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POREW~D 

The recent development of techniques using naturally occ ur ring 
radioactive minerals in monitoring the movement of littoral drift has 
raised the ques tion of how directly the contributing watershed ge ology 
is related to bea ch radioactivity. Previous studies utilizing a natural 
rad ioactive tracer technique involving the element thorium have found 
that large variations in radioactive concentrations exist in beach ma
terials, and that s u ch variations are often related in some way to the 
p rese nce of a quartz diorite pluton in the wa tershed feeding se diment 
to the beach. A study has now been carried out in the watershed a r e a 
northwest of Santa Cruz, California, in an attempt to determ i ne how 
direct is t he relations h ip betwe en watershed geology and beach r adio
a c tivity, and to what degree the quar tz diorite is r esponsible for t he 
observed radiome tric anomalies. Rad ioactivity was de te rmined by gamm a 
r a y s pect ros copic a nalysis. A description of this studyand its results 
is presented in this report. 

It is shown tha t l arge variations in the thorium content of the 
wa tershed sediments do exist; however no correlation between sediment 
radioactivity and known geological features and variations is apparent. 
Th e study also concludes that the applicability of a naturally occurring 
r adioactive tracer method for a particular area cannot be predetermined 
by a simple study of geological maps and petrographic descriptions; but 
p r e liminary sampling must be conducted to determine a tracer source. 

As the method and its results appear of interest in the field of 
beach erosion and shore processes, and particularly in the definition 
of s ource areas for beach material, this report is now being published 
as a Beach Erosion Board Technical Memorandum. 

The report was prepared at the Wave Research Laboratory of the 
Institute of Engineering Research at the University of California at 
Berkeley. The work was supported by Atomic Energy Commission grant 
G-27031, and preliminary distribution has been made as Institute of 
Engineering Research Technical Report HEL-5-l. The author of the re
port, John R. Byerly, was at that time a graduate student working 
t owa rd a masters degree in geological engineering at the University 
(in fact, this report forms in part his thesis). He is now a research 
oceanographer at the Beach Erosion Board. 

Views and conclusions stated in this report are not necessarily 
those of the Beach Erosion Board. 

Thi s rep ort is publishe d under authority of Public Law 166, 79th 
Congress, appro ved July 31, 1945. 
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THE RELATIONSHIP BETWEEN WATERSHED GEOLOGY 
AND BEACH RADIOACTIVITY 

by 

John Robert Byerly 
Engineering Division, Beach Erosion Board 

ABSTRACT 

The recent development of a technique utilizing naturally 
occurring radioactive minerals in monitoring the movement of lit
toral drift has raised and left unanswered two major questions. 
How directly is the watershed geology related to the beach radio
activity and to what degree are the quartz diorite plutons which 
are found at intervals along the coast responsible for the observed 
variations in concentration of the radioactive minerals? To aid 
in ans we ring these questions, a correlation between the watershed 
geology of the Ben Lomond Mountain area, north of Santa Cruz, 
California, and the radioactivity of the beaches receiving sedi
ment from the watershed has been attempted. The radioactivity 
of stream and littoral sediments have been presented in terms of 
concentration of thorium as determined by gamma-ray spectroscopy. 

The results have not shed any light on the watershed geology
beach radioactivity relationship as the area of study failed to 
produce a radiometric anomaly of sufficient magnitude to be re
flected in the littoral sediment. The results do show considerable 
variation in the thorium content of the stream sediment but the 
variation is not consistent with any known geological variation. 
It has been shown that the quartz diorite pluton at Ben Lomond 
Mountain carries only minor amounts of thorium and could not be 
responsible for a radiometric anomaly in littoral materials. 

It is concluded that, if the quartz diorite plutons found 
a~L~g the coast are genetically related, as their petrographies 
a~d ages indicate, the radiometric anomalies observed in previous 
studies are a result of unknown variations within the plutons or 
of geological bodies other than the plutons. It is concluded fur
ther that studies of geological maps and petrographic descriptions 
are not sufficient to determine the applicability of the radio
active tracer technique. Sampling of stream mouths to find radio
metric anomalies should be conducted, followed by littoral sampling. 



INTRODUCTION 

The phenomenon of littoral drift is recognized today as a potent 
factor in the design of any shore line structure. Harbors such as Santa 
Barbara, California; Salina Cruz, Mexico; Ceara, Brazil; and Madras, India; 
all maintained at high cost, testify to the folly of ignoring or over
looking the littoral drift problem. The recent appreciation of the im
portance of littoral transport has stimulated the development of ways and 
means of detecting source, direction of movement, and areas of deposition 
of the littoral drift. A relatively quick and easy method of doing this 
is being developed at the University of California. This method utilizes 
naturally occurring radioactive minerals as tracers and the dilution pat
terns of these minerals as indicators of the littoral transport direction. 

Previous studies in the development of the radioactive tracer tech
nique (Mero, 1959, and Kamel, 1962) found that large variations in the 
concentration of elemental thorium exist in the beach materials and that 
such variations are often related in some way to the presence of a quartz 
diorite pluton in the watershed feeding sediment to the beach. This study 
attempts to determine how direct the relationship between watershed geology 
and beach radioactivity is and to what degree the suspect quartz diorite 
is responsible for the observed radiometric anomalies. To this end a 
correlation between watershed geology and beach radioactivity presented 
in concentration of elemental thorium as determined by gamma-ray analysis 
has been attempted. The geographic area chosen for the study is the 
vicinity of Ben Lomond Mountain, 20 miles northwest of Santa Cruz, Cali
fornia. The area of study is shown in Figure 1. That such a correlation 
as presented herein might call for more confidence to be placed in the 
method, might indicate sources of littoral material in this and adjacent 
areas, and might serve as a guide for future interpretation of radioactive 
analyses of beaches have been the motivating ideas for the research under
taken in this study. 

DES IGN OF EXPERIMENT 

The use of naturally occurring radioactive minerals in monitoring 
littoral drift movement depends on two primary factors, geology and 
hydraulics. A definite source of radioactive minerals must feed the 
tracer minerals to the littoral zone in such quantities that a radiometric 
anomaly occurs in the beach material. In addition, a recognizable and 
consistent dilution pattern in the area of the mineral source must reflect 
the littoral processes. Certainly a knowledge of likely source rocks for 
highly radioactive sediment would be useful in planning applications of 
the method and in the interpretation of preliminary sampling programs. 
To broaden and intensify such knowledge with respect to a rock type 
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suspected of being responsible for radiometric anomalies in littoral 
drift found in previous studies (Mero, 1958; Kamel, 1962), this study 
was undertaken. 

Nor th of Santa Cruz, California, a quartz diorite body of upper
Cretaceous age crops out to form Ben Lomond Mountain. The age and petro
graphy of this rock is typical of the acid plutons found west of the 
San Andreas rift. It is this rock type that various investigators have 
intimated as being responsible for the high thorium content of beech 
sands in certain areas. To define the radioactive characteristics of the 
littoral sediment being derived from this rock type and to observe how 
these characteristics were reflected in the littoral sediment, stream and 
littoral samples were taken from the watershed of Ben Lomond Mountain and 
adjacent beaches. If the acid plutons found along the coast of California 
are from a common magmatic source, as their age and petrography indicate, 
then the results of this study should be applicable to sediment from all 
such bodies in a general way, since the thorium content should not vary 
appreciably from pluton to pluton. 

LITTORAL PROCESSES 

Any stable beach is a manifestation of an energy and material balance. 
Wave s usually approach land at an angle to the shore line. This creates 
an energy component parallel with the beach face which, whe n coupled with 
the turbulent wave action, produces the phenomenon of littoral transport. 
The stable config urat ion of a beach, then, is dependent on the balance of 
rate of supply and rate of loss of littoral drift, wh ich in turn depends 
on the supply of material and the ability of the littoral processes to 
move it. 

Nearly all man-made shoreline structures and modifications upset this 
critical balance between supply of drift and wave energy. Intentionally 
or unintentionally, one or more factors will be affected and cause the 
shore configuration to adapt to the new conditions. Thus, it behooves 
the engineer designing shoreline structures or modifications to become 
familiar with the processes in the shoreline involved. The information 
necessary to achieve this familiarity has been categorized by the Beach 
Erosion Board (1961) as: 

a. Sources and characteristics of littoral materials. 

b. Modes and direction of littoral transport. 

c. Rates of supply and loss of ma t e rial. 

Many methods have been utilized for gathering information in the 
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second category. Generally, these methods of study are: 

1. Accretion and erosion at existing structures. 
2. Accretion and erosion at headlands. 
3. Configuration of bars at stream and inlet mouths. 
4. Direction of wave-energy component. 
5. Current measurements. 
6. Characteristics of beach material 

a. Natural 
b. Induced 

Of all these factors, the accretion and erosion patterns around existing 
structures yield the most reliable information as to the direction of 
littoral transport. The evidence around natural headlands is often con
fused by the presence of rocky shores on both sides of the headlands 
and/or induced reversals of transport direction. The bar configuration 
at a stream mouth may be a manifestation of the littoral transport 
direction but may also be the result of flood waters breaking through a 
natural closure formed during low stream flows. Lack of wave height, 
period, and direction data, contemporaneous with drift movement data, 
together with inadequate instrumentation has prevented the complete 
development of a wave characteristic-littoral transport relationship. 
The direction of the alongshore component of wave energy as determined 
by wave refraction diagrams has been used to determine direction of drift 
movement. Direct measurements of current by floats or fluorescent dye 
give indications of direction of transport but are time consuming. 
Frequent measurements are necessary and any appreciable wind variation, 
reversal in transport direction and/or variance of surface currents from 
bottom currents negate the results. 

The use of beach material characteristics as drift transport indi
cators has met with varied success depending on the method and locality. 
The decrease of the median grain diameter should follow the transport 
direction, but local sorting, normal variation of grain size perpendicular 
to the s ho reline, and exposure and topography effects make the method 
difficult to apply. More successful has been the use of dilution patterns 
of total heavy mineral content or of a particular mineral. Sediment has 
been "labeled" using fluorescent dyes or radioactive materials. Inman and 
Chamberlain (1959) and others have used the radioactive tracer technique. 
Recent advances in technology have allowed attention to be turned to 
naturally occurring radioactivity and the mineral suite responsible for 
this phenomenon. Mero (1959) and Kamel (1962) made the preliminary ad
vances under the direction of the late Professor Parker D. Trask and 
Professor J. W. Johnson. With the aid of even more recent technology, 
this study uses Mero's and Kamel's work as a qualitative foundation and 
attempts to develop techniques which will strengthen the reliability and 
expand the applicability of the use of naturally occurring radioactive 
minerals in monitoring littoral transport. 
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GEOCHEMISTRY 

Potassium, thorium, and uranium are the only naturally radioactive 
elements present in the earth's crust in appreciable quantities. The 
question arises, can all three elements be used in a tracer study utiliz
ing the naturally occurring radioactive minerals, or should the tracer be 
limited to a single source of radioactivity? In other words, can gross 
activity be used? The geochemical properties of the elements hold the key 
to the problem by indicating where, in what relative proportions, and in 
what chemicAl and radiological conditions the elements might be found. 

Potassium 

Potassium occurs in three natural isotopes, K39, K40, and K41 with 
relative abundances of 93.08, 0.012, and 6.91 percent, respectively 
(Strominger, et al., 1958). The isotope K40 exhibits radioactivity, de
caying to Ca40 by beta emission and to A40 by electron capture with the 
emission of a gamma photon of 1.49 MeV. It has been established by many 
investigators (Rankama and Sahama, 1950; et a1.) that the ratio of K39 to 
K40 is e6sentia11y constant in all natural conditions. This implies that 
the geochemical behavior of the stable isotope and the unstable isotope 
must be the same, and a study of one will be applicable to the other. 

Potassium is a typical lithophile element. Its large ionic radius 
of 1.33 0A causes it to be concentrated in the residual magmas in igneous 
processes. The three main mineralogical sources 0f potassium in plutonic 
are (1) the alkali feldspars, KA1Si 30 8 , microc1ine and orthoclase; (2) the 
fe1dspathoid mineral, KA1Si 20 6 , 1eucite; and (3) the micas, K(A1Si3010) 
A1 2 (OH,F)2' muscovite and K(A1Si 3010 )Mg 3 (OH,F)2' biotite. In alkalic rocks, 
potassium may be found in alkali amphiboles and pyroxenes. The fe1dspathoids, 
alkali amphiboles and pyroxenes are relatively rare and contribute little to 
the total potassium content of a rock. Secondary enrichment of potassium 
occurs in argillaceous sediments through absorption by illite and adsorption 
by montmorillonite. These sediments, however, are not normally found on 
beaches subjected to wave action. 

The distribution of potassium is seen to be directly related to the 
acidity of igneous rocks and indirectly related to the clay content and 
type of clay in sedimentary rocks. Average potassium contents given by 
Ahrens (1954) are given in Table 1. 

Preliminary analyses to investigate the contribution of potassium to 
the gamma-ray spectra of several heavy mineral separates of beach sands, 
some of which were biotite rich, showed that the contribution was negligible. 
For this reason potassium will not be treated further. 
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Table 1 

Typical Potassium Contents of Broad Rock Types 
(Ahrens, 1954) 

Rock Type Percent Potassium 

Granite 2.9 

Basalt 1.3 

Shale 3.0 

Sandstone 1.0 

Limestone 0.1 

Thorium and Uranium 

The behaviors of thorium and uranium in many natural situations are 
nearly identical. Both elements are lithophile . Their large ionic radii 
prevent them from entering the early forming crystalline phases of a 
magmatic melt. Undoubtedly, the most important sources of uranium and 
thorium, insofar as this investigation is concerned, are a direct result 
of the size of the ionic radii. Tetravalent thorium, with a radius of 
1.lOCA, and tetravalent uranium, with a radius of 1.05CA, have a close geo
chemical relationship with the trivalent rare earths (eg. Ce+ 3 at 1.1 8~), 
the trivalent yttrium group from gadolinium (1.11 CA.) , to lutet ium (0 . 99~) , 
and divalent calcium (1.06CA). Isomorphic substitution with these and 
other elements determines the mode of much of the occurrence of thorium 
and uranium. 

As stated above, the behaviors of thorium and uranium in the tetra
valent state are nearly identical. Under oxidizing conditions, however, 
tetravalent uranium goes+~o the sexivalent state and forms the very 
mobile uranyl ion, (U02 ) ,whereas thorium has no equivalent state. In 
the sexivalent state, uranium follows the hydrothermal or more volatile 
phases of the melt. This appears to be the main mode of separation of the 
two elements in geochemical processes, though not the only one. This 
difference in character under oxidizing conditions is offered by Hurley 
and Fairbairn (1957) in explanation of the erratic behavior of uranium 
when related to rock acidity. Thorium has been seen to vary directly with 
the same petrographic parameters. Uranium may also be separated from 
thorium on the basis of coordination. Tetravalent uranium is very near, 
and tetravalent thorium slightly above the critical ionic radius separating 
cations with sixfold and eightfold coordination with ox ygen. Thus, some 
fractionation may occur in other than a high Eh environment. 
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With the foregoing introduction to the similarities and differences 
in behavior of thorium and uranium in magmatic processes, the distribution 
and occur rence of the elements in rocks and minerals should be more under
s tandab l e. The rocks formed by the re s idua l fluids i n a melt are those 
that are enriched in thorium and ur a nium. Larsen and Pha ir (1954) report 
t ha t c onc ntration often occurs without regard for petrology. Granite, 
rhyolite, a l kali syenite, and phonolite consistently contain re l a"t ively 
large amounts of uranium and thorium. Granite pegmatites are often high 
in t hese e l eme n ts but are variable and difficult to measure. In granitic 
rocks, Wh itf i eld, et al., (1959) found a linear relationship betwe e n quartz 
content and t ho rium content, and an almost exponential relationsh ip between 
pos t assium content and thorium content. Uranium in this study was very 
prratic. Since quartz content and potassium content are indices of petro
genetic evolution, the concentration of thorium during the magmatic process 
is extremely clea r. It was felt by Whitfield, et al., (1959) that uranium 
tended to be c oncentrated but was successively lost with the volatile 
phases when melt conditions were oxidizing. Larsen and Phair (1954) give 
average t h or ium and uranium contents for the four broad classes of igneous 
rocks. These contents are presented in Table 2. 

Table 2 

Thorium and Uranium Contents of Plutonic Rocks 
(Larsen and Phair, 1954) 

Rock Ty pe 

U 1 tr e.maf ic 

Davis (1947) 

Gabbroic 

Evans and Goodman (1941) 
Keevil (1938) 

Intermediate 

Evans and Goodman (1941) 
Senftle and Keevil (1947) 

Granitic 

Evans and Goodman (1941) 
Keevil (1938) 
Senftle and Keevil (1947) 
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Thorium 
(ppm) 

3.9 + 0.6 
2.83-

4.4 + 1.2 
9.28 to 10.5 

13 + 2.0 
7. 94 

13.1 to 13.5 

0.03 

0.96 + 0.11 
0.94 

1.4 + 0.2 
2.27 to 3.03 

3.03 + 0.3 
2.77 
3.84 to 4.02 



The mineralogical hosts for thorium and uranium are many and may be 
divided into two groups: those minerals carrying the elements by iso
morphic substitution and those minerals carrying the eelments as essential 
constituents. Some of the minerals of the first group are often present 
in abundance in beach sands. Important in this group are zircon, sphene, 
apatite, monazite, xenotime, allanite, and epidote. According t~ Bell 
(1954), monazite, apatite, and xenotime are readily reduced and eliminated 
during transport or under prolonged wave action. Only two of the primary 
thorium and uranium minerals have been reported as occurring on California 
beaches. These are thorite and euxenite (Hutton, 1959). The other primary 
minerals are readily lost by weathering or attrition. Values given in the 
literature for thorium and uranium contents of various minerals are pre
sented in Table 3. 

Mineral 

Euxenite 

Monazite 

Thorite 

Uranoan thorite 

Allani te 

Xenotime 

Zircon 

Sphene 

Apatite 

Epidote 

Table 3 

Thorium and Uranium Contents of Minerals 
Occurring in Littoral Materials 

Fronde1 and Fleischer (1952) Hurley and Fairbairn (1957)* 
Thorium Uranium Thorium Uranium 

up to 4.3% 3.0 to 9.0% 

~lO%; some 4.97% 0.22% 
to 26% 

25% to 63% up to 9% 

55% up to 10% 

3.2% 0.02% 

2.2% 3.6% 

to 13,1% to 2,7% 0,057% 0,133% 

0.051% 0.028% 

o.oono 0.007% 

0,021% 0,0043% 

* Averages of values reported from different localities. 
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The reactions of thorium and uranium to weathering processes are 
quite different due to uranium's solubility in the sexivalent state. Larsen 
and Phair (1954) estimate that 40 percent of the uranium in fresh igneous 
rocks is easily leached. Adams and Weaver (1958) have used thorium-uranium 
ratios as indices of geoc hemical facies, with higher ratios indicating more 
complete chemical weathering. 

It is seen from the foregoing that it is quite probable that the 
thorium-uranium ratio of a sediment will change from source rock to lit
toral zone. If removal of uranium occurs, it is also likely that removal 
of its radioactive daughter products will take place at different ra tes, 
for the chemical c ha r acteristics of parent and daughter nuclides are quite 
different. In contr as t , t he thorium c on tent of a sediment wi ll like ly 
reflect directly the thorium content of the source rock since thorium 
is r e latively ins oluble. Thus, the all-importan t fac t or of radioa c t i ve 
equilibrium dict at e s that thorium be used as t he tracer ele me nt. Although 
the potential non-equilibrium condition of the uranium decay ser ies intro
duces an ele me n t of uncertainty in the radiometric thorium determi nat ions, 
this has been mi n imized as will be explained later. 

RAD IOCHEMISTRY 

Radiochemical Analysis 

The principles of radiochemical analysis are simple but must be 
understood before the validity and limitations of the method can be 
recognized. The validity of the method rests on the fulfillment of the 
basic premises. It is the purpose of this section to enumerate the s e 
assumptions and to point out to what degree they are met. 

Perhaps the most important concept fundamental to radiochemical 
analysis is that of radioactive equilibrium. The basic law of radioactive 
decay states that the rate of decay of any unstable nuclide is directly 
proportional to the amount of that nuclide present. Thus, if the daughter 
nuclide is u ns t able and shorter-lived than the parent, the amount of 
the daughter will build up until the rate of production of the daughter 
equals its rate of decay. This ultimate condition is known as radioactive 
equilibrium. When and only when this condition has obtained, the amount 
of the parent nuclide present is directly proportional to the amou n t of 
the d a ughter present. The proportionality constant is t he r a tio of the 
respective half-lives. Thus, a daughter nuclide may be dete cted v i a 
its activity and this activity related directly to the amou n t of par e nt 
nuc lide p r e sent. Note the necessary and sufficient c ondit i ons f or the 
ana l y s is to be valid. These are: 
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1. The parent nuclide must be longer-lived than the 
daughter product; 

2. Sufficient time must have elapsed to allow radio
active equilibrium to obtain; and from inference 

3. No portion of any unstable daughter or parent 
nuclide may be removed within the time necessary 
for radioactive equilibrium to obtain. 

Radioch emistry of Thorium and Uranium 

The radioactive decay characteristics of thorium and uranium are 
ideal for gamma-ray analysis. High intensity of gamma-ray emission and 
wide range of peaks make the decay spectra particularly compatible with 
gamma-ray spectroscopy. The high number and wide range of emission energies 
in the thorium and uranium decay spectra, however, complicate the applica
tion of gamma-ray spectroscopy. There are many daughters in the decay 
schemes, most of which contribute to the gamma-ray spectra. In addition, 
it is not uncommon for a single nuclide to emit several gamma-rays of widely 
different energy levels. Typical spectra of the thorium and uranium series 
are presented in Figures 2 and 3. A diagramatic representation of the two 
decay schemes is given in Figure 4. The many peaks have offered a wide 
choice of characteristic radiation for the elemental analysis of the littoral 
material. A typical spectrum from a heavy mineral separate of a fine-size 
fraction of a beach sand is presented in Figure 5. The nuclides most likely 

contributing to the peaks are also shown. 

An examination of the two spectra with respect to the half-lives yields 
another estimator of the likelihood of finding the decay schemes in radio
active equilibrium. To establish 95 percent radioactive equilibrium, 
3.5 X 105 years are required for the uranium series, whereas only 30 years 
are necessary for the thorium decay series to attain the same degree of 
equilibrium (Hurley, 1956). The chances of the uranium series being out 
of equilibrium are great, for thorium, they are small. 

INSTRUMENTATION 

The gamma-ray spectrometer used in this investigation was a 400-
channel pulse height analyzer, Model 404, manufactured by Technical Measure
ment Corporation. Four 2-inch diameter by 1-1/2 inch thick sodium iodide, 
thallium activated scintillation crystals coupled with RCA photo-multiplier 
tubes and TMC preamplifiers were used as detection u n its. The crystal
photomultiplier-preamplifier units were housed in ~pecial lead shields. 
Data were displayed by means of a Mosely Autograp h Model 2D X-Y recorder. 
Peak heights were read directly from t h~ ar ithmetic plots of counts vs 
channel. Figure 6 shows a view of this apparatus. 
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The function of the detection assemblage is to convert energy in the 
form of electromagnetic radiation to a measurable quantity. A scintilla
tion crystal converts gamma photons into light, the intensity of which is 
proportional to the energy of the photon. The light pulse is then converted 
to electricity by a photocathode. This tiny pulse of electricity is multi
plied and amplified before it reaches the analyzing circuit. Within the 
spectrometer, each of the 400 c ha nnels is a gating circuit, rejecting and 
p a s sing on any pulse below or above the upper or lower limits, respectively. 
The energy interval represented by the acceptable pulse he ights is known 
as the window width. While each cha nne l counts t h e number of pulses within 
a particular energy range, together the 400 ch anne ls c ove r a continuous 
portion of a spectrum. 

SAMP LE ANAL YS I S 

Several investigators have applied radiochemical analysis technique s 
to earth materials, determining potassium, thorium, and uranium conten t s . 
Most pertinent to the problem at hand is the work done by Hurley (1956), 
Adams, et ale (1958), Mero (1959 and 1960), Kamel (1962), and Wollenberg 
and Smith (1962). Each method was essentially the same, utilizing t wo or 
three energy levels in the total spectrum as characteristic of the thorium, 
and uranium or the potassium, thorium, and uranium contributions to the 
spectrum. Mero (1960) and Kamel (1962) used only two energy levels, ignor
ing the contribution of potassium. Two or three simultaneous equations were 
set up, each relating the activity at a single energy level to the unknown 
elemental contents of potassium, thorium, and uranium. The main differences, 
method to method, were the energy levels used. 

The analyses undertaken in this investigation follow the general pro
cedure outlined above. The energy levels chosen, and the computational 
details are unique but the general rationale remains unchanged. Also, in 
this investigation the contribution of potassium to the total spectrum was 
found to be negligible. The gamma-ray emission at 0.239 MeV from Pb212 

was chosen as characteristic of the thorium spectrum. It has the advantages 
of being a "clean" peak and exhibiting the highest activity of any peak in 
the spectrum. The single drawback to this peak is that Pb214 of the uranium 
series emits a gamma-photon at 0.242 MeV yielding a composite peak in a 
mixed spectrum. Among other gamma-rays emitted by Pb214 , the photon at 
0.295 MeV is not masked by any peaks from the thorium spectrum. The inten
sity of this peak is also good. More importantly, the determination of the 
uranium contribution to the thorium peak using the 0.295 MeV photon from 
Pb2l4 does not depend in any way on the state of radioactive equilibrium 
of the uranium decay series since only one nuclide is involved. The 
validity of this statement is demonstrated in Figure 7 where the spectra 
of a chemical concentrate of uranium and an equilibrium uranium ore are 
shown overlain. 
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The computational formula derived below is based on equilibrium 
standards and samples. It must be remembered that the equilibrium of the 
uranium series in a sample is probably fictitious. However, even though 
uranium cannot be handled quantitatively, the use of constants from equi
librium standards is valid since only the Pb 214 nuclide is involved in 
the uranium decay series. The derivation of the computational formula 
is as follows: 

TI = counts/minute/mg thorium peak 0.239 MeV 
from an equilibrium thorium standard 

c counts/minute/mg thorium at peak 0.295 MeV 
from an equilibrium thorium standard 

= counts/minute/mg uranium at peak 0.239 MeV 
from an equilibrium uranium standard 

= counts/minute/mg uranium at peak 0.295 M~V 
from an equilibrium standard 

milligrams of thorium in a sample 

= milligrams of uranium in a sample 

= counts/minute at peak 0.239 MeV from 
a sample 

counts/minute at peak 0.295 MeV from 
a sample 

TIT+UIU=Rl 

T2T+ U2 U= R2 ' 

RI Ul 

R2 U
2 

T = 

Tl UI 

T2 U
2 

U2RI - UI R
2 

T lU 2 
- T

2
U

l 
T = 

The thorium and uranium standards used to establish the necessary 
constants were obtained from the New Brunswick, New Jersey laboratory of 
the United States Atomic Ene r gy Commission. The thorium standards were 
monazite sand diluted with dunite. The uranium standards were pitchblende 

16 



..." 

x IOr.----r---.---,---_.---.--_.---,---T--~--_,,_--,_--r---._--,_--_.--_.--_r--~------_, 
'" '" '" m 

'" 
9 

8 

I 

7 ~ 
I 
I 
I 
I I 

I 

6 I I 

T I 
I 
I 
I I 
I 

5 
I 

i;' 
-"-
OJ> 

<: 
:> 4 0 
u 

., 
E 3 
:J 

Z 

2 

" / \ 

r ~\ / Uranium ore 

''-'\.. I \~ "', 

l) " 

\ ... -, , r' .... - _ .... ..... .... ~
\ """,, ,,"'" 

--- - -
O~~~~L-;;~~~~~~~~~~~r~~~~~~~~~~~~~--~~ 

0 .100 0 .200 0.400 0 .600 0.800 1.000 1.200 1.400 1.600 1.800 2.000 
E nergy in MeV 

Figure 7 - Gomrna-Roy Spectra of Equilibrium Uranium are and Uranyl Nitrate, U0
2
(N0

3
)z 



diluted with dunite. The radium to uranium ratio as determined by the AEC 
in the uranium standards indicated near-perfect radioactive equilibrium. 
All standards were finely ground at the New Brunswick laboratory and thor
oughly blended after shipment to the University of California. 

The spectrometer was operated with 100 channels per sample, analyzing 
three samples and simultaneous background at once. The level of radio
activity of a heavy mineral separate of beach sand is quite low, being of 
the same order of magnitude as the background radiation. Background is any 
radiation from a source other than the sample, whether it be from cosmic
rays, emitted from surrounding materials, or other radiation sources. Any 
variation in the background will be reflected by a variation of the same 
relative magnitude in the gross sample emission rate. It is necessary, 
therefore, to know precisely at all times the background contribution to 
the measured activity. In previous littoral studies a single detector unit 
was used. Background rate determinations were made periodically and running 
averages used to compensate for this extraneous radiation. The validity of 
this method rests on the assumption that the background rate ~~ time curve 
is continuous. This is unlikely. The only truly rational approach to com
pensation for background radiation is contemporaneous background determina
tion and sample analysis. This was done by Wollenberg and Smith (1962) and 
in the present investigation. With all four detectors monitoring background, 
a correlation of the responses of the detectors to the same background flux 
was made. This correlation was then used to convert the background detected 
in a single crystal to background in the three detectors analyzing samples. 
The particular crystal monitoring background was alternated to check any 
possible contamination of the individual detection units. 

The phenomenon of self-absorption has been recognized as an important 
factor in interpreting the observed counting rates. If a sample was only 
one layer of grains thick, the observed counting rate would be a true repre
sentation of the gamma-photons emitted within the acceptable geometry. As 
the thickness of the sample increases, the likelihood of individual photons 
being diverted or absorbed is increased. Thus, instead of a linear rela
tionship between gross activity and sample size, a relationship as illus
trated by Figure 8a exists. A correction coefficient may be determined for 
each sample weight by observing the ratio of ideal counting rate to the 
observed counting rate of a series of standards of varying weights. The 
ideal counting rate-sample weight relationship is represented by the tangent 
of the observed rate curve at the origin. When the correction coefficient 
is plotted against the corresponding standard weights, the appropriate cor
rection coefficient for any sample weight may be determined. Figure 8b 
represents the correction coefficient-sample weight curve. 

The counting statistics were accommodated with the help of a graph 
first described by Loevinger and Berman (1951) and later by Faul (1954) 
from whence Figure 9 was taken. The standard deviation obtained from 
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Figure 9 is the counting rate standard deviation expressed in percent. 
"r" is the total to background counting rate ratio. In general a rate 
standard deviation can be expressed as: 

% = JN/T (l 00) = JR 2/N 
R R 

(l00) . 

In the case of two sources of radiation and two determinations, ego back
ground and sample emission: 

(100) . 

Clearly, the standard deviation in percent decreases with time. In many 
instances, time limitations forced the investigator to accept rather high 
standard deviations. To accomodate this, the graph published by Faul (1954) 
has been extended. 

The standard deviation for each measured rate is taken from the graph 
according to the total to background counting rate ratio and total number 
of counts~ The percent deviations are converted to counts and then manip
ulated along with the determined rates. Thus, for all determinations, the 
precision of the data, insofar as counting errors are concerned, is known. 

GEOL<XW 

The Santa Cruz-Ben Lomond Mountain area was chosen for this study for 
the definitive rock types present, and because similar rock assemblages to 
the north had yielded high radioactivity readings in the work of Kamel 
(1962). Geologicalmapping in this area has been done in sufficient detail 
by Leo (1960), Burchfield (1958), Branner et al. (1909) and others. A 
compilation of their work is presented in Figure 10. The petrology of the 
formations as it pertains to this study is discussed below. 

The dominating feature in this area is the Ben Lomond pluton, topo
graphically manifested by Ben Lomond Mountain. This pluton is composed 
of four distinct igneous rock types of varying degrees of petrogenetic 
evolution. The greatest in outcrop area of the four types is the quartz
diorite body, similar in petrology to the Santa Lucia quartz diorite and 
the Montara "granite". In addition to the main constituents of plagio
clase, quartz, biotite, hornblende, and potassium feldspar, the accessory 
minerals are sphene, epidote, zircon, and apatite. It is noteworthy that 
all the accessories are potential carriers of thorium. Two small areas of 
granodiorite outcrop along Wilder and Peasley Creeks. The chief accessory 
minerals in this rock have been reported to be monazite, sphene, and apatite. 
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Again these minerals are all likely hosts for the radioactive elements. 
The major accessory for the granite outcropping between Felton and Bonnie 
Doon is garnet with minor amounts of monazite, xenotime, and zircon. With 
the exception of garnet, these minerals, too, are potentially radioactive. 
An isolated body of gabbro forms a plug north of Bonnie Doon. Thi3 rock 
has equal amounts of plagioclase and hornblende, abundant cummingtonite and 
biotite, with accessory minerals ilmenite, sphene, apatite, and locally, 
rutile. Although this rock contains several minerals which are able to 
carry thorium, it is unlikely that the minerals will do so due to the mafic 
nature of the rock. 

Remnants of the rock into which the pluton was intruded are found in 
the southeastern portion of the mapped area. The metamorphic suite is 
composed of marbles, calcsilicates, schists, quartzites, and gneisses. They 
are thought to be equivalent to the Sur Series described by Trask. The 
calcsilicates are minor in abundance and sporadic in occurrence and will 
not be described. The gneisses correspond in petrographic composition to 
granodiorite. The principal minerals in order of decreasing abundance are 
plagidclase, quartz, biotite, potassium feldspar, and hornblende. The 
gneisses are locally and moderately migmatized. The schists are of two 
types, sillimanite garnet mica schist and cordierite schist. The former 
contains quartz, muscovite, oligoclase, sillimanite, garnet, and chlorite. 
Beside cordierite, the latter contains quartz, orthoclase, biotite, garnet, 
and sillimanite. Accessory minerals for both types of schist are opaque 
oxides, tourmaline, apatite, and zircon. 

The Monterey shale and the Vaqueros sandstone of Miocene age surround 
the gross pluton. The Monterey is a diatomaceous shale with minor inter
calated sandstone beds. The Vaqueros consists of interbedded siltstone, 
sandstone, and conglom~rate. The major accessory in the sand-sized particles 
is sphene. Minor amounts of zircon, hornblende, biotite, and garnet are 
present. Quartz diorite pebbles are predominant in the conglomerate beds. 
Along the coast, areas of Pleistocene terrace material cover the older 
sediments o 

The potential of the sedimentary formations for contributing thorium
bearing sediment to the beaches is unknown. There are, however, certain 
inferences that can be made. Particle size considerations limit the material 
which can remain on a beach subjected to wave action to the sand sizes and 
coarser. This essentially eliminates the Monterey formation as a contributor 
of littoral sediment. The Vaqueros sandstones and conglomerates are poten
tially capable of producing beach sediment, probably of a petrographic com
position similar to quartz diorite. The relatively small outcrop area along 
the southwest drainage of Ben Lomond Mountain reduces the importance of this 
sediment source. It can be inferred then that the sedimentary formations 
probably contribute a small percentage of the sediment from the watershed 
and that what sediment is prod'lced is probably similar in thorium content 
to that derived from quartz diorite. 
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SAMPLING 

Both stream and beach sediment samples were taken in the interest of 
outlining the major thorium contributors and relating these to beach radio
activity" Sample locations are shown in Figure 10. 

Beach samples were collected with a two-inch diameter brass tube. The 
tube was inserted normal to the beach surface, collecting the top six inches 
of sand. It was hoped that samples collected in this manner represented 
longer term processes than those represented by samples collected at the 
surface. At any rate, samples collected as were these do not preferentially 
select sand strata representing local sorting conditions, but embrace a host 
of sorting conditions, amalgamating them and reducing their importance. All 
beach samples were taken at the mid-tide level, shortly before or shortly 
after lower-low water. Stream samples were grab samples collected on bars. 
The volume of all the samples was either that volume of saturated sand fill
ing a o~e-half gallon container or two one-half gallon containers. 

SAMPLE PREPARATION 

The manner of sample preparation was directed toward the accomplish
ment of several goals. To reduce or compensate for the effects of local 
sorting, the heavy minerals of a fine size fraction were used for analysis. 
The tendencies of fine sized particles to be removed from a beach and of 
heavy particles to be left should compensate and cancel out thereby mini
mizing any bias introduced by local sorting. The use of heavy minerals 
accomplished several other purposes. Since the major carriers of thorium 
are minerals of relatively high density, separating the heavy minerals of 
a sample effectively concentrated the element, increasing the capability 
of measurement. Absorption of the gamma-rays by the matrix material is 
reduced by elimination of the light minerals in that the mass of the sample 
is reduced. Finally, the contribution of potassium to the gamma-ray spec
trum is markedly reduced, in fact effectively eliminated in the samples 
since the only heavy minerals carrying appreciable potassium that have been 
reported as occurring in beach sands are the micas. This last aspect in
creases the precision of the thorium determinations. 

To achieve the above-stated objectives and that of sample purity, the 
samples were washed, dried, and sieved to separate the size fraction finer 
than 177 microns but coarser than 74 microns. The heavy minerals in this 
size fraction were separated using the heavy liquid bromoform at its 
specific gravity of 2.85. The techniques used were those described by 
Krumbein and Pettijohn (1938). Samples thus prepared were analyzed in the 
gamma-ray spectrometer. 
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Table 4 

Results of Elemental Determinations of Thorium 

Weight 
of Heavy Concentration Standard 

Sample Location Minerals of Thorium Deviation 
(grams) (ppm) (ppm) 

3N Mouth of Waddell Creek north 28.2 46 6 
4S Mouth of Waddell Creek south 63.2 36 5 
5 Scott Creek above Mill Creek 2.6 26 24 
6 Mill Creek 16.0 48 11 
8 Scott Creek above Big Creek 30.1 65 8 
9 Big Creek 69.0 9 4 

10 Scott Creek below Big Creek 12.9 29 12 
llN Mouth of Scott Creek north 8.8 83 18 
llS Mouth of Scott Creek south 18.3 57 8 
12N Mouth of the southern river at 0.6 14 Very 

Davenport Landing north large* 
12S Mouth of the southern river at 0.6 Nil Very 

Davenport Landing south large 

13 San Vicente Creek 7.4 37 19 
14N Mouth of San Vicente Creek north 17.6 31 5 
14S Mouth of San Vicente Creek south 
15 Boulder Creek north of town of 4.2 159 42 

Boulder Creek 
16 Boulder Creek at town of 7.2 51 20 

Boulder Creek 
17 Bear Creek 2.6 246 33 
18 San Lorenzo River at Felton 5.8 152 31 
19N Mouth of San Lorenzo River north 73.9 33 4 
195 Mouth of San Lorenzo River south 27.1 31 5 
20 South of Santa Cruz Point 77.4 43 2 

21 Laguna Creek off Smith Grade Road 8.7 71 13 
22 Majors Creek at Smith Grade Road 3 . 4 109 38 
23 Wilder Creek 0.7 21 Very 

large 
24 Peasley Creek 27.9 43 5 
25 Terrace Point Beach 46.7 30 3 
26 Mouth of Wilder and Peasley 

Creeks west 59.8 24 3 
27 Mouth of Wilder and Peasley 

Creeks east 63.8 17 3 
28 Mouth of Majors Creek 50.5 34 3 
29 Bear Creek 1.0 300 100 

* Standard deviation t e rmed "very large" is greater than 50% 
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RESULTS 

The results of the radiometric determinations of thorium concentration 
in the sediment samples are presented in tabular form in Table 4 and in 
graphical form in Figure 10. A wide range in concentrations has been en
countered, from 300 parts-per-million to no detectable thorium. As a 
result of the great differences in thorium content, the precision of the 
measurements has also varied considerably. In recognition of this, the 
standard deviation from counting statistics for each elemental determination 
is presented with the concentration value in Table 4. 

The littoral samples show a remarkable constancy. With the exceptions 
of the mouth of Scott Creek and Davenport Landing, all exhibited ~oderately 
low activity. Two explanations are possible for the uniformity of thorium 
concentration; one, a uniform source of sediment, or, two, no local source 
of sediment. The first explanation appears to be the more acceptable, for 
local variations in beach radioactivity can be induced by relatively small 
streams as at Davenport Landing. The stream samples show a wide range in 
thorium content indicating in places local sources of thorium-rich sediment 
and in other places local sources of thorium-poor sediment. 

The variations in concentration of thorium along Scott Creek are in
teresting, especially in that they do not correspond to any known geological 
variations. At its head, Scott Creek apparently drains a thorium-poor area. 
Mill Creek and Scott Creek below Mill Creek drain a thorium-rich area. The 
strongly radioactive sediment is diluted by the sediment from Big Creek 
which is low in thorium. Between Big Creek and the effluence of Scott Creek 
there apparently is a source of sediment manifested by the high concentra
tions of thorium in the beach materials. 

The creek at Davenport Landing drains only a small area of the Monterey 
shale. This is enough, however, to dilute the concentration of thorium to 
the observed value. 

An important feature of the sediment carried by the San Vincente Creek 
within the quartz diorite body is that the sediment is derived almost en
tirely from the quartz diorite. Therefore the activity of the stream sample 
must reflect directly the activity of the pluton. The activity of the 
sample, and, from inference, the quartz diorite, is moderately low, typical 
of much of the sediment from the Ben Lomond Mountain watershed. 

Stream sediment samples from Laguna Creek and Majors Creek contain 
high concentrations of thorium as would be expected from the proximity of 
the granite. It is evident that the high concentration is not carried 
through to the beach material at the mouth of Majors Creek. 
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The presence of granodiorite on Peasley and Wilder Creeks is not 
manifested by either stream or littoral sample. It seems likely that very 
little sediment is derived from this body. 

The anomalies observed along the San Lorenzo River and its tributaries 
represent an area for fruitful future research. In the upper reaches of 
Boulder Creek a high concentration of thorium was found. At the town of 
Boulder Creek on the same stream, the concentration had been reduced three
fold. The sediment of Bear Creek was found to be quite high in thorium with 
no dilution apparent. Downstream, on the San Lorenzo River above Felton, 
the sediment is still rich in thorium. The consistent high concentrations 
of thorium are not reflected by the drift at the mouth of the river. As 
far as is known, all the areas not indicated otherwise are sedimentary 
formations of Tertiary age. The greatest in geographical extent is the 
Vaqueros sandstone. The other formations, however, cover a considerable 
area and may contribute appreciable quantities of sediment. These latter 
formations and unknown variations within described formations must account 
for the local thorium sources observed. 

CONCLUSIONS 

It is clear that large variations in the thorium content of the 
sediments of the Ben Lomond Mountain watershed do exist, and that such 
variations must be a manifestation of the geological environment. No 
correlation between sediment radioac.tivity and known geological features 
and variations appears to exist. It follows, therefore, that more de
tailed sampling, accompanied by detailed geological mapping, is necessary 
to understand the observed variations in radioactivity. 

That the known geological features do not affect the thorium content 
of the littoral drift can be explained in two ways: (1) the features are 
not contributing sediments rich in thorium, or, (2) they are simply not 
contributing appreciable quantities of sediment. This first explanation 
applies to the quartz diorite whereas the second applies to the granite. 

The low activity of the quartz diorite body is in apparent conflict 
with the results of Kamel's work. There are two possible explanations for 
this: either the two quartz diorite bodies, that is, the Montara "granite" 
and the Ben Lomond quartz diorite, do not have a common magmatic origin as 
their petrography and age indicate, or the thorium found in the beach sands 
by Kamel is associated with some other geological feature than the Montara 
"granite", either within or without the limits of the pluton. 

Perhaps the most significant conclusion that can be drawn from this 
study is that the applicability of the naturally occurring radioactive 
tracer method cannot be predetermined by a simple study of geological 
maps a~d petrographic descriptions. Preliminary sampling must be con
ducted to determine a thorium source. 
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