 0.02

* no m/e 3 signal observed



*

Fanale and Schaeffer (1965) report blanks for their 
1720 glass system of 0,4x10”*^ moles of He, Sender (1970) 
reports a blank of 0 . 0 6 x 1 moles of He, but he doesn't 
heat his samples above 100°C. Merrihue (1964) reports 
4x10~ moles of ^He for a blank using a fusion system and
pyrex glass.

Although the low blank on the 1720 glass system In 
this study Is comparable with other systems, It Is large 
enough to Interfere appreciably with the measurement of the 
youngest samples. A 10 gram basalt sample with 1 ppm U and 
3.5 Th/U ratio which Is 30,000 years old, will yield 2x10“^  
moles of He (0.2xl0~~^ moles/gm) If it retains all its 
helium. (If it retains only 20^ of its helium, then the 
age of a sample which equals the blank would be 150,000  

years,)
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Results of He Measurements 
The expanse of geologic time is great, even for 

these young ages, since a sample which is ten million years 
in age has more than 100 times more helium than one which is 
100,000 years old. These extremes cover the datable samples 
which are considered in this research. Along the same line 
of comparison: a zircon (0.1/o U) which is 100 million years 
in age, has 10,000 times more helium than a 10 million year 
old basalt. Again this demonstrates the great differences



in helium contents of geologic samples. Based on replicates 
and blanks the samples have been assigned an error of +10% 
for the samples with 0.5x10"*^ mole/g which is meant to 
include the calibration using air helium and the Berkeley 
standard. The error on the other samples is larger, due to 
the smaller radiogenic helium content and the fact that the 
blank represented up to 50# of the ^He measured. The error 
assigned is as much as 30#. The results of the helium 
measurements are given in Table 18.
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Table 13,, Helium in Basalt Samples

Sample ^He/^He
\ e
gross

4He
net grams ^He/gm

1 0.343 0.76 0.50 3.11 0.16
2 0.335 0.745 0.49 6.05 0.08
5 0.414 0.92 0.66 4.18 0.16
8 0.246 0.546 0.29 4.77 0.06

9 0.360 0.80 0.54 2.24 0.24
0.448 0.995 0.74 3.02 0.24

11 0,283 0.64 0.38 1.84 0.21
O .238 0.53 O.27 1.50 0.18

12 0.485 1.08 0.82 7.57 0.11

15 0.688 1.53 1.27 7.63 0.17
19 1.79 3.93 3.66 1.76 2.08

0.98 2.18 1.92 0.98 1.95
1.88 4.17 3.91 2.07 1.89

20 0.855 1.90 1.64 2.43 0.68
21 1 .6 3 3.62 3.36 2.44 1.38

^He in units of 10“^  moles



CHAPTER I X

COMPARISON OF POTASSIUM-ARGON DATES
AND

URANIUM-THORIUM-HELIUM MEASUREMENTS

In this chapter the new X-Ar dates on older samples, 
and the U-Th-He measurements on these samples will be com
pared and discussed. It is this comparison which will allow 
conclusions to be made about the usefulness of the U-Th-He 
method in the San Francisco Volcanic Field.

New X-Ar Dates of the 
San Francisco Volcanic Field

Potassium-argon dating has been performed on ten of 
the samples which were collected in order to compare the age 
with that of the uranium-thorium-helium measurements. The 
X-Ar technique is analogous to the U-Th-He technique, as 
described in Chapter 3 and in more detail by Dalrymple and 
Lanphere (1969) and Damon (1968).

The argon analysis of the samples was performed on a 
Nier type, 60° magnetic sector mass spectrometer. The sam
ples consisted of four pieces of basalt which were mounted 
in a molybdenum-alundum crucible and baked for three days at
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250°C in an attempt to remove atmospheric argon prior to 
fusion. The samples were purified using hot titanium foil 
and copper oxide. The analysis in the dynamic mode was 
performed as is usually done in this laboratory (Damon and 
associates, 1966). The samples were also analyzed in the 
static mode (Leventhal, Coleman and Damon, 1970) in order to 
increase the sensitivity and to give more confidence to 
those results with a high percentage of atmospheric argon.
The potassium was analyzed by several methods (Chapter 5)•

The results of the K-Ar dating are given in Table 19* 
Several previous results are also included. Due to the 
large amount of atmospheric argon in the samples, the errors 
are quite large, especially in the case of the samples less 
than one million years in age.

This atmospheric argon is the limitation in K-Ar 
dating with these samples and other basalts which are less 
than one million years old. In general, these samples show 
30x10-*^moles/gm of atmospheric ^®Ar. One explanation for 
the argon is that it is incorporated in the sample during 
the eruption (Damon, 1969, personal communication; Mussett 
and Dalrymple, 1968), and it is not merely adsorbed. This 
amount, 30x1 Q-^moles of an argon would imply 3xl0"^moles of 
air/gm or 6.6x10“ standard cubic centimeters of air incor
porated per gram. This would account for 0.5 ppm (by
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Table 19. Potassium-Argon Ages of San Francisco 
Volcanic Field Basalts

Sample
^ A r  rad 
10-12 m/g ^ A r  atm 

%
calculated

age
apparent

age

IS
ID 0.54 1.62

1.44 95.996.4
1 .68+.90
1.50+.94 1.6+.7

2S
2D
28
2D

1.21 • 0.97 0.44 
0.94 
2.01

99.3
99.7
99.198.1

0.45+.40 
0.20+.30  
0.43+.70  
0.93+.80

0.5+.3

8S
8D

1.22 1.131.09
99.0
99.0

0.524-.80 
0.50+.80 0.5+.5

95
9D

1.06 4.48
4.34

95.8
96.1

2.374-1.20
2.29+1.40 2.3+.9

n s
11D

0.94 3.44
3.34

87 .0
88.2

2 .00+.30
1.97+.30 2 .0+.2

12S
12D

0.50 0
0.5

100
99.0

0
0.6+.9 <:i

155
15D

0.80 0.37
1.19

98.996.4
O.25+.30  
0.83+.50 0.5+ .3

195
19D

0.51 6.66 
6.70

78.2
80.2

7.30+.70
7.40+.70 7.35±-5

20S
20D

0.46 7.17
5.43

83.8
87.6

8.70+1 .10  
6.60+1.00 7.6+.8

21S21 0.79 8.06previous dynamic 52.3analysis 5.75+.30 6.20+1.20 5.8+.3

5 previous dynamic analysis 2.4+ ,3

D = dynamic S = static ages in m.y,
See Table 5» page 31 for sample names
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weight) air in the rock sample, which is certainly not an 
unreasonable amount of air to incorporate during eruption.

iIf the air was trapped as gas in non-connecting vesicles it 
would account for 0.2^ of the volume of the rock. Although 
some of the rocks appear to have no visible vesicles, others 
show up to several percent vesicles.

It is important to note that the mass spectrometer 
sensitivity is not the limiting factor in dating young sam
ples since a signal equal to the m/e = 40 background would 
be 10"12 moles in the dynamic mode, and 10**^ moles in the 
static mode. In an attempt to lower the atmospheric argon 
the bake time was extended to three days and the tempera
tures raised to 250°C.

The increased static sensitivity was especially 
tried in order to enhance the mass 36 which is so critical 
to evaluating the atmospheric Ar content of the sample.
The increased sensitivity resulted in the ^ A r  peak being on 
the 30 or 100 millivolt scale rather than the one millivolt 
scale which has considerable electronic-amplifier noise.
This advantage was partly offset by the background of the 
mass spectrometer which rises during the static runs at 
approximately 75% for the first ten minutes and 30% for each 
succeeding ten minutes. However, at the end of 30 minutes 
static analysis the background to sample ratio was still 
only approximately 5% of the corresponding dynamic ratio.
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UranlTom-Thorium-He H u m  Measurements

The U-Th-He dates were calculated according to the 
method described In Chapter 3» and the data presented in 
Chapters 5» 6 and 8, The errors for the older samples are 
based on replicates. Table 20 gives the U and Th data.

The error for the young samples (up to + 30^) 
results from the contribution of the blank, which is up to 
50/5 of the total helium for the younger samples. These 
errors include the uranium and thorium analyses errors as 
well as the helium measurements ( Table 21 ),

Discussion of Results
Figure 15 shows a comparison of the X-Ar dates and 

the U-Th-He measurements. The scales of the axes are 
different, so that points lying on line A would indicate 
perfect agreement and Indicate the helium clock was working. 
The axis with the U-Th-He dates is expanded by a factor of 
5, so that the vertical error bars, which appear to be 
almost the same size as the X-Ar horizontal errors, repre
sent 1/5 the error. Line 3 is the simplest fit of the dates 
and would imply a constant loss of four out of every five 
helium atoms produced, that is, a. 20% retention of helium. 
Physically, this suggests that Q0% of the uranium is not 
within a crystal or site which will retain helium.

This comparison of results shows clearly that the 
U-Th-He measurements are not suitable for precision



99
Table 20, Data for Age Calculations

Sample # Thorium Uranium Thorium/Uranium
(ppm) (ppm)

12
z

I
78
910
II 12
n
$2
1718
1920 21 22
it
2526 
2? 
28
29
30
31

2.02 .68 2.972.81 .86 3.276.94 1.86 3.73
1 0 .0 3.70 2.712.84 1.05 2.71
2 .7 6 1.09 2.51
10i6 3.60 2.95
3 ,6 0 1.29 2.793.28 1.02 3.22
5 .66 1.52 3.72
3.13 1 .00 3.133.46 1.14 3.04
6 .2 3 1.52 4.103.24 .96 3.382.52 .71 3.557.79 2.27 3.432.67 .82 3 .26
3.25 1.15 2.824.06 1.22 3.321.82 0.49 3.72
3.16 0.84 3.76
10.9 3.60 3.03
2 .60 0.78 3.344.07 1.20 3.392.40
6.05

.70 3.434.03
4.68 1.61 2.91
3.97 1.25 3.17
2.73 1 .00 2.735.57 1.30 4.28
9.75 3.32 2.94
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Table 21, Uranium-Thorium-Helium Measurements

Sample ^Radiogenic W e * U, ppm Th/U "age"**

1-70 66 0.16 0.69 3.0 0.48
2-70 65 0.08 0.90 3.3 0.13
5-70 72 0.16 1.07 2 .8 0.22

8-70 52 0.06 1.3 2.9 0.08
9-70 67 0.24 1.05 3.2 0.29
9-70 74 0.24 1.05 3.2 0.29

11-70 60 0.18 1 .0 3.3 0.24
11-70 51 0.21 1 .0 3.3 0.26

12-70 76 0.11 1.15 3.1 0.14
15-70 83 0.17 0.75 3.5 0.28
19-70 93 2.14 1.24 3.35 1.92
19-70 88 1.95 1.24 3.35 1.70
19-70 94 1.89 1.24 3.35 1.62

20-70 86 0.68 0.50 3.7 1.42
21-70 93 1.38 0.90 3.6 1.37

* In units of 10“^moles 
** In millions of years
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geochronological work. Further experiments to elucidate 
the problems will be described in Chapter 10, along with 
other information from the literature which bears on 
this problem.



CHAPTER 10

FURTHER EXPERIMENTS TO UNDERSTAND HELIUM 
AND URANIUM IN BASALTS

The measurements and comparisons (Chapters 9 and 
10) show that the young basalts studied contain only about 
20% of the expected helium which results in an age which is 
only about one-fifth the potassium-argon date.

This massive loss of four-fifths of the helium can 
only be explained as due to leakage of helium from the rock. 
Several possible explanations can be considered. (1) The 
helium may be small enough to escape from the fine-grained 
groundmass which makes up the bulk of the rock. (2) The 
radiation damage during the decay of uranium and thorium 
may give an area of microfractures for the helium to es
cape, (3) The uranium may be located in surficial 
positions due to exclusion from most minerals and helium 
leaks out along grain boundaries. (4) The low ages may be
a result of a combination of these effects or some other 
effect.

Leaching Experiment
In order to determine the homogeniety and degree of 

incorporation of uranium in basalts, leaching experiments 
were performed. A portion of Black Point (sample 5) was 
crushed and ground to pass 20 mesh (0.83 mm diameter).
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It was sieved and the fractions separated. Several frac
tions were selected for leaching as well as a composite 
sample. The finest material (passes 150 mesh, less than 
0,10 mm) was thought to be representative of the fine 
groundmass and broken portions of larger crystals, The 150 
mesh (0.10 to 0.15 mm) was approximately the average grain 
size of the microphenocrysts which make up the bulk of the 
rock. The 35 mesh (0.42 to 0,59 mm) was made up of micro
crystal aggregates.

The samples (10 gm) were leached for varying times 
at room temperature in 100 ml of 0.1 N HNO^. They were then 
washed with distilled water, dried and weighed. The sample 
remaining after the leaching was analyzed for uranium by the 
delayed neutron technique.

The size distribution and uranium content are shown
below.

Portion Weight % ppm '
composite 100 0.83
28 mesh 28 0.84
35 mesh 20 0.94
65 mesh 20 0.82

100 mesh 5.9 0.85
150 mesh 5.2 0.89
Fines 21 0.8?
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These determinations have a precision of around 

+ 10%, because of low count rates due to low uranium con
centration and the lower flux from the position of 
irradiation in the reactor. The uranium appears to be 
homogeneously distributed in the size fractions studied 
within experimental error.

Leaching Results
The results of leaching experiments show that much 

of the uranium is readily leachable, especially in the 
finest grain fraction (Table 22). This is in agreement with 

the results on diabases and granites (Hurley, 1950), 
intrusive rocks of basic to acidic composition from the 
Southern California Batholith (Larsen et al., 1956) and 
various granites and a tonalite (Brown and Silver, 1956), 
granodlorite (Filler and Adams, 1962b), and magnetite 
(Damon and Green, 1963).

Even the relatively mild conditions of dilute acid 
and room temperature show leaching of mass and uranium.
The results (Figure 16 and 17 ) show that the uranium is 
leached very quickly (in a few minutes). The greatest 

weight loss was from the finest fraction which has the 
largest surface area to volume ratio. The finest fraction 

also showed the largest quantitative uranium (pg) loss.

The larger size fractions show smaller mass losses.

However, these larger fractions show quantities of uranium
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Table 22. Leaching Experiments

Sample # weight loss ^ U loss % U loss
% weight loss

F (fines) 
X (water) 7 0
1 5 min 21 (l4)a 34 1 .6a
2 23 min 27 (2 0)a 36 1.7a
3 90 min 24 (17)a 24 1.4a
4 360 min 21 (l4)a 31 1.5a
M (150 mesh) 

1 5 min 2 0
2 23 min 1 19 19
3 90 min 2 - -
4 360 min 4 23 6

T (35 mesh)
1 5 min 1 14 14
2 23 min 1 - -
3 90 min 2
4 360 min 3 25 8

C (composite) 
1 5 min

1
10 19 2

2 23 min 8
3 90 min 9 —
4 360 min 7 16 2

a corrected suspended fines loss,sample X
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lost far in excess of the mass loss. In the right column 
of Table 22 , the ratio would be 1.0 if mass and uranium are 
removed at the same rate. A number greater than 1,0 indi
cates preferential loss of uranium. This preferential loss 
of uranium is observed for all samples; for example F-l 
shows a 60% preferential loss of uranium relative to mass. 
The larger size fractions show up to factors of 19 more 
uranium loss than mass loss. The large fractions are made 
up of aggregate of small crystals and apparently there are 
many surfaces or superficial sites which contain uranium 
that is readily leached. Any site which dilute acid can 
penetrate in several minutes will certainly also leak gases 
such as helium.

Helium and Argon in Rocks
A review of the literature gives some data on a few 

measurements of He and Ar in rocks. These measurements were 
usually not studied in regard to dating, but considered 
instead the He/Ar ratio and excess He and Ar or gases in an 
exotic mineral or samples,

Damon and Green (1963) reported an age of 115 mil
lion years for the Sudbury Norite, whose K-Ar age is 1500 
million years. (The He/Ar ratio is 0.25, whereas the ratio 
for a correct age would be 3»3«) Measurements of helium 
and argon in deep ocean basalts by Noble and Naughton (1968) 
showed He/Ar ratios of 0,1 to 0,4 indicating poor retention
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of helium relative to argon for a combination of radiogenic 
and excess noble gases. Punkhouser and Naughton (1968) 
reported He/Ar ratios of 0,08 to 0,57 for olivine gabbro 
inclusions from Hawaiian basalts. Very recently, Fisher 
(1972) has reported U-He and K-Ar ages for deep sea basalts 
which show excess radiogenic noble gases. Fisher finds 
He/Ar ratios of 1 to 10, These samples were generally from 
glass crusts and had very low uranium contents, generally 
less than 0,1 ppm. In an earlier paper, Punkhouser, Fisher 
and Bonatti (1968) mentioned this extreme excess noble gas 
in the glass crusts as being due to very fast cooling with 
little time for any trapped magmatic gas to escape. They 
report He/Ar ratios of 0,2 to 8 for deep sea basalts they 
analyzed. The whole rock basalts from this study show 
He/Ar ratios of 0.4 to 3.0, most being in the range of 0.5 
to 2.0,

The occurrence of excess argon in individual 
minerals has also been studied, but only a few papers 
include measurements of helium also, Damon and Kulp (1958) 
report large excesses of He and Ar in beryls and cordierites, 
Kirsten and Centner (1966) and Kirsten and Muller (1967) 
observed excess He and Ar in ultrabasic peridotites and 
pyroxenltes. These three papers reported amounts of helium 

and argon which gave ages in excess of the age of the earth. 

Punkhouser and Naughton (1968) reported results for dunites, 
peridotites and pyroxenltes from recent Hawaiian basalts.
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A recent note by Fisher (1971) reports excess helium and 
argon In plagioclase. These data are summarized In Table 23* 

Included in the table is the data from plagioclase 
separated from Black Point. This sample gave 0,06 + 0.05 
ppm U and 1,7 ± 0,2 x 10"^ moles/gram of He, This data 
corresponds to an age of 4.0 + 2.5 m.y. It is probably 
only coincidence that the helium content of the plagioclase 
is similar to that of the whole rock sample. The poor 
precision in the uranium measurements is due to the lower 
sensitivity of the last delayed neutron run and also due to 
large gamma ray interference from the increased amounts of 
aluminum present in the plagioclase, as discussed by Gale 
(1967). The helium measurement indicates retention of 
helium in plagioclase. The presence of excess helium in 
this sample is reasonable since Damon, Laughlin and 
Percious (1967) reported approximately 2 x 10~12 moles/gram 
of excess argon from this plagioclase.
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Table 23. Helium and Argon in Minerals

Mineral QHe, scc/gm* 10“ He/Ar Reference

Beryl 72-10200 3-120 aCordierite 28-1060 2-180 a
Peridotite 1770-7300 0,14-1.19 b
Pyroxenite 1870 0.28 b
Magnetic

fraction 3000-20000 0.2-2 c
Dunite 19, 27 0,6 d
Pyroxenlte 2.3 0.01 d
Peridotite 10-13 0.21 d
Flag ioc las e 560 2 e
Flagioclase 4 1 f

a Damon and Kulp (1958) 
b Kirsten and Centner (1966) 
c Kirsten and Muller (196?) 
d Funkhouser and Naughton (1968) 
e Fisher (1971) 
f This research



CHAPTER 11

SUMMARY AND CONCLUSIONS

The application of the U-Th-He dating technique to 
dating young basalts ( 1 m.y.) has been tested. The thori
um, uranium and potassium were measured by gamma ray 
spectrometry. The uranium was also measured by the delayed 
' neutron technique on apparatus set up and calibrated during 
this research. The helium was measured with a rebuilt 
mass spectrometer and newly designed and built fusion and 
clean up system. This system includes low helium permea
bility, 1720 glass and a metal spike pipet for isotope 
dilution measurements.

Young basalts are widespread geographically and 
represent an important stratigraphic marker. The San 
Francisco Volcanic Field, near Flagstaff, Arizona, was 
chosen as a test area because of its many younger and older 
basalts and because of information available from previous 
studies. Although the samples are petrologically and 
mineralogically very similar, their uranium, thorium and 
potassium contents vary by factors of up to 6, 6 and 3,' 
respectively. Th, U and X measurements give geochemical 
trends that show a complex magmatic history for this area. 
These elemental abundances and ratios allow a classification 
of the samples into several groups.
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The older basalts (>1 m.y.) were dated by the 

dynamic K-Ar technique usually used in the Laboratory of 
Isotope Geochemistry and also by the static method to 
increase the precision of the results. A comparison of the 
U-Th-He measurements and K-Ar dates shows that the U-Th-He 
measurements indicate an age of only one-fifth the K-Ar age. 
This data indicates a loss of approximately four-fifths of 
the helium.

The comparison of U-Th-He measurements and K-Ar dates 
(Figure 15 ) is most easily explained by a linear relation
ship. A curved line would imply long term diffusive loss at 
a rate greater or less than the natural decay rate (Damon, 
1970). The linear relationship is best explained by the 
immediate loss of 80% of the He and complete retention of 
20% of the He, This is supported by the results of leach
ing experiments (Figures 16 ,17, Table 22 ) which show a 
large portion of the uranium to be easily removable. Exper
iments to determine helium content of plagioclase show that 
some minerals can retain helium.

From this research, it appears that the U-Th-He 
dating of whole rocks will not be an exact geochronological 
tool such as K-Ar dating. The leaching experiments shed 
some light on the helium loss, since the uranium appears to 
be located in surficial positions, rather than homogeneously 
throughout the micro-crystals which make up the rock. The 
location of uranium on crystal surfaces which are
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interconnecting may provide a path for helium escape. 
Examination of the samples showed no relation between 
average grain size, mineralogy, or chemistry and the helium 
retention. It appears possible that U-Th-He measurements 
will be useful to establish a relative chronology for young 
basalts where some previous knowledge of the dates and 
stratigraphy are available. These measurements may be 
used on young basalt samples where X-Ar dates give a large 
uncertainty due to atmospheric argon and because basalts 
appear to retain approximately one-fifth of their helium.
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