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ABsrRAcr

All beryl crystals appear to contain a quantity of helium and argon in great excess over

that which can be accounted for from radioactive decay. Other magmatic minerals which

have structural sites suitable for large non-essential atoms such as cordierite and tourmaline

also show this excess in variable amount. It seems that this excess inert gas must represent

a sample of the magmatic gases in the immediate environment of the forming crystal and

as such can provide useful information on magmatic conditions. Although there are con-

siderable differences in the helium and argon concentration even in the same beryl crystal,

these are small compared to the one hundred-fold difierence between crystals formed in the

early Precambrian (-3.6 b.y ) and Paleozoic eras. This strong age efiect is interpreted as

suggesting more extensive outgassing of the mantle in the earlier phases of earth history.

INrnooucrroNI

In 1908 Lord Rayleigh (Strutt, 1908) discovered that beryl contained

helium in excess of the amount thought to be produced by the decay of

the uranium and thorium in the mineral subsequent to its formation.

This was in marked contrast to radioactive minerals' sulphides, selenides,

arsenides, various native elements, igneous rocks, silica, silicates, phos-

phates, etc., which usually appeared to be more or less deficient in helium

content. Various.investigators have confirmed the existence of such an

excess for beryl in all samples analyzed (Piutti (1913); Burkser et al.

(1937);  Hahn (1934);  Fay et  a l .  (1938);  Khlopin (1941);  Aldr ich and

Nier (1948).) On this point there is no disagreement. Rayleigh (Strutt '

1908) also reported an excess of helium in sylvite, halite and carnallite.

Several German and Austrian workers (Hahn and Born (1935); Karlik

and Knopf-Duschek (1950)) have also observed this phenomenon and

have proposed that an excess of helium in these salts is a result of the

decay of co-precipitated short-lived radioactive isotopes such as radium

. * Lamont Geological Observatory Contribution No. 271.

t Present address, University of Arizona, Tucson, Arizona.
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and its daughters. A significant excess of helium has also been reported,
in a few cases, for magnetite and calcite (Keevil (1941);Hurley (1954))
and for tourmaline and possibly chrysoberyl (Khlopin and Abidov, 1941).

A new dimension was added to the excess helium problem by the iso-
topic study of He3 and Hea by Aldrich and Nier (1948) who obtained
IJeBfHea ratios of 12.0X10-? for atmospheric helium; 0.5-3.0X10-? for
twelve natural gas wells; 0.6 to 12.0X10-7 for seven beryl crystals; less
than 0.3X10-7 for f ive radioactive minerals; and 24.0Y-10-7 and 120
X 10-7 for two spodumene crystals. The abnormal He3 content of
spodumene can be ascribed to the reaction Li6(n, Hea)H3--+He3 which is
the most prolific lithospheric source of HeB (l\{orrison and Pine, 1955) .
It should be noted, however, that eQual quantit ies of He3 and Hea are
produced in this reaction and so the very large excess of Heain beryl can-
not be explained by this reaction.

All attempts to explain the origin of the excess helium as a result of
nuclear reactions have failed (Morrison and Pine, 1955). This is not
surprising in view of another observation by Aldrich and Nier (1948),
who found an excess of argon as well as helium in several of the beryls
that they studied. The fact that they did not find argon in all of their
beryl measurements can probably be attributed to air leakage or the
presence of hydrogen in their gas samples. In this work it was found that
beryls from the Keystone area (in which Aldrich and Nier found no argon
after making a large correction for contaminating atmospheric Aa0) all
have an excess of argon and in fact all beryls studied during this in-
vestigation clearly contained a great excess of argon as well as helium.

With the exception of beryl the actual magnitude of the excess gas
reported in other minerals is not great. The technical difficulties in both
the alpha (10.Ia/mg. hr) and helium (volumetric) measurements on these
minerals are sufficiently great by older methods that the results should
be considered as only tentative.

In the present investigation in which isotope dilution techniques were
used, it has been possible to confirm an excess of helium and argon in
tourmaline although it is not as great as for beryl in the same pegmatite.
In addition it was observed that cordierite also contains an excess of
both helium and argon approximately equal in magnitude to that of
beryl. A preliminary study of magnetite and calcite, from the localities
for which the greatest helium excess was reported, has failed to confirm
the actual existence of an excess of argon or helium in these minerals.
On the other hand, definite evidence was found for excess inert gas in
hornblende from several localities. It is quite possible that the reported
excess helium in magnetite is actually due to amphibole contamination.
For example, the anomalous samples reported by Hurley and Goodman
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(1943) from the Sudbury region actually contained less than 50ls mag-

netite. No evidence has been found for excess argon in mica (Damon and

ExpBnrnBNtA L TECr{NTQUES

The present study required the measurement of the helium content,

argon content, potassium content and alpha activity of minerals of known

geologi. age. In adclit ion the composition of the volati les contained in

s".rerul of these minerals was also determined by standard analytical

mass spectrometric technique.
The vacuum fusion technique describecl by Carr and Kulp (1957) for

was chosen as a standard because its density (2'69) is about the same as

the silicates in question and also because it is not deliquescent. A

Volchok-Kulp (1955) Iow-level beta counter was used for the work'

The results of a comparison of the a-p method with other methods are

given in Table 1.
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The precision decreases as the K content decreases due to background
fluctuations, but there is no systematic difierence. rn most cases it was

T'rsrn 1. coupenrson o'K Awarvsrs sv couNTrNIG eNo ornrn Mnrnoos

Sample description

Columbia River basalt (N.B.S. radium std. No. 7gg)
Chelmsford granite (N.B.S. radium std. No. 7g9)
Grani tevi l le  grani te (N.B.S.  radium srd.  No. 791)
Lake Kivu leuci t i te (GBS)
Hawaiian olivine basalt (SD-2)
Stillwater plagioclase
McKinney feldspar
Wind River Canyon feldspar
Wilburforce antiperthite
Brown Derby fbldspar
Black Hills feldspar
Beryl Mt., N.H. albite

o . 8 2
3  . 8 1
4 . 6 0
s  .20  ( i .d . )
0 .3s  ( i  d . )
0 .12  ( i .d . )

1 1 . 0  ( G )
e.3e (G)
s.73 (r,)

10.4 (L)
1 1 . 8  ( L )
0 3e (L),
0 .42  (G)

i.d.:isotope dilution analysis by p. W. Gast.
G:analyzed in the University of Minnesota Rock Analysis Laboratory by the

L. Lawrence Smith fusion method (Goldich and Oslund, 1956).
L:determined by Ledoux and Co. using a wet chemical method (Kallman, 1946).

This allowed low-level samples, which formerly required one week of
counting, to be counted with adequate precision during one day.

The alpha counter was monitored by a traffic counter which recorded
the accumulated count every 15 minutes. The counters were calibrated

Counting
method

% K

Comparison
method

% K

0 . 8 8
4 . 4 7
4 . 3 0
4.  83
0 . 2 4
t t . t l

t I  . 7
9 .  65
3 .39

1 1 . 1
1 1  . 8
0 . 3 5
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with National Bureau of Standards rock samples. Where necessary cor-

rections based upon Bragg's law (Nogami and Hurley, 1948) were made

for the composition of the individual sample.

Rpsurrs aNn OssBnvATroNS

The experimental data are recorded in Tables 2-6. The detailed sample

description may be found in the appendix. Table 2 gives the total Aao and

Hea as well as the per cent excess for the samples used in the survey. The

Tesln 2. Excess Hnr-ruu lNn Ancox rN Bonvr,, Conornmre ANo TounuattNn
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Locality

Beartoot}t, Mont.
Huron Claim, Manitoba
Greer Lake, Manitoba
S. of Greer Lake, Manitoba
Er?ijarvi, Finland
Peerless Mine, Keystone, S D.
Keystone, S D
Etta Mine, Keystone, S D.
Harding Mine, N M.
Norrbotten, Sweden
Bery l  Mt ,  N  H.
Rumney, N.H.
Haddam, Conn.
Ft. Victoria, So Rhodesia

metabasite
Orijarvi, Finland
Geelkop, S A.
Kragerii, Norway
Rakinankaratra, Madagascar
Peerless Mine, Keystone, S.D.
Hugo Mine, Keystone, S D.

Esti-

mateq

geo-

Iogic

a9e'

m y

2 , 7 5 0
2 , 6 5 0
2 , 6 5 0
2 , 6 5 0
1 ,800
1 , 6 3 0
I  ,630
1 ,630
I ,600
1 , 3 0 0

320
320
280

2 , 7 0 0

1 ,800
1  , 1 0 0
1 ,300

500
1 , 6 3 0
I , 6 3 0

Aao in

mlcro-

liters

0 .  1 1 7

He{ in
mrcro-
li Lers

per gm.

9 6 2
4 7 4

5 7
t02
3 0 4
1 0 . 6
1 2 9
1 . 2 2
7  . 1 2

t l .2
0 . 7 1 8
3 . 7 2
5 - 1 4

21.4

1 0 . 6
4 . 6 9

1 4 0
0  9 1 9
0 .  2 8 3
n d

Vo ex-
CCSS

afgon

7o ex'
cess

helium

B 1
Br
B3a, b
B4
B 5
Bl:a, b, c
B 7
B 8
B 9
B 1 0
B 1 1
Bt2
B l r
C 1

Beryl
Beryl
B eryl
B eryl
Beryl
B eryl
Beryl
Beryl
B eryl
Beryl
Beryl
Beryl
B eryl
folia ted

Perl

3 2 . 0
1 0 0

- 1  5
- 7

0 . 7 4
2 2
1 . 1 6
n d .
0 604
0 109
0.045
o . 2 5 2
0 .  1 5 2
0 . 6 1 3

0 0 1

>99.9
n d .

>  99 .8
>99
>97
>97

98
n d .
99
82

>98
>99.4

99
>87

>96
44
99

>99 .3
60
95

>99.7
n d .

> 9 9 . 8
>99.6
>99.7
> 9 9 . 7
>9S 8
n d .
9 7
98
97
87
99

>95

>99 4
90
83

>99 2
63

n.d.

C2
C3
c4

T1
T2

nc)
Cordierite
Cord schist
Cordierite
Cordierite
Tourmaline
Tourmaline

0 . 1 3 6
0 155

- 0 8

0  l 7 r

Values praeded by approximation sign ( -) were not determined by isotope dilution tchnique.

n.d. Value not determined.

geologic ages for most of these samples are well known from Rb/Sr,

K/ A and/or U/Pb dating in this and other laboratories, but in some

cases it was necessary to rely on geological considerations such as the

location of a particular sample in the Fennoscandian Shield area etc.

(see appendix). Table 3 shows the repeat runs of various kinds. The ex-

perimental error in the determination of Hea and AaO content should not

exceed a few per cent.* Samples 83, 87, B11 and B13 indicate the

x Except in the few cases where only an approximate value was obtained without the

aid of the isotooe dilution technicue.
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Terr,r 3. V,q.nr,lrrons ol' Hpr,ruu ern AncoN tN Brnvr,

Sample
No. Source of beryl

He{ in
mlcro-
liters

per gram

Aao in
mlclo
liters

per gram

Remarks

identical sampies

opposite ends of 6 cm. crys-
tal

solid piece of crystal
adjacent piece crushed un-

til all material passed
through 200 mesh screen

aquamarine, O.22 a / mg. /hr.
golden beryl, 4.92 a / mg. /hr.
south pit
north pit

B5
B5
B13a
B13b
B 7
B 7

B 1 l a
B  1 1 b
83a
B3b

0 . 7 3 5
0 . 7 4 8
o . 2 2 0
0 165

Eriijiirvi, Finland
Eriij?irvi, Finland
Stoneham, Maine
Stoneham, Maine
Keystone, S D.
Keystone, S D.

Beryl  Mt. ,  N.H.
Beryl  Mt. ,  N.H.
Greer Lake, Manitoba
Greer Lake, Manitoba

1 2 9
1 0 . 4

o  . 7 1 8
0 . 9 1 5

6 8 0
4 7  . O

location variations which may occur. Sample Bll shows clearly that the
excess helium content is definitely not related to the alpha activity.
Table 4 shows the results of a search for atmospheric contamination and
magmatic neon and A38. Table 5 records the more detailed study of a
single large beryl crystal and closely associated tourmaline. Table 6 gives
the analysis of the total gases (corrected for blank) derived from three
samples of beryl during fusion. The results are reported on a water-free
basis as obtained by mass spectrometric technique. Keewatin beryl
(Beartooth, Wyoming) and Paleozoic beryl (Beryl Mt., N.H.) contained
very nearly the same amount of water (about 0.2%).This was deter-
mined by freezing the water into a 300 cc. bulb as evolved during fusion

Teer,n 4. He/Ne, A4c/A33 AND A40/A38 RATros rN Bnnyr, axo Cononnrru*

Sample location IIelNe
Sam-
ple
No.

B 1
B2
B4
B 6
B 9
c 1

8.5

Bertooth, Montana
Huron Claim, Manitoba
S of Greer Lake, Manitoba
Peerless Mine, S D.
Harding Mine, N.M.
Fort Victoria, So. Rhod.

Eriijiirvi, Finland

Beryl
B eryl
Beryl
B eryl
B eryl
Cordierite bearing

foliated metabasite
B eryl

> 4  X 1 0 4
>2 X 105
> 1 . 5 X 1 0 6
> 4  X 1 0 6
>2 X104
) 2  X 1 0 t

>6 X101

> 100,000
>30,000
>48,000
> 15  ,000
>30,000
> 18 ,000

>6s ,000

= 1  10 ,000

>65,000

= 170,000

* The He/Ne and AroTAr0 ratios are minimum figures baause no correction was made for air leakage. The
38 peak was corrected assuming all of the 36 peak was due to air leakage and so represents the excess over
atmospheric. The gas was purifed over hot calcium and CuO but there is still the possibility of arr impurity
and so the A10/A38 value is considered to be a ninimum value.
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Taer,n 5. He. A. K CoNmNr lltn Arpne Acrrvrtv ol e Lencl Brnvl Cnvster, exo

TounueltNr rnou Pnrnr,tss Mrnt Prcuetrrn. Knvsroxo, S.D.
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Sample
No.

B6a

B6b
B6c
T1

Hea
microliters
per gram

A40
microliters
per gram

Alpha
Activity

a/mg./hr.

0 .375

0.049
0.336
0.  168

IIaA / A4oK
U
/o

4.7  5  (4  .63)
4 . 9 9

1s.e  (1s .e )
1 1 . 1  ( 1 0 . 9 )
0 .283 (0 .  178)

3 .97  (3 .97 )

3.  ls  (3 ls)
2 . 1 7  ( 2 . 1 1 )
0.0182 (0.0108)

0 .028

0 .011
0.537*
0 .07

1 n

5 . 0
5 . 2

16 .  5

Numbers in parentheses are the excess Helium and Argon Content.

He4fA40 ratio is for the excess gas.
* Contaminated with sericite.

and then heating the bulb in a warm water bath unti l the l iquid phase

disappeared.
These results make possible the following observations:
(1) All beryl, cordierite and tourmaline studied in this work contained

Tesr-B 6. Cunurcer, Couposrrror on tnn Wernn Fnen Gesns
Evor,vno lnou Bnnvr, DunrNc Fusrow

Constituent
Beryl Mt. beryl

BlIa
%

7 5  . 0
2 . 5
8  . 8 *

1 3  . 0
0 . 4
0 . 0 7
0.004
0 . 2
0 . o 2

0.008

Keystone beryl
B 7
u/o

6 2 0
1 . 8
9 . 7

20.5
0 . 1
1 . 6
o 2
3 . 4
0 . 0 7

0 .  1 9

Beartooth beryl
B 1
ol
/o

COz
CO
N:
H,
Og
Hz

CH,
HzS

Nz*A*He

COg

A+Hd

Nr

7 5 . 5
2 . 7
6 .  1 *
2 . 0
0 . 4
9 . 6
3 . 3
0 . 3
0 .o2

0 . 2 5

2 . 1

* Determined by Dr. T. Hoering and Mr. R. Scanlan (Chemistty Department, Uni-

versity of Arkansas).

All other analyses were made by Mr. W. Ault and the authors using a C.E.D. No. 401

mass spectrometer. CO was distinguished from Nz in the B7 analysis by the relative pro-

port ions ol  m/e:12 and m/e:14.
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a large excess of both helium and argon over that required from radio-
active decay. In many cases the amount of helium and argon produced
within the mineral by radioactive decay was only a fraction of one per
cent of the total (Table 2).

(2) The content of helium, argon and potassium and the alpha activity
varied in crystals of beryl from the same pegmatite and even within a
single crystal (Tables 3 and 5). The content of helium and argon in
crystals from different Iocalities is extremely variable. The potassium
content of beryl is usually very low (<0.2%).The high value for sample
B6C (0.53770 K, Table 5) was due to sericite impurity which had not
been completely removed. The alpha activity is quite variable ( <.05 to
5 a/mg. hr.) but it is usually less than 7 a/mg. hr.

20 40 50 80 too

A T O M I C  R A T I O  O F  H E L I U M  T O  A R G O N
(  C L A S S  I N T E R V A L  :  5  )

Frc. 1. Ratio of helium to argon in beryl and cordierite.

(3) The ratio of helium to argon in crystals from different pegmatites
varied from 0.5 to 130 and even varied from 1 to 5 in a single crystal
(Table 5). Qualitatively, it may be stated that the Heaf Ato ratio histo-
gram (Fig. 1) is a skewed distribution, with a mode equal approximately
to 8, a median value equal to 15 and a mean value of 20. The mode is
approximately equal to the relative production rate of helium to argon
by radioactive decay in average shale, granite or basalt. The variation
of the He4f A40 ratio is much as might be expected from a fortuitous
sampling process.

(a) The three minerals for which a gross excess of inert gas has been
found have in common an atomic structure based upon a 6-membered
sil ica tetrahedron ring (Bragg (1937); Hambuerger and Buerger (194S)).
Beryl and cordierile are isostructural but in cordierite magnesium-
aluminum replaces beryllium-aluminum and on the average one alumi-
num atom replaces one silicon atom in the ring. Fe+2 can substitute
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partially or wholly for Mg in cord.ierite. According to Schaller and
-St"rr"nt 

(1955), variations in the composition, specific gravity and in-

dexes of refraction of beryl are due to progressive substitution of Li+ for

Al3+ along with AI3+ for Be2+ in the beryl structure; the charge unbalance

being satlsfied by concomitant substitution of alkali ions, principally

Na+ and Cs+ into the tubular channels defined by the tetrahedral rings.

The structure of tourmaline is much rriore complex, being composed of

alternate layers of 6-membered silica tetrahedra rings with magnesium

octahedra and boron triangles, Na+l occupying the central position in

the ring.
It can be seen (from Tables 2 and, 5) that in the same pegmatite, the

magnitude of the excess gas is much less for tourmaline than for beryl.

On ttte other hand, cordierite and beryl appear to accept the inert gases

with equal facility.
(5) There appears to be no direct relationship between the helium and

argon content and the immediate environment. The beryl crystals oc-

curred in a rather uniform environment oI quatLz, muscovite and feld-

spar. The existence of radioactive minerals in a pegmatite (e'g' 82) or

the nonexistence of such minerals (e.g. 84) cannot be correlated with the

helium content. Cordierite from a metamorphosed terrain such as Ori-



M2

A )  Lo rge  sco le  f i e l d

s k e l c h :

6  =  be ry l  c r ys fo l

T ,  =  Tou rmo l i ne
c rys to  I

P. E. DAMON AND J. L. RULP

oT,o

B )  S m o l l  s c o l ef i e l d  s k e t c h :

Frc. 2. Peerless Mine pegmatite, Keystone, South Dakota.

munication) to produce iong-lived Ktt by the Caao (d, a) KB8 reaction did
not succeed.

quantity of helium (-.08 std. cc.) observed, for example, in a beryl
from a pegmatite south of Yaduir near Bangalore, Mysore, India. The
Pb207 /Pb206 age of monazite from this pegmatite was 2,300 m.y. Khlopin
and Abidov (1941), on the other hand, state that there was no connection
between helium and mineral age in beryls which they studied.
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o o'r 
,a.,r"olorr.r, ,J,I*or'r.rs PER GRAM

Frc. 3. Herium content ofljJJLlll;.'*"J:ff:JT::X,""'"1* crass intervars arranged

In this work an effort was made to obtain beryl from very old pegma-

tites in order to decide between the conflicting evidence. The results of

the previous invesl.igators have been included with the present work and

a histogram has been plotted for the helium content of beryl with the

class intervals arranged according to a geometric progression (Fig. 3).

A histogram based on exponential (base:10) class intervals also brings

out the relationship but does not distinguish as well between the two

Precambrian groups. (Class intervals based on a natural log base would

bring out the relationship as well as the geometric progression.) A glance

at this histogram confirms Lord Rayleigh's observation and also demon-

a
U
J
L

u-

(r
U
rD

l
z

M I N E R A L S  K N O W N  T O  B E  O L D E R  T H A N  2 3 O O N Y

A L L  P R E C A M B R I A N  M I N E R A L S
W I T H  T H E  E X C E P T I O N  O F  T H O S E
K N O W N  I O  8 E  O L O E R  T H A N

2 3 O O  m . Y .

P A L E O Z O I C  M I N E R A L S

M E S O Z O I C  A N D  T € R T I A R Y
M I N €  R A L S

[rr lTff im KHLoPIN a A8loov(194r)

N \  l H l s w o R K
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strates the reason that Khlopin and Abidov did not observe this relation-
ship, i.e., their analyses include only two Precambrian samples.

The relationship is peculiar; qualitatively the helium content increases
with age very much as might be expected if beryl were a radioactive
mineral containing varying amounts of pure U245, which of course it does

o
UJ

L

o
(!
td
(Il

:)
z

o.a
ARGON

t .5

CONTENT
25.5 102.4

PER GRAM

Frc' 4' Argon content t 
Yl*ll-':;H::"-11'.-;'.::'**'i":* 

crass intervars arranged

not. There is no correlation between alpha emission and helium content.
Furthermore, the same age relationship holds for the argon content
(Fig. a). fncidental to this, note that the one beryl from Manitoba which
does not fall in the 25.6 to 102.4 microliter per sram class intervar con-
tains a quantity of argon second only to the Beartooth beryl from Wyo-
ming. Lord Rayleigh (1933), not knowing about the argon content of
beryl, made a fruitless search for an unknown alpha emitter.

M I N E R A L S  K N O W N  T O  B E
G R E A T E R  T H A N  2 3 O O  M , Y
o L 0

A L L  P R E C A M B R I A N  M I N E R A L S
W I T H  T H E  E X C E P T I O N  O F  T I I O S E
K N O W N  T O  B E  G R E A T E R  T H A N
2 3 0 0  M . Y  O L D .

P A L E O Z O I C  M I N E R A L S

,  6 . 4

MICROL ITERS
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It, may be stoted. that the helium and. argon content of beryl anil cord.'ierite

i,ncreases with the oge oJ the mineral anil there is no relationship between

this phenomenon anil the alpha emission, potassium content, chemical

composition or minerolog'ical enaironment of the mineral'

(S) fne chemical composition of gases released from beryl upon fusion

YEMPERATURE IN  OEGREES CENTIGRADE

Frc. 5. Release of gas as a function of temperature for beryl'

is presented in Table 6. The solid pieces of beryl (not powdered) were

fused in vacuum without flux and collected without chemical treatment

in a 300 cc. bulb. The fusion took place in a molybdenum crucible placed

U

U
J
U
E
a

)
F
o

LrD
F
z
U
o
E
UJ

H E L I U M .  E R A J A R V I  B E R Y L

ALL NoN-coNDENStBLES -

E R A J A R V I  B E R Y L

A L L  N O N - C O N O E N S I B L E
S E A R  T O Q T H  B E R Y L
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Paleozoic beryl (B11o). Enough beryr was fused to minimize the error
due to the b lank (<10% of  to ta l  vo lume).

Except for the inert gases and nitrogen the concentrations may not be
directly related to primary volati le components trapped in the rattice.
Atmospheric gases adsorbed on the surfaces of the beryr undoubtedly
contribute to the gases evolved. Furthermore, as pointedout by wahler
(1956), CO, H2, CHr, Oz, HzS can result from decomposition of water,
coz and adsorbed ofganic compounds followed by iecombination to
produce the observed distribution of the chemical elements among the
chemical compounds. As a case in point, through optical prisms it was
observed that transport of molybdenum from the crucible to the beryl
occurred in the presence of water vapor, presumably by way of an oxide
of molybdenum. when beryl was first desiccated by heating to tzoo. c.
in a graphite crucible, this phenomenon was no longer observed.

Undoubtedly much of the COz and HzO u." -oi" than superficially
located within the beryl (the non-essential water content of beiyl is well
known) and the nitrogen is also most certainly retained within ihe beryt
by more than superficial adsorption. The content of nitrogen and the nitro-
gen isotope abundances of many of the beryrs investigated in this work
are being determined by Dr. T. Hoering and associates at the university
of Arkansas. Their preliminary results (T. Hoering, personal communi-
cation) on a number of beryr and cordierite sampres definitely show that
the nitrogen content of beryl and cordierite is higher than thai of igneous
rocks by a factor of 10 to 100.

Thus HrO, COr, Nz and the inert gases are the most abundant primary
constituents evolved upon fusing beryl. For apaleozoicberyl the propor-
tions are approximately HrO:8070, COr:16y , Nr:2%, ineri gases
:trace and for the most ancient beryl HrO:77To, COz:16To,Nz:2To
and inert gases:3/6. Thus, the proportion of the,inerf gases i,ncreases but
there is essentially no cl.r.ange in HzO, COz and. Nzwifh,increasing age. This
can most clearly be seen by the ratio of (A*He) to Nr in the last row
of Table 6.

wahler (1956) heated beryl until decrepitation and maintained this
temperature for only 5 minutes to avoid chemical reactions. The com-
position of gases evolved by this method was very similar to that ob-
served in the present study but less in volume by a factor of 3 to 4.
However, heating for a short period of time at the temperature at which
decrepitation first takes placd will not completely degas beryl.

The following experiment was performed: A small sample (1 g.) of
beryl was heated to 700o c.; this temperature was maintained while
chemically active gases were cleaned up on hot calcium, and argon was
adsorbed on charcoal at liquid nitrogen temperature until the pr.rrrrr",
as determined by a Mcleod gauge, no longer increased appieciably.
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IJndoubtedly, if this temperature had been maintained for a sufficient

period of time, more helium would have been evolved by diffusion, but

the value plotted in Fig. 5 represents all the helium that could be readily

evolved at this temperature. The temperature was then raised and the

process continued until fusion. No change in pressure was observed from

1100'C. to fusion at 1450" C. or thereafter. Thus all of the helium was

evolved long before fusion. However, in other experiments (Fig. 5) by

observing the manometer reading as the gases came ofi before clean-up,

it was ascertained that the non-condensable gases are most rapidly

evolved upon decrepitation but the temperature had to be raised to

1200'C. or higher to completely outgas the beryl. Bdse (1936)' upon

heating powdered beryl, observed that gas was so suddenly and rapidly

released upon decrepitation that the powder was blown about in the

furnace. This was not observed with the solid pieces of beryl during this

investigation. In the case of fine-grained mica, however, flakes may

actually be violently ejected from the crucible at about 800' C. if the

temperature is raised too rapidly. Bijse found that upon decrepitation

(zerfalls), which took place between 700-1200o C. for dif ierent beryls,

there is a decrease in density amounting to from 0.1/6 to 0.8/6. He also

states that inclusion free and alkali free beryls decrepitate at higher

temperatures. Bdiie observed the formation of sublimate rings on cooled

qtartz tubes upon heating beryl powders to 1200o C. The successive sub-

Iimate zones contained different metals such as Fe, Ni, Mn, Na, etc'

This observation was checked by heating a 5 g. sample of beryl from

Harding Mine, N. M. to 1200' C. in a quartz tube which was plugged

with glass wool at the cooled end. The glass wool was then placed in 1/1

nitric acid to dissolve metal ions, evaporated to near drynessl distilled

water was added and the solution evaporated down to several milliliters.

In this case also the Fe, Mn, Na, Be, Li, etc' spectrographic lines* were

observed, but there was little or no change in the emission spectrum of

the beryl itself before and after heating. In particular the Na lines before

and after were identical. It must be concluded, in this case, that the mass

transfer was quite small.

OnrcrN or rHE INBnr Gasns rN BERYL, Conornnrrn
.q.r.ro Tounu,lttNE

There are three basic hypotheses which may be proposed to explain

the excess inert gases in beryl, cordierite and tourmaline:
(1) Helium and argon are created within the crystal lattice by (a) an

unknown source of radioactivity or (6) nuclear reactions.

* Emission spectrography was done by Dr. K. K. Turekian, Department of Geology,

Yale University.
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(2) The concentration of the inert gases in these mineral lattices in-
creases with time by difiusion into the Iattices from the surroundings.

(3) The "excess" helium and argon were occluded by the rnineral at
the time of its formation.

ft is concluded that the last hypothesis is the only reasonable one.
Hypothesis (1), the internal creation hypothesis, can be dispensed

with immediately. A search for the producis of necessary nucleai reac-
tions demonstrates that they can only be on the order of 1 part per 105
inert gas atoms present. Furthermore, the possibility of the existence
of an unknown radioactive source of both argon and helium cannot be
taken seriously in view of the extensive nuclear studies which do not
indicate either experimental or theoretical possibilities for any radio-
active source of Aao other than Kao. One of the major results of this work
was the demonstration that excess argon invariably accompanies excess
helium in these minerals which precludes nuclear generation as indicated.

Thus the hypotheses are reduced to occlusion at the time of mineral
formation or subsequent dif iusion of these constituents into the lattices.

The "excess" helium and argon content might conceivably be ac-
counted for by the diffusion of the inert gases into the crystal lattice
progressively with time (hypothesis 2) but this does not appear probable
for several reasons. First, the partial pressure of helium and argon into
the intergranular spaces must be so much lower than inside the mineral
that a sufficient concentration of the correct sign would not be present.
The general loss of argon from perthitic feldspars may be cited in this
instance. Second, the average 2.7 billion year old beryl has about a 500
fold greater inert gas content than a 0.1 b.y. old beryl, wherever the ages
differ by only a factor of 27. Thftd, diffusion within the crystal carried
on for a sufficiently long period of time to explain the age effect would
tend to homogenize the inert gases in the mineral rather than support
large observed differences in the inert gas content within a single crystal.
The large single beryl crystal from the Peerless mine shows a concentra-
tion gradient of helium from the center B towards both ends of the crys-
tal in Fig.2 (see Table 5), whereas the gradient for argon is from the
intermediate zone to the wall zone instead of the uniform distribution
which would be expected from diffusion. Further, it would appear in this
case from the mineralogical environment, the source of the argon would
be by way of the mineral plagioclase and thus difiusion would have to
defy a 100-fold difference in argon concentration across the mineral inter-
face. It seems most l ikely that, if anything, both argon and helium
should diffuse out of the minerals. Actually, if Schaller and Stevens (195S)
are correct, the channels in beryl are not open, being occupied in part
by Na+ and Cs+ which would block the channels and impede diffusion
in e i ther  d i rect ion.
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Occlusion at the time of mineral formation appears to be the correct

and in the ideal tremolite structure it is completely vacant'

relative to both rubidium and potassium (Goldschmidt, 1954, p' 166)'

Thus it is enriched in beryl where it can aid in the (Na+, Cs+) - (Li+, Be+')

substitution. AIso, as mentioned before, the nitrogen content of beryl

and cordierite is 10 to 100 times that of igneous rocks and furthermore,

it is present in the molecular form (Nr) primarily rather than as the am-

-onirr- ion (NHr+) as in igneous rocks (T. Hoering and R' Scanlan,

personal communication, 1957).
Since the channels in the beryl-like structure appear to provide a suit-

able location for the excess inert gases and other "fugitive" constituents,

it is unreasonable to imagine that the mineral can form in a pegmatit ic

environment replete with gases and volatiles, without occluding at least

some of these constituents. However, it is necessary to supply a mecha-

nism to keep the gases in the ring. If the gases are relatively loosely bound

molecular weight 50, charcoal and the zeolites are analogous. For exam-

ple, CO2 is adsorbed more readily than helium. If beryl were behaving in

th" ,u-" way, then more argon would be adsorbed than helium' But this

is not the relationship that is observed for beryl; the helium to argon

ratio is much as would be expected from the production rates in a peg-

M9
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completely released before other non-condensable gases during degassing
can be explained by the more rapid difiusion of the smalrer herium atom
past the cationic block.

Diffusion is exponentially dependent upon temperature. The self dif-
fusion coefficient increases with temperature according to the following
relationship:

D7 : l)o6olaz'

process of diffusion encounters a Na+l (radius:0.97 A) cation and be-
cause its van der waal's diameter (2.90 A) is much greater than the space
usually available between the cation and oxygen atoms in the tetrahedra
(-14), it must wait until a fortuitous combination of thermal vibrations

formation. The isotopic constitution of the inert gases is what would be
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expected by derivation from the mantle or crustal rock (originally sedi

mentary) already degassed of its juvenile or atmospheric inert gases and

enriched in Hea and Aao by radioactive decay'

Consider a pegmatite being formed during the process of regional

metamorphisml according to Jahns (1955), pegmatites are essentially

restricted to terrains of igneous and melamorphic rocks. The fi.rst step

is the accumulation of molten material along with a gas phase in a

relatively (or momentarily) closed volume. The initial partial pressure

of the inert gases in the pegmatite before crystallization begins will, of

course, be the same as their partial pressure in the immediate environ-

ment. This in turn will have been set bV (t) the size of the local crustal

volume from which the inert gases have been released (2) the degree of

therefore, account for the age effect.
Local variations in the concentration of the inert gases in individual

beryl minerals or even within a single crystal are probably a result of

continual variation in the partial pressure of these gases during the

crystallization of a pegmatite. Several processes are involved here: the

rate of crystallization, the relative "tightness" of the pegmatite volume,

hydrostatic as the base level. Thus a beryl or portion thereof would con-

tain more or less helium and argon depending on the total pressure at the

time of mineral formation.
The concentration of helium and argon being produced by radio-

active decay within the pegmatite volume during crystallization is trivial

compared to the quantity acquired by mobilization from a much larger

volu-me of rock in which the inert gases have accumulated for a much

Ionger period of time.

451
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rt is evident that the age effect cannot solely be due to the increaseil
rale of prod.uction of helium and argon in the past. This can be shown as
follows:

The helium production, 2.7Y.I}s years ago, was approximately two_
fold greater for the uranium series and 1.15 ford greater for the thorium
series. The Aa' production was higher than at present by a factor of about
4.4. This only provides a factor of two to four, whereas a factor of 100
to 1000 is needed. But the increased rate of heat production by radio-
activity during the early period must be taken into consideration. u2,b
and Kao produce about 15/6 of the present radiogenic heat (Rankama,
1954) but 2.7 XlOn years ago they produced about 5O/6 oI the total radio-
genic heat. The total heat production would also be higher by a factor of
two.

The efiect of radioactive heat production wourd be to increase the

The locus of the incipient pegmatite can be idealized as a small volume
of total mobilization surrounded by zones of lesser mobility until in the
outermost zone only the inert constituents are significantly mobile. The
mobile fugitive constituents are free to mix at this point before recrystal-
Iization has begun, the tendency being to occupy any free volume which
is accessible and suitable.

Recently Jacobs and Allen (1956) have considered various models for
the thermal history of the earth. concerning a moder for a radioactive
earth with an init ial central temperature of 4500" c., they state (p. 157),
"Near the surface, conditions appear to have been greatly different in the
far past from those existing at present-in fact, there may even have
been remelting of material near the surface (down to about 100 km.)
during this first thousand mill ion years or so. rf so, this courd explain
the now fairly well-established fact that the Earth as a whole is about
4] thousand million years old, whereas no rocks have been found much
older than about three thousand mill ion years. (A similar suggestion was
made by W. D. Urry, some years ago.) Ilowever, this brief temperature
rise at the beginning soon ceased and cooling commenced. The rate of
cooling was greater in the past than it is now, and this suggests that
orogenic activity may have decreased with time, and perhaps have been
caused by difierent processes in the far past."

rt is the rate of heat production due to radioactive decay which could
produce an exponential efiect in the quantity of helium and argon re-
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history.

Tna Ellocr ol TEMPERATURE AND PnBssunp
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(2700 m.y.) and the Peerless pegmatite (1650 m.y.). The Na_K ratio of
muscovite from the Beartooth beryl indicated a temperature of 460o c.,
whereas the relationship for the wal zone of the peerless pegmatite in-
dicates a temperature of 550o c. The Na-K ratios for two additional

creasrng temperatures in geologic time and so this hypothesis need not
be considered further in this connection.

tile constituents, other than helium and argon, eliminates pressure as a
direct cause of the age correlation. A 100-fold difierence in burial is im-
possible and even if attained would result in an increase in all the volatile
constituents.

ConcrunrNc Rnuar<rs

in the past with a consequent greater rate of degassing of the inert gases
than at present. Additional evidence for this greater degassirrg in earlier
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times (based upon the isotopic composition of the inert gases, rates of

leakage, and present atmospheric abundances), has been treated in

another  paper (Damon and Kulp,  1957).
There are other minerals which contain "holes" large enough to ac-

commodate helium and argon atoms. Amphibole has been previously

mentioned. The structure of the newly discovered mineral osumilite

(Miyashiro, A., 1956) is based on a double hexagonal ring, (Si, Al)rzOeo'

Unfortunately not enough of this mineral was available for this study.

l,{ilarite (Belov and Tarkhova, 1949) and osumilite are isostructural.

According to Belov (1942) the SioOrs ring is also observed in dioptase.

The minerals beryl and cordierite also provide an excellent source for

studying nuclear processes occurring in nature which produce the inert

gases as end products. Thus in addition to He3, it is quite certain that nu-

cleogenic Ne21, A36, A38 and fissiogenic krypton and xenon isotopes are

present in smaller quantities than were observable during this in-

vestigation.
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ApprNorx

Description of Samples
B1 Beryl-collected by Mr. Rae Harris (PD-56-23); one quarter mile south of Black-

stone Lake, Bear Tooth, Mont.; orthoclase-quartz pegmatite about 150 ft. long
and 10 ft. thick at the widest part; albite and book muscovite 6o in diameter also
occur in the pegmatite; according to Dr. Heinrich Holland of Princeton University,
the Na-K ratio for the muscovite indicates that the temperature oI formation was
about 450'C. Age:2750 m.y.  (Gast  and Kulp,  1957).

R2 Coliected by Dr. F. D. Eckelmann (DE-39-56); grey-white opaque beryl from
Huron claim; in potash feldspar-quartz pegmatite containing thin veins of colum-
bite-tantalite; may be followed for 1000 ft. on strike with the Silverleaf-Bear Claim
pegmatite about 25'wide; age 26O0 m.y.; see Eckelmann and Kulp (1952) for
discussion. Age:2650 m.y. (Gast and Kulp, 1957).

B3a Collected by Dr. F. D. Eckelmann (DE-130-56);light colored opaque beryl with
yellow-pink tint from S.E. corner of Greer Lake in S.E Manitoba; south pit of
potash feldspar-quartz-biotite, uraninite bearing pegmatite. Age:2650 m.y. as
above.

B3b Same as (DE-130-56) but from north pit, color is white
84 Collected by Dr. F. D. Eckelmann (DE-135-56);located about 3000 ft. S.W. of

samples 83 (a and b) and part of same pegmatite swarm, about 1000 ft. south of
the center of Greer Lake; beryl forms small, euhedral crystals in an elongate ban 1;
greenish in color but color varies within mineral and markedly within area of
10X10 ft. Associated muscovite alkali content isNazO:7.43Vo, KrO:g.Sgyo,
RbzO : 1.117o, indicated temperature: 520' C.

85 American Museum of Natural History collection (A.M.N.H. 24878); from Erii-
jiirvi, Viitaniemi, Finland; white, translucent, cesium beryl; many thin sericite-
muscovite veinlets may be seen in thin section; age from location in fennoscandian
shield 1800 m.y.

B6a Collected by Mr. L. Long (LL-11a-56);white beryl from single 2 ft. long crystal
(see fig. IV-2); from Peerless Mine, Keystone, S. D. Age from micas dated by Mr.
Long etc. is 1630 m.y.
As above (LL-11b-56).

As above (LL-11c-56).
Collected by Dr. S. Schafiel from Keystone, S. D. region, white beryl (SS-D-3).
Collected by Dr. K. Turekian (KT-D-3a); from Etta Mine, Keystone, S. D.;
milky white; small amount of sericite-muscovite inclusions in thin section.
Columbia University Collection (CU-D-l1), from Harding, N. M., piece of large,
massive, white specimen, age 1600 m.y. (Faul, 95a, p. 278).

810 collection of Mineralogiska Advelningen Natur Historiska Riksmuseet, stock-
holm; from Sorkalien near Ranea, Norbotten, Sweden; massive green specimen
from large crystal, age thought to be about 1300 m.y. (Dr. F. E. Wickman, per-
sonal communication).

Blla Collected by author (BMD-9), Beryl Mt., N. H. pegmatite; this specimen is an
aquamarine; the beryl bearing pegmatite has a core of white and rose quartz
flanked by a unit 25 to 50 ft. wide consisting of perthite and quartz with large
books of muscovite and large circular diameter crystals of albite. Biotite, black
tourmaline and garnet are present near the wall zones; for further description of
pegmatite see Cameron et al. (1954). This particular specimen contained a large
number of tourmaline inclusions visible in thin section; clear translucent and with
very little muscovite. Age:323 m.y, (Damon and Kulp, 1957). Associated mus-

B6b
B6c
B 7
B8

B9
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covite alkali content is Na2O:1'66le, KzO:70O9/s, RbzO:0'21/s' iildicated

temperature: 540' C.

B 1 1b Same as above (BMD-2D), yellow-brown beryl intimately intergrown with quartz

and muscovite. Veinlets of sericite-muscovite observed in thin section; also peculiar

mosaic structure in thin section but no bubbles. The radioactivity of this beryl was

exceptionallyhigh(4.92a/mg.hr.)leadingtothesuppositionthatth.emosaicstruc-
ture was due to metamictization. This crystal when heated to 600' C' in vacuum

Iost its opaqueness and took on a pleasing blue coloration' All beryl (also amazon-

itel stuaied, when heated to 1000o C. in vacuum, became opaque white'

Bl2 A.M.N.H. collection (No. 23798); aquamarine from Rumney, N' H' region; crystal

about 4 cm. iong embedded in milky quartz' Probably same age as Beryl Mt'

pegmat i te.

B13a,D Columbia University collection (CU-D- ); from Stoneham, Mainel aquamarlne'

6 cm. in length;see Cameron et al. (1954). Probably same age as Beryl Mt peg-

matite.

Bl4 columbia university coliection (cu-D-l); from Haddam, conn., Gillette qualry;

transparent aquamarine, crystal 6 in. longl Cameron et al' (1954), usual muscovite

inclusions in thin section; hand specimen veined with quartz' Age:280 m'y'

(H.  Faul ,  p.267).

c1 cordieritecollectedby members of Geological Survey of So. Rhodesia (GB-18);

foliated metabasite iomposetl of about $ cordierite and f anthophyllite with

sprinkling of opaque accessory minerals; 39 miles E' by N' oI Fort Victoria'

Ndanga District, Lat. 19" 58' S., Long. 31" 25' E , perhaps Sebakwian in age

(2,700*m.y.); thought to be a metamorphosed basalt'

c2 cordierite A.M.N.H. No.-10,104 from orijZirvi, Finland; hand specimen is clear,

almost transparent blue-grey; crystals and veins of pyrite visible in chips under

low magnification, some muscovite on crystal surfacesl muscovite-sericite inclu-

sions visible in thin section; age 1800 m.y.from position in fennoscandian shield;

for geological description of the area see P. Eskola (1914)'

c3 collected by Dr. A. Poidervadrt; cordierite schist from Geelkop in the orange R.

Valley; according to Dr. Poldervaart, the schist is the result of high grade meta-

morphism (600'-650" C.). Estimated age:1100 m'y'

C4 Cortlierite (M-D-3) from Kragero, Norway; translucent blue, free of microscopic

impurities; age probably 1300 m.y. (from archaeozoic gneiss) (from A M'N'H'

Collection).

C5 A.M.N.H. (17768) from Rakinankaratra, Madagascar; dark blue, translucent'

granular cordierite; altered on surfacesl probably late Precambrian in age'

T1 Tourmaline collected by L. Long (LI'-I2 56) from Peeriess mine, Keystone' South

Dakota; black tourmaline associated rvith cleavelandite from quartz-muscovite

zone.
T2 Tourmaline coliected by L. Long (LL-30-56) from Hugo Mine, Keystone' S' D';

black tourmaline from quartz, plagioclase, muscovite wall zone'

Btsr,rocnAPuv

Ar_omcn, L. T. lNt Nrnn, A. O. (1948) The occurrence of He3 in natural sources of helium:

Phys. Ret ,74, 1590-1594.

Bnr.ov, N. V. (1942) New silicate structures: Comptes Rend' Acad" des Sci' t/'RS't' ' 37'

r39-r40.
Bnr.ov, N. V. eNn TamnovA, T. N. (1949) Crystal structure of milarite: Dohloily Acail.

1[ozA. S.S.S.R , 69' 365-368.



458 P. E. DAMON AND J. L. KALP

Brisu, R. (1936) optische und spectrographische untersuchungen an Beryllen, insbesondere
bei h(jheren Temperaturen : N eues I ahr. M iner., 70A, 467 -57O.

Bnacc, W. L. (1937) Atomic structure of minerals: Cornell Univ. press. Ithaca. N. y.
Bunrsnn, E. S., Keeusrrx, N. P., emn Kornocunr, V. V. (1937) Helium, radium and tho-

rium in beryllium minerals of the U.S.S.R.: Compt. Renrt. Acad.. Sci. U.R.S.S., f5,
193-198.

Cenn, D. R. eNo Kur.r, J. L. (1957) The potassium-argon method of geochronometry:
Bull Geol. Soc. Amer.,68,763-784.

cnennvxrsnv, V. v. exo Kozer<, L.v. (1949) source of excess helium in some minerals
(inRussian): Doklal,y Akad^ Naub.,S..S.S.R., 69,829. Abstracts C.A.,44,4375g.

DeuoN, P. E. aNr Kur.e, J. L. (1957a) Argon in mica and the age of the Beryl Mt., N. H.
Pegmatite: Amer. f . Sci.255, 697-704.

Dauow, P. E. ello Kurr, J. L. (1957b) Determination of radiogenic helium in zircon by
stable isotope dilution technique : Tr ans. A.G.[]., 98, g4S-9S2.

DAuoN, P. E. aNl Kur.e, J. L. (1957c) rnert gases and the evolution of the atmosphere:
Geochim. et Cosmockim. Acta, 13,280-292.

Ecrrr,uarw, w. R. awo Kur-r, J. L. (1956) The uraniumlead method of age determina-
tion: Part II North American Localities: BuIt Geol,. Soc. Amer.,6gt 1117-1140.

Errnr,, w. (1954) The physical chemistry of the silicates: univ. of chicago press, chicago,
nl., 1009.

Esrora, P. (1914) on the petrology of the orijarvi region in southwestern Finland: Bull.
Comm Geol. F,inlond.e, 4O.

Fnrnnunn, H. w., et a]. (1951) A cooperative investigation of precisioir and accuracy in
chemical, spectrochemical and modal analysis of silicate rocks: Geol. survey Bull. 9g0
(U. S, Gov't. Printing Ofiice), 71 pp.

Faur, H., et al. (1954) Nuclear Geology: John Wiley and Sons, N. y., table 9, p. 16g.
F,tv, J. W., Grucxeul, E. exo PaNarn, F. A. (1938) The occurrence of helium in beryls:

Proe. Roy. Soc. (Lond.on) A165,238-246.
GeunrN, A. M. exo P,rNrvrll, J. H. (194s) Radioactive determination oI potassium in

, solids: Anal,. Chem.,20, 1154.
Gesr, P. w. eNo Kur.n, J. L. (1957) Absolute age determinations from early precambrian

Rocks in the Bighorn Basin and S. E. Manitoba: Trans. A.G.U.,39, 322-334.
Gotlrrc, E. K., Lnvsrr, L. K. .lxo AnAnAS'EvA, L. T. (1956) On the discovery of A38 in

potassium containing minerals: Doklad,y Akad. Nauk. s.s.s.R., l0g, 1g3 (in Russian).
Goloscnuror, v. M. (edited by Alex Muir) (19s4) Geochemistry: oxford univ. press,

London.
Henr.r, o. ANr BonN, H. J. (1935) Das vorkommen von Radium in nord- und mitteldeut-

schen Tiefenwassern. N alurwiss, 2J, p. 7 39.
HeuN, o. (1934) The origin of heiium in beryllium minerals: Naturwi.ssenschaJten,22,IM.
Heununcrn, G. E. aNo Bunncrn, N. J. (1948) The structure of tourmaline:,4 m. Mineral,..

33,532-540.
Holuas, A. (1955) Dating the Precambrian of peninsular rndia and ceylon: proc. Geol.

Assoc. canada, r (part Ir-symposium on precambrian correlation and dating), g4-g5.
Hunr.nv, P. M. ar.rn GooouaN, C. (1943) Helium age measurement, I. preliminary mag-

netite index: Bul,l Geol. Soc. Amer.,54,3OS-324.
Hunr,av, P. M. (1954) The helium age method and migration of helium in rocks, in nuclear

geology (H. Faul, ed.): John Wiley and Sons, fnc., New york, 301_329.
J.tcons, J. A. enr Ar,r,lN, D. W. (1956) The thermal history of the earth: Nature, 177,

155-157.
Jerrxs, R. (1955) The study oI pegmatites, in Economic Geology: Fiftieth Anniversary

Volume, 1025-1 130.



EXCESS HELIUM AND ARGON IN BERVL

Kenr,rr, B. eNn KNopr-Duscnnr, F. (1950) Determination of the helium content of rock

salt specimens: Acta Phys. Ausl'rioca,3' 4148-451.

Knnvrr-, N. B. (1941) The unreliability of the helium index in geological correlation:

Lrnirersity oJ Toronto Studies, Geological 'Series,No. 461 39-67 .

Knr.oprN, V. G. eNo ABrDov, S. H. (1941) Radioactivity and helium content of beryllium,

boron, and lithium minerals of the U.S.S.R' Compt. Rend. Acad. Sci. U.R'S.S', 32'

( ) 5 / .

Kur.r, J. L., Hor,reNn, H. D., eNo Volcnor, H. L. (1952) Scintillation alpha counting of

rocks and minerals:  Trans.  A.G.U.,33'  101-113.

Mruasnrno, A. (1956) Osumilite, A new silicate mineral and its crystal structure: ,4m.

Mineral ,4 l '  104-116.

MonnrsoN, P. er.o PrNo, J. (1955) Radiogenic origin of the helium isotopesinrock: Annals

N. Y. Acad. Sci., 62, 69-92.

Noceur, H. H. ,cNn Hunr,nv, P. (1948) The absorption factor in'counting alpha rays from

their thick mineral sources: Trans. A.G.U.,29,335-340.

Prurrr, A. (1913) Helium and beryllium minerals: Atti Accad.. Lincei,22, 140-lM'

Por,rnnvA.Lnr, A. (1955) Chemistry of the earth's crust, in Crust of the Earth, A' Polder-

vaart, ed.: GeoI. Soc. Amer. Special Paper,621 119-145.

Ravr,nrcn, J. W. S. (1933) Beryllium and helium. I. The helium contained in beryls of

different geologic age: Proc. Roy. Soc. (Lond'on) AI42,370-381.

Scualr.nn, W. T. ,{nn Srnr,nNs, R. E. (1955) A study of beryl: Manuscript in preparation

ru.s.G.s ).
Srnurr, R. J. (1908) Helium and radioactivity in rare and common minerals: Proc. Roy.

Soc. (London) A80' 572-594.

Vor,cnor, H. L. lm Kur.e, J. L. (1955) Low level beta counter for routine radiochemical

measurements : N u'cl'eonics, 13, 49-50.
yAHLER, w. (1956) uber die in Kristallen eingeschlossenen Fliissigkeiten und Gase:

Geochim. et, Cosmochim. Actra.9, 105-135.

Yornn, II. W. aNo Eucsrnn, H. E. (1955) Annual report of the director of the Geophysical

Lab. No. 1248, 1954-1955: Carnegie Institution of Washington.

Monuscribt receiaed Jul'v 19, 1957

459


