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ABSTRACT
b

1. Suitable apparatus for the determination of the radioactivity
of coarse-grained low activity samples was developed, and measure=-
ments of the alpha particle activity of 73 representative samples

from in and around the Vol Verde tunnel were made,

2. These measurements show:

a. Active substances are concentrated in grains distributed
in sueh a way that for samples less than 175 - 210 mg the. graininess
is important. TFor 285-35 mg samples takgn from & 65 grem mass of
rock ground to 60 mesh end well mixed the aversge deviation from
semple to semple is 18% while for 175 - 210 mg samples it is 4%.

b. Sampling around a point indicates that the majority of care-
fully éhosen samples taken within a few feet of each éther have
fairly constant 'radioactivity.

e. The rediocactivity increases in the western end of the tunnel
and shows a strong secondary correlation both with the percentage
and aeidity of the plagloclase feldspar in the rock.

d. Measurements on 21 non-country rocks give a striking con-
firmation of the already observed variation of radiocactivity with
acidity emong different rock types. Measuvements also indicate that
the inclusions came from the gabbro which definitely gives the order
of intrusion -of the suceessive maguas into the schist, and suggests

thet this may be a powerful method of studying the origin of
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inclusions.
3. Radium determinations were made on € samples of tonzlite and
combination of these with counter measurements gives:
a. An average radium content of 0.47 x 10712 grams/gram.of roek,
b. A surprisingly constant Th/U ratio of average value 3.69.
¢. An average content of 53 x 10~9 grams of thorium per gram

of rock.



RADTIOACTIVITY OF ROCKS FROM THE VAL VERDE TUNNEL

I
INTRODUCTION

Many measurements of the radium and thorium contents of
rocks heve been made. These measurements go back almost to ?he
date of the discovery of the activity of uranium by Becguerel in
189—6, and from them the variation in radiocactivity of the chief
rock types is kncmn(l) . However, very few data are at hand whiech
give thedvariation within a given tyve and especially the variation
within a given batholith, It is t0 be expected that when more
information of $his kind is available, supplemented by careful
studies by the geologlst, the part which radioactivity has pleyed
in the segregation of igneous'rock types and in the thermal and
chronological his‘l;ory of the earth will be more perfectly under-
stood.

There have been, as far as I am aware, only three tunnels
studiled in which the lengths weré at all comparable to that of the
Val Verde tunnel. Two of these, the Simplon and the St. Gothard
in l‘iurope, are d_iscussed by .Tolygz); and the radiocactivity of the
third, fhe Transsndine in South America, is discussed by Fletcher(3).

. In all three of these the composition of the rock and the geology

~

(1) Kirsch, "Die Redioaktivitet der Erde"™ Hendbuck der Experi-
mentel Physik (Wein-Herms) Vol XXV ph. 2: 37, (1931).

(2) Joly, "Radiocaetivity and Geology®™ Dublin Univ. Press (1909).

(3) TFletcher, ®On the Radioactivity of Rocks of the Transendine
‘Mannel® Phil, mag. 20: 36-45, (1910).
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are markedly different from that of the Val Verde tunnel, so it
was felt at the outset of this investigetion that much might be
learned by gpplying the modern techniques of petrography and
radiocactive measurements to the rocks from this tumnel. Since the
members of each of the three radiocsctive s'eries are in equilibrium

and the disintegration constants are known, the amount of any

member of a series can be found if the quantity of any one member

is known, The heating effect can be calculabed, and the age will
be known if additional measurements are made of the end products—-
helium and lead. ’

In order to measure the radiocactivity of a rock, it is
necesgary to measure its radium and thorium content (von Grosse(4)
has shown that the actinium series has a constant activity with
respeet to the uranium ée'ries) . Bu’o since direct measurement of

the thé:r.;im content of weak sources is both involved and subject

+to error, the total alpha particle activity was measured by a

eounter method, the radium content by the direet fusion emasnation
method, and the thorium content was then obtained by subiracting
the dffec;k due to the uranium and aetinium series from the total.
This procedure was carried through on & repr'esentative. samples of
the 73 whoge total activity we have meesured, and it is plam:ged.

to make moye radium determinations at a future date.

(4) . von Grosse, Phys. Rev. 42: 565, (1932).
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APPARATUS AND TECHNIQUE OF MEASUREMENT

A~ COUNTING APPARATUS: i
' Apparatus for counting the fotal number of alpha par-
ticles emitted from a émall sémple of rock (10-30 mg) was developed

by Raitt(5)' and at Dr. Millikan's suggestion we attempted o use
it in the present problem., However it was necessary to modify his
technique considerably to teke account of the lerger crystal size
and activity of our ssmples. The epparatus finally used is similsr
in many respects to that discussed by Finney end Evans(6),

' Since an alphe particle of averarge range will produce
about 105 ions .tﬂ.c'ng its path in oxygen, snd since an average
igneous rock emits about 10° alpha ‘particles/ g/br, the problem of
designing a counter is reduced to finding the most efficient meens
of colleeting these ions (:_L.-é'? x 10~14 coulombs) and of amplifying
and recording this very minute charge. A suitable method for
doing this is to ‘place the prepared rock sample in an ionization
chamber, one electrode of which is cpnneeted to the control grid
of a Gen/eral Elgetric FP=54 low plate voltage and filament current
vacuum tube., The balanced amplifying eircuii of Du Bridge and

. Brownt7?), with only minor modifications (Fig. 1), satisfied the
amplification needs "

(5) ©G. I. T. Thesis ~ (1935).

(6) « Fihnéy and Evans "Radioactivity of Solids Determined by Alpha
Particle Counbing™ Phys. Rev. 48: 503-511, (1935) .

(7} Du Bridge and Brown, Rev. Sei. Inst. 4: 532, (1933).
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The tube was placed in an evacuated brass housing and
all parts of the cireuit were carefully shielded. The output
galvanometer was an L & N 2285C (period 12 sec.,, sensitivity
1.1 = 10710 ampg/mm at one meter), whose deflections were continu-
ously recorded photographically on Eastman P. M. C. No. 2 con~-
trast, smooth paper which was placed on the t;iechron driven drum
of a camera. To obtain the proper drift rate for the spot of
light along the drum, the circuit was at first slightly unbalanced
so that the spot drifted according to the discharge rate of the
batteries. ‘But grhen new constant voltage nine plate Exide storage
batteries were obtained the galvanometer lamp was shifted by &
relay a:b the end of each revolution and the eircuit‘left always
balenced. The drum was 36 cm in circumference and turned at the
rate of one revolution in 80 mimutes which was fast enough o show
all the detail in the deflection. The deflections (Fig, 2b,c)
show a steep initial slope corresponding to thg ballistic period
of the gal%ranometer and a more gradusl decline, an analysis of
vhich gives 30 em. for the capaeity of the final chamber. The
height of the kieck is proportional to the range of the alpha par-
ticle in the chamber. A fifteen hour record taken with the
chamber evacuated (Fig, 2a) shows thet the circuit fluctuations
dus to random emission of electrons from the filament, temperature
fluctuations, ete.,, are of the order of ,5 to 1 mms A limif of

1.5 mm was chosen above which all kicks were counted.' This same



chamber evacuated.
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Fig. 2a -- 'Section of a Pifteen hour record taken with flat
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calibration was used for each of the ionization chambers con-
structed.

With gas in the chamber, great care was exercised to
keep "bhe background low and constant. Radioactively dead nitrogen
and later oxygen wére used'; a racord of the background was made
before ever:v sample measurement to eliminate the effect of con-
temination, and it was found that by careful cleaning the back-
ground fluctuations were very close to those caleulated theore-
tically.

ihe resolving time of the eircuit places a limit of 270
counts per revolution of the drum, but in spite of this disadvantage
the present circuit was used beesuse of the great advantage over
the linear amplifier in regard %o stability-. |

The factors which enter into the senmsitivity of the
counter circuit have been discussed {8,9) o The resolving time of
the present counber cireuit might"oe decreased by substituting a
galvanometer of lower sgnsttivity and shorter period, since the
present galvancmeter is always used with an ayrton shunt set atb
0.1;. then if the value of the grid leak was decrsased somewha';;,‘
possibly a factor of three could be gained in the semsitivity,
Satisfactory results were obtained, so these changes werg not made.

The relative merits of the three types of ionization

(8) Hafstad, Phys, Rev. 40: 1044, (1932); Phys. Rev. 44: 201, (1933)
(9) Wygn-Williems end Werd, Proc: Roy. Soc. 1814: 391, {1931).

-
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chambers which we used are worthy of some discussion, The first;
a cylindrical type of chember, was designed and used by Raitt(9),
It consisted of a brass eylindricel box of 5 ecm in diameter and

2 cem in Eheight, with a detachable 1id on which the sample was
placed end a hole in the bottom through which. protruded a piece

of 40 mil steel wire which formed one électrode and was carried
through an insulator to the grid below. The cepacity of this
chamber is low, and as a result the rgsolving time is mostly
dependent on the galvanomster period. A4 potential of 315 volts
ﬁas found to collect v:irtually all of the lons formed by the alpha
particles in the gas at atmospheric pressure. This box was enclosed
in an iron shield of 1 1/ in. minimun thickness which reduced the
background 1;9 the cosmic ray level. The saml_ale was a layer so thin
that en alpﬁé pa;'ticle eould pass through it and not be completely
absorbed. ‘Irix the case of granite this means a thickuness of less
then ,0013 em (less than 3 mg per cm? of source, or less thar;

50 mg for the total source). Raiti's method of obtaining a thin
layer was 1néenious but very laborious: =a sample of 20 to 30 mg
was taken fro;z'x a larger sample_, ground to 60 mesh, well mizxed,
then pulverized iy an ag.ate mortar until the largest grains were
less than-10 microns in éiameter.‘ Direct tests have shown that a
negligible amount of emanatioz;- escapes. The finely ground ssmple
was thoroughly dispersed in 1.5 cc of amyl acetate and finally the

suspension wes picked up in a2 medieine dropper and ejected onto
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the carefully leveled.and weighed recessed lid., After drying and
wéighing, it was placed in the chamber.

A thin source has inherently one advantage: +the correc-
tion for absofption in the souree is small. Thus, aceurate know-
ledge of the stopping power of the rock and of the limiting range
is not necessary. One therefore can arrive at the true count
without recourse to a standard.  Its disadvantage is that con-
vection currents in the evaporating liquid form ridges in the lsyer.
This introduces an uncertainty in the _ah‘sarption correction.

Some eighteen samples were measured in Raitt's chamber,
Check runs on 8 of these (Table IV) showed thet the distribution
of radiomsctivity is sueh that for 50 mg samples teken from a 6;5
éram pile of rock ground to pass a 60 mesh screen, well mixed and
finely ground as above, the count is almost random.

A lagrger sourece was needed, so a sscond chamber was
built along the ‘seme lines as the first except that it was in the
shape of a hexagonal prism so that rock could be deposited on the
walls as well as the top. This increased the "thin™ sample area
from 18.0 em® bo over 100 cu® and the variation between runs on
the same s&mi)le dropped in nearly the same proportion. This
- chember was then workable and had the additional advantage that
the ratio of background to sample was low. But the amount of

timea(oi‘ the order of ten hours) necessary to pulverize 150 to
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200 mg of rock and get it on in a uniform layer, and then to make
& run was prohibitive when contemplated as a routine procedure.
We turnéd now to a consideration of tﬁiek sources, the
advantage being that ultra fine grinding is not neeessaiy and
weighing errors are eliminated. Moreover sinee our especisl
‘interest in this problem was to get at the relative distribution,
and since the rocks which we wished to measure have very nearly
uniform stopping power, the advantages of the thin source are only
apparent.' The third and final chamber was pafticularly adapted
to the use of coarsely ground semples. Fig., 3 is a section of it.
It consists of a psrallel plate condenser! the lower plate of which
is recessed to hold the sample. This plate is supported on a 40 mil
copper wire héld by a snugiy fittiné brass socket whieh runs
through an smber bushing and is fastened directly $o the grid.
The capacitance to éround and thus the sensitivity of the counter
is e fairly sensitive function of the length of the copper wire,
and so we were careful Ho maintain its length constant ‘throughoutb
éhe experiments, Thé upper plate is held at a distance of 2.5 em
from the lower one by a eylindrical redmanol shell. On its upper
surface is a post,_the top of which forms a solder covered plat-
form, This connects by means of a phosphor bronze spring to a
hard rubber enclosed brass rod which in turn is connected to the

cbllecting potentisl: The counting chamber is surrounded by
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& 1 1/2 inch thick iron shield which, when bolted in place with
rubber gaskets, is vacuun tight except for the 1/4 inch copper
ripe through which the oxygen can be withdrawn or introduced.

The source was prepared as follows: sepproximately
65 grams was chipped from a 1 to 5 pound hand specimen which had
been parefully chosen 10 represent tpe rock in its immedigte_vieinity,
The chips were placed in an iron mortar especislly designed to
handle this large amount, and ground until all pf it passed through
a 60 mesh sereen, This was thoroughly mixed with a spoon--direct
testé showing that the sampling error was no greater by this
method than when a more elaboréxe sample splitter from the Geology
Department was used. Six grams of this representative sample was
péured onto the lower plate and & smooth surface obtained by
passing a glass straight edge across the top, The sample plate
was now carefully pub into place and after assembling and flushing
the chember with radioactively dead oxygen a run was taken,
usually of f£rom 6 to 7 hours, this giving sufficient counts %o
negate the effects of random emissions.

The whole assembly is shown in Fig. 4, The iromn-
shielded ionization chamber supported by & metal stand, with the
evacuated tube chamber below, was mouptgd on a separate cement
pier so that in handling the heavy shielding the ga;vanometer
would not be damaged by sudden jars. Then from left o right is

seen: +the double-walled, heat insulated, copper shielded storage



Fige 4 =~ Picture of apparatus for determining
alpha particle emission rate of rocks
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battery cese; the tank of oxygzen with glass wool, Ca (’,‘:L2 trap
attached; the metal enclosed circuit control box; the collecting
chamber; the ar;}ton shunt with galvanometer direetly behind; the
metal battéry box below with the pump; the low friction, positive
action, relsy driven, galvanometer lamp support; and finally the
tele'ehron driven 'camera with its 10 inch long slit pointed toward
the galvanometer. The battery boFes and eircuit apx_)aratus were
eonstructed by Raitt(5) » . This setup has been iﬁ satisfactory opera-
tion for some 3,000 hours, and outside of once changing thet tube,
| it has only required minor adjustments to maintain it in satis~
factory electrical opsration.

To arrive at the true rate of emission from the observed
rate requires several correcilons. Bait‘bw)-has discussed some of
the errors which enter into the observed rate: .

(1) Bdge effect and absorption in & thin source. The

true rate is obtained by dividing the observed rate by (,904--,0053m),
where m is the weight of rock in a circular source 18,1 em®.

(2) Coincidences. Sinee there is a finite probability

of more than one-particle entering the chamber in a time less than
one-half the galvenometer period the observed -rate in eounts/ rev
must be multiplied by (1 +.Q0059 k) where k is in counis.-per

revolution.

A (3) Short lived alpha particle emitters. There are two

alpha particle emitters--one in the thorimn gseries and one in the

&
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actinium series which have very short half-lives and whose
parents also emit alpha particles.,. These will be counted only .
half the time, so the observed rate must be multiplied by 12/11
in the case of thorium series and 7/ 6 in the case of the aetin-'
ium series.. Assuming unity for the Th/U ratio and von Grosse's
‘value of ,04 for the ratio of the activities of the sctinium énd
urenium series the correction is 1,04.
These correeti’ons were applied to all the thin source

~data; number (2) was applied to the thick source data. Absorp-
tion in a thick source, neglecting edge effects, has been
completely calculated by Evans(a) 'who finds for the obse.'cved
rete: h = (62,1 U + 27.0 Th) 10% ¢ 4 where U and Th ave the
urenium and thorium content in grems, j is the reciprocal of the
stopping power, and d, the density. Thus by knowing W and d,

and meé.suring U'and n separately, Th can be ca}.culated. The dif-~
fieulty lies in s.'ssigni'ng a value to g in the case of an
inhomogeneous source. In actual practice it is better to elimin-
ate u by making megsurements beforc and after contaminating the
source with a known amount of thorium. In the present paper we
arrived at a rough value 'o: the true rate by using rock which had
been measured 'by; Raitt using a thin source. This has in it the‘
error og‘ the thin source method, but since the e;nphasis is on
relative distribubtion, it is good enough for the present.

The obhserved background rate must also be corrected
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because when the source is present no emission from the lower
brass electrode is recorded. To get & valus for this correetion
the source dish was covered with a disk of redmesnol and a count
made. From this the activities of the }‘Jrass and reduwanol were
celeulated. The Bragg-Kleemsn rule(l®) was found to hold very
closely, so using it to determine the ratio of the asctivities of
brass and rock, the correct background is found by muliiplying

that observed by :8. The background which was subtracted was
obtained by averaging all of the backgrounds which were taken with
a particular configuration. This reduced the uncertainty of the
background of the flat chember o 0.6% (See Table I),

The law for caleculating the error in a count due to the
rendom emission of the source haé been given by Bateman(ll) y DY
Evans and Neher{l®), and by others. This law states that if with
the source in the chamber, the count ~for T hours is at en average

rate of N counts per hour then the total count and error are:

i/2
wr ¢ 67 (wm)Y/ or ¥+ .67(F) /
Similarly if we count the background for T hours at an
average rate of B counts per hour, then we have '

- )1/2

B
BT + .67 (wmy /2 or B & .67(?_[:"

{10) Rutherford, Chadwick, and Ellis "Radiations from Radio-
active Substances? Cambridge Press 1930.

(11) H. Bateman, Phil. Mag. 20: 704, (1910).

(12) Evens and Neher, Phys. Rev. 45: 144, (1934).
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Then the effect of the source is

NT + .67 (m')l/2 - (BT + .87 (BT)l/z)

This gives

wmr s o Ve e R ,67(% . .J%)l/a
Since the p.ncertainty in the background is small the errors given
are caleulated as .év (N/T)l/ 2,
Teble I is an asnalysis of 21l the baeckgrounds which
were taken with the flat chamber, except for perhaps ten which
were taken after these computations had been made; To save space
» and avoid excessive computation the background runs are taken tén at
" a time, with no attempt being made to influence the grouping.
These are given in eolumn one, and in column two are the corres-
ponding times. In column three are the averasges and the corres-
ponding unceftainties; and in eolumn four are the actual
deviations from the mean., The table shows that there were 10,304
-, counts recorded in 660 revolutions (880 hrs.). This yields as
the average ba.clr;'ground 15.6 counts, and correcting for coincidence
gives 15.7 = .1 K/rev. Then the background to be subiracted is
8 x 15.7 = 12.6 K/rev. The mesn of column three is 15:8 and the
Qean of the probable errors is & .40 while from column four the
mean probable error is + ,81, From this we can conclude that-

contemination is a minor factor.

The first runs which were made are given in Teble II.
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TABLE I
BACKGROUND ANALYSIS

Totel Revs
Observed 1l rev = Deviation from
Counts . 80 min, K/rev Mean .
760 - a5 17.1 + 41 L3
ésl 49 17.0 + ,40 1.2
524 48 17.28 £ 40 : 1.4‘
714 48 1409 & 37 +9
835 53 15,8 & 37 0
Kkai 54 14.4 £ ;36 1.4
763 45 16.9 + +41 1.1
686 © aa 15.6 % 40 .2
855 50 16,7 & +39 K
670 45 14,9 £ .39 9
811 50 13.8 & ,32 2.0
733 80 14.7 £ 436 1.1
680 - | 42 16.2 & 42 &
376 23 16.4 + .57 6
Mean = 15.8 + .40 Mean = .96
2.5% Prob. error =

+96x.85 = .81 = 5%
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Average background = 22,0 K/rev

Back- Dev,
ground Total Net from Aversge
K/rev K/rev Toy - Average Mean Dev.
( 111 96 5 :
27.5 . 101.0 3:3=3:3%
. ( 118 104 3 ‘
( 117 103 2
a8 (
' : 96 79 4.7
T 85 84.3 7 .
( 3,1=3.7%
24 99 83 1.3
( 106 90 5.7
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It is seen that the checks are more consistent than‘
those of tﬁe same rocks (Table IV) using a thin source, the
average deviation in this cas'e being 18% while in the case of
the thick source it was 3.5% and 3.7% respectively for the samples
checked. This chember is therefore well suited 'bt') méasure the
variation of radioactivity, end its simplieity gives confidence

in the results obtained.

B~ APPARATUS FOR DETERMINATION OF Ri}.D'IUM CONTENT OF ROCES.
Determinations of the radium content of rocks by measur-

ing the equilibrium amount of radon were made as early as (1905)(15)
and this method has remained, up to the present, the best. How-

ever, the technigue of removing radon and of ;neasuring its activity
has undergone almost as many innovations a&s the automébile or
radio, and each man swears by his own apparatus and technique,

Thus Piggot(l4), .Toly(15), and Poole(la) and others have used
successf,ﬁily for years flux fur'ﬁace and electroscope methods while

(17)

Evans and others have used the direcet fusion furnace, string

electrometer method.

s

(13) Strutt, R. J.: (Lord Rayleigh), Proe. Roy. Soc. 77A:
472-485, .(1905) . ’

(14) Pigeot, im. Jour. Seci. XVIT: 14-34, (1989).

(15) Joly, Phil. Mag, 23: 201, (1912).

(16) Poole, Fhil. Mag. 29: 483, (1915) and 48: 819, (1924).

(17) Evens, C, I. T. Thesis (1932) Rev. Sci. Inst. 6:99, (1935).
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The gpparatus which we used is shown in Figs., 5 and 6:
Sinee it is dqscribed by Evans(;v), it will only be ﬁecessary to
go into sufficlent detail to make the method and our modificea-
tions clear.

Rock prepared as previously described is placed in_the
carbon crucible of the 7 KVA water cooled furnace. After evacua-
tion the stopcock to the pump is closed and the roek boiled for
2 1/2 minutes at 1800°C to reledse the radon. Then radioactively
dead nitrogen is blown into the furnace, earrying_thé radon
through drying and ion traps into a large lonization chamber.
When the pressure as read on the menometer has reached thet of
the atmosphere the ionization.chamber is sealed off and the rate
of decay of the radon measured by the discharge rate of a string
electrometer. The setup is different from that used by Evans
(and by Baittf in thet in conformity with leter practice the patg
teken by thé radon is entirely through metal or glass, all rubber
tubing, which is known to be an absorber, being replaced., A
gingle ionization chamber is used rather than{two as in the bai-
gnced chamber method of Eyans, because the background fluectuations
are V2 more with two chambers, and with one chamber there is only
half the worry.ébout insulation leakage, evacuation, etc.

The operation of the furnace was carried out as deseribed
by Evens in his thesis. A potential difference of.315 volts was

applied to the electrodes of the ion trap and ionization chamber,
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~ this being shown to be sufficient to collect the ions formed,

The electrometer plates were held at 90 volts with respect to each
other, or with respect to the case they were each at 45 volts.

Eight medium Eveready B batteries were the source of the potential
and have given good service for more than a year and one-half.

Long backegrounds were taken and were found to remain constant over
the period pt the experiment. The sensitivity of the elestrometer
was always held near to 3.25 diviéions per volt, giving a rate of
2,75 volts/hour for the background and from twice to five times this
value ihen the sample was being measured. The leakage with the
chamber evacuated was of the order of .07 volts per hour; and though
it varied somewhat with the humidity of the room, these variations
were held to within .03 volis per hour by enclosing the electro-
meter in & box in which fresh CaCly m. kept. The charging switech
could be operated from the outsido; This box with the ionization
chamber on top, and window in fromnt, is shown in Fig. 6.

In order to get the results into grams of radium per gran
of roeck, samples of rock were measured, the radium content of which
had been determined by Evans whose apparatus was celibrated with
a standard redium solution checked by the Bureau of Standards.

The following table gives the calibration measurements.

Using Evans' C13 as best, the calibration constant is:

1 volt/br/gram = ,765 x 10~1% grems Ra/grem rock
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TABIE III

RADIUM APPARATUS CALIBRATION MEASUREMENTS

Ra in g/g x Ra in g/g x Ra in g/g x
1012 1012 1012
Roek No. by Evans by Raitt by Clarke
¢, 1.52 1.25 1.37 + .1
Cls 1.83 l1.88 1,97 + «13
1.79 + .04
Cg 1.3¢ 1.23 1.53 & .11

The calibration error is probably leass than 7%, the

chief error being in the sampling.

III

DESCRIPTION OF THE ROCK FROM WHICH THE SAMPLES WERE TAKEN

For the pasf two years a great aqueduct has bheen under
sonstruction which is to bring water from Parker Dam in Arizona
to the various valleys of Los Angeles County. In order to complete
this project a number of long tunnels have boen’bored. The Val Verde
tunnel, located 13 miles southeast of Riverside, California, is
one of these tunnels. This tunnel is made ﬁnusual by the fact
that for five out of its seven miles of length the rock is very
uniform and all a part of one tonalite batholith. Also, being

18 feet in diameter, an unusually large surface of exposed rock



is avaeilable. Problems of composition, flow structure, crystal
orientation, and other phases are being studied by ogborn(ls) and
& study of the heavy accessory minerals has been made by Wilson(lg).
The study of the variation of radicactivity and correlations was
suggested by Dr. Ian Cempbell, and is a part of this same program.
The tunnel is shown in Fig. 7, the length, location of sample, and
earth surface features, being drawn accurately to scale. All that
is actually known is what can be seen in the tunnel, as the sur-
face of the ground has no outerops svaileble; but from the intrusive
and :gult surfaces, we believe the piecture to be substantially
correct. The distances are in hundreds of feet from & bench mark
at Parker Dam. It ia seen that the tonalite is intruded into
biotite schist and the western end is faulted in such a way that
there is exposed a section of schist followed by more tonalite,
then grano-diorite énd granite. We have aaﬁples also from the
basic dike rocks which were intruded into the tonalite near the
middle of the tunnel, subsequent to the intrusion of the biotite
schist by the tonalite, Osborn describes the tonalite as follows:
"The tonalite is a coarse grained rock, medium dark in
eolor, and varying only slightly in composition throughout the
distriet. The rock contains 50 to 60% andesine, 15 to 30% quartz,

and 15 to 30% biotite and hornblende, the biotite commonly being
more abundant than hornblende. Ocecasionally a very small

(18) Osborn, E. F., C. I. T. Thesis (1937, now being written).
(19) wilson, R. W,, C, I, T. Thesis (1936) and Am, Min. 22:

122-131, (1937).



Z7

F1.Above Sealevel

1700
sc0] ,Grane Dierts N ,///////////////////
o R R
15004 Granite /// /r/ NN\ //V ////// /M/ NN N ///M// ///////////
%A&Aﬁ?///// I R R
R A T DT A SN
1400 1A [\ <olo/ e 5 - A——7 S— - /“@MAA\/ENVV/L;.&“ TN < <
N 2 U N A R T R it
A A Y T AR AR TR AN T A A Y
1300 PG4 NAMSNAARARNAN SN SSANAN ANNNANNAN SN IV NN AN SNSRI AN
12034 Fadit 1148} 11928 11875 11823 11770 H717

Ft.x100 West of Bench Mark Weée————E
Vertical Scale 1Div.=25FT.

Horizontal Scale 1Div.=_1Mi,

© Location of Samples

Tm. V4 Dmmm.\mzd of Val Verde Tunnel



30

percentage of orthoclase is present. Magnetite, sphene, apatite,
and zircon are the common sccessory minerals.

"A constant, conspicious feature of the tonalite is the
presence of sbundant dark, fine-grained, rounded inclusions. These
vary from a few inches to several feet in diameter, but the average
is about one foot across. In a few places the inclusions are
practically absent and in others, occur in swarms, making 50% or
more of the rock. In the latter instance they are more angular end
more tabular in form and have a common orientation striking north-
westerly and dipping steeply.®

The composition of a typical tonalite (#12022 + 47 Series 2)

is:
plagioclase feldspar 62%
quartz 15%
orthoclase feldspar 3%
biotite 9%
hornblende 11%

Ten samples were taken at approximately 2,000 foot inter-
vals in the main body of the tonalite and later we procured six
groups of about six samples each from points in the western section,
Figures 8 and ¢ are photographs of typical specimens of tonalite
and inclusion., From them may be had some i1dea of the grain size

and of the uniformity and general appearance of the rock.

Iv
DISTRIBUTION OF RADIOACTIVITY IN TONALITE

A- DISTRIBUTION IN A 30 MG SAMPLE FROM 65 GRAMS OF ROCK GROUND TO
PASS A 60 MESH SCREEN AND WELL MIXED.

Approximately 65 grams was chipped from a hand sample
and ground to pass & 60 mesh screen. This wes then stirred mechan-

ically and shaken in a bottle as previously described, until it was



Fig. 8 =—— A typical specimen of tonalite

~Fige. 9 -- A typical inclusion
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well mixed: Samples of about 30 mg each were now takeén from this
thoroughly ﬁxed powder and their radioactivity measured in Reitt's
“thin sample éhamber." Runs and check runs were nade on eight hand
s;amyles as shown in Teble IV,

Table IV is to be read as follows: The rocks la, lb,----1h,
were teken at certain distances (which wiil be given later) from
a point located 1,202,400 + 50 £+. from a bench mérk_at Parker Dam,
The samples 1dl and 1d, were ftaken from the same hand’ specimen; The
weights are given in mg in column two and in eolumms three to six are
given the observed background and sample céunts‘with the correspond-
ing number of 80 minute intervals. The. caleula:bed €effeets of the
samples, toge'bher'with the co‘.unting errors to be expecteb. are given
in column seven--the corrections and error caleulations were made
as already describeq;-and in the final three columns are given the
avergges, the average deviations, and tﬁe average percentage devia~
't;ions respectively. (The extreme sample was or;ii‘b’bed in the twelve
runs on 1f).

he deviations vary from 2% for 1b to 30% for lg with a
mean of 18% for a1l eigh®; thus the variation from one 30 mé
éample to the next is of the seme order as the var.';ation between
the .different rocks. In order to check whether this variation was
due to the rock not having been ground finely enough before mixing,

‘the zt‘irst eight runs on 1f were made on samples teken from 5 grams



of the 60 mesh rock, ground in an agate moritar to a fineness of
{estimated) 325 mesh. Omitding the extreme reaﬁing (2.29) the msan
of these eight 13 1,06 and the average deviation, 22:6%~-about the
same as for the whole group. It is certain that layer varia'bion_ and
contamination do not play such & largé pert. Therefore, one must
conc_lude that for samples of this size, the activiity distribution is

random--in other words, the activity is concentrated in grains o

such size that the variation in the number of grains from sample to

semple is the controlling factor.

B- DISTRII_BUTIO.N. OF RADIOACTIVITY IN A SPHERE OF RADIUS TEN FEET.

In Table '.l;I 1t was shown that by using a thick sample of
about 200 mg ef:éective woight, the average deviation from sample to
sample is approximetely 4%; therefore, the thick source method was
used to answer two questions: (1) what is' the variation in radio-
activity within ten feet of a given point, and (2) is this the same
variation which one would find in taking samples throughout the
batholith? '

i:n answer to the first, & group of represgntati'\ye samples
were taken from about six points in the tumnel. The positions of
these points cen be read from Fig. 7 with the aid of he following: )

" {3 Series was 'gathered near 12024 + 50 |
#2 Series was gathered near 12022 + 47

#3 Series was gathered near 11980 + 62
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TABLE IV

TOTAL < ACTIVITY OF EIGHT SAMPLES OF GRANO-DIORITE
TROM AROUND-A POINT (THIN SOURCE)

#1 Series = 12024+50; 1 rev = 80 min

BACKGROUND SAVNPLE NET
Rock wt.mg TotalwRevs Total-Revs K/mg/rev Average Dev, %DEV.

la 28,5 113 14 188 8 J1 & ,05*)
27,68 56 8 250 7 1.33 £ 406 ) 108 .81 30
1b 28.48 160 20 280 6 1:83 & 07 )
26.34 52 6 275 6 101+ .08) <87 0¢ 2
22,74 42 5 209 7 1.96 £ 08 ) '
14, 26.52 26 3 201 5.89 1.29 & 07 )
27 .88 84 7 110 4 92 & 07 )
26,08 39 5 190 8 78 & .05 :
. 1.16 .27 23
1dy 27.57 50 5 116 3.31 1.30 & .09
26.84 34 4 193 7 +95 £ ,06 )
28,10 218 5 1.70 + ,08 )
1o 24,69 45 4 355 8 1.93 & 407 ) '
28,00 36 5 1435 4 1.35 + ,08) 164 .20 18
1F 34,13 205 33 251 v 72 £ 04 )
26,91 30 5 15¢ 5 1.10 + .07 )
26,61 - - 189 8 s76 £ .05 )
20.30 85 10 312 % 2.29 £ ,09 )
33,29 58 8 303 9 109 £ .05 )
26,95 41 6 162 6 91 + 06 ) 1.22 i34 28
26.56 g2 10 194 6 1.20 ¢ ,06 )(omitbing 6;17)
27.78 35 4 341 8 . 1.67 % .06 )
25,70 64 6 281 8 1.38 + .06 )
26.685 44 4 498 4 6:17 £ W17 )
27 .62 41 4 174 6 +85 & ;06 )
28.80 55 7 190 5 1.40 « 07 )
l1g 26.2 52  4.85 266 11 80 £ 04 ) ,
: o7.71 47 6 e 2  1.50 + .12 ) 115 .35 20
l1h 27.0 20 B.64 147 4 'l.42 £ ,00) -
- 30,51 67 7 268 8 1,13 £ JO5 ) 1.21 .10 8
28,28 42 5 219 7 1.09 = .06 )

Background = 8.6 Average Dev: = 18%
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I

#4 Se.ries was gathered near 11973 + 75
#6 S'eries was gathered near 5.1985 + 30
#7 Series was gathered near 11996 + 60
The positions of the various samples of a series with respect to each
other are given in Figures 1l0a to 10f.
Careful measurements and check runs, with at least one back-
. ground reading before each measurement, were mde with resulis as
shown in Tebles V to X inclusive. The cheek runs were made from two
weeks to six months after the initial runs which shows that change in
the sensitivity of the counter in such a period is slight.
| Kach table is divided into two parts, the lower part con-
taining those specimens which were different from the couniry rock
usuélly because they were in or near an inc;lusion; while in the upper
part are grouped 'the fresh, uniform semples of tonalite. (Series 1
is in the greno~-diorite.)
The rock designation is given in ;?.olumn one of Teble V.
The next two columms give the observed number of counts of background
and the corresponding times, while columns foﬁ,jr.‘ and f:}ve give similar
data when the sample was in the chamber. The calculate;i percentage
counting errors of each run are given in column six; and in column
seven, the corresponding percentage deviation, In the final column
is given the average net effect of the squrcé and the corresponding

counting error. The mean of column eight for the six good samples
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TABLE V

VARIATION OF TOTAL « ACTTVITY AROUND A POINT

#1 Series = 12024 + 503 Grano-Diorite; 1 rev = S0 min

BACKGROUND SAVPIR Counting Average
Rock# Totel Revs Total Revs Error %  Dev. %
le 59 4 538 5
55 4 519 5 3.1 2:3
61 4 526 3 :
1b 66 3 536 5
97,73 5,5 548 5 248 4.3
01 4 600 6
le €8 . 4 576 5
85 5 449 4 2.9 2.9
429 4
14 454 5
116 7 590 4 5.7 5.2
55 5 190 2
le 87 5 504 5
112 6 s94 4 8.1 1.5
1f 97 6 458 5
108 5 - 465 5 5.8 8
63,67 4,4 279 5
_ROCKS EXCLUDED BECAUSE OF NON-UNIFORMITY
1g 110 8 855 5 -
90 5 283  B.46 2009 . B4
1h 90 5 191 3
76 5 202 5 4.2 640
Av, = Av, =
3.4% 3.1%

&7

Net

KZrev

100.5 + 2.0

99.3

"
—
L]
@

106.5 = 2.0

86.:7

*

2,0

9561 + 2.3

84,7 £ 1.8

Mean = 95,1
Av.,Devi= 5.3

59.8 £ 2.0

50.0 = 1.9
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TABLE VI

VARTATION OF TOTAL < ACTIVITY AROUND A POINT
#2 Series = 12022 + 47; Tonalite; 1 rev = 80 min

BACKGROUND SAMPLE Net
Rocley Total Revs Total Revs K/rev
2a 78 3 289 4 .
76,54 4,4 ' 67.2 & 1
62 4 02 5 ‘ d
83 5 208 4
2b . 94,110 5,6 507 - 5
hing el o2 48,5 ¢+ 1.7
2o 89,68 6,4 388 5 :
31.42° 2,4 67,3 & 2.0
01,92 6,5 300 4
2t 63 5 307 5 ‘
34,72 2,4 250 4 9652 £ 1.9

Neoan = 59,8 Average Dev.= 7.5

ROCKS EXCLUDED BECAUSE OF NON-UNIFORMITY

2e 71,67 5,3 513 4
% 54 3 501 4 117.4 £ 2.1

119 8 564 5]

24 81 5 - 395 4
1%, 34,118 2,6 380 4 90,7 & 2.1

128 9 301 3

2 e 58 4 262 6

dk. 80 5 233 6 296 + 1,3

24 &7 4 194 6
k. 57 4 19 4 19,5 ¢ 1.2
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TABLE VII

VARIATION OF TOTAL o ACTIVITY ARGUND A POINT
#3 Series = 11980 + 62; Tomalite; 1 rev = 80 min

BACKGROUND SAMPIE - Net
Roﬁ' Total Bevp Totgl " Revs K[rev
3a 122 g g‘;z ‘: 5244 + 1.7
5 b 121 7 303 5

162 1 243 4 9043 £ 1:8

7 ) .

5 a © s e T L
e 94 6 383 5 {

79,62 6,6 501 8 65.5 ¢ 1.6
5 £ 105 7 260 3

118,72 7,5 46 5 79.6 & 2.3

Mean = 59.9 Average Dev. = 10.1

ROCKS EXCLUDED BECAUSE OF NON-UNIFORMITY

30 71 5 . 638 6
%h 65 5 165 5 )
64,49 6,4 204 9 19,4 ¢ 1.0
51 74,58, 3,3,5 212 5 .
82 C 32,1 ¢ 1.4

107 6 268 6
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TABIE VIII

VARTATION OF TOTAL « ACTIVITY AROUND A POINT
#4 Series = 11973 + 75; Tonalite; 1 rev = 80 min

BACKGROUND SAVPLE Net
Rock Total Revs Total Revs K/rev
| 4a 76 4 527 7 65.7 + 2,2
40 09 5 243 4 50.6 + 2.2
4ec 95 5 528 4 73.3 + 5.1
40 281 3 85.6 + 3.9

Meoan = 69,1 Average Devy, = 10;9

ROCK EXCLUDED BECAUSE OF NON-UNIFORMITY

4a 64,40 4,3 675 6 107.4 + 3.0
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TABLE IX

VARTATION OF TOTAL o< ACTIVITY AROUND A POINT
#6 Series = 11983+30; Tonalite; 1 rev = 80 min

 BACEGROUND . SAMPIE Net
Total  Revs Totel  Revs . K/rev
44 3 321 6 42:6 £ 2.0
95 6 219 4 44,0 t 8.5
72 5 160 3 42.4 + 2.9
101 7 307 5 51,0 + 2.4
73 6 210 3 60,0 + 3.3
53 3 212 6 58.9 + 3.5

Mean = 49,9 Average Dev., = 6.9

ROCKS EXCLUDED BECAUSE OF NON-UNIFORMITY
31 2 - 554 6 84.7 ¢ 2.7
65 4 185 & 18.8 + 1.5
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TABLE X

VARTATION OF TOTAL K ACTIVITY AROCUND A POINT
#7 Series = 11996 + 60; Tonalite; 1 rev = 80 min

BACKGROUND SANPLE Net
. Rockﬁ Total Revs Total Revs K/rev
7 a 104,62 5,3 467 5
81 5 84,7 + 2.1
58 3 456 5
e o %8 5,8 b 76:8 1.8
7 e 159 10 342 4
110 6 393 5 72.6 £ 1.7
100,58 5,4 321 4
7 d 529 5
Nean = 84.0 Average Dav, = 9.3
ROCK EXCIUDED BECAUSE OF NON-UNIFORMITY
78 83 5 189 4

102,95 6,5 129 3 8401 x 1.7
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is 95.1 K/rev and ‘the mean deviation is 5.3 Efrev. It is interest-
ing to note that the meen probable error calculated on the square
root lew is 3.4%, while that calculated from the deviation is 3:1%=-
& check that is within the human error of counting the records.
(éstimated at 1%).

The mean of the four good samples in Table VI is 59.8
K/rev with an average deviation from the mean of 7.5 K/rev. Also
is =seen in the lower part of this table an interesting phenomenon:
the hend specimens from whieh 2 ¢ and 2 d were taken contained con-
siderable inclusions, so samples were teken from the tonalite parté
(designated 2 ¢ light and 2 4 1light) and from the inclusions an
inch or s0 away (2 ¢ dark and 2 4 dark). The variation in radio-
actijity over this short distance is amazing~-~the iight samplé hay-
ing almost double the activity of the country rock while the
inclusions followed the general rule of being very low in activity.
' Since this occurred in only four out of seven cases tested, no
great significance is attached o it.

To summarize: The means end average deviations for the

six tables are as follows:



Number
Seriesf of Samples Mean Mean Dev.
1 6 95.1 5.3
e 4 59.8 7.5
3 5 59.9 10.1
4 4 69.1 10.9

These results show that for carefully chosen samples there is a
definite clustering about a particuler value, and therefore such

samples are closely representative of an adjacent volume of rock,

C- DISTRIBUTION OF RADIOACTIVITY IN SAMPLES TAKEN 2,000 FEET APART.
~ One of the moot gquestions in measurements of the radi:o-
activity of rocks is: How near to the average radioaetivity of a
rock mass will one come by messuring the radlosetivity of a few
speciﬁens chipped fz:om some convenient outerop? The data presented
in Taeble XI are :;.'elevant and illuminating.

Ten unweathered, magroscopically uniform samples (ecolumn
one) were chosen at intervels of approximately 2,000 feet apart in
the main bodir of the tonalite (Fig. 7), and to these ere added the
means of the five series of tonelite semples already studied,
meking a total of 15 points in the tonalite at which the radioactivity

is known. Oolumns twe o five inclusive give the observed data as
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TABLE XI

VARTIATION OF A ACTIVITY IN TONALITE ATONG TUNNEL
1l rev = 80 min

. BACKGROUND SAMPLE Net THIN SOURCE

Roelk# Totel  Revs Total  Revs K/rev K/mg/rev
11730 90 5 1 4 - =
11750 84 5 189- 3
108 6 430 k4 53.1 + 1.4 »90 .
77 5 396 6
11771 lgg g g‘g 2 17.3 £ 1.2 .22
\
meo a4 % eerle .
1181k it : igi 2 Bl5 oz 1.00
11830 54 3 185 53 .
11894 8 4 173 4
10 28 2 .
(8] 68. 4
1103 36 2 ggi 2 82,6 + 2,8 +62 -
11958 = 2 gié 5 msraa .89
Mean Dev.
11973 + 75 average of four samples ~ - - - «~ 69,1, 10,9
11980 + 62 average of five sampleg = = = = - 59,9 10.1
11983 + 30 average of six samples = - =~ = - 49,9 6:9
11996 + 60 aversge of four samples = = = « = 84.0 9.3
12022 + 47 average of four samples ~ - - - - 59,8 7.5

Moan = 49,8 Average Dev. = 17,8 or 36%
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indicated, and the caleulated effect of the sample is given in

column six. For comparison, the total agtivities in alpha
partidles/mg/ rev as determined with the 1'2@11;1; th;n source apparatus,
are listed in column seven. - It should be. emphasized that the check
runs were mades from one' week to six months aparfg in order to mske

sure the sensitivity of the apparatus had not changed, I"rom column
geven we seé that the value of the total slpha-particle activity
varies from 17.3 counte per revolution for the sample located at
11771 to 84.0 for #11996 + 60, and that the values definitely ave
higher as one goes from top to bottom. The mean of all sixteen
poini;s is 49.8 with an average deviation of 17.8 or 36%, as compared
$0 an average deviation of 13% for the six series of samples discussed
in the last section. The variation along the tunnel may be better
seen in Fig, 11 where the activiiy in eountis per revolut:‘gon is plotted
ageinst tﬁe ‘distances, and the average deviations from the mean are
indicated in the case of the series about points,

From these data we can say in answer to the question pro-
pounded at the beginmning of the paragraph that the value arrived at
by measurement of a few samples teken from the outside of & batho-
lh:lth’ will give only a very rough estimate of th_e meen value of the
wﬁole. The sample will probably be within 40% of the mean.

What are the causes underlying this variation? Cen we

eorrelate any other quantities with the measured distribution of
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radioactivity? We know from heat considergtions that the radiq-
activity decreases towards the center of the earth, and also that
due to gravity and the existing temperatures and preésures at the
time of erystalization of the molten magma, ce;tain.ﬁdnerals are
associated together et various depths. The intrusive contact of the
tonalite with the schist-is a z0ne of differentiation at the edge of
the megma, and we mig#t infer that there would be faund a concentra-
tion of radiocaetive minerals. This is what the ﬁeasurements givga

Further correlations might be found by an exemination of
- the composition aenalyses. TFig. 12 gives the plagioeclase feldspar
content of the samples ana it asppeers on comparison with Fig. 11 that
there is at least & secondery correlation., Very probably the mineral,
or minerals, bearing the active ingredients are closely associated
* with the feldspar. To determine just which is the active mineral
remains a problem for fubture investigation.

It has begn known for a long time that the radiocactivity
of rocks increases with the acidity. Wilson, in his aﬁalysis of the
heavy accessory minerals, found the roeck to be more acidic towards
fhe west; and Osborn has found that the plegioclase feldspar itself
is more acidic in the same direction. In fact;. his curve (the lower
one of the two in Fig. 12) for the change in composition of the feld-
spar looks remarkably like our curve for the increase in radiocactiviby.
This mekes the correlation with the plagioelase curve mugh closer as

it explains why the plagiocelase curve does not rise at the west end
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as does the radioactivity. The points are much too sealt%ering, and
the values not precise enough to draw valid conclusions regarding
the actual curve as represented by the broken line in Fig. 11. But
" since ample samples have been teken and are available at 100 foot
intervals for the eastern five miles of "t;he tonalite_, it is prol;able
that more informstion will soon be forthcoming on this point.

v

DISTRIBUTION OF RADIOACTIVITY IN NON—COUNTRY ROCK -
AND THE GEI\'IESIS OF ‘JEE IN'OLUSIONS

Up to the present we have confined our discussion to
messurements of the radioactivity of the tonalite which makes up
the bulk of the exposed rock in the tunnel: We shall now consider
the other types of 1;ocka found in the viecinity in the' hope that we
may be able to shed light upon the most difficult problem the geolo- .
gist has %o fage; namely, the disentanglement and reconstruction of
‘the several msgmas which meke up the roek.

The most plausible picture in the present case for the
appesrance of the six main types of rocks found is that some 10°
years ago the schist and granite which form the upper layer at present
(Fig. 7) were deep under the surface (this is shown by bthe relatively
large crystal sizes). At that time these rocks were intruded by a
megma which, when solidified, formed gabbro, such as is found in
outerops to the north, south, and west of the tumnel, Some 9 x 108

years later the schist was again intruded by & magma whicﬁ, when,

o
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¢ooled, formed the inclusion spotted tonalite and grano-diorite.
8til1l later, as the bathelith approached the surface, the dikes
appeared. Now, after a hundred million years of faulting, erosion,
ete., this formation is found in a tunnel some 200 feet below the
surface of the sarth.

Osborn has given the following brief descriptions of

these rock types:

Inclusions The inclusions are varisble in appearance and
composition but always darker colored and finer grained than the
tonslite. The average graln size is 0.025 to 0.05 mm. They are
composed of 30 to 50% medium basie plagioclase, 10 to 40% quertz,
15 to 30% hornblende, and 15 to 20% biotite. One specimen contains
6% orthoeclase, but in all other specimens orthoclase is absént.

Gabbro The gabbro is a derk colored, medium grained
intrusive rock composed of 50 to 60% bytownite, and 40 to 50% horn-
blende and augite. 4 small percentage of olivine is present in
some of the specimens,

Granite The grenite is a light colored, medium grained
intrusive rock composed of 40 to 50% orthoclase and microcline,
about 35% quartz, 10 to 20% oligoclase, and 5% or less biotite.

Basic Dikes Imtrusive into the tonalite are a few dark
colored, fine grained dikes with the composition of a diorite. One
of these has.an aversge grain size of 9,1 mm and is composed of
57% andesine, 3% quartz, 28% hornblende, and 12% biotite.

Schigt The schist is a well indurated gquartzose sedi-
mentary rock. Schistosity is rarely well developed. It iz composed
of 50 to 80% quartz, 5 to 10% oligoclase, and 15 to 30% biotite and
hornblende and 0 to 14% orthoelase.

The locations, in relation to the tunnel, of the samples

whose radioactivities were meesured sre as follows: (See Fig. 7)
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DISTANCE FROM VAL VERDE TUNNEL

on surface directly sbove 11900

in tunnel at 11912

in tunnel at 12022 + 47

in tunnel at 12022 + 47

in tunnel at 11980 + 62

in tunnel at 11980 + 62

in tunnel at 11983 + 30

in tunnel at 11742

on surface 3/4 mile northwest of
12020; 400 yards west of schist
eontact.

from tonalite; 3 miles west of 020
on surface, where contact of schist
and tonalite appear; 20 ft. from Fl9
in tunnel at 12011

in tunnel at 13012

on surface 3/4: mile southwest of 12020

on surface 3 miles west of 12020

on surface 3 miles west of 12020;

20 £%. from F19 on schist side of
contact.

on surface 2 miles north of 12080

on surface from Gavilan Pesk 2 1/ 2
miles southwest of 12020

on surface 3 miles west of 12020

in funnel at 12034

on surface 2 1/ 2 miles west of 12020

on surface nesr Fl8

in tunnel at 11905

in tunnel at 11916

from Bernasconl tunnel 5 miles €asy
of eastern end of Val Verde tunnel
in tunnel (taken from dump}

neer B476

We note that out of the eleven inelusions measured,

seven came from the Val Verde tunnel, three from the surface at

points which were direetly above, '5/4 mile northwest, and 3 miles

west of the tunnel respectively; while one was taken from the Bernas-

eoni tunnel to the eastward., OFf the five schists, two eams from the
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tunnel, two from an outerop 3 miles to the west, and one from a
body of schist 3/4 miles southwest of the tunnel. No gabbros were
found in the tunnel but three samples were taken from outerops to
the north, west, and southwest. One granite was taken from the
extreme west end of the tumnel and the other from the surface 2 1/ 2
miles farther west. The one sSpecimen qfh tonalite came from the
same outerop as the inclusion F18. Two semples of dike were taken
from the tunnel, none being found on the surface. The question mark
is placed after B476 in the above table because the composition was
not gquite that of tonalite. The inelusion from the Bernasconi
tunnel also differed somewhat in composition from those of j;he Val
Verde tunnel. - '

The radioactivity of these rocks was found to be

as follows:



TABLE XII

INCLUSIONS
BACKGROUND SAMPLE Net
Roqkﬁ Total Revs Tota Revs ’ K[rev
- 748 103 7 03 4
78 5 146 6 11,7 £ 1.0
912 95 6 279 9 19,0 * 1.3
980-3H 65 5 170 5
64 6 271 9 19.4 ¢ 1.0
49 4
980-31 82 5. 203 5
107 6 253 6 2.1 & 1.4
983-6G 65 4 185 6 18,8 £ 1.5
022-8C . 58 4 256 6
80 5 228 - 6 9.6 £ 1.3
022-2D 67 4 184 6
57 ‘4' - 123 4 19.3 £ 1.8
F36 58 4 225 6 25.2 & 1.7

Mean = 21,9 Average Dev,= 5.3 = 24%
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TABIE XIIT
BIOTITE -~ SCHIST

BACKGROUND SAVPIE Net
Total ~ Revs Tota Revs K/rev
141 11 161 3 41.9 ¢ 2,0
66 5 156 3
62 4 216 5
107 5 324 5 54.7 £ 2.5
86 ' 6 is1 5 244 + 1.8
75 7 485 6 73.7 £ 2.6

Mean = 44,8 Average Dev, = 14.7 = 33%

TABLE XIV
GABBROS
BACKGROUND SAVMPIE - ot
Total Revs Total Revs K/rev
41 - 4 0
61 5 50 5 0
102 5] 87 6 0

Meen = O
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TABLE XV
GRANITES
BACKGROUND SAMPLE Net
Roc Total  Revs Totel  Hevs E/rev
034 56 5 435 3 144.6 + 4.9
F23 68 6 557 5 105:3 & 3.5

Mesn = 125,0 Averasge Dov. = 19.6 = 16%

TABIE XVI
DIKES
BACKGROUND SAVPLE Net
Roclgf Total  Revs Total  Revs E/rew
9051 95 7 124 5.5 1042 & 1,4
916 96 7 15 . 5 10.8 ¢ 1,5

Meen = 10.5 Average Dev. = .3 = 3%



o PABIE XVIII
VARTATION OF RADIOCACTIVITY WITH ACIDITY OF ROCK
Mean radio-
Radio- activity of
activity all samples
. of sample measured
Rock type Rockff Biotite% Hormblend’% Quartz$ Plagioelase’ Orthoclase’® (Q+P1+0Or) E/rev K/rev i
Gabbro F29 0 52 0 48 0 48 0 o
Dike 12 © 28 . 3 57 0 60 10 10
Hﬁ&.ﬁm%ob 742 18 33 19 30 0 49 11.7 21.9
Tonalite 022 + 47 9 11 15 62 3 80 59,8 49,8
Grano- 024 + 50 9 5 28 42 16 86 95.1 95,1
diorite -
Granite 034 Bi + Hbl = 1 33 24 42 o7 144.6 125.0
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. quartz (8i0y), plagioclase, and orthoclase (KgAlZSiéele) is not directly
Proportional to the radioectivity poiﬁxé to the faet, which is empha-

- 8ized by the existence of pleochroic haloes in rocks, that the achivity
is due to rare strongly active essociated minerals distributed as grains
throughout the mass. (This was apparent in the case of smsll thin
gource measuvements.) The fact that the plagioclase itself varies in
acidity, i.e. from (NegAl,S8i 0y.) to (GagA14814Olé) in an isomorphic
Series, also is a factor as was indicated by the rise in radioactivity

- in the tunnel tonalite with the change in composition of the plagio-
clase,

We see that the radioactivity varies strongly with the
orthoclase content of the rock. This is especially emphasized in the
case of F8, an inclusion, (Table XVII) which had é% orthoclase and
radiocactivity 80,9 as compared o the other inclusions which had no
orthoclase, and an average value of 21,9 for the radioactivity. How-
ever, the correlestion is again a secondary one because there is little
correlation beiween the orthoclase content and the variation in the
tunnel except in the faet that on the average it is higher‘at the
westorn end as is the radioactivity. Thig points t$ thé need of care-
fully made mineral separations to determine just which mineral contains
the setive ingredients. ‘

The fact that the two samples from the Bernasconi tunnel are
low in ectivity may mean that the radicactivity continues to decline

as one goes farther east, thus indicating that the gastern rock wés



difficult to see how radioaetivity could be lost in the case of
the tonalite absorbing the schist, because the average value of
the radioactivity of the tonalite is 49.8, while the mean for the
schist is 44,8. Thus the schist would have had to lose activity to
@ rock of higher activity than itself. But this is improbable since
from the eompositions given in Table XVIII the tendency would be to
lose quariz and gain plagioclase, thus increasing the activity of
the schist. It is much more probable that the relatively heavy
gabbro was diluted by the lighter tonalite raising the activity from
0.50 81,9. This also fits well with the known positions of the out- ’
crops.

There is only one inclusion which ﬁe definitely believe
was & schist--F18 was taken from tonalite on the surface some
10~15 feet away from the schist-tonalite contect, and is quite
similar to the schist in composition. F1l9 was taken from the schist
gbout 20 feet away from F18., Their activities are: Fi18-~45:8;
F19--54,7. This certainly supports the "stoping" theory of inclu-
sions,

The second theory of the formation of inelusions is that
a segregation took place prior to solidifica_i;ion. This does not )
seem 0 have occurred here. The only evidence we héve which might
be construed as supporting this theory is that the réck imediately
adjacent to the inclusion in four out of seven cases was much

. higher than the surrounding rock {Tables V to X), This is not
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convineing, but should not be overlooked since the two theories are

not mutually exclusive.

Vi

RADIUM AND THORIUM CONTENT OF VAL VERDE TONALITE

Since the solution of the mejor problems of this research
Ado not depend on a knowledge of the absolute content of radium and
thorium in the rock, exireme aceuracy was not striven for in the
calibration of the apparatus. However, the calibration measurements
were carefully made, and the uncertainty in them is less than thad
in the value given for the standard sources. Calibration of the
radium apparatus has been disc;ussed (page 26) and the calibration
constant obtained. Using this result, the radium contenis of six
tonalite samples from the tunnel were determined.

Determination of the thorium content depends on a know-
ledge of the total alpha partiele emission rate from a given weight
rock. Sinoe' the values given by our apparatus are a function of
the sensitivity of the counter and the stopping power of the rock,
neither of which is known with aecuraey, a calibration constant was
obtained by ﬁeasuring the activity of two “cosmic ray rocks"™ whose
total emission rate had been measured by Raitt uwsing a thin souree.
These rocks were granites and were chosen--firsi; because their
stopping powers are approximaitely the same as the tonalite; and

secondly, because of the good sgreement betwsen Evans' and Raitt's
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radium determination which indicated that the samples were uniform.

The measurements are given in the following table.

TABLE XIX

COUNTER CALIBRATION MEASURENMENTS

Total alpha Alpha -
Ra in a in emission enission Ratio of

g/e = 1017 g/ g x 102 K/hr/mg thick source activities
Rockff Evans __ _Raitt Baitt K/rev x 102
Cy 1.52 © 1:35 5.77 816.4 & 8.5 1.83
68 19 «25 +48 22.9 & 1.5 2.09

Mean = 1,96 x 10™%

The agreement iz quite satisfactory considering the errors
of the thin source. The radium and thorium contents obtained using
this value are given in the next table.

In the first column of Table XX are given the rock
designations (See Fig. 7). Column two gives the radium content in
grams per gram of roeck x 1012 as measured by the direct fusion fur-
nace, electrometer method. In columns three and four are given the
uranium content in grams per gram of roci: X 106, and the alpha
activity of the uranium plus asctinium series,' respectively. To getb
the uranium content the Ra/U ratio(29) 5,40 x 10~7 was used while
the uranium-actinium series activity was caleulated using the deter-

mination of Kovarik and Adams(zl) that the alpha particle emission

(20) ZLind end Roberts, Jour. Am, Chem, Soc. 42: 1170, (1920).
(21} Kovarik and Adems, Phys. Rev, 40: 718, (1932).
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TABLE XX
RADIUM AND THORIUM CONTENT OF VAL VERDE TONALITE

_ U series Total Total Th series /T Th/T
o Deni? Ly DA WS s vy sy Ceeteo A S
730 L34 & .01 1.00 .36 4.5 £ 1.5 .68 B2 1.18 3,12 .51
750 .52 & 402 1.53 .55 53.1 & 1.4 1.04 49 1.18 3.12 .48
81l 45 + ,01 1.32 .48 51,5 £ 8,7  1.01 55 1.47 3.88 ¢51
820 23 & .04 +68 24 23,0 + 1.3 +45 2L - 1.6 5,06 .21
. 980 .61 £ .02 1.80 .65 82,6 + 2.2 1.62 .97 1.98 5,23 94

953 64 £ ,02 i1.88 «68 71.5 + 2.1 1.41 73 1,42 3.75 73

Ay, = 3,69



rate of uranium I is 12.4 x 105 alpha pa;'bicles per second per gram;
and the ectinium-urenium sctivity ratiol4) 0,04,

-Using these figures the numbers in éo],unm four are obtained
by multiplying those in column two by’ “1.06. The alpha particle
activitlea of the aamples 88 measured by the Yflat chamber thick
source® method are g:.ven in column five, and column six gives these
same values in counts per ng per hr. These are obtained by muliiply-
ing by the ealibration cdnstant .0196.

The activity of the thorium series in counts/mg/hr
(column seven) is now obtained by subtracting columns six and four.
The eighth and ninth columns give the ratios of the elements uranium
and thoz:ium both in terms of alpha activity and in terms of concentra-
tion. The activity ratio is obteined by dividing the series activities
of columns seven and four and multi;)lying by 4/ 33 while the concen-
tration ratios are ob;cained by multipl&iﬁg the. ratios of column eight
by 2.64, the ratio with which the same guantities of thorium and
uranium emit alpha particles as determ:ined respectively by Fesefeldt(zz)
and Kovarik and Adams(zl) » Finally the thorium in grems pei: gram
of rock is arrived at (column ten) by the multiplication of columns
three and nine. '

The values arrived at for the thorium coni;ents are in

fair egreement with those given by Kirsch{l) for this type of rock,

(22) Tesefeldt, Zeit, £, Phys. 86: 605, (1933) .
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which indicates that the calibrations are not far from right. The
constaney of the thorium uranium ratio would be very significant
if it were supported by more data, because it indicates that there
ma:;rd be in any one batholith an association between 13he uranium
and thorium minerals such as exists for no theoretical reason bet-

ween the urenium and actinium series.





