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HELIUM-BEARING NATURAL GAS.

By G. SHERBURNE ROGERS.

INTRODUCTION.
SCOPE OF THE INVESTIGATION.

The gas helium, which was discovered on the
earth by Sir William Ramsay in 1895 and which
was at first regarded as one of the rare elements,
was found in 1905 by H. P. Cady and D. F. Mc-
Farland to occur in small proportion in natural
gas. from many localities in Kansas. The
announcement of this discovery excited interest
in scientific circles, but as no practical use for
helium was known it had no industrial value,
and efforts were not made to extract it except
in very small quantities for experimental use.
During the first year of the World War, how-
ever, a British scientist conceived the idea of
using helium instead of hydrogen for inflating
balloons, and in 1915 a vigorous but unsuccess-
ful search for the gas in England was begun
under the direction of Sir William Ramsay.
This search was later extended to Canada but
without attaining satisfactory results. On the
entrance of the United States into the war the
project was revived, and this Government
undertook an energetic campaign for the pro-
duction of helium in large quantities.

The value of helium for inflating balloons
was brought to the attention of the Army and
Navy by  the Bureau of Mines, and that
bureau was commissioned ta investigate the
practicability of extracting the gas in large
quantities and at a reasonable cost. When
the technologic feasibility of the project was
assured, the Geological Survey was called upon
to investigate the helium resources of the
country, in order to locate the richest supplies
of the gas and to form estimates of the quan-
tity available. This paper is based on.the re-
sults of that investigation and describes the
distribution and geologic relations of helium-
bearing natural gas, making only brief mention
of the technologic problems involved in the
extraction and purification of the helium.

As the Survey’s investigation was made
strictly for military purposes it was necessarily
directed toward locating an adequate supply
of helium-bearing gas as speedily as possible,
and practically no attention was given to the
broader scientific problems involved in the
origin or ultimate source of the helium. Con-
siderable research will evidently be necessary
before this problem can be successfully at-
tacked, and in view of the probable develop-
ment of commercial aircraft during the coming
decade, and the probability*that the cost of
extracting helium from natural gas will be
reduced sufficiently to permit its use in commer-
cial balloons, it has been deemed desirable to
present immediately a brief description of the
chief sources of helium in the United States.
At the same time the writer has endeavored to-
describe the broader geologic relations of the
helium-bearing gas, to discuss various theories
of its origin, and to review the reported occur-
rences of helium in minerals and in other gases,
in the hope that such a presentation of the
problem will be of value to others who may
later attempt to solve it. )

VALUE OF HELIUM FQR INFLATING BALLOONS.

The value of helium for inflating balloons,
especially airships of the Zéppelin type, lies
in its lightness and its incombustibility.
Hydrogen, the gas commonly used for inflating
balloons, is the lightest substance known, but
mixed with air it is explosively combustible.
For this reason a balloon filled with hydrogen
is very liable to be set afire, either by atmos-
pheric electricity, by sparks from its power
plant, or by any one of numerous accidents
which may occur even when it is in its hangar.
The fire hazard is of course greatly increased
in balloons used for military purposes, a single
incendiary bullet being "usually sufficient to
destroy a great airship; and this weakness,
inherent in all hydrogen-filled bailoons, was

5



6 . ‘ ' HELIUM-BEARING NATURAL GAS.

not only a potent factor in the practical
failure of the German Zeppelin program but
has always been a serious drawback to the
development of lighter-than-air craft. On
the other hand, Assistant Secretary of the
Navy Roosevelt is authority for the state-
ment, “With the fire risk eliminated the
rigid airship or Zeppelin will hence be one of
the most powerful weapons known.”’

Helium weighs 0.0112 pound per cubic foot
and is thus twice as heavy as hydrogen, which
weighs only 0.0056 pound per cubic foot. In
comparison with air, however, both gases are
so light that this difference is of small practical
importance, and the lifting power or buoyancy
of helium is 93 per cent of that of hydrogen.
The slightly greater weight of the helium is,
moreover, far more than offset by its chemical
inertness, for as helium does not combine
with oxygen it can not explode or burn.
Furthermore, its rate-of diffusion is only about
half that of_ hydrogen, and consequently it
passes through the balloon fabric and wastes
much more slowly The chief advantage of
helium, however, is obviously its incombusti-
bility, for fire is one of the greatest of the
hazards to which ordinary balloons are subject.
Moreover, the use of a noninflammable gas
permits modifications in the design of air-
ships which make for greater speed and
cruising radius, as well as for greater military
efficiency. In view of these advantages, it
is apparent that the use of helium for inflating
airships, both military and commercial, will
be limited solely by 'the supply of helium

available and the expense at which it can be:

produced. -

The painstaking and little-noticed research
which led to Prof. Cady’s discovery of helium
in natural gas, and the conception of another
scientist ten years later that balloons might
be made far safér and more efficient if inflated
with helium, furnish an inspiring example of
the practical value which purely scientific
achievements may assume in course of time.

DEVELOPMENT OF EXTRACTION PB.OCESSES.

As the richest natural gas known contains
only about 2 per cent of helium and the
richest gas occurring in large quantity carries
only 1 per cent, the development of a process
for extracting and purifying the helium at a

1 Official Bull. U. 8., Mar. 18, 1919, p. 9.

a

reasonable cost is obviously of prime im-
portance. The investigation of extraction
processes was carried on by the Bureau of
Mines and has been described elsewhere.? Only
a brief account will be given here.

It was recognized at the outset that the
only practicable means of separating helium
from the methane, ethane, nitrogen, etc.,
with which it is found, lay in taking advantage
of the difference in boiling points of these
elements—in other words, by employing a
system of gas liquefaction and distillation
such as is used to extract oxygen from the air.
Of the common constituents of natural gas,
butane, at atmospheric pressure, boils (that is,
passes from the liquid to the gaseous state) at
1° C., propane at —45° C., ethane at —93° C,,
methane at —165° C., and nitrogen at — 195°
C., whereas the boiling point of helium is
about —268° C. Hence by cooling the natural -
gas to about —200° C., it is possible under
proper mechanical conditions to liquefy all the
constituents except helium and thus obtain
the helium as the gaseous residue. The re-
maining constituents, after being returned to
their normal gaseous state, may be used as
ordinary natural gas.

At the time the investigation started there
were two well-established companies con-
trolling respectively the Linde and Claude

‘systems of gas liquefaction, and these com-

panies were invited to cooperate in an effort
to modify their apparatus—designed primarily
for treating air—so as to treat the helium-bear-
ing gas. Two plants, each designed to produce
at atmospheric pressure about 7,000 cubic feet
of helium a day, were erected at Fort Worth,
Tex., in the spring of 1918, to experiment on
the gas of the Petrolia field, which carries 0.90
per cent of helium. Within six weeks after
starting operations the Linde plant was pro-
ducing a small volume of gas containing 50
per cent of helium, and about four months
later it had attained an average production of
5,000 cubic feet a day of gas carrying more
than 70 per cent of helium, which was further
purified by a second process to a helium con-
tent of 93.per cent. The Claude plant also
gradually increased the purity and the volume

.of its product, and although up to February 1,

1919, its performance was materially behind

2 Cottrell, F. G., Commercial production of helium: Chem. and Met.
Eng., vol. 20, p. 104, February, 1919. Stewart, Andrew, Production of
helium for use in airships: Bur. Mines Bull. 178C (excerpt), 1919.
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that of the Linde plant, further modifications
in the apparatus were then being made which
were expected to increase its efficiency greatly.
At the time the armistice was signed, Novem-
ber 11, 1918, the first shipment from these
plants, of 147,000 cubic feet of 93 per cent
helium, or about enough to fill four ordinary
.kite balloons, was on the dock awaiting trans-
portation to Europe.

The Linde and Claude processes differ con-
siderably in principle. By the Linde process
the gas is compressed to about 2,000 pounds
to the square inch and cooled successively by
water, liquefied carbon dioxide, and the
liquefied gases obtained later as a by-product
of the main operation. It is then allowed to
expand through a regulating throttle and
finally to escape from the apparatus at ordinary
pressure. The very low temperature neces-
sary to liquefy nitrogen is attained through the
Joule-Thomson effect. Gas at a pressure of
about 2,000 pounds is allowed to escape
through a porous plug or valve to a lower
pressure, whereby it is cooled. The gas thus
cooled is used in turn to cool the compressed
gas. On the frequent repetition of this pro-
cedure the temperature of the compressed gas
ultimately falls below its boiling point. - The
apparatus has the merit of simplicity and
freedom from moving parts, an important
consideration under the low temperatures
necessary; but the very high pressure under
which the incoming gas must be pumped
necessitates the installation of powerful com-
pressors, which greatly increase the cost and
operating expense of the plant as a whole.

The Claude process depends on an entirely
different principle, a portion of the com-
pressed and cooled gas being passed through
an expansion engine and made to do work
instead of merely expanding through a fixed
throttle. In this way, with an initial pressure
at tho engine’s intake of only about 400 pounds
to the square inch and a very much lower
pressure at its exhaust, a sufficiently low tem-
perature is reached not only to fractionate by
liquefaction the gas that has passed through the
engine but also to fractionate by heat inter-
change another portion of compressed gas in
the apparatus. The Claude process is thus
more efficient thermodynamically than the
Linde process and eliminates some of the com-
pressors whose cost and power consumption

contribute largely to the expense of the Linde
plant. Another consideration is the fact that
the natural gas in some fields is under a rock
pressure of 400 or even 800 pounds to the
square inch, so that in the Claude process it
can be used without further compression, the
expense of compressors being thus avoided.
About the time the helium investigation was
undertaken a third process, known as the
Jeffries-Norton process, was being perfected
by its inventors. This process was regarded
by Cottrell as theoretically more efficient than
either of the older ones and capable of greatly
reducing the expense of production. After an
investigation of its merits by the National
Research Council, the erection of a plant at
Petrolia was begun, but the installation was
not completed until shortly before the armis-
tice was signed. Since that time the plant has
been undergoing testing and adjustment, but
on April 3, 1919, a test run yielded a product
containing 20 per cent helium and it was
expected that quantity production could soon
be begun and that the cost would be far below
that of either the Linde or the Claude process.
The Jeffries-Norton process is somewhat
similar to the Claude but differs in using three
expansion engines instead of one. Each engine
works through a different temperature range,
acting on the gases after their liquefaction and
distillation and permitting treatment of all the
gas'in this manner. The process is therefore
theoretically more efficient than the Claude
process and should attain the desiréd tem-
peratures with an even lower initial pressure.
As judged by actual performance up to
April 1, 1919, the Linde process, the most
elaborate and expensive of the three, has
given the best results, though further modifi-
cation of the Claude process may render its
operation on natural gas equally satisfactory.
The Jeffries-Norton plant was just beginning to
operate on a commercial basis, but it is be-
lieved that in view of the theoretical superi-
ority of the process it will prove capable of
producing helium far more cheaply than ‘the
older processes. At the time the investiga-
tion was begun it was thought that helium
could not be produced from the Petrolia gas
by the Linde or Claude processes for less than
$100 per thousand cubic feet, but with the erec-
tion of large plants it is now evident that this
figure can bereduced to $60 or $80 per thousand
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cubic feet, and if the Jeffries-Norton process
fulfills expectations the cost will be still lower.
- As the cost of extraction depends on the
volume of natural gas handled in the plant
rather than on the volume of product, it is
evident that the cost of treating a lower-grade
gas is much greater than that of handling a
gas like that of the Petrolia field, which
carries 0.9 per cent of helium. Helium has
been produced in the Fort Worth plants from
mixtures of the Petrolia gas with that from
other fields, the mixture carrying only 0.4 to
0.5 per cent of helium, but figures of cost are
not available. Experiments have been made
in other countries on gas carrying 0.25 to 0.3
per cent of helium, but the cost of extraction
by the ordinary methods proved prohibitive.
If the Jeffries-Norton process. finally proves
successful, it should be possible to treat such
gases, but by the older method the minimum
workable helium content is probably some-
~ where near 0.5 per cent. -
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research. - Most of the samples discussed in
this report, including all those collected by
Survey members, were examined by Mr. C. W, -
Seibel, chemist at the Fort Worth experiment
plant and a former pupil of Prof. Cady, and the
writer desires to record his appreciation of the
prompt and painstaking manner in which Mr.
Seibel performed this work. Mr. Seibel has also
furnished an account of the analytical methods
employed, which is given on pages 41-42,

As helium occurs characteristically in gases:
high in pitrogen, an ordinary analysis of a gas
may furnish a clue as to its probable helium
content. The writer's thanks are due to Prof.
H. C. Allen, of the University of Kansas, who
generously contributed numerous analyses of
the gases of Kansas and northern Oklahoma.

The field work on which'this report is based
was done between June 5 and November 10,
1918. The writer was efficiently assisted in
his studies in the Mid-Continent and Texas
fields by P. V. Roundy, C. E. Dobbin, R. G.
Argabrite, and C. R. Bickel. George B.
Richardson investigated the helium resources
of the Vinton County district, Ohio, and a brief
summary of his report is incorporated in this
paper. C. E. Van Orstrand’s valuable aid in
making some of the computations here given
is gratefully acknowledged. The whole investi-
gation was conducted under the general direc-
tion of David White, who, by suggestion and
advice, contributed materially to its success.

Valuable aid was rendered by many oil and
gas operators and by the geologists and other
officials of the larger operating companies,
many of whom patriotically sacrificed time and
money to assist in the work. Special mention
should be made of the contribution of C. A.
Fisher, consulting geologist, of Denver, Colo.,
who undertook .the collection of a complete
suite of samples from all the Wyoming fields.
Acknowledgments are also due to Arthur Den-
man, of Sedan, Kans.; to William Kennedy
and others, of the Lone Star Gas Co., Fort
Worth, Tex.; to Everett Carpenter, J. B.

McCune, A. W. McCoy, G. B. McKinley, and

others, of the Empire Gas & Fuel Co., Bartles-
ville, Okla.; to C. R. Burke, of the Oklahoma
Natural Gas Co., Tulsa, Okla.; and to a great



DISCOVERY OF HELIUM. - )

many others. The Empire Gas & Fuel Co.,

the Carter Oil Co., the Roxana Petroleum Co.,

the Texas Co., the Lone Star Gas Co., and the

Devonian Oil Co. furnished considerable geo-

logic information, including structural maps of
many areas. ’

FIELD INVESTIGATION.

The field work on which the investigation of
helium in natural gas was based consisted
chiefly of collecting samples of gas for analysis
and in gathering data regarding the depth,
geologic position, rock pressure, and volume of
the gas sampled. If the sample proved rich
enough in helium to be of value investigations
of the quantity of gas available and of the
probable duration of the supply were made.
This work involved careful examination of the
structural geology in one or two areas, though
a number of the helium-rich districts had been
previously examined by Survey geologists in
connection with other investigations, and data
on many others were generously furnished by
oil companies.

Most of the gas samples were collected under
pressure in steel containers which consisted of
about 10 inches of 1%-inch seamless tubing
with a }-inch nipple welded in each end.
Special needle valves were set in the nipples
and protected by short extra lengths of tubing
welded on each end of the container, so as to
form a single tube about 18 inches long, strong
enough to withstand transportation by mail
without extra wrapping. The containers were
coupled directly to the well with both needle
valves open, and the gas was allowed to blow
through for a minute or so in order to expel the
air. The samples were taken at full rock pres-
sure, provided this did not exceed 100 to 200
pounds to the square inch, though at a pressure
of only 50 pounds sufficient gas enters the
tubes to afford a satisfactory determination of
the helium content. A few low-pressure sam-
ples were collected in half-gallon'glass bottles,
fitted with porcelain and rubber pressure stop-
pers, the gas being allowed to blow into the
inverted bottle for a period of 5 to 10 minutes.

The samples were forwarded immediately to
the Bureau of Mines laboratory at Fort Worth,
Tex., and were analyzed promptly. A de-
~ scription of the analytical methods employed is
given on pages 41-42.

DISCOVERY OF HELIUM.

Peculiar interest attaches to the element
heltum by reason of the fact that it was
discovered in the sun almost 30 years
before it was found on the earth. In 1868
an eclipse of the sun was visible in India,
and  the spectroscope was then used for
the first time to study the chromosphere,
the colored atmosphere which envelops the
sun. Lockyer? recognized many of the com-
mon terrestrial elements in the solar chro-
mosphere, but he also called attention to a
brilliant yellow line in the spectrum which,
though apparently associated with the D lines
of sodium, did not exactly correspond with
them. Lockyer, Frankland, and Janssen inves-
tigated this line further and, finding that it
could not be ascribed to any known element,
distinguished the line as Dy and suggested that
the element represented by the line be called
helium, a name derived from the Greek word
for the sun.

In 1888 W. F. Hillebrand,* of the United
States Geological Survey, in the course of an
analytical study of uraninite, found that this
mineral when boiled with dilute sulphuric acid
gave off considerable quantities of an inert gas.
Hillebrand proved that this gas was in part
nitrogen, and as no other inert gases were
known at that time he concluded that it was
all nitrogen. In 1892 Rayleigh and Ramsay?®
discovered in the atmosphere a new inert gas-
eous element which they named argon, and in
1895 Ramsay,® noting Hillebrand’s results and
believing that the gas evolved by uraninite
might contain argon, undertook to examine it
further. Ramsay, who used the mineral cleve-
ite, & variety of uraninite, extracted the gas
by Hillebrand’s method and after removing
oxygen -and nitrogen examined the residue
spectroscopically and at once recognized the
bright yellow line D,, which Lockyer, Janssen,
and Frankland had long before established as

3Lockyer, J. N., Spectroscopic observations of the sun: Philoes. Trans.,
vol. 159, p. 428, 1869.

¢ Hillebrand, W. F., On the occurrence of nitrogen in uraninite and’
on the composition of uraninite in general: U. 8. Geol. Survey Bull. 78,
p. 43, 1891.

& Rayleigh, Lord, and Ramsay, William, Argon, a new constituent
of the atmosphere (abstract): Roy. Soc. London Proc., vol. 57, p. 265,
1892.

6 Ramsay, William, Discovery of hellum: Chem. News, vol. 71, p. 151,
1895; On a gas showing the spectrum of helium, the reputed cause of Ds,
ono of the lines of the coronal spectrum: Roy. Soc. London Proc., vol.
58, pp. 65, 8t, 1895.
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the distinctive line of their solar element, he-
lium. Ramsay ’ at once investigated other
uranium-bearing minerals and found that
fergusonite, broggerite, yttrotantalite, pitch-
blende, and polycrase, as well as certain rare-
earth minerals, such as monazite, orangeite,
and xenotime, yield helium in varying quan-
tities. Kayser,® a few months later, announced
the presence of helium in the atmosphere and
also in the gas emitted from the mineral springs
of Wildbad, in the Black Forest. Subsequent
‘work by various investigators has shown that
helium is a minor constituent of many minerals
and rocks and that it occurs in small propor-
tions in some mine gases and in the gases of
many mineral springs and fumaroles (See
pp. 43-52.) -

-Although helium was thus found, very
shortly aftef its discovery, to be widely dis-
tributed through the earth’s crust, it was sup-
posed to occur only in minute quantities and
was regarded as one of the rare elements. It
remained for Cady and McFarland to discover
the great supplies of helium which are con-
tained in natural gas. In 1903 a natural gas

was found at a depth of about 400 feet at Dex-

ter, Kans., which was so low in heat value that
it was at first thought to be incombustible. A
sample of this gas was submitted to.the Uni-

. versity of Kansas for analysis and was found.

" to contain about 15 per cent of methane and
ethane and about 85 per cent of an inert gas,
apparently nitrogen. Further examination of
this inert residue by Cady and McFarland
proved it to contain 1.84 per cent of helium,
with minute proportions of neon and argon.'®
An examination of natural gases from numer-
ous localities in Kansas and elsewhere was then
undertaken, and all but one of the samples ex-
amined were found to contain at least a trace
of helium, though by far the largest propor-
tions were found in gases of southern Kansas.

Cady and McFarland made their investiga-
tion chiefly from the chemist’s point of view,
and the quantitative aspect of their discovery

7 Ramsay, William, Collie, J. N., and Travers, Morris, Helium, acon-
stituent of certain minerals: Chem. Soc. Jour., vol. 67, p. 684, 1895.

8 Kayser, H., Note on helium and argon: Chem News, vol. 72, p. 89,
1895.

9. Haworth, Erasmus, and MoFarland, D. F., The Dexter, Kans.,

" nitrogen gas well: Science, new ser., vol. 21, p. 191, 1904.

10 Cady, H. P., and McFarland, D. F., The occurrence of helium in
natural gas and the composition of natural gas: Am. Chem. Soc. Jour.,
vol. 29, p. 1524, 1907; The composition of natural gas, with special study
of the constituents of Kansas gases: Kansas Umv Geol. Survey, vol.

9, Dp. 228-302, 1908.
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was not generally realized. The fact that the
helium-bearing natural gas is produced at the
rate of millions of cubic feet a day and that a
helium content of only 1 per cent may thus
mean the production of very large volumes of
helium was passed unnoticed by foreign inves-
tigators, who, as late as-1912, referred to springs
producing 1,200 cubic feet of helium g year as
the most prohﬁc sources of the element known.!t
Apparently it remained for the stimulus of the
war emergency to bring recognition of the facts
that enormous volumes of this supposedly rare
element are being produced and wasted daily
in the United States, and that if means could
be found to extract the helium it would furnish
an ideal gas for inflating balloons.

NATURE OF HELIUM.
PROPERTIES OF HELIUM.

Helium is a’colorless and odorless gas, having
an atomic and molecular weight of 4. Its two
most distinctive properties are lightness and
chemical inertness. Helium is the second
lightest substance known; its density, com-
pared with air as unity, is 0.1368, whereas that
of hydrogen is 0.0696. Helium weighs 0.0112
pound per cubic foot and hydrogen 0.0056
pound, but the buoyancy of helium in air is
about 93 per cent that of hydrogen. The boil-
ing point of helium is so low that for many
years all attempts to liquefy it failed, but in

| 1908 Onnes *? succeeded in liquefying helium at

4.5° above absolute zero (about —268.5° C.)
and found its density in the liquid form to be
0.122.

Helium is an mert gas, showing no tendency
to combine with other elements under any tem-
peratures and pressures that can be produced
in the laboratory. It is only slightly soluble in
water, 100 volumes of water at 20° C. dissolving
1.4 volumes of helium, and it is insoluble in ab-
solute alcohol and benzene. After helium has
been.driven out of a mineral like uraninite it is
not easily reabsorbed, though, according to
Piutti,® certain fused solids and minerals do
absorb helium at moderate temperatures.
Moreover, Jaquerod and Perrot'* have ob-

1t Moureu, Charles, and Lepape, A., Sur quelques mélanges gazeux
naturels particuliérement riches en hélium; Gisements d’hélium:
Compt. Rend., vol. 155, p. 197, 1912.

12 Onnes, H. K., L’hélium liquide: Compt Rend., vol. 147, p. 421,
1908.

13 Pjutti, Arnaldo, Absorption of helium by rocks and minerals [ab-
stract]: Chem. Soc. Jour., vol. 100, pt. 2, p. 88, 1911.

4 Jaquerod, A., and Perrot F. L., Sur ’emploi de I’hélium comme
substance thermomémque et sur sa diffusion b travi ers la silice: Compt.
Rend., vol. 139 ,p. 789, 1904,
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served that helium diffuses through quartz, the
diffusion becoming noticeable at 220° C. and
rapid at 1,100° C. These observations are im-
portant geologically, as will be shown below
(p. 47).

Helium is readily identified by the spectro-
scope, its spectrum being very brilliant. The
characteristic and exceptionally brilliant yel-
low line, Dy, by which helium was originally dis-
covered in the sun, is not masked by any other
element. This line has a wave length of 587.6
millionths of a millimeter (5,376 Angstrém
units).’® In addition helium shows two red
lines, one of which is brilliant, and a green, a
blue, and a violet line, as well as several fainter
lines.

RELATION CF HELIUM TO THE RADIO-ELEMENTS.

DISCOVERY OF RADIUM.

Although in a strictly chemical sense helium
is an inert element, it is genetically involved in
the process of ladloactwlty, and in order to

consider mtolhgently the origin and distribu-
tion of helium it is necessary to understand
clearly its relation with the so-called radio-
elements .1

* The property of radioactivity was discovered
in 1896 by Becquerel, in the course of his experi-
ments on fluorescence. He found, partly by
accident, that salts of uranium would, without
previous exposure to the sunlight, affect a
photographic plate. Madame Curie, becoming
interested in his results, tested other elements
and found that both uranium and thorium
exhibit the same property. By experimenting
with various compounds she found, moreover,
that a given weight of uranium or thorium
possesses the same degree of activity, regard-
less of whether it is combined as sulphate,
chloride, or bromide—in other words, that
radioactivity is an atomic property. In ex-
perimenting with the minerals in which
uranium and thorium occur, however, she found
that pitchblende, carrying a given weight of
uranium, is several times as radioactive as an
equivalent quantity of a pure uranium salt,

18 Crookes, William, The spectrum of the gas from cleveite: Chem.
Nows, vol. 71, p. 151, 1895; Tho spectrum of helium: Idem, vol. 72, p.
87, 1895.

18 For summarics of our knowledge of radium and the property of radio-
activity, see Rutherford, E.,-Radioactive transformations, New York,
1806; Radioactive substances and their radiations, Cambridge, 1913;
Soddy, Frederick, The interpretation of radium, New York, 1012, A
recent concise summary is given by R. B. Moore (Radium: Ara. Inst.
Min. Eng. Bull. 140, p. 1165, August, 1918).
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indicating that some unknown element more
active than uranium itself exists in the mineral.
On carefully separating the metals that occur
in this complex mineral she found that several

.groups are active but that the most active of

all is the alkaline-earth group. Upon further
investigation of this group she discovered as
the cause of its activity the new element radium.

Subsequent work by Madame Curie and other
investigators, prominent among whom were
Rutherford, Ramsay, and Soddy, have brought
to light the existence of not only one but almost
30 new unstable bodies, the study of whose
transformations has opened an entirely new
field in physics and chemistry. A historical
review of these discoveries would be out of
place here, but a brief account of the radio-
active processes into which these ephemeral
substances enter is given in the following
paragraphs.

THEORY OF RADIOACTIVITY.

One of the first observations made on radium
showed that it is continuously losing energy at
a remarkable rate, having, in fact, the power of
raising the temperature of 133 times its own
weight of water by 1° C. an hour. Moreover,
in addition to the properties of fluorescence
and of affecting the photographic plate, it was
found that radium has the faculty of producing
charged carriers of electricity, or ions, in the
gases surrounding it, in this manner rendering
the gases conductors of electricity. It was
soon recognized that all these effects are due to
actual radiations or emanations given off by
radium—in other words, that the radium atom
is actually undergoing spontaneous dlslntegra-
tion into other atoms.

Studies of the emanation gwen off by radium
indicated it to be a heavy gas, radioactive
in character but totally different in its other
properties from the parent radium; and it was
found, moreover, that the activity of the ema- -
nation decreases at a constant rate and always
reaches half of its original value in 3.8 days.
Further study led to the discovery that the
decrease in activity of the emanation is due to
its own disintegration, and that it forms a solid
body which is also radioactive and which in
turn is rapidly transformed into another active
product. These facts led Rutherford and
Soddyin 1902 to enunciate their disintegration
theory—‘“ that the atoms of radioactive bodies
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are unstable and that a certain fixed proportion

of them become unstable every second and
break up with explosive violence, accompamed
in general by the expulsion of particles.”

THE URANIUM-LEAD RADIOACTIVE SERIES.

In the light of the disintegration theory it
became possible to explain the constant asso-
ciation of uranium, radium, helium, and lead
. in pitchblende and other minerals. Uranium
has an atomic weight of 238, which is higher
than that of any other element; radium has an
atomic weight of 226, radium emanation of 222,
lead of 207, and helium of 4. It was suggested
by Rutherford and Soddy that the transforma-
tion of radium into radium emanation might be
accompanied by the expulsion of helium atoms,
causing the decrease in atomic weight from 226
to 222, and a year later Ramsay and Soddy
actually showed that radium salts give off
helium, thus proving for the first time the
derivation of one element from another.”

By the same line of reasoning it was sup-
posed that uranium might be the parent of
radium, and, as the difference in their atomic
weights is 12, that radium must represent the
third step in the disintegration of uranium,
each stage of which must result in the forma-
tion of one helium atom. Subsequent investi-
gations by Boltwood and others established
¢he existence of these intermediate products
and thus definitely proved the derivation of
radium from uranium. At the other end of
the series several intermediate products having
atomic weights lower than.that of radium were
found, and the hypothesiswasadvanced that the
ultimate disintegration product is lead. The
objection to this hypothesis was the fact that
the atomic weight of ordinary lead is 207,
whereas the expulsion of 5 helium atoms from
radium should resultin 226 — (5 X 4) =206. This
objection has recently been removed by the dis-
covery of an isotopic form of lead having an
atomic weight of 206,'® and all the main steps
in the disintegration of uranium through
radium and various other products to lead are
now well established. As the difference in
atomic weight between uranium (238) and
lead (206) is 32, 8 helium atoms are given off

17 Ramsay, William, and Soddy, Frederick, Experiments in radioac-
tivity, and the production of helium from radium: Roy. Soc London
Proc., vol. 72, p. 204, 1903.

18 Rlchards T. W., The problem of radioactive lead: Smence new ser.,
vol. 49, p. 1,1919.
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in the course of the disintegration, and uranium
may provisionally be considered the compound
PbHe,. “(See p. 53.)

Careful investigations by Rutherford and

" | others of the nature of the rays emitted by the

radioactive substances in the course of their
disintegration have revealed the fact that the
rays are of .three kinds. The alpha rays are
the most important, being in fact the helium
atoms themselves. They are expelled at a
velocity of about 20,000 miles a second and are
the chief cause of the heating effects of radio-
activity. The beta particles are electrons hav-
ing a much smaller mass than the alpha parti-
cles but a greater velocity and penetrating
power. The gamma rays are not material in
character but are simply vibrations in the
ether. Some of the radio-elements in their
transformation emit all three types of rays, and
others give off only one; but it is only when the
alpha rays are given off that a decrease in
atomic weight, with the formation of hehum
takes place.

Each radioactive substance breaks down at a
definite and characteristic rate, the disinte-
gration of uranium, for example, being ex-
tremely slow, whereas that of radium emana-
tion is rapid. The number of atoms disinte-
grating each second, however, isinvariably pro-
portional to the total number present, so that
as the quantity of the decaying substance de-
creases the rate of formation of the new body

diminishes correspondingly. For example, half

a given quantity of radium disintegrates in
1,690 years, half of the remainder in 1,690 years
more, and so on; hence, at the end of 16,900
years only about 0.1 per cent of the original
mass will be left. In order to avoid the con-
sideration of infinitesimal quantities, it is con-
venient to express the rate of decay in terms of
the ‘‘half-life period’’—the period in which
half of a given quantity disintegrates. The
following table shows the order and rate of
disintegration of the uranium-lead series:

The wranium-lead radioactive series.

"\\v%?g.:f Rays. Half-life period.
Uranium 1....| 238 | Alpha.......... 5.3X10° years.
Uranium X,...] 234 | Beta....:.... 24 days.
Uranium X,....| 234 | Beta and gam- | 1.15 min.
ma.
Uranium 2. ... 234 | Alpha.......... 2X 108 years.
Tonium........ 230 |..... do......... 105 years?
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The urantum-lead radioactive series—Continued.

ﬁg‘f Rays. Half-life period.
Radium........ 226 | Alphaand slow | 1,690 years.
eta. .
Radium ema- | 222 | Alpha.......... 3.8 days.
nation.
Radium A..... 218 [.....do........ 3.0 min.
Radium B..... 214 | Beta and gam- | 27 min.
- ma.
Radium C...... 214 | Alpha, beta, and| 19.5 min.
gamma. )
Radium D..... 210 | Beta and gam- | 16.5 years.
ma.
Radium E.....| 210 { Beta........... 5.0 days.
Radium T (po- | 210 | Alpha.......... 136 days.
lonium).
Radium G(lead)] 206 [................

As the disintegration of each substance in
the series proceeds according to a definite law,
which is unchanged by any external conditions,
it follows that the quantity of any member of
the series in existence at a given moment is

related to the existing quantity of the first

member, uranium. Each member is continu-
ally breaking down but is as constantly being
replenished, so that each is in equilibrium with
the others. The quantities of the uranium
products in equilibrium with 1 kilogram of
uranium are given by Rutherford *° as follows:
Uranium 2, 196 milligram (%); ionium, 39
milligrams (?); radium, 0.34 milligrams. The
quantities (in grams) of the radium products in
equilibrium with 1 gram of radium are:

Emanation..................... 5. 7X 10‘5’
Radium A ..., 3.1Xx10~°
Radium B................. .. 2.7X1078
Radium C.......oooiiana... 2.0X10-8
Radium D.ooooiiiiiniaean.. 8. 61073
Radium B ... . ... . ..., 7.1X10-¢
Radium IP. ... . ... 1.9%X10™¢

Thus, for example, 1 kilogram of uranium in
the earth is invariably associated with 0.34
milligram of radium, and similarly the pres-
ence of a certain amount of emanation and the
succeeding products indicates the presence of a
certain definite amount of radium. The ordi-
nary method of determining small quantities
of radium in rocks or minerals is an important
practical application of this principle. The
principle is important also in a study of the
origin of helium, for if the helium in natural
gas is solely a product of radioactivity, its
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volume should bear a definite relation to those_
of the radio-elements.

THE THORIUM-LEAD RADIOACTIVE SERIES.

The foregoing account has, for the purpose
of clarity, been confined to the uranium-lead
series, but all the principles discussed apply
equally well to another radioactive series, the
first member of which is thorium and the last
another isotopic form .of lead. Thorium, like
uranium, has a half-life period measured in
billions of years, and the succeeding products
are very short-lived. Thorium X and thorium
emanation are analogous to radium and radium
emanation, and the next lower bodies resemble
the corresponding ones in the uranium series.
The thorium series involves a total loss of 24 in
atomic weight, indicating the formation of 6
helium atoms. The sequence of the thorium-
lead series is shown in the following table:

The thorium-lead radioactive series.

e Rays Hall-life period.
Thorium. ...... 232 | Alpha.......... 1. 810 yéars.
Mesothorium 1.| 228 | Beta..........| 5.5 years.
Mesothorium 2.} 228 | Beta and gam- | 6.2 hows.
ma. ‘
Radiothorium..| 228 [ Alpha.......... 2 years.
Thorium X..... 224 |..... do......... 3.65 days.
Thorium ema- | 220 |..... do........n 54 sec.
nation. . X
Thorium A..... 216 |..... do......... 0.14 sec.
Thorium B..... 212 | Beta and gam- | 10.6 hours.
. ma.
Thorium C..... - 212 | Alphaand beta.| 60 min.
Thorium D,....| 208 | Beta and gam- | 3.1 min.
, ma.
Thorium D, | 208 [................
(lead).

OTHER RADIOACTIVE SERIES.

Actinium, the first member of a radioactive
series analogous to those already described, was
discovered by Debierne in 1899, and seven
lower members of the series. have since been
identified. It has not yet been possible to.de-
termine the atomic weight of actinium, how-
ever, and the relation of the series is not clear,
though actinium occurs in association with
uranium, and the series is generally believed to
be a branch of the uranium-lead series. The
decay of actinium, which, according to Debierne,
results in the formation of helium,? is exceed-

» Rutherford, E., Radicactive substances and their radiations, pp.
468, 518, Cambridge; 1913.

2 Debierne, A, Expériences sur la production de ’hélium par lessub-
stances radioactives: Annales phys., vol. 2, pp. 428-488, 1914.
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ingly slow, but the half-life periods of the suc-
ceeding products are very rapid, being meas-
ured in seconds or minutes.

In addition to the elements of the uranium,
thorium, and actinium series, which are com-
parable in regard to strength of radioactivity,
there are apparently certain much more
faintly radioactive elements. Thus the re-
searches of Campbell and Wood # indicate that
certain of the alkali metals, notably potassium
and rubidium, are faintly radioactive. Al-
though the activity of potassium, as measured
by its ionizing power, is only about one one-
thousandth that of uranium, the fact that
potassium is thousands of times as abundant
as uranium in the earth’s crust lends its activity
a. special significance geochemically. On the
other hand, the rays given off by potassium
appear to be beta rays  or electrons, and there
is yet no experimental basis for supposing that
the decay. of potassium results in the expulsion
of alpha rays and the formation of helium.
For the purposes of this paper, therefore, the
possible relation of potassium and rubidium
to the formation of helium need not be con-
sidered further.

RATE OF PRODUCTION OF HELIUM BY THE RADIO-
ELEMENTS.

As the disintegration of each radioactive sub-

" stance proceeds at a definite rate, it is evident

that any such substance will yield a definite

HELIUM-BEARING NATURAL GAS.

and radium A, B, and C—is 13.6 x10'°; and as
there are 2.78 10" atoms of helium in 1 cubic
centimeter at standard pressure and tempera-
ture it can be calculated that the rate of produc-
tion of helium per gram of radium is 158 cubié
millimeters a year. ~ Actual measurements by
Rutherford and Boltwood indicated a rate of
164 cubic millimeters, which is well within
the limits of experimental error.

The rate of production of helium by uranium
and thorium in equilibrium with their products
is shown in the following table: 2

Rate of production of helium.

) Helium produced
Radioactive substarce. ailx‘)‘ilt: lp!;,:-]gﬁ:]lagsr I?ér pcr( gli%]l]é gffl year
- gram per second. Teters).
Uranium.....eceveeeen.. 2. 37X10* 2. 75%X1078
Uranium in equilibrium
with all its products. . 9.7 X10* 11.0 x10—%
Thorium in equilibrium
with all its products. . 2.7 X10* 3.1 X10®
Radium in equilibrium
with emanation, ra-
dium A, and radium C. 13.6 X10'° 158

Experimental confirmation of these calcula-
tions has-been furnished by Strutt,* who care-
fully measured the quantity of helium pro-
duced by thorianite and pitchblende, ancient
minerals in which complete equilibrium had
long been established. Strutt’s results are as
follows: '

Rate of production of helium from thorianite and pitchblende.

Helium produced per gram per year
UsOs (per | ThO, Si’ef (cubic millimeters).
cent). cent).
Observed. Calculated.
Thorianite, Galle district........ .. ..o iiiiiiiiiaaant 24. 50 65. 44 3.70X10-5 4.1X10-5
Ordinary thorianite. ... . ...ooiiiiiiiiiii i 13.10 72. 65 2.79%10-% 3.2x10-8
Pitchblende. - ... ooooioii it 37.6 None. 3.16X10°5. 3.5X10-8

quantity of helium in a given time; and as
each substance is in equilibrium with all the
others, it follows that the amount of helium
produced in & given time by the whole series is
also a fixed quantity. Rutherford has shown
that the number of alpha particles expelled per
second from a gram of radium in equilibrium
with its immediate descendants—emanation

21 Campbell, Norman, and Wood, Alexander, The radioactivity of the
alkali metals: Cambridge Philos. Soc. Proc., vol. 14, pt. 1, p. 15, 1907.

22 Campbell, Norman, The beta rays from potassium: Cambridge
Philos. Soc. Proc., vol. 14, pt. 2, p. 211, 1907.

The agreement between the observed and
calculated results is sufficiently close to confirm
the validity of the principles on which the cal-
culations” were based. - With these data it is
obviously possible to calculate the amount of
helium being produced in nature under normal
conditions each year. (See pp. 59-60.)

2 Rutherford, E., Radioactive substances and their radiations, p. 560,
Cambridge, 1913. :

24 Strutt, R. J., Measurements of therate at which helium is produced
in thorianite and pitchblende, with a minimum estimate of their
antiquity: Roy. Soc. London Proc., ser. A, vol..84 ,p. 379, 1910.
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ASSOCIATION OF HELIUM WITH THE RARE
GASES.

Helium usually occurs in nature associated
with a group of inert gaseous elements com-
‘monly referred to as the rare gases of the at-
mosphere.?* The first of these gases to be dis-
covered was argon, so named because of its
chemical inertness. In 1892 Rayleigh observed
that the nitrogen of the atmosphere is slightly
heavier than nitrogen prepared in the labora-
tory, and an investigation of this discrepancy
by Rayleigh and Ramsay led to the discovery,
two years later, of the new element argon. As
already described, it was Ramsay’s search for
the occurrence of argon in minerals that led him
to the discovery of helium. The inertness of
both these gases, as well as correspondence in
other properties, indicated that they belong to
the same family, and by deductions 'drawn
from the periodic classification of the elements
Ramsay was led to predict that three other
similar gases remained to be discovered. After
fruitless search for these elements in minerals
and in sea water, Ramsay and Travers finally
discovered them in the atmosphere, a year after
the prediction was made.

Particulars regarding the group of rare gases
are given in the following table:
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nation is dissolved in water, and argon when
it is dissolved in a solution of copper salts; but
this is denied by Debierne,* who used methods
more refined than Ramsay’s, and the theory
has not been generally accepted.

The association of helium with the rare
gases appears to be more reasonably explained
by the work of Moureu and Lepape, who have
investigated -the occurrence of these elements
in the gases of many mineral springs and in
mine gases. They find that all these elements
occur in every gas examined and that the rela-
tive proportions of all of them except helium
are always nearly constant and closely approx-
imate their proportions in the atmosphere.
This is accounted for by Moureu and Lepape
on the grounds that (1) the gases are chemical- -
ly inert and (2) they retain their gaseous state,
in which they are perfectly miscible, under
wide variations of temperature and pressure.
As no chemical forces operate to add or sub-
tract any one of them from a gaseous mixture,
and as physical forces such as diffusion and
occlusion have only a minor influence, it is to
be expected that in the atmosphere and in all
other natural gases these elements will occur
in essentially the same mutual proportions—
proportions which, according to the authors

Properties of thé rare gases and their proportion in the atmosphere.

Densit; Boiling poin Per cent b
symbol. | SERRE | Giren. CRBR™" | volumedn the
Hellum. oo He 4.00 0.1368 —268. 5 0. 0004
=T Ne 20.2 . 6963 —239.0 . 00123
ATBON . i i A 39.9 1.379 —186.1 .937
Krypton. . oee e e Kr 82.92 2. 868 —151.7 .028
D 31T 1 U Xe 130.2 4.526 —-109.1 .005

The group relationship of these gases is
shown by their regularly increasing atomic
weights and densities and by their decreas-
ing boiling points. It is confirmed by the fact
that they all exhibit chemical inactivity, show-
ing no tendency to combine with other ele-
ments (except, indeed, in so far as uranium
may be regarded as a combination of helium
and lead). Ramsay?® has sought to show that
neon and argon also originate through the de-
cay of radium emanation, neon when the ema-

 Sco Ramsay, William, Tho gases of the atmosphere, London, 1915.
2 Cameron, A. T., and Ramsay, William, The chemical action of
radium ¢manation: Chem. Soc. Jour., vol. 91, pp. 1593-1606, 1907.

i

cited, must be those in which the elements
occurred in the primordial nebula from which
the earth sprang. This last conclusion seems
a bit overdrawn, for the authors apparently do
not take into account the difference in the sol-
ubility of the gases in natural waters, which
might result in altering their proportions con-
siderably. The great irregularity in the pro-
portions of helium, however, is easy to explain
by reason of the constant formation of helium
through the decay of the radio-elements. On
the other hand, as helium is also inert, in the

27 Debierne, A., Expériences sur la production de ’hélium par les sub-
stances radioactives: Annales phys., vol. 2, p. 433, 1914,
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sense that it can not be removed from a mix-
ture by combination with other elements, and
as it is constantly being generated in the earth,
it follows that all subterranean gaseous mix-
tures should contain a larger proportion of
helium than the atmosphere. o

“The following table shows the ratios of argon
to nitrogen, of krypton to argon, of xenon to
argon, and of xenon to krypton in a number of
gases, as compared with their ratios in the
atmosphere. It will be noted that all of these
ratios approximate unity, which represents
the corresponding value in the atmosphere.
So far as the writer knows, the only investi-

gation yet made that conflicts with these re-
sults is Ramsay’s discovery of 0.24 part of
neon per 100 parts of nitrogen in the gases
emitted by the Bath Mineral Springs, Eng-
land, the ratio of neon to nitrogen in this case’
being about 244 times as high as it is in the
atmosphere.”® Moureu and Lepape unfortu-
nately did not determine neon quantitatively,
though they ascertained its presence in all the
gases which they examined.?

28" Ramsay, William, Report on the mineral waters of Bath: Chem.
News, vol. 105, p. 133, 1912. ’ :

2°Moureu, Charles, and Biquard, R., Sur la présence du néon parmi
les gaz de quelques sources thermales: Compt. Rend., vol. 143, p. 180,
1906. .

Ratios of the rare gases in the gases of mineral springs and in gas from Vesuvius, as compared with their ratios in the

atmosphere.@
A[N2 gas Kr/A gas Xe/A gas Xe/Kr gas
Source of gas.
A/N2 air Kr/A air Xe/A air Xe/Kr air
Airo..o....oooil. e 1.00 |. 1.0 10| 1.0
Aix-les-Bains (Soufre).................. . ... 1.05 1.2 1.6 1.3
Bagneéres-de-Bigorre (Salies)................ .. ... ... ... ... 1.17 1.1 1.6 1.3
Bagnéres-de-Luchon (Bordeu No. 1). ......................... 1.11 1.2 1.6 1.3
Bagneéres-de-Luchon (Ferras, enceinte)......................... 1.08 1.1 12 1.1
Bagneres-de-Luchon (Saule No. 2)...... e 1.13 12 L9 L6
Bourhon-I’Archambault. ... ... .. . .o .. .77 15 1.6 11
Cauterets (La Raillére)............... i 1.19 1.3 1.2 .9
La Bourboule (Choussy)......cooooiiii it 1.58 1.8 2.2 1.2
Longwy (Recollets).......... ... ... ...l 1.18 1.2 L9 16
Luxeull (Grand-Bain)............ ... ... o.iiiil.. 1.14 1.4 L6 11
Nancy (Parc Ste.-Marie)............... ... ... 1.14 1.5 19 1.3
Plombiéres (Vauquelin}... ... .. .. ... ... .. ... 1.41 1.4 19 13
Plombieres (No. 8) ... oo 1.23 1.2 1.6 1.3
St. Honoré (Crevasse).«..veeuoiiomm i e i iiia e 1.02 1.3 1.2 .9
B o T e .84 1.2 1.9 1.6
Vichy (Chomel). . ........ e 1.40 1.4 19 1.3
Vichy (Grande-Grille). . . ... . ... . .. ... .. ...il.. 2.85 L5 2.5 16
VeSUVIUS. - ¢ vt L1 12 11

a Moureu, Charles, and Lepape, A., Dosage spectrophotométrique du xénon; Constance des rapports xénon-argon et xénon-krypton dans les

mélanges gazeux naturels: Compt. Rend., vol. 153, p. 740, 1911; Sur le rapport de I’argon A 1’azote
Idem, vol. 152, p. 1533, 1911; Sur la constance du rapport du krypton & ’argon dans

vol. 152, p. 935, 1911,

ans les mélan

%es gazeux et sa signification:
les mélanges gazeux naturels; Hypothése explicative: Idem,

The following table shows the proportions of the rare gases, including helium, in the fire

damp of certain coal mines:

Ratios of the rare gases in the fire damp of coal mines, as compared with their ratios in the atmosphere.®

Mi . A/N:gas Kr/A gas Xe/A gas ) Xe/Kr gas He/N, gas

e A/Nj air Kr/A air XefA air Xe/Kr air He/N; air
TAGVADL + - e e e 138 1.4 1.2 0.9 790
7. 12 .97 1 1.1 1.1 3,470
=3 4T 1.72 .5 .3 L7 30
Mons (Belgium)......... ... ... ...l .82 1.3 2.1 1.6, 23,100
Frankenholz (Palatinate). . ...................... .85 11 12 11 1, 950

a Moureu, Charlés, and Lepape, A., Les gaz rares des grisous: Compt. Rend., vol. 153, p. 847, 1911; Sur les rapports des gaz rareé, entre eux et

avec ’azote dans les grisous: Idem, p. 104
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The foregoing figures indicate a striking
constancy in the relative proportions of argon,
krypton, and xenon in the gases of springs, in
mine gases, in a volcanic gas, and in the air and
lend considerable weight to the theory of Mou-
rou and Lepape that all natural gaseous mix-
tures should contain these elements in about
the same proportions. As noted above, the
difference in the solubility of the rare gases in
water prevents too strict an application of this

theory, but the presence of these elements in
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at Fillmore, Calif., and near Havre, Mont..
The distribution of helium-bearing gas in the
United States is shown on' the accompanying
‘index map (fig. 1).

The helium-rich gas of the Kansas-Oklahoma
area is confined to strata of middle and upper
Pennsylvanian age, though gas carrying almost
0.5 per cent of helium occurs in the lower
Pennsylvanian. The Mississippian and Per-
mian gases in that locality are poor in helium.
Conditions in the Texas area are almost identi-

Arcas in which gas contsins more
than 0.50% helium

|
(]

%,

Areas in which-gas contains
0.25 to 0.50% helium

ns® 09°

FIGURE 1.—Index map showing general distribution of natural gas rich in helium.

nearly all the gases that have been tested for
them and their common association with
helium appear ‘to be satisfactorily explained.

DISTRIBUTION AND RELATIONS OF HELIUM-
BEARING NATURAL GAS.

GENERAL OUTLINE.

Although most of the natural gas produced
in the eastern and central parts of the United
States contains at least a trace of helium, gas
containing more than 0.5 per cent is known to
oceur only in two areas, one in northern Texas
and the other in southern Kansas and northern
OKlahoma. Gas containing from 0.25 to 0.5
per cent of helium is found on the borders of

these areas and also in Vinton County, Ohio, |

10135°—21——2

cal; gas carrying more than 0.5 per cent has
been found only in the upper Pennsylvanian,
and that containing from 0.25 to 0.5 per cent
in the lower Pennsylvanian, the Mississippian
and Permian gases being poor. In Ohio, how- -
ever, gas carrying 0.33 per cent occurs in a
sand of lower Mississippian age and in the
Clinton sand, of Silurian age. The helium-
bearing gas of Havre, Mont., is of Cretaceous
age, but nearly all samples of Cretaceous gas
from other parts of the United States show
only traces of helium, and most samples of
Tertiary gas contain none. .
All the helium-rich natural gases contain

large proportions of nitrogen and are therefore

characterized by lower hcating value than
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ordinary natural gas. Some of the Kansas
gases carry about 2 per cent of helium and 85
per cent of nitrogen; the gas from Petrolia,
Tex., contains about 1 per cent of helium and
‘almost’ 40 per cent of nitrogen; and the gas
from Vinton County, Ohio, carries about 0.35
per cent of helium and 14 per cent of nitrogen.
On the other hand, not all high-nitrogen gases
are rich in helium; many shallow gases “in
northern Oklahoma carry 30 to 40 per cent of
nitrogen and yet contain less than 0.25 per
cent of helium. (See p: 40.)

In the Kansas-Oklahoma area the gases rich-
est in helium occur at shallow depths. In a
given locality the helium content of the gas
decreases with increasing depth, and it. also
appears that the gas from a given formation
is richer in helium where the formation occurs
close to the surface than where it lies at con-
siderable depth.- In the Vinton County area,
Ohio, however, the gas in the Berea sand at a
depth of about 500 feet carries no more helium
than that in the Clinton sand at about 2,300
feet.

MID-CONTINENT REGION.

LOCATION.

In the Mid-Continent region gas containing
more than 0.5 per cent of helium occurs in an
oval area lying chiefly in southeastern Kansas
but extending a short distance into Oklahoma.
This area extends about due south from Chase
County, Kans., to Osage County, Okla., and
eastward from western Butler County to Wilson
County, Kans. Gas containing between 0.25
and 0.5 per cent of helium is found in the dis-
tricts adjoining this area on the north, east,
and south. As shown in Plate I, the total area
in which gas containing more than 0.25 per
cent of helium is found extends from Johnson
County, in northeastern Kansas, to Payne
County, in north-central Oklahoma.

As shown in Plate II the area richest in
helium lies on the west-central edge of the
great Mid-Continent oil and gas region, and its
western limit is at present determined by the
© western limit of oil and gas development. The
area of gas carrying more than 0.25 per cent
of helium, however, includes the western half
of the Mid-Continent petroleum region. It is
thus bounded -on the north, west, and south
by districts in which no oil or gas has yet been
found. Although it is somewhat improbable
that the producing areas will be greatly ex-

HELIUM-BEARING NATURAL GAS.

tended in those directions, it is possible that
future discoveries will somewhat enlarge the
helium-bearing district as here defined.

GEOLOGY.

GENERAL RELATIONS.

“The Mid-Continent oil and gas region, viewed
broadly, lies in a great syncline or elongated
basin, on the northeastern margin of which is
the Ozark uplift. It is divided into two parts
by the east-west belt of the Ouachita, Arbuckle,
and Wichita mountains. The western border
of the basin has not been definitely determined.
There is paleontologic evidence to indicate that
a varied body of uplifted Paleozoic rocks inter-
venes between the Mid-Continent field and the
plains which border the Rocky Mountains on
the east, but the presence of such an ancient
land mass can not be regarded as established.
The relations of the Mid-Continent area may
best be understood by inspection of Plate II,
which shows in generalized form the areal and
structural geology of the whole region.

The prevailing dip of the rocks is toward the
west. The dip ranges between about 15 feet
to the mile in northern Kansas and about 80
feet to the mile in central Oklahoma, but locally
the beds are horizontal or even inclined to the
east, forming the terraces and anticlines that
are so important in connection with the accu-
mulation of oil and gas. Pennsylvanian strata
form the surface rocks in the eastern and cen-
tral parts of the petroleum region, but Permian
formations appear near its western edge.
Farther to the west the Permian strata are
buried beneath Cretaceous beds, and these in
turn by Tertiary formations. Nearer the
Rocky Mountain front the general dip becomes
easterly and the Cretaceous strata reappear,
and at the base of the mountains the truncated
edges of Permian, Pennsylvanian, Cambrian,
and Ordovician formations are also exposed.

As shown in the structure section on Plate II,
this great sedimentary basin is in a measure
divided into at least two smaller basins by a
narrow ridge or elevated portion of the pre-
Cambrian granite floor. This ridge has been
reached by the drill at numerous points in
Kansas, where its course and contour are fairly
well defined, but it appears to plunge rather
sharply to the south and has not been located
in Oklahoma. The present petroleum-yielding
region in Kansas lies almost wholly east of this

-ridge, or in the smaller of the two basins.
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The oil and gas occur very largely in strata
of Pennsylvanian age, though some petroleum
is also found in the upper Mississippian and in
the basal Permian formations. The Pennsyl-
vanian beds have a maximum thickness of
about 3,500 feet in southeastern Kansas, where
they are underlain by about 2,500 feet of older
Paleozoic sediments.
ever, or along the line of the pre-Cambrian
granite ridge, all these older formations dis-
appear, the granite being overlain directly by
Pennsylvanian strata. This is the condition
on the western edge of the helium-bearing
aren, though this area also extends to the east,
where the pre-Cambrian rocks lie at consider-
ably greater depth. Practically all the Penn-
sylvanian formations become thicker to the
south, and in eastern Oklahoma the series
aggregates many thousand feet in thickness:
No helium is found in that district, however,
and its geology need not be considered here.

CARBONIFEROUS FORMATIONS.3

The petroleum-bearing rocks of the Mid-
Continent area are wholly of Carboniferous
age, and the great bulk of the oil produced is
obtained from the lower and middle parts of
the Pennsylvanian series. Owing to the west-
erly dip the upper.portion of the Permian series
crops out onlyin central Kansasand need not be
‘considered here, but the character and classi-
fication of the lower Permian formations and
of the Pennsylvanian and Mississippian beds
are shown graphically in figure 2.

The Permian of Kansas consists of two very
distinet lithologic and stratigraphic units, the
upper of which, consisting of nonmarine red
shale and sandstone, does not crop out within
the area under discussion. The lower unit con-
sists of marine shale, limestone, and sandstone
and is very similar lithologically to the under-
lying Pennsylvanian series. The total thick-
ness of this unit is probably about 1,100 feet,
but only the basal formations, aggregating
about 400 feet in thickness, are exposed in the
known helium-bearing area.

The Pennsylvanian series in southeastern
Kansas has a maximum thickness of about
3,500 feet. As shown in figure 2 the upper-
most Pennsylvanian has been divided into a
number of thin and relatively unimportant

® A more detailed description of the Carboniferous formations in
KansasIs given by R. C. Moore and W. P. Haynes (Oil and gas resources
of Kansas: Kansas Geol. Survey Bull. 3, pp. 84-123,1917).

Toward the west, how-
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FIGURE 2.—Generalized section of formations in eastern Kansas.
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formations known collectively as the Wabaun-
see group. This group is underlain by the
Shawnee, Douglas,- Lansing, Kansas City,
Pleasanton, and Henrietta groups, and the
Cherokee shale, which have themselves been
subdivided into the formations shown in the
columnar section. Although many of these for-
mations, especially the limestones, are remark-
ably persistent and may be traced throughout
most of eastern Kansas, the Pennsylvanian
series as a whole, together with the lower
half of the Permian, constitutes a broad litho-
logic unit. All the upper and middle Penn-
sylvanian rocks consist of alternating beds of
shale, limestone, and sandstorie. The shale
is by far the most abundant; the limestone
beds are generally less than 25 feet thick, and
the sandstones are commonly thin and discon-
tinuous. The Cherokee formation differs some-
what from the remainder of the series in that
it contains fewer limestone beds and more
sandstones, which, though inconspicuous as
stratigraphic units, are of great economic im-
portance as oil sands.

The Mississippian series, which crops out in
the extreme southeast corner of Kansas, con-
sists chiefly of crystalline limestone with a
considerable proportion of hard chert. In
eastern Kansas the series is not more than 350
feet thick, and along the granite ridge on the
west edge of the oil and gas region the Missis-
sippian is entirely absent.. It has not been
encountered by wells drilled west of this belt,
though it may be present locally in western
Kansas, as suggested in the stratigraphic sec-
tion in Plate II. The upper surface of the
Mississippian in eastern Kansas is very irregu-
lar, varying in elevation as much as 75 feet in
a distance of half a mile, but its general in-
_ clination is not markedly different from that
of the overlying Pennsylvanian beds. The
Mississippian rests unconformably on the older
Paleozoic formations.

PRE-CARBONIFEROUS FORMATIONS.

Beneath the oil-bearing rocks of the Car-
boniferous system lies a considerable thickness
of Paleozoic formations which rest directly on
the granite of the pre-Cambrian basement.
These older formations do not crop out in
Kansas but may be studied in the Ozark uplift
of Missouri and on the Rocky Mountain front.

HELIUM-BEARING NATURAL GAS.

On the northern and western flanks of the
Ozark uplift Silurian and Devonian formations
are exposed, but as these formations are absent
in most of the Rocky Mountain area, they may
not underlie much of the Kansas region. The
chief formations involved in the Ozark uplift
are of Cambrian and Ordovician age and con-
sist of 2,000 to 2,500 feet of dolomite and lime-
stone, with some sandstone and shale. In
Colorado, however, the equivalent formations
have a maximum thickness of only about 300
feet and in many localities they are lacking.
It is evident, therefore, that the Cambrian and
Ordovician beds become much thinner toward
the west, though they doubtless underlie much
of the Kansas region. As these beds were
laid down directly on the granite basement
and were subjected to uplift and erosion before
the deposition of the Mississippian sediments
their thickness from place to place presumably
depends in part on the contour of the granite
floor. '

The granite and other crystalline rocks
forming the basement on which the sedimentary
formations described above were deposited are
not exposed in Kansas but crop out in eastern
Missouri, in the Rocky Mountains, in the
Wichita and Arbuckle uplifts of southern
Oklahoma, and in the southern parts of Minne-
sota and South Dakota. It was formerly sup-
posed that the pre-Cambrian rocks underlie
the Xansas region only at great depth, but
drilling within the last few years has revealed
the presence of \granite at comparatively shal-
low depths in a zone extending through east-
central Kansas and at somewhat greater
depths at several isolated localities in the
eastern part of the State.” The coarse grain
of the crystalline rocks and the unmetamor-
phosed character of the sediments immediately
overlying them indicate beyond question that
they are a part of the original basement and
are not recent intrusions. :

The granite lies nearest to the surface in
northern Kansas, where it is encountered at
a depth of only about 600 feet, but as far to
the south as Chase County it lies in general
within 2,000 feet of the surface. In that
locality it appears to drop off sharply, but it is
reported that granite has recently been encoun-

LA compfehensive description of these crystalline rocks is given by
R. C. Moore and W. P, Haynes (op. cit., pp. 140-173).
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tered at a depth of about 4,000 feet in the
Augusta field, in Butler County. The avail-
able information regarding this so-called
granite ridge is summarized in figure 3, which
shows the wells that have encountered granite
and the depth at which they found it, and also
the location and depth of other wells in this
belt that did not reach the granite. As shown

by the structure section, all the Mississippian’

and older formations and much of the Penn-
sylvanian are lacking in the northern part of
tho granite belt, though in Butler County the
whole of the Pennsylvanian and Mississippian
series are probably present.

The relations of the sedimentary formations
to the granite ridge indicate that the ridge was
formed prior to the Pennsylvanian epoch.
The small size of the elevated mass suggests,
however, that it could not have remained
long above sea level without being reduced
by erosion, and furthermore, the Mississippian
and older formations of eastern Kansas contain
little clastic material, such as a nea.r—by
granite land mass would furnish; hence it is
thought that the ridge was clevated at the
end of the Mississippian epoch. The Cambrian,
Ordovician, and Mississippian formations were
probably laid down throughout this area, but
at the end of Mississippian time there was a
period of uplift and erosion, as indicated by
the uneven upper surface of the Mississippian
itself. Differential uplift at this timne probably
led to the formation of .the long, narrow
granite ridge, and during the ensuing period
of erosion all the sedimentary formations were
apparently removed from this elevated area.
When resubmergence of the surrounding coun-
try took place at the beginning of Pennsylva-
nian time most of the granite ridge remained an
island, and it was not completely submerged
until the end of the Shawnee epoch.

As shown in figure 3, a well in Riley County,
distinctly to the west of the main ridge, found
granite at a depth of 2,385 feet, which may
indicate simply a shoulder on the western slope
of the main ridge or may represent another and
distinct protuborance of the granite basement.
Similarly a well in Woodson County, far to the
east of the main ridge, found granite at 2,585
feet, or only about 700 feet beneath the base
of the Mississippian A well at Paola, Miami
County, is reported to have reached granite
at 2,260 feet, or about 1,000 feet below the

Mississippian. On the other hand, a well at
Jola, only about 20 miles east of the Woodson
County well, entered the Mississippian at 1,040
feet, and though it was drilled to 3,434 feet no
granite was recorded. It seems, therefore,
that the granite basement is irregular in
contour and that there may be other though
less prominent ridges elsewhere in eastern
Kansas.

As the main granite ridge is coincident with
the western b01der of the helium-rich area
(though also extending far to the north and
probably to the south of 1t), its structural rela-
tions are of special interest in connection with
the source of the helium. - The great length
and small width of the elevated area and also
the dense and crystalline character of the rock =
involved strongly suggest that the ridge is an
elevated fault block, or at least that one of its
sides, probably the eastern, is determined by a
fault. A. E. Fath,® of the Geological Survey,
who. has given special attention to the me-
chanics of the structure of the Mid-Continent
region, is in favor of this view and believes,
moreover, that the basement rocks throughout
the region are probably extensively fissured
and that recent movements along these fis-
sures have produced the many minor wrinkles
that characterize the surface rocks of .the
region. Among his reasons for this belief are
the following: (1) The rocks above the granite
ridge lie in very prominent anticlines which in
places represent structural elevations of over
200 feet. This fold is too large to be ex-
plained by differential settling and can best
be accounted for by thrust from below. (2)
The presence of granite at moderate depth at
several isolated localities in eastern Kansas
suggests that there may be elsewhere similar
elevations in the granite floor. (3) In Kansas
and Oklahoma there are many anticlines paral-
lel to the granite ridge which, though represent-
ing uplifts of only a hundred feet or so, can be
traced across several counties. It is unreason-
able to suppose that such regular and persistent
structural features were produced by lateral
thrusts which, so far as present knowledge
indicates, must have originated several hun-
dred miles east and west of the area. (4) The
surface rocks in parts of northern Oklahoma

_ 3 Personal communication. Mr. Fath discusses his views at length

in a paper entitled ““The origin of the faults, anticlines, and buried
‘granite ridge’ of the northern part of the Mid-Continent oil and gas
field”” (U. 8. Geol. Survey Prof. Paper 128, pp. 75-84, 1920).
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are broken by many small parallel faults
which occur in zones that may be traced for
many miles and that are essentially parallel to
the granite ridge and to the main anticlines.
These faults can also best be explained as faint
surface reflections of more extensive movements
of the pre-Cambrian floor.

Although the contour of the granite ridge
itself forms the most direct basis for assuming
o fault in the pre-Cambrian rocks, the lines

of evidence brought together by Mr. Fath thus
" furnish excellent reasons for suspecting the
presence of many similar fault lines. This pos-
sibility is of special interest in connection with
the source of the helium, as discussed on
pages 66—67.

STRATIGRAPHIC DISTRIBUTION OF THE HELIUM.

“Viewed broadly, the helium content of nat-
ural gas is related to the stratigraphic position
of the producing sands, though the relation is
by no means precise. Cady and McFarland,
in their report on the helium-bearing gas of
Kansas, presented a map showing “iso-helium”
lines, which, as they pointed out, had a general
similarity in trend to the outcrops of the
geologic formations. The numerous analyses
now available indicate, however, that such
lines can not be drawn, for the factors of. the
geographic location and depth beneath the
surface must be taken into account, as well as
the factor of stratigraphic position.
~ The generalized structure section on Plate I

shows the helium content and relative strati-
graphic position of a number of natural gases
from southern Kansas and northern Oklahoma.

It will be noted at once that the gases richest.

in helium occur in middle and upper Pennsyl-
vanian strata. The one sample of Mississip-
pian gas collected in the fields adjacent to the
line of the section contained only 0.08 per
cent of helium. Three samples of gas from
the Cherokee shale contained, as shown in the
section, less than 0.1 per cent of helium. The
gases of the overlying Henrietta and Pleasan-
ton groups are considerably richer, three sam-
ples averaging 0.47 per cent. The Kansas
City group, however, is the lowest in which
gas carrying more than 1 per cent of helium
has been found, and similarly rich gases occur
in all the overlying Pennsylvanian beds. The
Permian gases, on the other hand, are poor in
helium, the two samples plotted in the section
showing only 0.27 and 0.1 per cent.
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In a broad sense, therefore, gases containing
more than 0.5 per cent of helium seem to occur
only. in the strata between the top of the Wa-
baunsee group and the base of the Kansas City
group, a stratigraphic range of about 2,000:
feet. If this conclusion is correct it follows
that the area of gas carrying more than 0.5 per
cent of helium is bounded on the east by the
line along which the Kansas City group lies at a
depth of 200 feet or so, for commercial accumu-
lations of gas can hardly be expected at depths
shallower than this. The western limit of the
area, however, is not determined by strat-
igraphic considerations, but it is defined at
present simply by the western limit of oil and
gas development. Should this development
be extended a considerable distance farther
west, it may be presumed that the factor of
depth will determine the western limit of the
helium-rich area, for, as described below, gases
rich in helium apparently do not occur at
depths greater than about 1,600 feet. The
top of the Pennsylvanian series probably
reaches this depth within 25 miles to the west
of the known helium-rich area.

Although stratigraphic considerations serve
to define the outer limits of the helium-
bearing zone, it is evident that the helium
content of the gases within the zone varies
greatly. Individual samples from approxi-
mately the same horizon in the Augusta field
range in helium content from 0.2 to 1.1 per
cent, and samples from the Sedan field from
1 to 2 per cent. Similarly the gas at Otto,
Kans., which carries 1.04 per cent of helium,
occurs at about the same horizon as the gases of
the Pearson and Myers fields, Oklahoma, which
average only 0.48 and 0.37 per cent. Further-
more, the north and south limits of the helium-
rich area are not related to stratigraphy or
structure, and gases within the area that
carry more than 2 per cent of helium occur
at the same general horizon as those outside
that carry less than 0.25 per cent.

Although the helium-rich gas of the Mid-
Continent area thus occurs characteristically
in upper and middle Pennsylvanian formations,
it is found in those formations only in a certain
area, and even in that area its vertical and
horizontal distribution is irregular.

VARIATION IN HELIUM CONTENT WITH DEPTH.

The helium content of gases in the Mid-
Continent field is generally related to the depth
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at which the gases occur, deep gases being
poorer in helium than shallow ones. The gas
occurring at a depth of 1,475 feet at Otto,
Kans., contains about 1 per cent of helium, but
nowhere else in the region is equally rich gas
known to occur below 1,200 feet. On the other
hand, gas carrying more than 1.75 per cent of
helium has been discovered only in the Augusta,
Dexter, and Sedan fields, and in all of these it
occurs at depths of less than 600 feet. The
gases richest in helium are high in nitrogen and
being thus of little value for heating are known
in the fields as “wind gas’’; and it is generally
recognized by oil and gas operators that wind
gas occurs characteristically at shallow depth.

In most fields in which there are two or more
gas sands the shallowest gas is richest in helium.
At Augusta, for example, the 600-foot gas

contains 2 per cent of helium and the 1,500-foot-

gas averages only 0.5 per cent. At Eldorado
the 900-foot gas averages 1.2 per cent, and the
1,200-foot gas 1 per cent. At Sedan the 400-
foot gas averages more than 1.5 per cent,
whereas the 700-foot gas carries only about
1 per cent.

Owing to the fact that the dip of the strata
throughout the Mid-Continent field is compara-
tively gentle, vertical and stratigraphic dis-
tances are about the same, and in some localities
it is ‘difficult to decide whether the helium
content of the gas is influenced more by its
depth beneath the surface or by its strati-
graphic position. It seems clear, however,
that the gas from a given formation is likely
to be richer in helium in localities where the
formation lies at shallow depth than where it
occurs at greater depth. This is shown in the
structure section on Plate I, though it must be
admitted that the relation is rather irregular
and vague. On the other hand, in some
localities the factor of depth seems to be less
important than that of stratigraphic position.
In the Billings field, for example, the 500-foot
gas which occurs in the Permian contains only
0.1 per cent of helium, whereas the 1,000-foot
gas, which probably occurs in the uppermost
Pennsylvanian strata, carries 0.39 per cent.
Similarly the gas of the Cherokee shale in
eastern Kansas seems to be uniformly poor in
helium, though it occurs in many localities at
shallow depths.

HELIUM-BEARING NATURAL GAS.

NORTH TEXAS REGION. -
LOCATION.

The only field in Texas in which gas contain-
ing more than 0.5 per cent of helium has yet
been found is the Petrolia field in Clay County.
Gas carrying more than 0.25 per cent of helium,
however, occurs throughout a considerable area
lying to the south and southwest of Petrolia
and extending from that field to Coleman and
Brown counties. This area lies mostly to the
west of the great north Texas oil and gas fields,
but it is a district in which prospecting and
development are now very active. It is
probable, therefore, that the boundaries of the
area as shown on Plate III, especially the
western boundary, will be changed by future
developments.

All sources of supply in northern and central
Texas and southern Oklahoma were sampled
at the time of the writer’s visit, in July, 1918,
The location of the gas fields' and the helium

content of their product are shown in more.

detail in Plate ITI.

GEOLOGY.

The north Texas oil and gas region lies near
the eastern rim of the great Carbomferous
basin which underlies most of western Texas
and ‘eastern New Mexico. Toward the west
this basin extends northward without inter-
ruption into western Oklahoma and Kansas,
but on the east it is partly separated from the
Mid-Continent basin by -the Wichita and .
Arbuckle uplifts of southern Oklahoma. The
north Texas petroleum region thus lies between
these two -areas of disturbance on the north
and the Llano-Burnet uplift on the south, and
its structural features are greatly influenced
by its position with regard to them. The areal
and structural geology of the region is shown
in generalized form on Plates IT and III.

The oil-bearing rocks of the north Texas
region are of Carboniferous age, and Carbonif-
erous formations also constitute the surface
rocks throughout most of the region. Pre-
Carboniferous beds do not crop out within the
helium-bearing area and have not been pene-
trated by the drill except in its southern por-
tion, but they may be studied in the Llano-
Burnet uplift, to the south, and in the Wichita
and Arbuckle mountains, to the north. The
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formations involved are shown in the accom-
panying columnar section. (fig. 4), in which
the data regarding the pre-Carboniferous for-
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F1aURE 4.—Generalized columnar section of formations in north-central
Toxas. The thicknesses of the pre-Carboniferons formations are those
measured by Paige in the Llano-Burnet uplift. The equivalent for-
mations in the Wichita and Arbuckle uplifts are very much thicker;
hence in the north Texas oil region they are doubtless considerably
thicker than here shown. :
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mations are based on observations in the
Llano-Burnet district. '

The formations exposed in the Llano-Burnet
area have been described in detail by Paige.®
The oldest rocks are granite, schist, and gneiss,
with igneous intrusions, and are probably of
Algonkian age. These rocks are surrounded
by a rim of Cambrian and Ordovician beds
dipping outward from the center of the uplift:
As shown in the columnar section these rocks
consist chiefly of limestone, dolomite, and
calcareous sandstone and shale, with a con-
glomerate at the base, and aggregate 950 to
1,600 feet in thickness. In the Wichita
Mountains, however, the pre-Pennsylvanian
formations, according to Taff* have a very
much greater thickness. The earliest Cam-
brian formation in the Wichita Mountains is
similar in character and thickness to the
Hickory sandstone of Texas, but it is overlain
by a Cambrian and Ordovician formation, the
Arbuckle limestone, which is 4,000 to 6,000 feet
thick. The only other pre-Carboniferous for-
mation exposed in the Wichita Mountains is
an Ordovician limestone about 300 feet thick,
but in the Arbuckle Mountains, 60 miles to the
east the formations present include the Simp-
son formation and the Viola limestone of
Ordovician age, aggregating 2,000 to 2,500 feet
in thickness; the Sylvan shale, also of Ordovi-
cian age, 60 to 300 feet thick; the Chimneyhill
limestone, 53 feet thick, and the Henryhouse
shale, 223 feet thick, of Silurian age; the
Haragan shale, 161 feet thick, the Bois d’Arc
limestone, 90 feet thick, and the Woodford
chert, about 650 feet thick, all of Devonian
age. :

The aggregate thickness of pre-Carboniferous
formations in the Arbuckle Mountains is 6,900
to 10,250 feet, and although in the Wichita
Mountains only 4,500 to 6,600 feet of pre-
Carboniferous rocks are exposed, it is possible
that several thousand feet more of these beds
are present but are concealed by the mantle of
Permian formations that unconformably over-
lies them. Whether this is so or not, however,
it is evident that the pre-Carboniferous beds
are very much thicker in southern Oklahoma
than in the Llano-Burnet area in central Texas,

33 Paige, Sidney, U. S. Geol. Survey Geol. Atlas, Llano-Burnet folio
(No. 183), 1912.

34 Tafl, J. A., Preliminary report on the geology of the Arbuckle and
Wichita mountains, in Indian Territory and Oklahoma: U. S. Geol.
Survey Prof. Paper 31, 1904.
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where they have a maximum thickness of
only 1,600 feet. Beneath the northern part of
the helium-bearing district, therefore, these
formations are probably from 3,000 to 6,000
feet thick, unless, as in Kansas, there are ir-
regularities in the pre-Cambrian floor that cut
out some of the basal beds. This possibility
is disregarded in the representation of the
structure of the pre-Carboniferous rocks and
their thickening to the north in the structure
section on Plate II.

The Cambrian and Ordovician limestone in
the Llano-Burnet area is unconformably over-
lain by the Marble Falls limestone, of Pennsyl-
vanian age. Just north of that area, however,
the Marble Falls is separated from the Ordovi-
cian by limestone and shales believed to be of
upper Mississippian age. The lower part of
these Mississippian beds has been called
“Lower Bend shale.” *® The Marble Falls
limestone is overlain by the Smithwick shale,
and the Smithwick is unconformably overlain
by the Strawn formation. Because of the
unconformities at the base of the so-called
“Lower Bend shale,” at the base of the Marble
Falls, and at the top of the Smithwick, the com-
bined thickness of these formations varies con-
siderably, though in general it increases some-
what toward the north. On the outcrop, where
the Mississippian is absent, the Smithwick and
Marble Falls together are 550 to 850 feet thick,
but in the Ranger district the combined thick-
ness of the three formations is almost 1,000
feet.*® The highly prolificoil sands encountered
at depths of 3,000 to 3,500 feet in the Ranger,
Breckenridge, Caddo, and neighboring pools
occur in the ‘“Bend series,” mainly in the
Marble Falls limestone, and chiefly in its upper
portion, and one or two wells have also found
oil and gas in the overlying Smithwick shale.

The Smithwick shale is overlain by the
Strawn, Canyon, and Cisco formations, of
Pennsylvanian age, which consist chiefly of
sandstone and shale with some coal. Cum-
mins,¥” Drake,’® Hill 3 and others have shown
that the Strawn formation is about 2,500 feet
thick in the neighborhood. of Strawn, Palo
Pinto County, and in some places reaches a

35 Udden, J. S., Review of geology of Texas: Texas Univ. Bull. 44,
pp- 41, 42, 1916. :

36 Matteson, W. G., A review of development in the new central Texas
oil fields during 1918: Econ. Geology, vol. 14, p. 95, 1919.

3 Cummins, W. F., Texas Geol. Survey Second Ann. Rept., 1891.

3 Drake, N. F., Texas Geol. Survey Fourth Ann. Rept., 1893.

3 Hill, R. T., U. 8. Geol. Survey Twenty-first Ann. Rept., pt. 7, 1901.
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thickness of 4,000 feet. Its thickness in north
Texas, however, as measured by Gordon,* is
only 1,900 feet. The Strawn consists chiefly
of blue to black shale and reddish sandstone.
It includes several workable coal beds and the
oil sands that are productive chiefly in Palo
Pinto County. The Strawn is overlain by the -
Canyon formation, which is 800 to 1,100 feet
thick and which consists chiefly of shale and
limestone in the Ranger region but becomes
more sandy toward the north. Matteson
has called attention to the pronounced uncon-
formity between the Strawn and Canyon forma-
tions in the Ranger region and in north-central
Texas generally. The Canyon is overlain by
the Cisco formation, which is 800 to 1,000 feet
thick and which consists chiefly of red to blue
shale and reddish sandstone. The helium-
bearing gas of the Petrolia field and much of the
oil of the Electra and Burkburnett fields prob-
ably occur in the Cisco formation.

In northern and central Texas sedimentation
was not interrupted at the end of the Pennsyl-
vanian epoch, and the great series of Permian
beds rests conformably on the Pennsylvanian
strata. The lowest Permian formation, the
Wichita, is lithologically very similar to the
Cisco formation and yields the shallow oil of the
Petrolia, Electra, and Burkburnett fields. . The
Wichita, which is 1,000 to 1,200 feet thick, is
overlain by the Clear Fork and Double Moun-
tain formations, which have a combined thick-
ness of almost 4,000 feet, but these beds crop
out west of the area under discussion and need
not be considered here.

The conditions of sedimentation in'southern
Oklahoma differed from those in Texas in
several particulars. As already noted, the
thickness of the pre-Carboniferous formations in
southern Oklahoma is very much greater than
in Texas, and in the Arbuckle Mountains, at
least, sedimentation continued without notable
interruption through Mississippian time. At
the end of the Mississippian, however, the
Arbuckle region was uplifted into land, and so it
remained during a great part of Pennsylvanian
time. During this epoch only a comparatively
small thickness of strata was deposited in the
Arbuckle region proper, though in central and
northern Texas the thick series of beds repre-

4 Gordon, C. H., Geology and underground waters of the Wichita
region, north-central Texas: U. S. Geol. Survey Waler-Supply Paper
317, p. 14, 1913.

4 Matteson, W. G., Econ. Geology, vol. 14, p. 105, 1919.
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sented by the Marble Falls, Smithwick, Strawn,
Canyon, and Cisco formations was laid down.
Moreover, near the end of the Pennsylvanian
the sediments of the Arbuckle region were again
folded and elevated into land, and a great
hiatus occurred between the deposition of the
highest Pennsylvanian formations and that of
the lowest Permian. During the same period
sedimentation in north Texas, resulting in the
formation of the Wichita and Cisco beds, was
practically continuous; hence in southern Okla-
homa part or all of the Wichita and Cisco and
perhaps still lower beds are absent. The exact
conditions can not be determined, except in the
immediate vicinity of the Arbuckle uplift, for
elsewhere all the older rocks are unconformably
overlain by a blanket of Permian beds; hence at
present 1t is impossible to correlate the oil and
gas zones of southern Oklahoma with those of
northern Texas.

That the tectonic relations of the north Texas
region are complex and difficult to decipher is
clear from the foregoing discussion. It is
evident that the pre-Carboniferous rocks form
a sort of basin between the Llano-Burnet uplift
on the south and the Wichita and Arbuckle
uplifts on the north. Although there is no
marked discordance in dip in the Llano-Burnet
region between these formations and the Car-
" boniferous, farther north the upper surface of
the pre-Carboniferous is very irregular and its
structure may be very different from that of
the Carboniferous formations. In the Llano-
Burnet district the lower Pennsylvanian beds
have a general northerly dip, and in the
Ranger region they are known to dip also to
the east and west, forming a broad, gentle
anticline whose northward-plunging axis is a
radial extension of the Llano-Burnet uplift.
The Strawn and higher formations dip in
general to the northwest, their structure
being controlled in part by the Llano-Burnet
uplift and in part by their position on the
eastern rim of the great Carboniferous basin
of west Texas. The Permian beds in Texas
are conformable to the Pennsylvanian, but in
southern Oklahoma they are unconformable
and conceal the complicated structure which
undoubtedly characterizes . all- the older for-
mations in that area.

DISTRIBUTION OF THE HELIUM.

The gas produced in all the fields of northern
and central Texas and southern Oklahoma
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has been tested for helium, and the results are
shown on Plate ITI. It will be noted that the
only field producing gas carrying more than 0.5
per cent of helium is Petrolia, that gas carrying
more than 0.25 per cent is found throughout a
large area south of Petrolia, and that all the
southern Oklahoma fields yield gas very poor
inhelium. Asthefieldsin thisregion are fewer
than those in the Mid-Continent region and
are also more widely separated, it is even more
difficult to draw definite conclusions as to the
factors covering the distribution of the helium,
though its broader stratigraphic relations are
plain. The rich Petrolia gas occurs in the
upper Pennsylvanian, and the poorer gases to
the south in the lower Pennsylvanian. The .
Permian gases of southern Oklahoma and the
basal Pennsylvanian and Mississippian gases of
the Ranger region are poor in helium, and the

| Cretaceous gases of east-central Texas and

Louisiana contain only traces of helium or
none at all. The stratigraphic distribution of
the helium in this region is thus similar to that
in the Mid-Continent district; the richest gases
are of upper and middle Pennsylvanian age,
and both older and younger gases are poor.
The Petrolia gas, which carries almost 1 per
cent of helium, is derived from a zone of sands
that lies at a depth of 1,500 to 1,750 feet and
is believed to occur in the Cisco formation.
The gas sands are lenticular and can not be
traced for any great distance, but there appear
to be two main producing groups of sands, one
lying at an average depth of about 1,550 feet
and the other at about 1,700 feet. A less
definite zone occurs between the two, and
“stray’’ sands are also reported in many wells.
Samples collected from individual wells show
a range in helium from 0.65 to 1.18 per cent,
and the gas from the uppermost group of sands
is apparently slightly richer than that from
the others. As all these groups, however, lie in
one general zone, and as no gas is produced

from other zones in the field, it is impossible to

determine how far the helium content of the

‘gas is related to its depth or its exact strati-

graphic position.

The Petrolia field is the only locality in which
gas is produced from sands that are almost cer-
tainly in the Cisco formation. In the Electra
and Burkburnett fields, a short distance west
of Petrolia, oil is obtained from sands in the
Cisco and in the overlying Permian, but no
commercial supplies of gas have been found.



28

In the southern part of Throckmorton County
several wells found small supplies of gas that
may occur in the Cisco, and two samples of this
gas showed 0.73 and 0.22 per cent of helium.
These samples were not collected by the writer,
however, and as there is considerable doubt as

to the source of the richer sample, little signifi-

cance can be attached to it.

Practically all the gas and oil produced in the
Ranger region are derived from the Strawn,
Smithwick, and Marble Falls formations. The

_gas of the Palo Pinto County fields occurs
mostly in the lower part of the Strawn forma-
tion, and five samples of it ranged in helium
content from 0.17 to 0.32 per cent. The gases

.of the Moran and Breckenridge fields occur
higher up in the Strawn and carry 0.27 to 0.44
per cent of helium. The gas of the Caddo and
Ranger fields, which occurs in beds beneath the
Strawn formation, carries less than 0.1 per cent.
The two gases sampled in Coleman County,
which occur in the upper Strawn or lower Can-
yon beds, carry less than 0.25 per cent. The
Brown County gases occur in the Strawn for-
mation and carry 0.35 to 0.38 per cent.

Four samples of Cretaceous gas from the
Mexia and Groesbeck fields, southeast of the
Ranger region, contained only traces of helium,
and gas from the Thrall field, which occursin a
body of porous serpentine in Cretaceous rocks,
contains hone. Four samples of Cretaceous
gas from the northern Louisiana fields contained
from 0.03 to 0.07 per cent of helium. Tertiary

- gases from the Jennings ranch, in Zapata
County, southern Texas, and from the Jennings
and Houma fields, southern Louisiana; con-
tained only traces of helium.

The low helium content of the gases.of the
southern Oklahoma fields, which are located
not far from Petrolia and in a district in which
the surface geology is similar, is at first sight
surprising, but it can probably be accounted
for on stratigraphic grounds. The gas of the
Loco field, *> which contains about 0.15 per cent

of helium, and that of the Duncan field, ** which |,

carries only a trace, occur in Permian strata, as
does also the gas at Lawton,* which contains
only 2 per cent of nitrogen and is therefore pre-

42 Wegemann, C. H., The Loco gas field, Stephens and Jefferson coun-
ties, Okla.: U. 8. Geol. Survey Bull. 621, p. 31, 1916.

18 Wegemann, C, H., The Duncan gas field, Stephens County, Okla.:
Idem. p. 43. . X

44 Wegemann, C. H., and Howell, R, W., The Lawton oil and gas field,
Okla.: Idem, p. 71.
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sumably very poorin helium. The gases of the
Ada, Cement, Fox, and Keyes fields, which all
contain less than 0.1 per cent of helium, occur

‘below the base of the Permian, but their posi-

tion in ‘the Pennsylvanian is not known. As

‘already pointed out, there is a pronounced un-

conformity between the Pennsylvanian and the
Permian in the Arbuckle area, and the upper
Pennsylvanian strata may be absent through-
out considerable districtsinsouthern Oklahoma.
The gases of these fields are therefore probably:
not equivalent to the Petrolia gas and may even
correspond more nearly to the Strawn gas of

 the Ranger region.

From the foregoing description it appears
that the chief factor controlling the distribu-
tion of helium.in the Texas region is strati-
graphic position. The only gas rich in helium
occurs in beds which probably belong to the
Cisco, and no gases poor in helium are known
to occur in that formation; hence it appears
safe to predict that whatever new supplies of
gas may be discovered in the Cisco will be of
value for their helium content. Furthermore,
practically all the Canyon -and Strawn gases
contain from 0.1 to 0.4 per cent of helium,
whereas gases from beds below the Strawn and
also from all strata above the Cisco—Permian,
Cretaceous, and Tertiary—are very poor in he-
lium or contain none at all. The possible area
in Texas in which gas carrying more than 0.5
per cent of helium occurs may therefore be con-
sidered broadly as coincident with that in which
the base of the Cisco formation lies at depths
between 300 and perhaps 3,000 feet; and the
area of gas carrying more than 0.25 per cent
includes all that in which any part of the Cisco,
Canyon, and Strawn formations lies at similar
depths. It is of course improbable that sup-
plies of gas will be discovered throughout so
large an area, however, and the helium-bearing
district as shown in Plate IIT is that in which
present developments indicate that gas is most
likely to be discovered.

APPALACHIAN REGION.
LOCATION.

The Appalachian oil and gas region lies
chiefly in the eastern parts of Ohio and Ken-
tucky and the wesfern parts of New York,
Pennsylvania, and West Virginia. Little at-
tention has been paid to the helium content
of the gases that occur throughout this great
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area, but so far as known gas carrying more
than 0.25 per cent of helium occurs only in
one small district. This district is in Vinton
and Hocking counties, Ohio, near the western
edge of the Appalachian petroleum region.
The present extent of the Vinton and Hock-
ing county fields is shown in generalized form
on figure 5. It is possible that future develop-
ment will extend these fields to the south,
though for geologic reasons there is little
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GEOLOGY.

In the Ohio area helium-bearing gas occurs
chiefly in the Clinton sand, of Silurian .age,
though a small quantity of equally rich gas is
found in a sand at about the horizon of the
Berea, which is at or near the base of the
Mississippian series. Both the Clinton and
the Berea sands yield large volumes of gas,
the Clinton being productive in a belt extend-
ing northward from Vinton County through
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FIGURE 5.—Map showing the geologic relations of the Ohio area of helium-bearing gas

prospect of important extensions to the east or
west. The northern boundary of this helium-
bearing arvea can be determined only by further
sampling and analysis, but it is thought to lie
not far north of the fields indicated on the map.
As the conditions controlling the distribution
of helium in the Appalachian region are not
well understood, however, it is possible that
other helium-bearing gas fields will be dis-
covered in entirely different parts of the region.

central Ohio to Cleveland and the Berea in
many fields in eastern Ohio and in Pennsyl-
vania and West Virginia; but only in Vinton
and Hocking counties, Ohio, is the gas pro-
duced from these sands known to contain
helium. )

The Appalachian petroleum region is in the
great spoon-shaped structural basin which
lies between the Cincinnati anticline on the
west and the Appalachian Mountain folds on
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the east and southeast. The general geology
of the region is well brought out in figure 5.
The highest part of the broad, gentle Cincin-
nati anticline is defined by the outcrop of
Ordovician rocks, and this is surrounded by
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the Silurian, Devonian, Mississippian, and
Pennsylvanian strata that are exposed farther
down on the flanks of the anticline. The area
in which Permian formations constitute the
surface rocks marks the deepest part of the
basin, and east of this locality the general dip
of the strata is west and northwest. The dip
increases sharply in the mountains, where the
Mississippian and older Paleozoic formations,
thrown into a series of closely compressed

| folds, "are again exposed. Pre-Cambrian rocks

crop out still farther east, in the extreme
southeast corner of the area mapped.

The formations exposed and encountered in
drilling in the Vinton County area range in age
from Pennsylvanian to Ordovician, as shown
in the columnar section (fig. 6). The surface
formations are the Allegheny and Pottsville, of
lower Pennsylvanian age, which consist of
shale and sandstone with numerous coal beds.
In Ohio the top of the Mississippian is marked
by a thin limestone, but the series consists
chiefly of shale and sandstone formations
having an aggregate thickness of about 300 to
800 feet. The Berea sandstone, which lies at
or near the base of the Mississippian, is an
important reservoir of oil and gas throughout
the Appalachian region. The upper and mid-
dle parts of the underlying Devonian system
consist chiefly of dark shale, but the lower
part is composed of two limestone formations.
In the Columbus area, about 60 miles north of
Vinton County, the Devonian has an aggre-
gate thickness of 825 to 915 feet. The upper
part of the Silurian system consists of lime-
stone and dolomite formations about 450 feet
thick, and the lower part, about 270 feet
thick, is represented by a shale supposed to be
the Osgood shale, the ‘“ Clinton’’ formation, and
an underlying shale that represents a part of
the Medina group.

The “Clinton” formation is of special
interest because it includes the Clinton sand,
the chief reservoir of natural gas in central
Ohio and of helium-bearing gas in the Vinton
County field. The “Clinton’’ formation crops
out on the east flank of the Cincinnati anticline

4 When gas was first discovered in these rocks at Lancaster the forma-
tion was thought to be the equivalent of the Clinton of New York.
Later studies have shown that the beds lie below the true Clinton and
probably belong to the Medina group. As the term Clinton sand is now
too wellestablished among the drillers to be supplanted, and as no other
name for the formation that contains this sand has yet been generally
accepted, the term ¢Clinton’’ formation is retained in this paper in
conformity with current usage.
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wost of Vinton County and, dipping to the east,
attains a depth of 2,000 to 2,600 feet in the
Vinton County field. East of that locality
the depth of the “Clinton” increases sharply,
owing not only to the normal dip but to the
great thickening of the Devonian shale above
it, and in western Pennsylvania and West
Vnomm the formation lies at depths greater
thfm 7,000 feet. The Clinton sand itself does
not appear in the surface exposures of the
“Clinton’’ formation, and drill records indicate
that it feathers out and merges into shale
along the western edges of the Vinton County
field and of the other Clinton sand fields to the
north. This thinning out of the sand has
undoubtedly been the chief factor in the
accumulation of natural gas throughout the
belt, and most of the Clinton sand fields have
monoclinal rather than true anticlinal structure.

No wells in the Vinton County district have
penetrated far below the Clinton sand, but the
records of deep wells near Columbus and near
Waverly furnish information as to the character
and thickness of the Ordovician rocks. As
shown in figure 6, the data for the lower part
of which are derived from the record of a well
near Columbus, the ““Clinton’’ is underlain by
more than 1,800 feet of Ordovician beds. The
upper 1,000 feet of the Ordovician consists
chiefly of shale, at the base of which lies 475
feet of limestone, which has been classified as
Trenton (%) and older.

This is underlain by 316 feet of white sand-
stone that is believed to represent the St. Peter.
The record of the well at Waverly, however,
which is only 20 miles west of the Vinton
County area, shows only 175 feet of sandstone

at the horizon of the St. Peter and 320 feet of

white dolomitic limestone below. According
to Bassler's interpretation * of this record, the
white limestone is of Lower Ordovician age.
Drillings obtained near the bottom of this well
included a few fragments of a basic igneous
rock which Bassler regards as probably repre-
senting the pre-Cambrian basement. If this
view is correct the Clinton sand at Waverly is
underlain by about 2,500 feet of sedimentary
rocks, and in Vinton County the thickness of
plc-”Clmton” sediments is pr esumably about
the same.

1 Bassler, R. 8., Stratigraphy of a deep well at Waverly, Ohio: Am,
Jour. Scl., 4th ser., vol. 31, p. 19, 1911,
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The only known outcrop of igneous rock in
this region is near Willard, Ky., about 85 miles
south of Vinton County. The rock is kimber-
lite, a variety of peridotite, and appears to
represent a dike that was intruded in post-
Allegheny time.

DISTRIBUTION OF THE HELIUM.

The occurrence of helium in the Vinton
County area was investigated by George B.
Richardson, of the Geological Survey, from
whose reports the following information has
been taken. (See p. 90).

By far the largest supply of helium-bearing
gas is found in the Clinton sand, which ranges
in depth from about 2,050 to 2,450 feet and
dips to the east at a fairly regular rate of 60 to
70 feet to the mile. In the eastern part of the
field the sand is 20 feet or more thick, but it
thins toward the west and feathers out in the
western part of the county. The Clinton gas
carries from 0.20 to 0.48 per cent of helium,
though 14 out of the 18 samples collected
showed between 0.34 and 0.44 per cent. The
slight variation in helium content appears to be
irregular, and no evidence of segregation, either
geographic, stratigraphic, or structural, could
be detected. Samples collected on the east .
side of the field showed as much helium as those
on the west side, where the sand lies 350 feet
higher. _

A fact of considerable scientific interest
is the occurrence of natural gas carrying practi-
cally the same proportion of helium—0.39 per
cent—in a sand at or near the horizon of the
Berea, which lies about 1,850 feet stratigraphi-
cally above the Clinton sand. As pointed out
in the foregoing pages, in the Mid-Continent
region the gas richest in helium occurs char-
acteristically at shallow depth, and in both the
Mid-Continent and the north Texas fields the
distribution of the helium-rich gases is dis-
tinctly related to the stratigraphy. The fact
that the Clinton gas of Vinton County carries
as much helium as the Berea gas, which is far
younger and which occurs relatively close to
the surface, is therefore surprising. The occur-
rence of helium in the Berea gas is of little
practical importance in Vinton County, how-
ever, for the production from this sand is
sm‘lll whereas that from the Clinton amounts

to ubout 65,000,000 cubic feet a day.
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ROCKY MOUNTAIN AND PACIFIC COAST
REGIONS. .

During the summer of 1918 practically all
commercial supplies of natural gas in Wyo-
ming, the Dakotas, Montana, Washington, and
California were sampled, the Wyoming samples
being collected by C. A. Fisher, consulting
geologist, of Denver, Colo., and the remainder
by A. W. Ambrose and E. W. Wagy, of the
Bureau of Mines. The gas at Havre, Mont.,
proved to contain 0.27 per cent of helium; that
at Pine Mountain, Wyo., about 0.26 per cent;
and that at Fillmore, Calif., 0.31 per cent; but
none-of the other gases sampled contained
" more than 0.15 per cent, and the great major-
ity contained only traces of helium or none at
all.  'With the c\ccptlon of the gas from Pine
Mountain, Wyo., which is derived from a Car-
boniferous formation, practically all the gas
produced in the Rocky Mountain and Pacific
coast region is of Cretaceous or Tertiary age.
This fact, taken in connection with the very
low helium content of the Cretaceous and Ter-
tiary gases of Texas and Louisiana, indicates
that the prospects of discovering helium-rich
gas in Cretaceous and Tertiary strata are poor.

The small Havre gas field in north-central
Montana is in the southeastern part of Hill
County and lies only about 30 miles south of
the international boundary. The sample of
Havre gas analyzed was collected from a well
at the west end of the town and is presumably
representative of the gas produced by the two
.or three other wells that have been drilled in
the vicinity. The gas analyzed occurs at a
depth of 1,200 to 1,300 feet, and according to
Stebinger ¢ it is derived from the Eagle sand-
stone, which is the basal formation of the Mon-
tana group, of Upper Cretaceous age. The
predominant surface rock in the vicinity of
Havre is the Judith River formation, one of
the higher formations in the same "group.
The Eagle is underlain by the Colorado shale,
1,500 to 1,700 feet thick, and the Colorado in
turn by the Kootenai formation, of Lower
Cretaceous age, 400 to 600 feet thick. On the
east flank of the Bearpaw Mountains, about
30 miles southeast of Havre; the Kootenal is
underlain by older Mesozoic and Paleozoic
formations, but owing to the disturbed con-
dition of the strata in this region it is impos-
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sible to determine the thickness of the sedi-
ments which in the Havre district separate the
Eagle sandstone from the basement rocks.
The north end of the main igneous mass of the
Bearpaw Mountains lies only about 10 miles
south' of Havre, and small isolated exposures
of intrusive rock appear within 2 or 3 miles of
the gas wells.

Considerable volumes of natural gas are
produced in Canada, and during the war the
helium content of Canadian gases was investi-
gated. No report of this investigation has
been published, but it is understood that no
gases containing more than about 0.33 per
cent of helium were discovered.

The gas produced in the Pine Mountain
dome, 25 miles northwest of Casper, in central
Wyoming, is derived from a Carboniferous
formation. Accordlng to Hares* the pro-
ducing formation is probably the Tensleep
sandstone, of - Pennsylvanian age, though C.
A. Fisher, who collected the samples, states
that the gas may be derived from the over-
lying Embar group, which is of Pennsylvanian,
Permian, and Lower Triassic age. The gas
occurs at a depth of 1,668 feet. Unfortu-
nately, the sample was lost during analysis, and
the helium content was not exactly determined,
but C. W. Seibel, who made the analysis,
regards 0.26 per cent as a close approximation..

The most interesting feature of the Pine
Mountain gas is the fact that it contains more
than twice as much helium as any of the other
Wyoming gases tested, all. of which are of
Cretaceous age. A sample from the Frontier
sand (Colorado group of Upper Cretaceous
age), in the Buffalo Basin field, showed 0.07
per cent, and a sample from the Cloverly
formation (Lower Cretaceous), in the Oregon
Basin field, showed 0.09 per cent. Nine
samples from these and other Cretaceous beds
contained only a trace of helium, and three
samples contained none. Hence, in Wyoming,
as in the Mid-Continent region, the gas richest
in helium appears to be of Carboniferous age.

The shallow gas at Fillmore, Ventura
County, Calif., is remarkable as the only one
of the 56 California gases sampled that con-
tains more than 0.15 per cent of helium. -This
gas, which contains 0.31 per cent of helium,
occurs at a depth of about 600 feet, and

47 Stebinger, Eugene, Possibilities of oiland gas in north-central Mon-
tana: U. S. Geol. Survey Bull. 641, pp. 49-92,1917.

48 Hares, C. J., Anticlines in central Wyoming: U, S. Geol. Survey
Bull. 641, pp. 233-280, 1917,
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according to Eldridge* it is probably derived
from the Sespe formation, of Oligocene(?) age.
A sample from a more productive gas sand in
the same field, lying at an average depth of
2,800 feet, showed, however, only 0.06 per
cent of helium. A sample from the Santa
Maria field, also in southern California, con-
tained 0.13 per cent of helium, and one from
the Coalinga field in Fresno County contained
0.11 per cent, but the remaining 51 samples
collected from these and other fields contained
- only traces of helium at the most. (See
pp. 96-97.)
' CANADA.
- A sample.of the gas produced in the Bow
Island field, near Lethbridge, Alberta, about
125 miles northwest of Havre, Mont., was
collected in August, 1918, by A. W. Ambrose
and was found to contain 0.30 per cent of
helium. At that time there were 26 gas wells
in the Bow Island field having an average
depth of 1,900 feet and a combined open flow
of 15,000,000 cubic feet a day. This gas is
supposed to occur in the lower part of the
Colorado shale, or about 1,200 to 1,500 feet
below the producing sand at Havre. The fact
that both these gases carry about the same
proportion of helium suggests that similar gas
may be found elsewhere in this region in
Cretaceous formations.

EUROPE.

Systematic searches for helium - bearing
natural gas in European countries were not
made until after the outbreak of the European
war, and the results of these explorations have
not been published. Prior to the discovery of
helium in Kansas natural gas by Cady and
McFarland, however, a number of Italian
gases of various types had been tested by
Nasini, Anderlini, and Salvadori,* and faint
‘traces of helium had been detected in the
natural gas of Bagni della Porretta, on the
northern flank of the Apennines. (See p. 51.)
The same investigators in 1906 identified helium
in the natural gas of Salsomaggiore,® .in
northern Italy, and since that time the helium

©Eldridgo, G. H., and Arnold, Ralph, The Santa Clara Valley,
Pucnto Hills, and Los Angeles oil districts, southern California: U. S.
Geol. Survey Bull. 300, p. 76, 1907,

80 Nasini, R., Anderlini, F., and Salvadori, R., Ricerche sulle emana-
zioni torrestro italiano: Gazz. chim, ital., vol. 28, pp. 81-153, 1898,

81 Idem, vol. 36, pt. 1, p. 429, 1906.
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in a number of other European gases has been
quantitatively determined by several chemists.
Unfortunately the memoirs in which these
analyses were published give little information
as to the geologic occurrence of the gases, but
the data given have some interest in connec-
tion with the foregoing discussion -of the
occurrence of helium in North American gases.

Helium was found in the gas produced at
Neuengamme, near Hamburg, by Voller and
Walter® in 1910. They found this gas, which’
occurs in Tertiary strata at a depth of 810

feet, to contain 5.6 per cent of nitrogen, 0.05

per cent of argon, and 0.01 to 0.02 per cent of
helium. A later analysis of the same gas by
Czaké % showed 3.32 per cent of nitrogen and
0.0141 per cent of helium, and a test by
Sieveking and Lautenschliger % showed 0.025
per cent of helium. The last-named authors
also examined gas from Transylvania, the
most productive gas region in Europe, and
found it to contain 0.007 per cent of helium.
Gas from Kissarmés, in the same region, was
found by Czaké to carry 0.0014 per cent of
helium. Czaké found less than 0.01 per cent
of helium in the gas produced at Wels, Austria,
and in the shallow gas of the Alsatian field
but reported 0.38 per cent in a small flow of
gas from a deep test hole near Pechelbronn,
Alsace. This gas is derived from a depth of
about 3,280 feet, and the occurrence of a gas
comparatively rich in helium at so great a
depth is somewhat surprising in view of the
apparent tendency of helium in the North
American fields to collect at shallow depth.
All the other European gases analyzed are
believed to be of Tertiary age, however,
whereas the deep Pechelbronn gas is said to
issue from the Urformation, which in this
locality is presumably of early Mesozoic age.
Czak6é determined the radioactivity of the
gases which he tested for helium and found
the deep Pechelbronn gas to be very much
more active than the gases poor in helium.
He also examined a number of other natural

52 Voller, A., and Walter, B., Uber den Helium und Argongehalt
des Erdgases von Neuengamme: Hamburgischen wissenschaftlichen
Anstalten Jahrb., Band 28, Heft 5, 1910. )

8 Czak6, Emerich, Uber Heliumgehalt und Radioaktivitiit .von
Erdgasen: Zeitschr. anorg. Chemie, vol. 82, pp. 261, 268, 1913; Beitriige
zur Kenntnis naturlicher Gasausstrémungen, Dissertation, Grossherzog-
lich technischen Hochschule zu Karlsruhe, 1913.

© Sieveking, H., and Lautenschliger, L., Uber Helium in Thermal-
quellen und Erdgasen: Physikal. Zeitschr., vol. 13, p. 1043, 1912.
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gases for radioactivity and found them to be
about as active as the gases known to contain
only very small amounts of helium. His

HELIUM-BEARING NATURAL GAS.

results are given in the following table:

Helium content and radioactivity of some European natural gases.

to point out the factors that seem to influence
its distribution in different regions.
present time only general conclusions can be

At the

drawn, however, for two . neighboring wells

Flow of gas per s -
Source. Do ol | sy thonsand | Sy | TegumCer | NUTEes 00 | pato samplod,
Neuengamme, near Hamburg, Ger- :
41 7:1 1 1y A 810 17,657 + 580 0.0141 3.32 | December,
: 1911.
Wels, upper Austria: .
. Scharfwell...............0..... 01,246 |........... 165 L0089 |....iiao... September,
1912. -
Krankenhaus Well .............. 820-1,312 |............ 290 . Do.
Herdfabrik well. .. ... ....... 590-754 39+ 700 | oo Do:
Pechelbronn, Alsace:
Well220..... .. ............... 101 R 300 . 0063 6.36 | April, 1912,
Well 1261............... e 469  |............ 800 | oo Do.
Old well. ... e i e aaaaaae 500 ..o Do.
Deepwell ..o 3,280 4 |.ciiiinan... 17 000 .38 46. 55 Do.
Klssérmés Hungary:
Well 1T . .. 990 30, 371 70 . 0014 .73 September,
1912.
Well XTI ... . iiiiiaaen 738 7,240 L A Do.
Well XTIX. ... 354 2,472 120 |ooei e Do.
Well X . 223 1, 942 35 2 A B Do.
Bézna, Hungary, well XIV. .. ..... 459 1,942 575 3 A IO - Do.
Medgzes, Hungary, well XXTII.. ... 335 635 140 [ Do.
Marosugra, Hungary, well V. .._._.. 4,165 1274+ 280 |.eiieeeee et Do.
Campina, lRum:mm well 103........ 1,580 |............ K Do.

All the European natural gases that have
been tested. are therefore very poor in helium
with the exception of the small flow from the
deep well at Pechelbronn; and if, as Czakd
apparently believes, the radioactivity of a gas
is.a rough index of its helium content it is
evident that all the other gases cited in the
foregoing table are also poor in helium. As
already pointed out, the Tertiary and Creta-
ceous gases of the United States are, with two
exceptions, very poor in helium, and as practi-
cally all the European natural gases are of
Tertiary age their Iow helium content is not
surprising. It would of course be unwise to
infer that all Cretaceous and Tertiary gases the
world over are poor in helium, though this
conclusion is suggested both by the scanty
available evidence relating to helium in Euro-
pean gases, and by the abundant evidence re-
garding the distribution of helium in the
United States. .

SUMMARY OF FACTORS INFLUENCING THE
' DISTRIBUTION OF HELIUM.

" In the foregoing pages the writer has en-
deavored to describe broadly the geologic
occurrence of helium-bearing natural gas and

°

 producing from the same horizon may yield
gases. differing in helium content, and until
the cause of such local variations is understood
it is unwise to attach much significance to
small differences in the helium content of
gases produced in widely separated fields.

In the Mid-Continent region, which contains
the largest known accumulations of helium-
bearing gas, the richest gas occurs at com-
paratively shallow depths in upper and mid-
dle Pennsylvanian strata. In the Texas re-
gion, which is the next most prolific, the
stratigraphic distribution of the gas is the
same, and there is reason to believe also that
rich gas will not be found at great depth. In
Ohio, however, a large volume of gas carrying
0.33 per cent of helium is found in Silurian
strata at a depth of more than 2,000 feet, and
a small volume of equally rich gas occurs in
Mississippian beds about 1,800 feet strati-
graphically higher. Gas of Cretaceous and
Tertiary age is usually very poor in helium,
though in two localities such gas has been
found to contain slightly more than 0.25 per
cent.

As the helium-bearing gas in the Mid-Con-
tinent and Texas regions has a definite strati-
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graphic distribution, the boundaries of the
helium-rich areas are to some extent deter-
mined by the structural and areal geology. In
large part, however, these boundaries appear
to be controlled by some local conditions
~which are not yet understood and which can
be determined, if at all, only by special study.
It is possible that the sediments in the helium-
bearing areas are peculiar in composition, per-
haps containing disseminated deposits of the
radioactive minerals that generate helium. Or,

it i possible that unusual structural conditions |

characterize the rocks beneath the helium-
bearing areas and that the helium has as-
cended from deep-seated sources and mingled
with the hydrocarbon gases formed above.

The belief that the helium is of plutonic ori-
gin is a popular one, and the writer has fre-
quently been asked whether it is not possible
to account for the helium as having arisen
through fissures from great depths. Some
warrant for this belief is afforded by the buried
granite ridge on the west edge of the Mid-
Continent region, which, as already described,
was probably formed in part by faulting. In-
asmuch, however, as the ridge extends far to
the north of the helium-bearing area and prob-
ably also to the south of it, and as helium is
found also many miles east of the ridge, little
weight can be attached to this evidence. The
practical absence of helium in the deep gases
nearer the granite is a strong argument against
the supposition that the helium has risen from
deep-seated sources; and furthermore, there is
no evidence in either the north Texas or the
Ohio districts for supposing that there are any
similarly unusual structural features in the
basement rocks.

On the other hand, there is some evidence
directly opposed to the view that helium has
arisen along fissures, for the gas produced in
most fields that are close to areas of uplift or
to igneous intrusions is poor in helium. For
example, as shown on Plate III, the fields of
southern Oklahoma, which. are close to the
Wichita and Arbuckle uplifts, yield gas very
poor in helium; and several of the Wyoming
fields, which are not far from areas of uplift
and intrusion, produce gas carrying only
traces. The Havre field is, in fact, the only
district close to an uplift which is known to
produce gas carrying more than 0.25 per cent
of helium. Moreover, gas produced from a
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depth of 730 feet beneath a Tertiary lava flow
near Prosser, Wash., contains only 0.06 per
cent of helium, and the gas of the Thrall field,
Texas, which issues directly from a body of
serpentine, contains no helium at all. The
observed occurrences of the helium-bearing gas
thus afford little basis for supposing that the
helium is associated with unusual structure or
with igneous activity.

CHEMICAL COMPOSITION OF HELIUM-BEARING
NATURAL GAS.

" CONSTITUENTS OF NATURAL GAS.

‘Although all gaseous mixtures .that issue’
from the earth are of course natural gases, the
term natural gas is ordinarily restricted to the
gaseous mixtures rich in hydrocarbons that are
generally associated in nature with petroleum.
In many of the old analyses of natural gas a
great variety of constituents are reported, but
recent improvements in the technique of gas
analysis indicate that the constituents are
comparatively few in number and that natural
gas is sufficiently _uniform _in character to
warrant its recognition as a chemically distinct
type. Many varieties are known, however,
and between them all gradations exist.

The characteristic and principal constituents
of ordinary natural gas are the light paraffin
hydrocarbons, methane and ethane, with
generally smaller proportions: of propane and
the next higher members of the paraffin series.
{“Dry” gas not directly associated with petro-
leum usually consists chiefly of methane with a
little ethane; “wet” gas occurring in the same
sand with oil may carry also propane, butane,
pentane, and hexane. The-composition of gas
occurring directly with oil is, however, influ-
enced by the decrease in pressure due to the
removal of oil and gas from the sands; in the
early stages of a field’s life such a gas may
consist chiefly of methane and ethane, but as
the pressure decreases the heavier hydrocarbons,
previously dissolved in the oil, are released, and
the gas may then consist chiefly of propane and
butane. Such gases are valuable on account of
their heavier hydrocarbons, which may be ex-
tracted and condensed as gasoline; but they
occur only in association with oil, and their total
volume is small in comparison with that of the
high-methane gases that are chiefly used for
heating andlighting. Owing to thefact that the
composition of “wet” or casing-head gas is
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largely a function of the pressure in the sand,
such gases are not likely to carry helium in
proportions large enough to be of value. Most
of the gases sampled during the present in-
vestigation were therefore ‘“dry” gases oc-
curring in sands that do not yield oil. '
Analyses made by the ordinary or eudio-
metric method do not show the higher hydro-
carbons, which can be separated only by
fractional distillation at low temperatures.s
In the ordinary method of analysis the hydro-
carbons are treated as a unit and the results
are expressed, by algebraic calculation, in
“terms of methane and ethane alone. Never-
theless, the work of Burrell and his associates
indicates that small proportions of propane
and butane are present in many or most gases,
though, on the other hand, it shows also that
the olefin hydrocarbons which are reported in
many old analyses probably do not occur in
any natural gas.®

HELIUM-BEARING NATURAL GAS....

presence usually indicates contamination of
the sample by air, and in such analyses the
proportion of nitrogen reported is also unduly
high. Hydrogen and carbon monoxide are re-
ported, on the basis of indirect determina-
tions, in many old analyses, but according to
Burrell and Oberfell 3 these. substances are
really present in few if any natural hydrocarbon
gases. Hydrogen sulphide is present in some
gases in proportions as great as 2 or 3 per cent,
though most gases do not contain even traces
of it. Helium, argon, and the other inert
gases are probably present in minor quantity
in most natural gas, but they can be determined
only by special methods, and in ordinary
analyses they are reported with the nitzogen.

VARIETIES OF NATURAL GAS.

As natural gas is simply a mechanical mix-
ture of the constituents mentioned above, it
has no fixed composition and exhibits a wide

Analyses showing various types of natural gas.

[By Bureau of Mines.}

1 2 3 4 b 6 7

Methane (CH))........ e e 86.7 96.5 67.6 6.6 66.2 23.6 51.3
Ethane (CoHg)...oviniiiiiiaL.ll AR 9.5 .0 313 9.1 1.0 69.7 10.4
‘Carbon dioxide (C'0,). i 1.7 1.4 .0 .0 30.4 2.5 .1
Nitrogen @ (Ny).eveeeeemen i 2.1 2.1 1.1 2.3 2.4 13 38.2
Hydrogen sulphide (T,8)..ccooiiiii e e e 2.9 ...,
Oxygen (Oy)eeetneieienene i .0 0 0 .0 0 - .0 .0
100.00 | 100.00 | 100.00 | 100.00 [ 100.00 | 100.00 100. 00

Heating value (British thermal units per cubic ,
foot, at 0° C. and 760-millimeter pressure).. 1,100 1,028 1,302 1,765 724 1,548 740
Specxﬁc gravity (calculated).................. 0. 63 0. 58 0.71 0.99 0.85 0.91 0.76

o Includes helium and the other inert gases.

1. Fullerton field, Orange County, Calif.

2. Caddo field, Caddo and Bossier parishes, La.
8. OilCity, Clarion County, Pa.

4. Txtusvﬂi Crawford County, Pa.

5. McKittrick field, Kings County, Calif.

6. Glasgow, Barren County, K;

7. Petrolia ﬁeld, Clay County,

1, 4-6, Burrell, G

23,7, Buneu’ G. A and Oberfell, G

After the paraffin hydrocarbons the chief

constituents of natural gas are nitrogen and
carbon dioxide. These substances occur in
small proportion in most natural gas, but in
some varieties they are important constituents.
Oxygen is reported in many analyses, but its

5 See Burrell, G. A., Seibert, F. M., and Robertson, I. W., Analysis
of natural gas and illuminating gas by fractional distillation at low
temperatures and pressures: Bur. Mines Tech. Paper 104, 1915.

86 Burrell, G. A., and Oberfell, G. G., Composition of the naturalgas
used in 25 cities: Bur. Mines Tech. Paper 109, p. 11, 1915.

., Seibert, F. M and Oberfell, G. G., The condensation of gasoline from natural
. G, Composxtlon ‘of the natural gas used in 25 cities: Bur, M. es Tech. Paper 109, p. 7 191

: Bur. Mines Bull. 88, pp 21 22,1916,

range in chemical character. Several fairly .
well marked varieties may be distinguished,
though between them all gradations exist.
The helium-rich gases, however, belong to a
distinct chemical type, and in order to under-
stand the characteristics of this type a study
of the accompanying analyses, which have been
selected to illustrate the different varieties of
natural gas, will be helpful.

57 Op. cit., p. 11.
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The table on page 36 indicates that several
varieties of natural gas can be distinguished,
as follows:

A. Purehydrocarbon type (analyses1to4). Most of the
natural gas produced in the United States is of this type,
containing 95 per cent or more of paraffin hydrocarbons and
very minor proportions of carbon dioxide and nitrogen.
Many subdivisions of the type may be made, however,
according to the relative proportions of the hydrocarbons,
conventionally expressed in terms of methane and ethane.
Analysis 1, showing 9.5 per cent of ethane, represents the
commonest variety and would not differ greatly from a
composite analysis of all the natural gas produced in the
United States. Analysis 2 represents a pure methane gas
of the type produced chiefly in eastern Oklahoma and
northwestern Louisiana. Analyses 3 and 4 presumably
represent casing-head gases—gases occurring in the same
sand with oil—and show high proportions of ethane and
the heavier hydrocarbons. The gas represented by
analysis 4 probably consists chiefly of ethane and propane,
and carries butane, pentane, and hexane as well. All gas
of the pure hydrocarbon type has a high heating value
and is therefore the most valuable for industrial and
domestic purposes.

B. Carbon dioxide type- (analyms 5). Some of the gas
produced in the California fields is notable for the high pro-
portion of carbon dioxideit contains. Some Californiagases
carry as much as 49 per cent of carbon dioxide, and a great
many contain 10 or 15 per cent. Gas of the carbon dioxide
type has naturally a rather low heating value, usually less

. than 900 British thermal units. Swamp gases of recent ori-

gin are also usually high in carbon dioxide, but true natural
gas containing noteworthy proportions of this constltuent.
occurs almost wholly in California.

C. Hydrogen sulphide type (analysis 8). Gas carrying
as much as 2 to 3 per cent of hydrogen sulphide has been
found in a number of localities, though most natural gas
contains no hydrogen sulphide whatever. For this reason
the hydrogen sulphide gases warrant recognition as a
separate type, even though their characteristic constituent
isinvariably present only in small proportion.

D. Nitrogen type (analysis 7 and analyses on pp. 38-40).
Natural gas carrying as much as 85 per cent of nitrogen
occurs in Kansas, and gas carrying from 10 to 40 per cent
has been found in Oklahoma, Texas, Ohio, and elsewhere.
The nitrogen type of gas is of special interest here, for it is
the only one in which noteworthy proportions of helium
have been found. The heating value of the nitrogen type

of gas is naturally low, and gas carrying 85 per cent of .

nitrogen is so nearly incombustible that it is commonly
called wind gas.

It is evident that ordinary natural gas may
be regarded snnply as the lightest member of
the petroleum series—gas, oil, and asphalt—
and there is abundant evidence to indicate that
natural gas, like oil -and -asphalt, is chiefly a
product of the decay of organic matter that has
been buried in the sediments. As there are
idfferent kinds of organic matter, differing in

composition, and as the conditions under
which decay takes place are doubtless also
variable, many different varieties of petroleum
are known; and it must be recognized, further-
more, that petroleum may later undergo chem-
ical and physical changes which lead to still
further differentiation. Although the geo-
chemistry of petroleum has not been exten-
sively studied, it is the writer’s opinion that the
composition of most petroleum is determined
chiefly by its geologic relations—that is, by the
age and degree of deformation of the surround-
ing rocks and by the chemical character of
those rocks and. of the waters which they con-
tain.®® There is more evidence for this thesis
as applied to oil than as applied to natural gas,
for gas is relatively simple in composition and
to a certain extent is the end product of the
decomposition of oil; yet the composition of:
some gases is obviously controlled by their
geologic relations. Much of the carbon dioxide
in the California gas, for example, has probably
been formed by oxidation of the hydrocarbons
through contact with mineralized waters,
and the hydrogen sulphide in some gases, at
least, is formed by the reduction of sulphate
waters by hydrocarbons.*®

The nitrogen type of natural gas, is, however,
difficult to account for.®® The obvious sup-
position that the nitrogen represents the in-
active residue of air that has been entrapped.
in the sediments is opposed by the fact
that it contains a much smaller proportion
of argon than does atmospheric nitrogen.
The general occurrence of helium in high-
nitrogen gases also suggests that the origin of
the nitrogen is in some way related to that of
the helium. (See pp. 38-40.) Moreover, the
nitrogen can not well be explained as due to the
peculiar composition of the organic matter
from which the gas was derived, for the oil of
Kansas, Oklahoma, and Ohio is low in nitrogen,
whereas that of California, where no high-
nitrogen gases are known, is exceptionally rich
in the nitrogenous bases.- This difference is
brought out by the analyses of California, Ohio,
and Kansas oils given in the following table:

%8 Rogers, G. 8., The Sunset-Midway oil field, Calif., Part IT, Geochem-
icalrelations of the oil, gas, and water: U. 8. Geol. Survey Prof. Paper
117,1919.

69 Idem, pp. 26-29.

6 For a brief discussion of the origin of nitrogen in natural gas see
Haworth, Erasmus, and McFarland, D. F., The Dexter, Kans., nitrogen
gas well: Science, new ser., vol. 21, p. 191, 1904,
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Ultimate analyses of petroleum.

1 2 3 4 5 6
Carbon................ RUSUREORR 84.17 86. 51 84.57 85. 46 85. 43 85. 63
Hydrogen...............c.c.o.o..... 12.15 11. 41 13.62 13.91 13.07 12.44
Sulphur. ... ..o 1. 50 .74 72 48| 37 37
Nitrogen. . ...... s P 1.25- .58 8 Rt
Undetermined-..................... .93 76 98 .15 113 1.56
' 100. 00 100. 00 100. 00 100. 00 100. 00 100. 00

Bardsdale, Calif. Mabery, C. F.; and Hudson, E. J., On the composition of California petroleum: Am. Acad. Arts and Sci. Proc., vol. 36,

p. 255 1900,

2. McKittrick, Calif. ‘Allen, I. C., and Jacobs,” W, 8., Physical and chemical properties of the petroleums of the San Joaquin Valley, Calif.:

Bur. Mines Bull. 19 p. 28, 1911

3. Findlay, Ohio, Mabery, C. F On the composition of the Ohio.and Canadian sulphur petrolenms: Am. Chem. Jour., vol. 17, P.727, 1895,

4. Welker, Ohio. Mabery, C. ledcm

5. (‘horryvalo Kans. Bartow, Edward, and McCollum, E. V., Kansas petroleum: Kansas Acad. Sci. Trans., vol. 19, p. 58, 1903.

6. Humboldt, Kans. Bartow, Edward, .md McCollum, E.V. 1 em.

COMPOSITION OF HELIUM-BEARING GAS.
As stated in the foregoing sections, although

at least traces of helium occur in most natural’

gas, noteworthy proportions have been found
only in gas of the nitrogen type. The per-
centage of helium, moreover, seems to depend
in a measure on the percentage of nitrogen,
though there is no direct proportionality be-
tween the two, and the nitrogen-helium ratio
" varies greatly in different gases. On the other

hand, there are some natural gases high in

nitrogen which carry only small proportions of
helium. The chemical -characteristics of
helium-bearing gas are shown by analyses 1 to
16, on page 39.

In the course of the present 1nvest1gat10n the
helium content of a large number of gases was
determined (see pp. 96-109), but only afew com-
plete analyses were made. Those given in the
first table(p. 39)were therefore selected from the
analyses, mostly of Kansas gas, published by
Cady -and McFarland.®* In the second table
are given a few ordinary analyses of gas from
other localities, together with determinations

of the helilum content of gas from the same.

source. Samples for the ordinary analysis and
for the helium determination of the Ohio gases,
Nos. 23 and 24, were collected simultaneously,
but the samples for the ordinary analyses of the
other gases were collected several months or
years before those for the helium determina-
tions. As natural gas from the same well
varies somewhat in composition from day to
day, the exact ratio between helium and nitro-
gen in these samples can not be determined

61 Cady, H. P.,and McFarland, D.F. , The composition of natural gas,
with special study of the constituents ol’ Kansas gases: Kansas Univ.
Geol. Survey, vol. 9, pp. 228-302, 1908.

from the data given, though the ratios indi-
cated are undoubtedly approximately correct.

More extensive data regarding the ratio of
helium to nitrogen are given in figure7 (p 40),
which is based on all the analyses given by Cady
and McFarland and on a few composite determi-
nations similar to those in the accompanying
table. As such determinations do not furnish
data for computing the exact ratio they are
plotted in the diagram as large open circles,
whereas complete analyses on one sample are
plotted as small dots.

The diagram brings out the wide variation in
the ratio of helium to nitrogen in different gases
but indicates that the average gas containing
10 per cent of nitrogen carries about 0.3 per
cent of helium and that no gas containing 10
per cent of nitrogen is likely to carry more than
0.5 per cent of helium. Exceptions to this rule
may be found, but the principle is believed to
be sufficiently well founded to warrant the use
of the nitrogen determination as a guide to the
detection of helium-bearing gas; and in the
writer’s investigation of the distribution of
helium a large number of ordinary analyses
were collected and were used to supplement
the data afforded by the direct tests for helium.
Moreover, nitrogen is the chief factor in lower-
ing the heating value of the Mid-Continent
gases, and as general information concerning
the heating value of a gas is usually not difficult
to obtain, the rule that gases low in nitrogen
are poor in helium is of great practical aid in
locating the helium-rich varieties.

It should be noted, however, that gases low
in heating -value are not necessarily rich in
helium. In the first place, low heating value
may be due, as in California gas, to & high per-
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Analyses of helium-bearing natural gas.

[By Cady and McFarland.]

1 2 3 4 5 6 7 8
Methane (CH). . . ovvnenenennnn.. 14.85| 5180 | 82.25 | 78.60| 74.10| 8L40| 84.40| . 88.60
Ethane(CyHy). ... on oo 00 L4 00| .00 771 .00 .00 100 -00
Olefines (C.H,, ote) .- ...l 00| 12 55 e 100 0| . .00
Carbon dioxide (CO,) .. ... 11111100 20| L6l 15 54 .92 100 -62
Oxygen (Og). .ovueeneniiininanennnn. .20 .10 | Trace. .30 .00 | Trace. | Trace. .31
Nitrogon (N9 -2 82.70 | 46.40 | 16.40 | 1213 | 24.85! 17.22( 15.10| 10,20
Helium (He). .- oonomonononin 184| 15| .66 56| 51| .46 -40 -27
100.00 | 100.00 | 99.996 | 100.00 | 100.00-| 100.00 | 100.00 | 100.00

9 10 11 12 13 14 15 16
Methane (CHL). . .« ovneenenennnn.. 79.10 | 94.50 | 94.30| 8.10 | 92.40| 77.40 | s88.10| 86.50
Ethane (CoH) - -« oovmone il 7.44 | 00 75| 1195 L00 | 1418 7.37 100
Olefines (Gt efc.y. .- - .. 12110 7| oo 00| .10 10| .86 .85 )
Carbon dioxide (COg). . .. .......... .00 .00 1.94 .10 .81 .78 .24 1.35
Oxygen (Oq) ....................... .00 .23 .24 .20 .15 .00 .00 .00
Nidrogen (). ..o i 12.44 | 508 2,60 | 6.39 6.43 | 6,66 360 | 1186
Helium (He). ... .. ... 000100 25| ..183 17| .159 08| 167 09| Trace.
100.00 | 99.993 | 100.00 | 99.999 | 99.97 | 99.997 [¢100.00 | 100.00

a Includes 0.25 per cent reported as hydrogen.

1. Doxter, Cowley County, Kans. Gas from 310-foot well supplying town. Collected in 1905. .

2. ureka, Greenwood County, Kans, Gas from wells drilled in northeast corner of town and furnishing town supply. Average depth of
wolls 876 feot.  Collected October 25, 1906, : .

3. Frodonia, Wilson County, Kans. Pipe-lino sample of gas used in Fredonia and furnished by wells 1,085 to 1,250 feet deep, 2 to 7 miles east,
south, and northwost of town, ’

4. Elmdale, Chaso CoxmtzinKans. Gas from wells about 150 fect deep. Collected Octoher 6, 1906. .

6. Moline, ik County, Kans. Gas from wells about 1,150 fect deep south, east, and west of Moline. Collected Junc 24, 1906.

6. Lawrence, Douglas bounty Kans, Sample of smal{ flow of gas escaping from abandoned well about 1,200 fect deep. = Collected July 4,1906.

7. Olathe, Johnson County, Kans. Sample of gas supplicd to town and derived from wells near Spring Hill, about 10 miles to the south.-
Average depth of wells 580 feet. Collectod August 2, 1906, . . . o

8. Eudora, Douglas County, Kans. Gas from wells about 350 fect dce[tx .

9. Augusta, ButlerCounty, Kans. Gas from wells averaging 1,440 feot in depth.  Sampled August 4, 1906.

10. Tola, Alicn County, Kans. Sample of gas supplied to town of Tola and derived from wells near by, Sampled Junc 10, 1906.
B ll.]]’lpﬁlhllé)ogmnplo of gas supplied to town of Lawrcnce, Kans., and derived chiefly from fields in Allen and Necosho counties. Collected

ocember 12, . .

12. Arkansas City, Cowley County, Kans, Gas from well 750 feet deep.

13. Cancy, Montgomery County, Kans. Gas from well 1,550 feet deep, 2 miles east of Caney. Collected July 14, 1906.

14. Marion, Grant County, Ind.” Samp!le received August 25, 1906. . ) .

15. Morgantown, Monongalin County, W. Va. Sample from well about 1,800 feet deep, 10 miles west of Morgantown. Producing sand prob-
ably Big Injun, Sampled August 18, 1906. . .

16, Pierro, Hughes County, S. Dak. Gas from shallow wells. )

Analyses of helium-bearing natural gas.

[Budiomotric analyses by various chemists; helium later determined on different samples from same source by C. W, Seibel.}

17 18- 19 20 o 22 23 24

Methane (CH,)eeuueeeonnaoeaaana.n. 10. 54 38.94 | 50.6 49. 08 30. 33 57.89 77.3 86.1
Tthane (CoHp)- «oenenenemoniionnns 1. 64 4.80 | 10.9 3.89 | 26.69| 16.89 7.6 4.6
Higherhydrocarbons (C;Hj, etc.)..... .00 00 [ao....... .00 .00 00 e,
Carbon dioxide (COg)..cveviennnneane. .13 .24 1 .40 .49 .24 .0 .0
Oxy%len %Oz ....................... .00 .32 .0 .00 .00 .00 .0 .0
Residue (nitrogen, helium, etc.).....| 87.69 55.70 | 38.4 46. 67 42.51.| 24.97 .1 | 96

100.00 | 100.00 | 100.00 100.00 | 100.02 99.99 | 100.00 100.3
Helium (Fe). ... eonneeeeeeann.. 2.13 1.94 .945 .94 .39 .27 .43 . 40

17. Augusta fleld, Butler County, Kans. “Wind gas’’ occurring at depth of 400 to 600 feet. Analysis by H. C. Allen, University of Kansas. ’

b ]%.S.CSQ;\ ﬁn district, Chautauqua County, Kans. Gas from Fleming & Wadsworth well, sec. 27, T. 33 S., R. 11 E. Depth 375 feet. . Analysis
y 1. C. Allen. .

19. Petrolia fleld, Clay County, Tex. Pipeline gas. Analysis by Bureau of Mines on sample collected in October, 1914; helium determined
on sample collected in November, 1917. . .
A 2]0. .S%(lm} rdi(s:tri{:lt Rogers pooi,Chaumuqua County, Kans. Gas from T. E. Barr well 1, sec. 36, T. 33 S., R. 10 E. Depth about 690 feet.
Analysis by H. C. Allen, . .

21. Bil In(gs field, Noble County, Okla. Gasfrom E. N, Gillespie gas well, sec. 21, T. 23 N., R. 2 W. Depth of sand 1,036 feet. " Analysis by
Empire Gas & Fuel Co. i . .

2, Morrison fleld, Pawnee County, Okla. Gasfrom Miller welll. Analysis by Empire Gas & Fuel Co.

23. Vinton County fleld, Ohio. Gasfrom Ohio Fuel Supply Co.’s well 1991, sec. 1, T. 9 N,, R. 18 W. Gas {fom Clinton sand at 2,498 feet. .
Analysis by Bureau of Mines. X

24, Vinton County field, Ohio. Gas{rom Ohio.Fuel Supply Co.’s well 634, sec: 1, T. 8 N, R. 18 W. (Gas.from Berea sand at 660 feet,
Analysis by Bureau of Mines. . ) .
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centage of carbon dioxide. ‘Secondly, even if it
is due to nitrogen a high percentage of nitrogen
does not necessarily indicate a gas rich'in
helium. Some of the northern Oklahoma gases
carry from 20 to 40 per cent of nitrogen and only

lower ratios are in the gases of central Kansas

fields, which lie near the north end of the
area. It seems, hOWever, that the gases in
which the ratio is unusually low are rather
poor in both helium and nitrogen.
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FIGURE 7.—Diagrax}1 showing relation of helium to nitrogen in 50 samples of natural gas. Points based on complete analyses of one sample
indicated by dots; points based on determinations of helium in onesample and of nitrogen in another indicated by open circles.

0.2 to 0.4 per cent of helium. The range in the
ratio of nitrogen to helium in a few typical
gases is shown in the following table:

Ratios of nitrogen to heliwm in natural gas.

' Nltﬂoq' Hc;l[ium Ratic
Field. e Y| B | Mo
cent). cent). |

Morrison, Okla_.....................]25.0]0.22 | 114
Ponca City, Okla................... 40.1 36 111
Billings, Okla. ... ............. .. 42.5 39 109
Loco, Okla..................o. ... 16.2 | .17 95
Otto, Kans.......ccoiooooonoaoo....] 57.8 | 1.04 55
Dexter, Kans...o.o.oooooo.oooo ..1 82,7 11.84 45
Augusta, Kans.................. .. 88.0 | 2.00 44
Vinton County, Oth ............... 15.1 | .43 -35
Sedan, Kans.. eeeeaeaaa...15B.7| 194 29
Fredonia, Kans. . . .oooooinnnns 16. 4 62 26
Vinton County, Ohio............... 9.6 .40 24
Elmdale, Kans ............. e 12,1 .56 22
New Albany, Kans. ..._............ 9.8 | .49 20

i

It is conspicuous that the h.ighest ratios are
found in northern Oklahoma, in gases such as
those of the Ponca City, Billings, Morrison,
Pearson, and Myers fields, all of which lie-near
the southern extremity of the rich helium-
bearing area. On the other hand, some of the

DETERMINATION OF HELIUM IN 'NATURAL GAS.
DEVELOPMENT OF METHODS.

Identification of the presence of helium in
most gaseous mixtures is accomplished with-
out great difficulty by means of the spectro-
scope, provided the proportion of helium
present is not too small. The precise quanti-
tative determination of the helium, however,
requires its separation from the other gases
composing the mixture, and this is a more
difficult matter. Carbon dioxide, oxygen, and
the hydrocarbons are easily. eliminated, but
special methods are necessary for the removal
of nitrogen and the inert gases.

Ramsay in his early researches on helium:

removed the nitrogen by sparking, which is a
slow and tedious process. Sparking under

various conditions was at first used by other .

investigators, but Dewar’s discovery that nitro-
gen is absorbed by charcoal cooled with liquid
air, whereas helium is not, has served to facili-
tate greatly the separation of the two elements.
Dewar’s principle is now generally used by
most English and American investigators,
although some French scientists prefer the
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more laborious chemical methods of removing
nitrogen.

Cady and McFarland in their original
research on helium in natural gas adopted
Dewar’s principle to remove nitrogen and all
the other common constituents of the gas and
constructed an apparatus in which the whole
operation ‘could be efficiently conducted.
Essentially the same method, with a similar
apparatus, was used by Prof. Cady at the
outset of the Government’s investigation and
also by C. W. Seibel in his- continuation of the
work. The method is one of unusual interest
because of the short time required for accurate
determinations, and Mr. Seibel, who analyzed
most of the samples discussed in this report,
has courteously furnished the following
description of it:

APPARATUS AND METHOD OF PROCEDURE.
By C. W, SEIBEL.

The apparatus used in the quantitative détermination
of helium from either natural gas or concentrates was
essentially the same as that employed by Cady *and
McFarland in their earlier work.®2 Itisnotso well known,
however, as to preclude description here. The method of
analysis also was similar to that of the original work, but
modifications have been added from time to time, by
Dr. Cady and his coworkers, and these have been included
in the following account.

The apparatus, which is shown in Plate IV, is composed
of the following parts: I' is an automatic single-fall Spren-
gel vacuum pump, of the ordinary 4-tube type. The
tubes are about 83 centimeters long and 6 millimeters in
outer diameter except the capillary fall tube, which is a
heavy capillary tube 1} millimeters in inner diameter
and 110 centimeters long and the free end of which is
bent upward so as to deliver into the collecting bulb j.
This bulb is of 50 cubic centimeters capacity and hag a
capillary stopcock on the top. The bulb g is an air trap,
the top of which is sealed after the pump is filled with
mercury. The four pump tubes aré joined together at
the bottom with heavy-walled stethoscope tubing. Screw
clamps here serve very well to regulate the speed of the
pump. The mercury is pumped from the main reservoir
m to the pump supply reservoir i through 'k and %, by
means of an auxiliary Nelson vacuum pump u, attached
to the supply reservoir at i. A few iron wires inserted
into the end of the suction pipe at k& cause alternate slugs
of mercury and air to be drawn up % and %, and into A.
By means of a cork float to which % is fastened; any level
of mercury desired can be maintained in the supply
reservoir. [ is the mercury. overflow outlet of the supply
reservoir, the excess mercury flowing down the tube
which dips below the mercury in trap l,. This trap
prevents the loss of the vacuum in k. d and ¢ are mer-
cury and water vapor traps and, being of small tubing,
are-so arrarged that they go into one Dewar tube, which

6 Am. Chom. Soc. Jour., vol. 29, p. 1522, 1907.
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affords considerable saving in liquid air and space. Dur-
ing the analysis these tubes are immersed in liquid air
and serve to prevent water vapor or mercury vapor from
entering the spectrum tube. The spectrum tube ¢ is so
constructed that the light for the spectroscope may be
taken either from the end of the capillary or along it.
It is excited by a 6-volt spark coil giving a spark of about
1 centimeter in air. The gas, having stood over charcoal
at the temperature of liquid air and passing through this
tube excited by the spark coil, emits a glow which when
viewed through the spectroscope tells at a glance whether
or not the gas is pure or contaminated with nitrogen.
Any appreciable amount of nitrogen can be told by the
color of the tube alone, for nitrogen will cause the spec-
tral tube to give a purplish glow, while pure helium
unless at very low pressure is yellow. The bulbs b,, b,,
and b; are made of glass carefully annealed. They con-
tain about 20 grams of coconut charcoal each, with plugs
of glass wool at either end, and are of such dimensions
that they will easily fit in 40 by 200 millimeter Dewar
tubes. They are connected with one another by being
sealed in such a manner as to make one continuous train.
Three-way glass stopcocks are inserted in the train in
such wise that tubes b, and b, may be used in series, and
b; may be in series with the other two or by-passed at
will. These stopcocks are also arranged in such a manner
that the three charcoal tubes can be conveniently ex-
hausted by the auxiliary pump. e, is a glass liquefaction
bulb of 40-cubic centimeter capacity with a mercury
manometer, az, attached. By means of this manometer
the pressure in @, can be determined at any time. The
liquefaction bulb is so constructed that the gas must go
nearly to the bottom of the tube before it can get into
the connecting tube between a, and b,. The curlicues
inserted into different parts of the apparatus serve as
expangion joints. The two tubulated bottles p and ¢ are
used for measuring gas samples and are of 2-liter capacity.
They are so arranged that p can be filled with water
which has been saturated with helium, and then the
water displaced by natural gas, the water going into ¢
and vice versa. After the bottles are leveled up a pinch
clamp on the connecting tube between the two serves
to maintain atmospheric pressure in p, and a pinch clamp
on the inlet tube to prevent the escape of .gas while
weighing, etc. o is a solution balance for weighing p
and should have a sensibility of 1 gram. v is a cylinder
for collecting samples from the field. 7 is an electric
heater for heating the charcoal bulbs while they are being
exhausted. wu is a Nelson two-stage vacuum pump for
exhausting the charcoal bulbs while being heated, and
for use as an auxiliary vacuum pump to lift the metcury
into the supply reservoir . The switches r, s, and !

.control the spark coil for the spectrum tube, motor for

vacuum pump, and heater, respectively.

The apparatus is first evacuated—the charcoal bulbs by
the Nelson pump and the spectrum tube and traps by the
mercury puwmp to a black vacuum. The charcoal hulbs-
are heated to 200° C. and the evacuation is continued for
about 20 minutes. After being allowed to cool, the char-
coal bulbs, liquefaction bulb, and water and mercury
vapor trap are immersed in liquid air, which is contained
in silvered Dewar tubes. While the charcoal bulbs are
cooling, the gas, which is held in the sampling cylinder
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under a pressure of several pounds, is forced into the tubu-
lated measuring flask. A pinch clamp is put on the end
of the inlet tube, the bottles are leveled, a pinch clamp is
placed on the connecting tube, and the flask p is weighed
on the solution balance. A portion of this gas, approxi-
mately 1 liter, is then allowed to flow from the bottle
through the rubber tube to the evacuated space of the
hquefa,ctlon bulb, the flow being controlled by stopcock
a,, and the rate of inlet being-determined by the action of
the manometer. At the temperature of liquid air the
hydrocarbons are liquefied, and the pressure on the mano-
meter adjoining indicates whether or not the gas is of high

nitrogen content. ' If the nitrogen content is high -the

manometer will indicate considerable pressure within the
tube, which can be due only to unliquefied nitrogen or
helium, though of course a small amount of it is always due

to the partial pressure of methane and other hydrocarbons.

The unliquefied portion, consisting of nitrogen, helium,
and some of the hydrocarbons, is admitted, in small
amounts, to the first charcoal bulb, which of course is
under a very high vacuum, and then to the second. This
“procedure is repeated until the manometer will rise no
farther, indicating that all the helium and nitrogen and
some methane have gone into the charcoal bulb and that
the pressure in the liquefaction bulb is due only to methane
and the higher hydrocarbons. The gasisallowed to stand
in the charcoal bulbs for about thre: minutes, and then
communication is made hetween the charcoal hulb, the
spectrum tabe, and the pump. The gas not adsorbed by
the charcoal is pumped off and delivered into the collect-
ing tube j. As coconut charcoal at the temperature of
liquid air will absorb relatively large volumes of all gases
except helium, neon, and hydrogen, and as neon and
hydrogen do not occur in troublesome quantities, the gas
delivered by the pumip should be pure heliam. However,
to avoid danger of the charcoal bulbs becoming super-
saturated with nitrogen or the possibility of an air leak
developing, so that nitrogen would be pumped off with
the helium, constant watchiskept of the spectrum tube by
means of a spectroscope, small amounts of nitrogen being
very easily detected in thisway. If nitrogen appears early
enough, the pump is stopped, the third charcoal bulb, by,

is put into communication with the pump, and the nitro--

gen diffuses back into it, and then by pumping the helium,
which is in b, and b,, through b, a satisfactory determina-
~ tion can often be obtained without havmg to repeat the
entire experiment.

If the spectroscope indicates nothing but helium, the
pumping is continued until the spectrum tube shows
cathode raysorgoesout. Thegaswhich hasbeen collected
in j at the bottom of the mercury pump is transferred to a
sinall Hempel burette, and its volume is determined.
After the tubulated flasks are releveled, the one contain-
ing gas is again weighed. The difference in weight, in
grams, of the flask as first weighed full of gas, and after part
of the gas has been used and has been displaced with
water gives the volume of gas used in cubic centimeters.
1f care is taken to see that the bottles are carefully leveled
and stand-always in the same relative position while being
weighed, the necessary accuracy in measuring the volume
of the natural-gas sample used may be easily obtained.
All volumes are reduced to standard condition and the
percentage of helium is calculated.

HELIUM-BEARING NATURAL _GAS.

'This method, though somewhat long, taking on an aver-
age of about 13 hours for a determination, in the hands of
one who is familiar with it gives surprisingly good results,
repeated checks within 0.02 per cent being easily obtained.

For a satisfactory apparatus a good deal depends on the
stopcocks used and the lubricant employed. A stopcock
should be of the best quality obtainable, and the best
lubricant has been found to be that as given in Ramsay
and Travers’shook ‘‘ Experimental study of gases,’”’ namely,
two parts of pure rubber clippings to one part of vaseline
and one-eighth part of hard paraffin wax heated until a.
homogeneous mixture is obtained. A good stopcock,
when properly lubricated, will appear perfectly clear,
showing no rings or air bells whatever.

The writer wishes to take this opportunity to express
his appreciation for the help and advice atforded him by
Dr. H. P. Cady, under whose personal direction the early
part of the work was performed, and by Dr. R. B. Moore,
at Fort Worth, during the later part of the work; also for
the assistance of Messrs. H. M. Eastman and J. B. Ramsay,
who analyzed some of the samples toward the end of the
field work, and to Miss Emily V. Burger, of the University
of Kansas, who analyzed 13 samples while the writer was
on a trip to the Fort Worth plants.

OCCURRENCE OF HELIUM IN MINERALS AND IN
OTHER GASES.

0

GENERAL DISTRIBUTION OF HELIUM.

Although helium was discovered on the earth
only 25 years ago and for some time thereafter
was regarded as one of the rare elements, it is
now known to be widely distributed through
the earth’scrust. As already described, helium
was discovered on the earth in the gas given
off by uraninite, and the researches of Strutt
and others have shown that a great variety of
other minerals and rocks contain helium in
small proportions. Only a few months after
its discovery helium was found to be a con-
stituent of the atmosphere and of the gas given
off by a mineral spring, and it has since been
found to occur in the gases emitted by a great
many other springs. Helium has been found
also in mine gases and in volcanic gases, as well
as in natural gas.

The discovery in 1903 of the fact that helium
is a product of the decay of the radio-elements,

-which were known to be widely disseminated,

furnished to most observers an adequate
explanation of the occurrence of helium in so
many natural substances. There is no doubt
that the minute proportions of helium found in
most minerals may be accounted for in this
way, but the great volumes found in natural
gas are more difficult to explain. Before dis-
cussing the origin of helium in natural gas it
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will therefore be desirable to review the occur-
rences of helium in minerals and in other gases.

HELIUM IN MINERALS AND ROCKS.

HELIUM CONTENT OF MINERALS.

The discovery of helium in uraninite natur-
ally led to a search for it in other minerals, with
the result that only a year or so after the ele-
ment itself was discovered a number of min-
erals were found to be helium bearing. When
the relations of helium to the radio-elements be-
came known, a great many more minerals were
tested, the amounts of helium and of radium
and thorium in each being determined quanti-
tatively, so that extensive data on the distri-
bution of helium in minerals are now available.
A very great majority of all the minerals tested
have proved to contain at least traces of helium,
the proportion varying in general with the
proportions of the radio-elements. Some min-
erals that contain no radioactive substances,
however, have been found to contain helium in
considerable quantities.

The first observations on the occurrence of
helium in minerals were made by Ramsay and
Travers® in 1897. They found that the rare-
earth minerals fergusonite, monazite, samars-
kite, columbite, pitchblende, and malacone
contain helium “up to 1.5 cubic centimeters
per gram.” The malacone contains argon as
well.* Specimens of cinnabar, cryolite, apa-
tite, barite, scapolite, and cobalt ore gave no
helium or argon. TFive meteorites were tested
with ncoatlvo results, “but the meteorite from
Augusta County, Va., proved to contain
helium. .

Chamberlin,® in connection with his studies
of the gases in rocks, determined the composi-
tion of the gases given off by heating pitch-
blende and carnotite in a vacuum as follows:

6 Ramsay, William, and Travers, M. W., The gascous constituents of

cortain mineral substances and waters: Roy. Soc. London Proc., vol.
' 60, p. 442, 1897, :

64 Kitchin, E. 8., and Winterson, W. G., Malacone, a silicate of zir-
conjum contmning argon and helium: Chem. Soc Jour., vol. 89, p. 1568,
1806.

% Chamberlin, R. T., The gases in rocks: Carncgie Inst. Washington
Pub. 106, p. 20, 1908. '

"and common minerals.
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Composition of the gases extracted )jrom pitchblende and
carnotite.

[Volumes per unit volume of rock.]

bI]’ltcéx-

onde, | Garnotite,

By | e
-Colo.

Carbon dioxide.............. T L. 2.46

Carbon monoxide. . ... ............ i 0.24 .23

Methane.......... ... ... ..., .03 .02

Hydrogen..........ccoooiveeennnn.. | .07 .05

Nitrogen. . . ... s ? 27 .22

Helium. .. ... ... ................ ; 37 .04

| 98|  3.02

By far the most extensive and systematic
investigation has been made by R. J. Strutt,
who determined the helium and the radium
and thorium content of a great variety of rare
In his earlier experi-
ments Strutt extracted the helium by heating
a considerable quantity of the powdered mineral
to redness and purifying the gas thus obtained
first by sparking and finally by absorption in
cooled charcoal. The extraction of helium by
the use of red heat is by no means complete,
the helium extracted being probably only
about half that which the mineral contains.
The table on page 44 shows the helium content
of some of the minerals examined by Strutt®
and also the value of uranium oxide as calcu-
lated from the radium content.

In discussing his results Strutt pointed out
that as helium is generated by the decay of
uranium, the ratio of helium to wuranium
should be of the same order in all minerals,
though greater in ancient minerals than in re-
cent ones. In order to test this hypothesis,
Strutt next examined groups of similar min-
erals from diﬂerent geologic horizons. In this
the hchum byheat Waé dbandoned and amethod
of fusion and solution, which permitted com-
plete extraction of helium, was used. Thorium

s83trutt, R.J., Helium and radjoactivityi.n rarcand common minerals:
Roy. Soc. London Proc., ser., A, vol. 80, p. 572, 1908; The accumulation
of helium in gco]ogxc tnne Idcm voI 81, p. 272, 1908; vol. 83, p. 96, 1909;
vol. 84, p 194,'1910.
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- Helium content of certain minerals.

{Helium extracted by heat, except as otherwise noted.]

Mineral. Locality. Hel}%g%‘g“ U304 (pgl‘ams
per gram).- 100 grams).
Rare-earth minerals: . :
Pitchblende a..................| Joachimsthal, Austria....._....................] 107 73.5
Samarskite a...................| North Carolina................................... 1, 500 10.3
Cyrtolite e....................| Llano County, Tex.. AR I W £ 3.67
Sipilitea.......................| Little Fna,rMountam Va.. 590 2.86
Euxenite-e..................._.| Arendal, Norway.................... 730 2. 84
‘Eudialite............. .. Greenland ............. 1.46 3.9 X103
Gadolinite.... .| Hitteroe, NOTWAY wooeeimeoo ... 10.5 4,2 X102
Keilhauite.. ..| Alve, Norway .............................. .- 16.3 1.4 X10™!
Niobite...oooooun... ... Ha.ddam (0703 15« 3.60 3.0 X102
Apatite......ooo Ll Canada.-o..oi e e 1.16 4.5 X103
Cerite...cccceaueeeeeeoooo......|*Bastnaes, Sweden................. e 1.26 9.3 X103
Fluorite............ .| Ivigtut, Greenland..... P 27.00 4.9 X10—*
Ore minerals and native elements: : .
Galena........................ Nenthead, Cumberland, England............_.... . 0007 9.0 x10~
Cinnabar...................... Almaden, Spain....... ... .. o oiiiiiii... .0
Bornite..... ..o ..ol Cornwall, England.............o............... .12 3.2 x1073
Stibnite....c.eceeeeneeeean......] New South Wales_.... ... . ......o....ciiiian. . 007 1.3 X10
Sphalerite......................| Wrexham, Denbigh, Wales....................._. . 0007 T 7.0 X107
Tin pyrites.................... Cornwall, England .............................. ) . 0046 3.1 X107
Iron (meteoric)................ Meteorite of Augusta County, Va................. <.0016 7.8 X10°¢
Graphite....._.......o........ Borrodaile, Cumberland, England................ .04 1.1 x10-3
Hematite .. .. .. ........... Cumberland England...... ... ................. .07 1.57%1073
Hematite d. .. ... ... ... Frizington, éumberland England eeeeaan .16 1.28%1073
Hema.t_ite D County Antnm, Irel: and ......................... . 012 2.64%10~4
Limonite d......................| Forest of Dean, Gloucestershire, England e .15 10.3 %10
Cassiterite......................| St. Austell, Oomwall England .04 3.9 X10
Wolframite.....................| Illogan, Cornwall England 1.16 1.05X10~2
Vanadinite.....cco..oooaiill.. Dumfnes Seotland . .o .ueenn s .0
Miscellaneous: )
Barite. co.cooiaiiiiiill St. Bees, Cumberland, England........ e 4.4 x10—*
Celestite.......oveoennianl.. Zate, Gloucestershire, Engla.nd..... e 2.6 X10
(07:1 163 1 S Cumberland England..... .. .......... ... .- 2.2 X1078
Quartz.. ..| Ilfracombe, Devonshue, Engla.nd 2.31X10-5
Flint (from c.ha.lk) -| Brandon, Norfolk England... I, 1.33%10
Garnierite (0] 00 P
Beryle oo .l Acworth, N. H. ... 1.4,%10¢
Berylo.. oo i Chester, Phceeenns et 2.2" X103
Phosphatized shark teeth d. ... Flonda ......................................... 2.48%102
. Phosphatic nodules®.......... Potton, Bedfordshire, England................... 5.83 1073
Phosphatic limestone b......... . Ohirbury, Shropshire, England............... ... 7.90X10—¢
L)

@ Method of extracting helium not stated.
b Helium extracted by dissolving mineral.
¢ Helium extracted by Iusnon and solution.

was also determined, so as to permit calcula-
tion of the ratio between helium and both the
elements that generate it. In the table on
page 45 the figures under the heading ‘“Total
equivalent U;O,"’ are obtained by adding the
quantity of UyOs and 0.203 times the quantity
of ThO,, the assumption being that 1 gram of
ThO, is equivalent to 0.203 gram of U0, so
far as helium generamon is concerned, and the
helium ratio. is obtained by dividing the
helium in cubic centimeters per gram by the
total equivalent uranium oxide.

Reserving fordiscussion below thesignificance
of the helium ratio as an indication of the age
of minerals, we may note here that a great
variety of minerals contain helium and that i in

general its presence appears to be explained
by the presence of uranium or thorium. The
proportion of helium is therefore not charac-
teristic of any mineral species but is generally
very different in different specimens.” In
pitchblende, however, the quantity of helium
is generally very low in proportion to that of
uranium, the ratio in the Joachimsthal variety
being only 0.146, and on the other hand there
are certain minerals in which the quantity of
helium is far greater than can be explained by
the uranium or thorium present. The beryls,
for example, are generally very rich in helium

o Piutti, A., Sur les minéraux nonradioactifs contenant de I’hélium:
Le Radium, vol. 7, pp. 146, 178,1910. Debierne, A., Expériences diverses
sur la production de Phélium: Annales phys., vol. 2, p. 478, 1914,
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and very poor in the radio-elements, the ratio-
in the Acworth beryl being 9,140. Piutti
examined 26 beryls and other glucinum-bearing
minerals that contained no uranium or thorium -
and found helium in varying quantities in all
of them.®
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In this connection it may be noted that
Valentiner 7' examined blue rock salt and
reported 0.13 cubic centimeter of helium per 100
grams, as compared with Strutt’s figure of

0.0233 cubic centimeter per 100 grams in the
ordinary variety.

Helium, uranium, and thorium content of zircon, sphene, and thorianite.c

Content per gram of mineral.
? o el
Mineral. Geologic age. Locality. Helium (cubic|  Us0s Tho, | equivalont | ratio.
centimeter (grams X (grams X U305
X10-9). 10-1). 10-9). (grams X
10-4).
Zircon...........| Tertiary.......| Vesuvius............... <0.4 38.0 U EPU <0.01
Dooeeeiiiieaas do.oeeeen. Expailly, Auvergne, 2.12 3.72 3.72 .57
rance.
Do.........| Paleozoic .| Green River, N. C...... 225.0 12.9- 30.1 19.0 13.4
Doee)llll do.eeenen-n Klmberley, South 323.0 10.8 1.32 11.1 29.2
frica.

Do.........] Ancient....... lon ................. 283.0 10.1 4.0 10.9 26.0

Do.eeennnn. Archean........ ebastopol, Ontario... . 114.0 1.83 .92 2.02 56. 6
Sphene.........|..... do........ old Spnng, ..... 101.0 1.87 4.23 2.73 37.0 -

Do.. U [ F Renfrew County, On- 94.8 4.30 1.98 4.70 20. 2

tano

Do.. S R 4 [ TORPR B ceeereeaeeas 176.0 1.72 4.82 2.70 65.0

Doceeveni]eannn do..cuaeen.. Twederstrand N orway. 33.6 L772 4.73 1.73 19. 4

Do. coefennen 4 [ SRR SR [ S " 45.4 . 921 . 920 111 40.8

Do... JR P do........ Arendal Norway....... 123.0 2.46 4.34 3.34 .36.8

’lhonanlte ............ do........ Ceylon.....coeevvnann.. 93,000.0 | 2,450.0 6,544.0 3, 780.0 24. 6

Do.covvennifonnn. do........feo.ls 6 1 T 78,000.0 | 1,310.0 7 265.0 2,785.0 27.9

a Strutt, R.J., The accumulation of helium in geological time: Roy.

Another group of helium-bearing minerals
that are poor in radioactive substances are the
potash salts. Potassium is indeed radioactive
itself, but so far as known it emits no alpha
rays and therefore does not generate helium.®
Strutt 7 examined a rnumber of the Stassfurt
potash minerals and found abnormally large
quantities of helium in some and very small
quantities in others. His quantitative results
are given in the following table:

Helium content of some Stasgfurt salts.

St ( Hlé)!ium
C}l cmi U30 (grm Cl.l 1C cen-
limeters 3-8 timeters
100 |Per 100 grams).

é)f%rms)- p%;age).
Halite (NaCl)............. 0.0233°| 7.1 X107¢ 3.3
Sylvite (KCl)............. .55 2.156X107% | 256.0
Cn.malhte KM%CL 6]120) .151 | 3.23%107% | 47.0
Kieserite (MgS .0179 | 6.47X107% . 277

® Pjutti, A, L'clio nel minerali di glucinio: R. Accad. Lineei At;tl,
vol. 22, pt. 1, pp 140, 671, 1913.

L Campboll Norman, Tho beta rays from potassium: Cambridge
Philos. Soc. Proc., vol. 14, pt. 2, p. 211, 1907.

1 Sgrutt, R. J., On helium in saline minerals, and its probable connec-

tlon with potassium: Roy. Soc. London Proc., ser. A, vol, 81, p. 278, 1908,

Soc. London Proc., ser. A, vol. 83, p. 208, 1909; vol. 84, p. 104, 1910.
HELIUM CONTENT OF ROCKS.
Comparatively few determinations of the
helium content of rocks have been made, and

most of the minerals examined for helium are
not important as rock-forming varieties. Ram-

'say and Travers,” in their early research on the

distribution of helium, examined gneiss, lava -
from Iceland, serpentine, and blue clay from
Kimberley, South Africa, with negative results.
Gautier, in his classic investigation of the com-
position of gases in rocks,” reports that helium
was never found except in spectroscopic
traces, though the gases of many rocks are
rich in nitrogen and in argon. Strutt, how-
ever, examined four igneous rocks and found
the proportions of helium, argon, and uranium
oxide shown in the table on page 46.7

7t Valentiner, Siegiried, Heliumgehalt im blauen Steinsalz: Kali,
vol. 6, pp. 1-3, 1912.

7 Ramsay, William, and Travers, M. W., The gaseous constitucnts of
certain mineral substances and waters: Proc Roy. Soc. London, vols
60, p. 442, 1897,

8 Gautier, A., Produits gazeux dégagés par la chaleur de quelque-
rochesignées: Compt. Rend., vol. 132, p. 58, 1901; Sur Pexistence d’azo
tures, argonures, arséniures et iodures dans les roches cristalliniennes
Idem, p. 932.

74 Strutt, R. J., Helium and radioactivity in rare xmd common miner-
als: Roy. Soc. London Proc., ser. A, vol. 80, p. 586, 1908,
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Helium, argon, and uranium oxide tn igneous rocks.

( bic mil- 'Abri il | Usd !
Rock. Locality. clli]me(i::ers ((I:Pme%grl; ! 180%::1%155).1)8!
per gram), | per gram),
Granite......ooouoieionn.. Cornwall, England......... ... ... ... .. 0. 029 0.010 8.7 X 10
Diorite....coooeiiiiiio.. Mount Qorrel Leicestershire, England.... ... ... . 005 . 016 2.0 X 10
Phonolite................... Trafrain La,w Haddingtonshire, England .. . ..... . 0086 B0 J
Basalt...................... Treland.....ocoo oo . 0019 . 0025 1.9 X 10

Strutt used red heat in extracting the helium-
from these rocks, and it may therefore be pre-
sumed that the proportions shown in the table
are only about half the true values. Strutt
reports that limestone and gypsum generally
contain very little if any helium.

TIME CALCULATIONS BASED ON HELIUM CONTENT.

As the radio-elements in minerals are con-
tinually breaking down and emitting helium
at a constant rate, it is obvious that the ratio
of helium to uranium and thorium should be
greater in ancient minerals than in recent ones,
and all of Strutt’s later work on helium in
minerals was designed to investigate this re-
lation between helium ratio and age. His
work.on limestones, phosphatic rocks, and iron
ores of diverse ages yielded results of negative
value in this connection, for the increase of the
helium ratio with age proved to be highly
irregular. Practically all the sphenes he exam-
ined were of Archean age and showed diver-
gent ratios, but a series of zircons yielded more
concordant results, the helium ratio increasing
from 0.01 in a Tertiary variety to 56.6 in an
Archean variety. (See p. 45.) Strutt then
attempted to determine experimentally - the
rate at which helium is produced and, having
obtained a figure in close agreement with that
obtained by calculation,” declared- the helium
Tatio to be a reliable index of the antiquity of
minerals and therefore a measure of the length
of geologic time, (See table, p. 45.) On this
basis Strutt concluded that the Archean sphene
of Renfrew County, Ontario, is 710, 000 000
years old.

It will be observed that this far-reaching
conclusion involves three assumptions— (a,) that
the rate of decay of the radio-elements is in-
variable; (b) that all the helium generated in
the mineral has been retained by it during

7 Strutt, R. J., Mcasurements of the rate at which helium is produced
in thorianite and pitchblende, with 8 minimum estimate of their an-
tiquity: Roy. Soc. London Proc., ser. A, vol. 84, p. 379, 1910.

geologic time; and (c) that the mineral con-
tained no helium at the outset and has since
absorbed none from extraneous sources. A
corollary of the general theory which makes it
of interest in connection with the origin of
helium in natural gas is the tacit assumption
that all helium is of radioactive origin.

(@) The rates of decay of the radio-elements
have been measured by a number of observers,
and although the adopted figures are still sub-
ject to modification as more data become
available, there seems little likelihood of ex-
tensive change. The law of decay is unaffected

by such variations in temperature and pres-

sure as can be produced in the laboratory,
though its constancy under the temperatures
and pressures existing in the earth is debata-
ble. (See p.12.) Moreover, it is obvious that
the law of decay has been measured only for a
period of a few years, whereas its -application
to the age of minerals involves extrapolating
it to millions or billions of years.

(b) Strutt ™ has shown that there is a rapid
leakage of helium from minerals and that
weathered or water-worn minerals probably
contain only a part of the helium that has been
generated in them. The mere fact that enor-
mous volumes of helium are found in natural
hydrocarbon gas and in other gases of course
also indicates that helium is migratory The
escape of hehum, then, may result in greatly
decreasing the helium ratio and thus the ap-
parent age of a mineral.

(¢) As helium is a widely distributed ele-
ment and is found in volcanic and hot-spring
gases, it is not unreasonable to suppose that
helium is occluded or dissolved in igneous
magmas and that when crystallization begins
some of the helium enters into the forming
minerals just as nitrogen, argon, hydrogen, and
other gases do.” The quantity so .occluded

76 Strutt, R. J., The leakage of helium from radioactive minecrals:
Roy. Soc. London Proc., ser. A, vol. 82, p. 166, 1909.
77 See the papers by Gautier and Chamberlain cited on pp. 43, 45, 51.
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might be very small in proportion to that later
generated in the mineral by radioactivity, but
it also appears possible for helium to enter the
mineral after its formation and thus still fur-
ther to increase its apparent age. Jaquerod
and Perrot ™ have shown that quartz absorbs
helium at a measurable rate even at so low a
temperature as 220° C., and Piutti ™ found
that cestain other fused salts and minerals also
absorb it at moderate temperatures. The very
common presence of helium in beryls, in quan-
tities far larger than can be accounted for by
the radio-elements present, is probably to be
explained in this way, and it is very possible
that the helium in potassium minerals has also
entered from some extraneous source.

If minerals under some conditions give up
helium and under others absorb it, the writer
believes that little reliance can be placed on
the helium ratio as a basis for age calculations.
The widely divergent ratios obtained by Strutt
for minerals of the same geologic age and even
from the same locality certainly indicate that
disturbing factors have affected the ratio, and
‘there is every reason to believe that these fac-
tors may have been additive, increasing the
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recognized - that the general evidence afforded
by the distribution of helium in minerals sug-
gests, with several outstanding exceptions,
that the helium is a product of radioactivity.

HELIUM IN MINE GASES. .

Apparently helium has been sought for in
only a few mine gases, but it has been identi-
fied in the fire damp of several coal mines in
northern France and Belgium, and in the gas
escaping in a potash mine near Stassfurt, Ger-
many. As the gas escaping in many mines is
known to be high in nitrogen,® however, it
appears probable that helium is a constituent
-of many mine gases.

One of the first exhaustive studies of mine
gases was made in 1896 by Schloesing,** who
discovered the presence of argon in the -fire
damp of French coal mines. In 1911 Moureu
and Lepape® examined gas from the same -
mines and determined the proportions of he-
lium, xenon, neon, krypton, and argon. The
‘mutual proportions of the rare gasés were
found to approximate their proportions in the
atmosphere (see p. 16), but the helium varied
greatly, as shown in the following table:

Composition of coal guses.

Liévin, Francc_;. Anzin, France. | Lens, Francp. Mons, Belgium. F{;ﬁ?ﬁg{’g’
Carbon dioxide................. ... s 0.5 0.16 0.0 Trace. 2.80
Hydrocarbons. ...l 97.03 97. 92 98.15 99. 60 95. 09
NAPOZEN . ceee e e 2.41 1.85 1.81 - .32 2.06
A.r%gm, with traces of krypton and xenon.......... .04 . 021 . 0367 . 003 . 021
Helium, with tracesof neon............ .. ... ... 013 . 044 . 0003 . 050" . 027
apparent age, as well as subtractive. Attempts| Although the percentages of helium in these

have also been made to compute age by the
ratio of uranium to lead in minerals, but they
need not be discussed here.®

Although the attempt to calculate the age of
minerals in years from the helium ratio appears
to be scarcely warranted, it is nevertheless

8 Jaquerod, A., and Porrot, F. L., Sur 'emploi de I’hélium comme
substance thermométrique ot sur sa diffusion & travers la silice: Compt.
Rend., vol. 139, p. 789, 1904. .

7 Piutti, Arnaldo, Absorption of helium by rocks and minerals [ab-
stract): Chem. Soc. Jour., vol. 100, pt. 2, p. 88, 1911.

80 ITolmes, Arthur, The association of lead with uranium in rock min-
erals and its application to the measurement of geologic time: Roy. Soc.
London Proc., ser. A, vol. 85, p. 248, 1911; Radioactivity and the meas-
uremant of geologic time: Geologists Assoc. Proc., vol. 26, pt. 5, p. 289,
1015. Barrell, Joseph, Rhythms and the measurement of geologic time;
QGeol. Soc. America Bull., vol. 28, p. 745, 1917. For criticisms of this
meothod, see Becker, G. F., Rolations of radioactivity to cosmogony and
geology: Geol. Soc. America Bull., vol. 19, p. 134, 1908; Isostasy and
radioactivity: Idem, vol. 26, p. 171, 1915, Clarke, F. W., The data of
geochemistry, 4th ed.: U. 8. Geol. Survey Bull. 695, pp. 312-315, 1920.

gases are small, the total volumes involved are
considerable; according to the authors, the
mine at Anzin emits about 4,380 cubic meters
a year, and that at Frankenholz 3,650 cubic
meters a year. In order to ascertain whether
or not the helium is a direct product of radio-
activity, Moureu and Lepape then tested the
gases for radium emanation but found that
they were not measurably radioactive. Ex-

8 For compilations of analyses of mine gases, sce Cady, H. P.,and Mc-
Farland, D. F., The composition of natural gas, with special study of
the constituents of Kansas gases: Kansas Univ. Geol. Survey, vol. 9,
p- 286, 1908, Darton, N. H., Occurrence ofexplosive gases in coal mines:
Bur. Mines Bull. 72, 1915.

82 Schloesing, Th., ﬁ!s, Sur la composition du grisou: Compt. Rend.,
vol. 122, p. 398, 1896; Etude sur ’azote et 'argon du grisou: Idem, vol.
123, p. 233, 1896.

8 Mourcu, Charles, and Lepape, A., Les gaz rares des grisous: Compt.
Rend., vol. 153, p. 847, 1911.
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HELIUM-BEARING NATURAL GAS.

- amination of the radium and thorium content | the gases accumulating in the tunnels or drifts
.of the coal itself yielded the following results:3 | at the mineral springs of Baden. The helium

Relation between helium content of gas and radioactivity of coal.

Liévin. Anzin. . Lens. Mons. Frankenholz.
Helium (with traces of neon) in gas. .... per cent. . 0.013 0. 044 0. 0003 0. 050 0.027
Radiumin coal....... grams 1072 per gram of coal.. <.02 - <. 01 .97 .04 <. 01
Thorium in coal...... grams 1079 per gram of coal..|............ <.01 .33 .03 .02

It will be noted at once that the proportion |

of helium in the gas bears no relation to the
proportions of radium and thorium in the coal.
The Lens coal is by far the most radioactive,
and the Lens gasis by far the poorest in helium,
in fact, the arrangement of the coals in order
of radioactivity is almost exactly the reverse
of the arrangement of the gases in order of
" helium content. The authors cited calculate
that the helium emitted by the Frankenholz
mine in the last 20 years represents all that
would be generated by 33,000,000,000 tons of
such coal in a period of 100,000,000 years. As
there is undoubtedly a great deal more helium
still occluded in the unmined coal, they: con-
clude that only a small part of the helium is
being generated directly by radioactive proc-
esses and that most of it is fossil helium.

In a salt mine at Leopoldshall, near Stass-
furt, a flow of combustible gas was encountered
which according to Erdmann ® proved to have
the following composition: "

Hydrogen....................... .. 83.6
Methane.............ooooo .. 4.4
Nitrogen and argon................... 11. 8
Helium, with some neon............. .17

This gas had been flowing for four and a half
years, and during that time, it is calculated, 12
cubic meters of helium had escaped. In Erd-
mann’s opinion the helium is generated by the
decay of a local deposit of radium in the salt

mass and is not an indication of the radioactiv-

ity of potassium. _

The gas escaping in the Elkton mine, Crip-
ple Creek, Colo., contains 76.8 per cent of nitro-
gen and 1.5 per cent of argon, but spectroscopic
examination of the argon residue apparently
failed to disclose the presence of helium s

In this connection may be considered somsé
analyses of gases of a somewhat different type,

8¢ Moureu, Charles, and Lepape, A., Hélium des grisous et radioactivité
des houilles: Compt. Rend., vol. 158, p. 598, 1914.

% Erdmann, Ernst, Uber heliumhaltige Gase der deutschen Kalilager:
Deutsehe chem. Gesell. Ber., vol. 43, pt. 1, p. 777, 1910.

% Lindgren, Waldemar, and Ransome, F. L., Geology and gold de-
posits of the Cripple Creek district, Colo.: U. S. Geol. Survey Prof. Paper
54, pp. 252-270, 1206. . . .

content and radioactivity of these gases, as de-
termined by Sieveking and Lautenschliger,®
are as follows:

Helium content and radioactivity of the Stollengase of Baden.

Helium Activity

(Pere lclant):, ‘stgt’l(:llg-n).
Kirchenstollen, Baden-Baden....... 0.015 3,200
Murquellstollen, Baden-Baden....... . 004 2,000
Markgrafenstollen, Badenweiler. . . .. . 004 900
Biittquellenstollen, Baden-Baden....| .003 4,770
Hauptstollen, Baden-Baden.......... .001 - 470
Ursprungstollen, Baden-Baden. .....[| .001 459
Deckershof.......cooviviiiniannnnnns . 0002 500

It will be noted that the helium content of
these gases appears to bear a vague relation to
their radioactivity, though the most active gas
stands fourth in order of helium content.

HELIUM IN THE GASES OF MINERAL SPRINGS.

Within a few months after helium was dis-
covered it was identified by Kayser # in the
gas emitted by the springs at Wildbad, in the
Black Forest, and in the course of the same
year its presence in the springs at Cauterets, in
the Pyrenees, was announced by Bouchard and
by Kellas and Ramsay. Since that time he-
lium has been detected in the gases of a great
many European mineral springs, some of which
emit several thousand liters of helium yearly.

By far the most extensive investigations of
the occurrence of the rare elements in mineral-
spring gases are those of Moureu and his col-
laborators, who found that the proportions of
argon, krypton, and xenon in all gases approxi-
mate their proportions in the atmosphere,
whereas the percentages of helium are very
irregular. (See p. 16.) In order to investi-
gate the relation between helium and radio-
activity Moureu determined the radium ema-

# Sieveking, H., and Lautenschliger, L., Uber Helium in Thermal-
quellen und Erdgasen: Physikal. Zeitschr., vol. 13, pt. 2, p. 1043, 1912.

8 Kayser, H., Note on helium and argon: Chem. N ews, vol. 72, p. 89,
Aug. 23, 1895.
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nation in a great many gases but found that no | broughtoutin the following table, which presents
direct relation exists, except in so far as all the |  summary of numerous papers by Moureu:®

gases examined contain at least traces of both
helium and the radio-elements.

This is clearly ! g

Helium content and radioactivity of the gases of mineral springs.

© [After Moureu,

Localities in France except as otherwise noted.)

8 Mourcu, Charles, Recherches sur les gaz rares des sources thermales:
oc. chim. France Bull. 9, 4th ser., xxv pp., 1911.

i Radin
Const{tuents of gas (per cent). cm(g “Pl}!'m(m
" Locality. Spring. - milh-
Carbon ombus- : f gram-min-
dioxide., | Oxveen. gbrl?alz;ass. Nitrogen. | Argon Helium ll(l)tflst éggg
Aix-les-Bains.. .| Soufre............| 4.00 [0.0 Trace. | 94.79 | 118 0.03 (@)
Dol Alun..... ... ..., (a) (a) (@) a 1.153 . 037 3.52
Aix-les-Thermes. . . ....... Viguerie... ... 0.0 98. 45 1. 453 . 097 2.32
Badgastein, Austria........ Gratenbiker. ... Trace L 40 7 (e 97. 25 1.181 . 169 79. 2
]3annércs-de-]31gouc ....... Salies........ 3.14 Trace. o 95. 49 1.322 . 048 2.32
Bwvnblcs-de Luchon.. .| Bordeu No. 1.. .33 .0 a 98.275 | 1.306 . 089 18. 36
Dow i Bordeu No. 2.. .85 .0 1.30 | 96.45 1.25 .15 14. 43
Do Ferras. .......... .0 Trace. 2.40 | 96.085 | 1.23 . 285 4.19
Do oo Pré No. 1.........| Trace. .0 6.0 92. 40 1. 316 . 284 10. 23
17 Saule No. 2...... Trace. .0 3.58 | 94.826 {- 1.271 .323 9. 42
Bains-les-Bains. ....| Savonneuse.......| Trace. |4. 69 ©) .0 94. 07 1. 042 . 198 3.52
Bourbon-I’Archambault. . . .| Thermal. . ....... 49. 81 Trace. 48.96 .45 .58 .17
Bourbon-Lancy............ Lymbe........... 2.8 2. 2 (? (@) 91. 96 1.20 1.84 2 06
Do....... Reine.. wev...| Trace, .9 (? .0 96.1 115 175
Bussang. Demoiselles. . ... . 82.71 | Trace. | Trace. 16.72 . 242 . 328 a
ledc]las, Portugal......... Carvalho......... .0 2. 44 ?g @ 96. 40 1.143 017 3.64
Cambo- .o e .0 76 E? 9 98. 49 (@) (@) (@)
Cauterets. .....coevueue.n. Bois Vieux. .. ... Trace. | Trace. & 98. 48 1.418 .102 | < .66
Do.veiniiiiiia, César....-........| Trace. (] .0 98. 55 1. 275 L1685 | < .66
Do.oeviiiiiia.. Mauhourat. ...... .0 .0 a 98. 47 1. 49 .04 < .66
Do Des Qufs. ....... .60 | Trace a; 97.76 1. 581 059 1 < .66
Dot Raillére.......... .0 .0 Trace. 98.508 | 1.377 115 1 < .66
Chitel-Guyon............. Gubler........... 97. 4 .54 () o 2.036 .023377 . 000631 < .20
1. S Nehe............. 1.3 1.0 a 96. 26° 1. 2226 .0174 . 56
Do Trou des Pauvres 19 .7 .0 96. 20 1.195 . 005 (@)
Faux-Bonnes.............. Vieille........... ,.0 .0 a 98.28 1. 157 .563 | < .66
Eaux-Chaudes Esquuctte ....... .0 .0 Eag 98. 57 1.29 L1401 < .66
S TS S (4 - T 1.15 .0 Trace. 95.5 1.18 2.18 3.38
1 T \To P 2.7 7.5 (?)| Trace. 88.77 | 1.02588 .00412]  4.415
La Bourboule..............| Choussy 94.5 Trace. .05 5.34 .10 .01 22
La Chaldette...........o ol o oLl 2.75 | .0 Trace. 95. 17 1.31 i 12.8
Lamalou.......... SR Usclade. . 99.5 (@) (@) Q) ) @) < .66
Lonrrwy -.| Des Récollets.. .5 .0 Trace. 98.12 1. 3654 L0146 | < 1
Luxeuil.. .| Bain-des-Dames. . .83 | Trace (@) 97.15 1.28 .74 124
Do Grand Bain.......[ 1.6 .0 .0 96. 36 1. 305 . 735 . 50
Maizidres. ................ Romaine..........| 17 . a 91. 46 .92 5. 92 1.48
Mont-Doré................ Des Chanteurs.. 99. 39 . 168 (?) ga; . 436 (@) (@) < .66
Nancy..ooooveiaean ... Parc Sainte-Marie| 175 .0 .0 95. 36 129 1.60 .46
Néris. o oevei i César . 11. 86 .0 o 86. 29 .88 .97 .92
Ogeu..ooo i, Peyré............ Trace. [11.0 a 87.92 a a < .66
Pn.nl.lc,osm Spain........... St. Augusmn ..... .2 1.6 o 97 éag b o
Plombidres. . .............. Crucifix.......... Trace. |3.30 ‘P; .0 95. 14 1.369 .201 a
Doooviiiii Des Capucins.... 1.0 (890 §‘? o 88. 65 1. 414 . 036 4. 62
Do.voeniiiiin. Vauquelin. ...... Trace. | Trace. a 98. 15 1. 643 . 207 11.8
Do.oviiiii. No.3.ovuininnnn Trace...[ 4.0 a 94.505 | 1.375 .120 10. 74
Doweeeiiaiiiii, No.5......o..... 1.68 [ 1.47 (?) .0 95. 32 1. 547 . 104 6.16
Pougues-Saint-Léger.......j. ... ... .. ... 98.6 (@) .0 (@) . 013 L002 | < .20
Royat.................... César.............| 99.5 102 (2) (e . 393 (@) ®) < .66
St.-Honoré................ Crevasse 2.20 0 a 95. 76 1. 147 .893 [ < .20
Saling-Moutiers........ ... [. ... ... ... 41.50 | Trace g 57. 83 . 446 . 224 .66
Santenay (Cote- a Or) ...... Lithium. ... oo, 10.16 |eeeeonn..
Do ool Carnot........... oo e 9.97 |.........
Do......... Fontaine Salée. .| ........|..... Ll 840 |.........
Upn. Belgium Tonnelet. . 84.25 . 175 (@) 15. 296 .215 .064 | < .20
T 4.15 * | Trace. | Trace. 93. 98 . 938 . 932 147
Vlchy ................. "..] Des Célestins. .. .| 84.5 .05 (@ 15.07 . 302 J123 .216
01 T S Chomel.......... 99. 834 | Trace. a .162 | .0027 | .0015 . 560
Do Grande Grille. . 99. 47 00008 EG .51 . 0172 . 0018 . 041
DOw el Hépital.. | 9865 | (152 o 1. 20 (@ a) .019
Dol Mesdames. . . .... 98.2 .08 (a 1.72 (@ o . 105

@ Not determined.
10135 °—90—4

b Not sought fer.
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. Moureu points out the total lack of propor-
tionality between radioactivity and the helium
content of these gases and concludes that only a
small fraction of the helium is now being
generated by the decay of radium and that
the greater part is fossil helium. As shown in
the following table the volume of helium given
off annually by some of the richer springs is
considerable; Moureu calculates, for example,
that the output of the Carnot Spring, at
Santenay, represents, all the helium that
would be given off in a year by 91 tons of
radium, or by 500,000,000 tons of pitchblende
or thorianite. It is very evident, therefore,
that the helium of these springs is not being

generated by radioactivity as fast as it is being |

emitted, and that it represents the leakage
from a great store of underground helium,
which may have been generated during geo-
logic time by the radio-elements or may repre-
sent primordial helium that has had no connec-
tion with radioactivity.

Volumes of helium emitted annually by some of the richer
French mineral springs. @

. Volume of helium
| Helium per year.
Spring and locality. "(‘pgf.'s —
*| cent). | Liters. Cf‘égt‘.c
Lithium (Santenay, Céte-d’Or)...| 10.16 | 5,182 183
Carnot (Santenay, Cote-d’Or)....] 9.97 | 17,845 631
Fontaine Salée (Santenay, Cote-

AOr) e 8.40 |oioeoiieennn.
Romaine (Maizieres, Cote-d’Or)..[ 5.92 | 1,080 38
Ys (Grisy, Sadne-et-Loire). ...... 2.18 ool
Lymbe (Bourbon-Lancy, Sa6ne-

et-Loire)......ooiiiiiiiaeaaann 1.84 | 10,074 356
César (Néris, Allier)............... .97 | 33,990 | 1,200
Choussy (La Bourboule, Puy-de-

DOmMe). .o oveneeeannenannos..l 01| 3,048 | 108

* aMoureu, Charles, and Lepape, A., Sur quelques mélanges gazeux
naturels particulidrementriches en hélium; Gisements d’hélium: Compt.
Rend. vol. 155, p. 197, 1912.

All these springs, except that at La Bour-
boule, lie in a comparatively narrow belt
extending from Moulins, in Allier, northeast-
ward to Vesoul, in Haute-Sadne; and in this
belt also there are several other springs which
furnish gas containing more than 0.5 per cent
helium, such as those at Luxeuil, St. Honoré,
and Bourbon-l’Archambault. This areal dis-
tribution of the helium probably has a signifi-
cance which special geologic examinations
might disclose, but the surface geology of this
region, as shown on the geologic map of France,
suggests no explanation.

' 1a source thermo-minérale d’

HELIUM-BEARING NATURAL GAS.

Although a few of the helium-bearing
spring gases cited in the foregoing tables
consist chiefly of carbon dioxide, a great
majority are rich in nitrogen, resembling in
this respect the helium-bearing natural gases of
the United States. The general occurrence of
helium in nitrogen-rich spring gases is shown in
the following table, which has been compiled
from a number of papers: :

Helium and argon in the gases of mineral springs.

; Nitrogen) 4 pyon Helium
Locality. c(e%%. (per gent). (per cent).
1. Cauterets,” Pyrenees,
France...............|....... Present. | Present.
2. Bagnole de 1’Orne,
France............... 90.5 4.5 Trace.
3. Perchtoldsdorf, near
Wien, Austna........ 93.6 | 1.04-1.11 |.........
4. Voslau, near Wien,
Austria..............[ 91.0 | 1.18-1.26 |.........
5. Allhusen well, Middle- '
borough, England....|..... .- .4 0.0
6. Well, Middleborough,
ngland............|.... . .5 0
7. Sulphur well, Harro-
gate, England.......|....... Present. 0
8. Reykjavik, Iceland...|....... 1.14 0
9. Bordeu & Luchon,
" France............... 96.22 2.56 .0
By ——
10. Karlsbad, Bohemia.....| .40 .38
prmm—— e,
11. Wiesbaden, Germany..|.......|J........... Present.
12. Gastein, Austria........|....... 1.29 .64
13. Uriage, Isére, France..| 93. 98 .94 .93
14. La Aliseda, Spain......| 92.6 LO7 [.........
15. Bath, England.......... 95.3 .74 .03
16. Wildbad, Black For-
est, Germany.... ....| 97 Present. .8
17. Baden-Baden, Germany|.......[........... .71

1. Bouchard, Charles, Sur la présence de I’argon et de I’hélium dans
certaines eaux minérales: Compt. Rend., vol. 121, p. 392, 1895.

2. Bouchard, Charles, Sur la composition des gaz qui se dégagent des
eaux minérales de Bagngle de I’Orne: Idem, vol. 123, p. 969, 1896.

3. Bamberger, Max, Uber den Nachweis von Argon in dem Gase
emée{;‘4,(31,181§éle in Perchtoldsdorf bei Wien: Monatsh. Chemie, Band 17,
p- - .. -

4, ﬁamberger, M., and Landsiedl, A., Uber den'Nachweis von Argon
in den Badequellen von Voslau bei Wien: Idem, vol. 19, p. 114, 1898.

5, 6, 8. Kellas, Alexander, and Ramsay, William, Examination of
gases from certain mineral waters: Chem. News, vol. 72, p. 205, 1895.

7. Ramsay, William, and Travers, M. W., The gaseous constituents of
cer:zzi,n lgli;leral substances and waters: Roy. Soc. London Proc., vol. 60,

N 97.

v 9. l\&oissan, Henri, Sur la présence de Pargon dans les gaz de la source
Bordeu & Luchon et sur la présence du soufre libre dans 1’eau sulfureuse -
de 112a7 Sgrottze et dans les vapeurs de humage: Compt. Rend., vol. 135,
p. 1902.

10. ﬁesendorfer, F., Zusammensetzung des dem Xarlsbad Sprudel
entstrémenden Gases: Chem. Zeitung, vol. 29, 3) 359, 1905.

11. Henrich, Ferd., Untersuchungen iiber die Thermalquellen von
Wilt;,sbaden und deren Radioaktivitat: Physikal. Zeitschr., vol. 8, p. 112,
1907. .

12. Ewers, P., Uber das Vorkommen von Argon und Helium in den
Gasteiner ’I‘ﬁermalquellen: Physikal, Zeitschr., vol. 7, p. 225, 1906.-

13. Massol, M. G., Sur la composition chimique des gaz spontanés de
riage (Isére): Compt. Rend., vol. 151,
p- 1124, 1910, o :

14. Diaz de Rada, F., Analyse der aus dem Quellwasser von ‘“La
Aliseda’’ sich entwickelnden Gase: Chem. Zeitung, vol. 36, p. 688, 1912.
Abstract. j . .
: 15. Ramjsay, William, Report on the mineral waters of Bath: Chem
News, vol. 105, p. 133, 1912. .. . .

16, 17. Sieveking, ]Ef., and Lautenschliger, L., Uber Helium in Ther-

| malquellen und Erdgasen: Physikal. Zeitschr., vol. 13, p. 1043, 192.
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An examination of sea water and of the water
of the Seine for helium was made by Troost
and Ouvrard,” who report that it is present
only in the faintest traces. :

HELIUM IN VOLCANIC AND FUMAROLE GASES.

Unfortunately the earlier classic researclhies
on the composition of volcanic gases—those
of Bunsen, Deville and Leblanc, and Fouqué—

| northern Italy.®
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gas of the solfatara of Pozzuoli (Campi Flegrei,
near Naples) and in several other Vesuvius
gases, as well as in the hydrocarbon gases of
Salsomaggiore and Bagni della Poretta, in
The following table shows
some of the analyses made by these authors,
as well as a later analysis of the Larderello gas
made by Porlezza and Norzi,®® and an analysis
of Vesuvius gas by Gautier:*

Andlyses of gases of Italian fumaroles.

[Per cent.}

1 2 3 4 5

Hydrogen sulphide........ooooooiiiiiiiiiilL 2.070 2. 000 ©2.0090 LI13 [eeeennn.....
. Qarbon dioxide........ e e et 92. 800 92. 000 92. 2000 10.73 96. 52

Hydrogen . 2. 600 2.400 2.4500 |............ . 015
Methane............. 1. 400 1. 900 1. 7800 12.00 .12
Oxygen....... e . 050 . 200 . 1800 .40 .46
P\Iitrogen ......................................... 1. 8; ? 1 ggg L ggfl)o 74.23 2.87
Argon. .o e . . . 0245
Helium. .. -010 014 - 0155. } 1.01 -028

99. 999 99. 998 100. 0000 100. 00 100. 013

1-2, Gas{rom different parts of the boric acid soffione of Larderello. Analysis by Nasini, Anderlini, and Salvadori.

3. Same. Later analysis by Porlezza and Norzi.

4. Gas from boiling spring at Monte Irone, Abano.

5. Qas from old fumarole at Agnano, near Naples , representing
were made before helium was discovered, and
as most of the recent investigations deal only
with the more abundant constituents of vol-
canic emanations, the avalable data on the

Analysis by Nasini, Anderlini
esuvius gas.

and Salvadori.

Anaiysis by A. Gautier; helium determined by Charles Moureu.
The gases emitted by the boiling springs of

Iceland, which are indirect manifestations of .

volcanic activity, have been investigated by

Thorkelsson,® from whose valuable paper the

distribution of helium in such gases are meager. | following analyses are cited:

Analyses of gas emitted by the hot springs of Iceland.

[Per cent.]
Spring H,S COa. H,. CH,. (078 No. A, He.
Reykir No. 5.cuveiniiiiii oo e 98. 34 1.61 0.0146
Hveravellir No. 2............... e 2.8 79.5 ... 0.9 fceueunnnn 16.5 . 294 . 0050
Hveravellir No. 25....oooeeeeeaooo]ieiiians 77.8 [ceeenenn.. 1.0 0.2 20.6 . 441 . 0063
Graffarbakki No. 1...oooeveiiiiaiifonaots sen 6.4 [......... .8 1.1 90.0 1.68 . 0104
Taugards No. 1. oeeeenieennnnenneiieneioideceannned]onannn T eeaalll] 97,4 1.93 . 0104
Reykjafoss No.dloooeaoaa i S [, 27.0 2.5 .2 .0 67.9 1.36 - . 0103
HengillNo. 1oooooiiiiiiiiiiiiiots 11.0 73.4 13.5 I 2 PO, 1.8 .011 . 0006
Hengill No. 8.l 11.2 67.0 17.2 N PP 3.9 . 088 . 0020

The presence of helium in Italian fumarole
gases was established in 1898 by Nasini, Ander-
lini, and Salvadori, who found 0.014 per cent
of helium in the ga$ emitted by the boric acid
soffione of Larderello (Tuscany), and a smaller
proportion in the gas of Monte Irone, Abano.”
The same authors later detected helium in the

% Troost, L., and Ouvrard, L., Sur origine de I’argon et de I’hélium
dans lcs goz dégagés par certaines eaux sulfureuses: Compt. Rend., vol.
121, p. 798, 1895, - :

91 Nasini, R., Anderlini, F., and Salvadori, R., Ricerche sulle ema-
nazioni terrestre italiane: Gazz. chim. ital., vol. 28, pp. 81-153, 1898.

Moissan® examined several sami)les of gas
from the fumaroles of Mont Pelée, Martinique,
but reported no helium in one sample and

92 Idem, vol. 36, pt. 1, p. 429, 1906. :

93 Porlezza, C., and Norzi, G., Nuovi studi sui gas dei soffione boraci-
feri di Larderello: R. Accad. Lincei Atti, 5th ser., vol. 20, pt. 2, p. 338,
1911. .

94 Gautier, Armand, Observations sur la nature et I’origine des gaz qui
forment les fumerolles volcaniques ou quisortent des cratéres des anciens
volcans: Compt. Rend., vol. 149, p. 84, 1909. *

% Thorkelsson, Thorkell, The hot springs of Iceland: Acad. roy. sci.
et let. Danemark Mém., 7th ser., vol. 8, pp. 181-264, 1910.

9% Moissan, Henri, Sur la présence de 1’argon, de I’oxyde de carbone et
des carbures d’hydrogéne dans les gaz des fumerolles du Mont Pelé & 1a
Martinique: Compt. Rend., vol. 135, p. 1085, 1902.
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apparently did not look for it in the others.
Grossman,” however, found traces of helium

]E{ELIUM;BEARING NATURAL GAS.

been calculated roughlyA by Jeans® and are
given in the following table:

Proportions of the atmospheric gases at various levels in the upper atmosphere.

[The base of the upper atmosphere is taken at 10.5 kilometers above the earth’s surface.]

Number of molecules per cubic centimeter at height 2 (in kilometers).
Molecular
Gas ioht. 0
wel 2=0 2=20 2=80 =160 z=800
Hydrogen ......... . 2 10X10%3 81013 430X 10" 182 10! 310
II;IIelium ........... ?) . 4)(%8:2 2. 6)(10:‘; 73 X101 13)(10;‘ 108
[<Te) « DA 2 12.5X 1.4X10 0.3Xx10" 0.5X10 0
Nitrogen.......... 28 780, 600103 42,900 103 | 52010 35%107 0
Oxygen............ 32 210, 000X10'3 7,00010"3 25X 101! 0.3X107 0
II\(rgon ............. %0 9, 400X 10:: 139103 0.04x10" 102 0
rypton........... 3 0.5%10 10° | 0 0 0
Xenon............. 130 0.06<10" 10° 0 0 0
110 5%10Y7 1x10 ©2X10 3Xx10

in the gas contained in lava from Mont Pelée,
but none in several lavas from Vesuvius and
other localities. Day and Shepherd *® state
that the gases of Kilauea examined by them
contain no helium, argon, or other rare gases.

HELIUM IN THE ATMOSPHERE.

According to the latest determination by
Sir William Ramsay® the atmosphere near the
earth’s surface contains 1 part of helium in
245,300 parts by volume, or about 0.0004 per
cent. This is the figure generally accepted,
though according to Claude! the percentage is
0.0005. Joly? has calculated that the atmos-
phere up to a height of 8 kilometers contains, if
homogeneous, 16 X 10 cubic meters of helium.

Although there are a few experimental data
on the composition of the air several miles
above the earth, it is generally believed that
the atmosphere consists of two layers—an inner
adiabatic layer 8 or 10 kilometers high, which
is practically homogeneous in composition, and
an outer and much thicker isothermal layer,
or layer in which the temperature is uniform
and constant and in which the distribution of
the gases is controlled by gravity. The theo-

retical proportions of the several gases at|

various levels in the upper atmosphere have

97 Grossman, M., Analyse quantitative des gaz occlus dans les laves
des derniéres éruptions dé la Montagne Pelée et du Vésuve: Compt.
Rend., vol. 148, p. 991, 1909.

9% Day, A. L., and Shepherd, E. 8., Water and volcanic activity: Geol.
Soc. America Bull., vol. 24, p. 573, 1913.

% Ramsay, William, The gases of the atmosphere, 4th ed., p. 257,
London, 1915. '

1 Claude, Georges, Sur la composition de I’air atmosphérique: Compt.
Rend., vol. 148, p. 1454, 1909. .

2 Joly, J., Radioactivity and geology, p. 210, London, 1909.

At a height of 80 kilometers (50 miles) some
of the heavier gases disappear entirely, and
helium, instead of being the sixth constituent
in order of abundance, is outranked only by
hydrogen and nitrogen. At a height of 160
kilometers (100 miles) the atmosphere consists
chiefly of hydrogen and helium, the other con-
stituents being presentonlyin small proportions.

C. E. Van Orstrand has constructed a curve
from the foregoing figures and has computed
the relative volumes of helium in the concentric
zones of the atmosphere, as follows:

Proportions of helium in the atmosphere at different levels
above the earth’s surface.

[Number of molecules per cubic centimeter at earth’s surface,
. 2.75X1019.]

Helium (mole- Helium (mole-
Height (kilo- | culesX 10 per || Height (kilo- | culesX 106 per
meters). cubic centi- meters). cubic centi-
meter). ; meter).
0- 2 2,000 16-18 620
2- 4 1, 600 18-30 3, 360
4- 6 1,280 30-90 9,990
6- 8 1,040 90-170 3,440
8-10 870 170-870 4, 550
10-12 760
12-14 700 30, 870
14-16 660

From this figure Mr. Van Orstrand calculates
that the total mass of helium in the atmosphere
up to 870 kilometers is 11,456 X 10° tons,
which is equivalent to a total volume, at
standard temperature and pressure, of about
58,186 X 10° cubic meters.

8 Jeans, J. H., The dynamical theory. of gases, chap. 15, Cambridge,
1916. Earlier calculations have been given by James Dewar. (Prob-
lems of the atmosphere: Roy. Inst. Great Britain Proc., vol. 17, 1902-
1904, p. 223) and by W.J. Humphreys (Distribution of gases in the atmos-
phere: Mount Weather Obs. Bull., vol. 2, p. 66, 1909).
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It has been argued 'by Stoney * that hydrogen.

because of its lightness, ascends to the upper-
most levels of the atmosphere, and thence in
part escapes into space; and it has been sug-
gested by both Ramsay 5 and Moureu © that the
same theory may apply to helium as well.
According to Jeans, however, the loss of hydro-
gen from the earth’s atmosphere is at present
so slow as to-be negligible, and there can there-

fore be practically no loss of helium. A similar.

conclusion is reached by Bryan.” -
COSMIC- HELIUM.

The discovery of helium in the solar chro-
mosphere in 1868 was followed by its identifi-
cation in the spectra of a great many stars, and
it is now recognized that helium is one of the
most prominent of cosmic clements. Helium
is abundant in the nebulae and is so prominent
in the hotter stars of the Orion type that these
are often designated the helium stars.

In contrast to helium, which is so prominent
. in the stars and nebulae, the radio-elements, so
closely associated with helium on the earth,
are conspicuous by their absence. Dyson has
doubtfully reported the presence of radium in
the solar chromosphere, and Giebeler believes
that he has detected radium and its emanation
in the spectrum of the new star Nova Gemino-
rum 2, but despite the fact that radium is
easily recognized spectroscopically, other ob-
servers have failed to confirm these results and
report that radium is absent.®! Similarly, ura-
nium and thorium, so far as the writer can
learn, have not been detected in any of the
celestial bodies, though lead has been identified
in the sun. _

The prominence of helium and the absence of
uranium and thorium in celestial bodies are ex-
plained by Becker’s view? that uranium is to be
regarded as the unstable compound PbHeg and
thorium as the compound PbHe,, which differ

from other compounds chiefly in that.their dis~

integration is spontaneous and proceeds at a
fixed rate. As these compounds are very
strongly endothermic, disintegrating with the

4 Stoney, Johnstone, Chem. News, vol. 71, p. 67, 1895.

o Ramsay, William, op. cit., p. 265.

¢ Mourcu, Charles, Les gaz thermaux: Rev. sci., 1914, p. 65.

7 Bryan, G. H., The kinctic theory of planctary atmospheres: Roy.
Soc. London Philos. Trans., vol. 196, p. 1, 1900.

8 Clarke, F. W., The data of geochemistry, 4th ed.: U. S. Geol. Survey
Bull. 695, p. 312, 1920.

9 Bocker, G. F., Relations of radioactivity to cosmogony and geology:
Geol. Soc. America Bull., vol. 19, p. 113, 1908.

| ance or even by the spectroscope.
“ingly small quantities of helium may be recog-
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evolution of hieat, their formation must have
been attended by the absorption' of heat and
therefore could have taken place only under
conditions. of great temperature and pressure.
Similar arguments have been deveéloped by
Arrhenius and others.’® If this view is ac-
cepted, the presence of helium and lead in' the
sun and the absence of their compounds, urs-
nium and thorium, are explained. Further-
more, it follows that if helium and lead combine
only under certain conditions there is in all
probability a great deal of helium in the earth
which has never entered into this combination
and has had no connection with radioactivity |
and which may thus be regarded as true pri-
mordial helium.

INFERRED HELIUM.
THE MEASUREMENT OF RADIOACTIVITY.

In addition to the direct data on the distri-
bution of helium reviewed in the foregoing
pages, it is evident that, as helium is formed in
thedecay of the radio-elements, each occurrence
of radioactive material connotes the presence of
helium. Early recognition of the extraordinary
qualities of radium and of its geochemical sig-
nificance and therapeutic value led to the mak-
ing of extensive surveys of the distribution of
radioactive materials in the earth’s crust, and
the data so gathered thus have an indirect
bearing on the distribution of helium.

Almost inconceivably minute quantities of
radium and its products may be accurately
measured by taking advantage of the fact that
the rays emitted by these substances have the
property of ionizing the surrounding gases and

{ so making them carriers of electricity. The ex-

tent of this ionization is measured by means of
the electroscope, which is designed to permit
accurate observation of the rate of loss of po-
tential of a charged insulated strip of gold leaf :
exposed to a definite volume of air containing
the emanation. ' As each alpha ray emitted
gives rise to many thousand ions per second,
it 1s evident that measurements made in this
way are incomparably more refined than those
obtainable by the most delicate chemical bal- -
Exceed-

nized in a spectroscope, but far smaller quan-
tities of the elements that give rise to helium
may be measured electrically.

10 See Becker, G. F., Isostasy and radioactivity: Geol. Soc. America
Bull,, vol. 26, p. 194, 1915. . .
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In practice sufficient time must of course
be allowed to permit the attainment of .equi-
librium. If a rock is to be tested, it is first.
brought into solution and allowed to stand
" until the maximum quantity of emanation has
 accumulated—that is, until the rate of decay

is equal to the rate of production. The gases
are then removed by boiling and introduced
into the electroscope, and the measurement of
their ionizing power is easily recalculated into
- terms of radium itself.

DISTRIBUTION OF THE RADIO-ELEMENTS.

A great many determinations.of radium in
minerals, soils, rocks, and spring waters and in
the ocean and atmosphere have been made, but
as their bearing on the distribution of helium
is indirect only a few representative measure-
ments will be given here.

Measurements of the. radioactivity of a
number of minerals, made in connection with
determinations of their helium content, have
been given on pages 44-45. It will be noted
that many of the rare-earth minerals are rich
in radium, as compared with ordinary rocks
(discussed below), and that practically all the
minerals tested contain some radium, though
the silicates and the common metallic ore
minerals are generally poor.

The wide distribution of the radio-elements
in terrestrial materials was discovered in 1901
by Elster and Geitel, who observed that the air
in cellars and caves is markedly radioactive
and who thereupon tested a number of samples
of soil and clay.* They found that most of
the samples they examined were distinctly radio-
active, and later investigations have confirmed
their results. Moore,? for example, found the

11 Elster, J., and Geitel, H., Sur laradioactivité de ’atmosphére et du
sol: Arch. sci: phys. nat., 4th ser., vol. 17, p. 13,1904. Determinations
of the radioactivity of many minerals, rocks, spring waters, etc., were
made prior,to 1905, but the results were commonly expressed in arbitrary
units and have little value for comparison. A good review of the work
. to 1905, with bibliography, is given by Georg v. d. Borne (Die radioak-

tiven Mineralien, Gesteine und Quellen: Jahrb. Radioaktivitit u.
- Electronik, Band 2, Heft 1, p. 77, 1905)."
12 Moore, R. B., The radioactivity of some type soils of the United
States: Jour. Ind. and Eng. Chemistry, vol. 6, p. 370, 1914.

HELIUM-BEARING NATURAL GAS.

average emanation from' 14 type soils in the
United States to be equivalent to 1.97 x 1012
grams of radium per gram of soil, and that of
the subsoils to be equivalent to 1.52x 10-12
grams.’* The average thorium emanation of
five soils was found to represent 4 X 10—5 grams
of thorium per gram of soil. Sanderson
examined 13 Minnesota soils and found 1.3 X
10~ to 8 X107 grams of radium and 2.5X
10~% to 7.1 X 10~° grams of thorium per cubic
centimeter of soil.

The first systematic survey of the distri-
bution of radium in rocks was made in 1906
by R. J. Strutt. His results (as corrected by
Eve and McIntosh for the use of an erroneous
constant) showed the average radium content
of 28 igneous rocks from different parts of the
world to be 1.7X10~* per gram of rock and
that of 17 sedimentary rocks to be 1.1 x 102
gram. Joly, who shortly afterward began a
much more extensive survey, obtained results
several times as large as Strutt’s, the disparity
being apparently due to the use of different .
methods of bringing the specimens into solu-
tion. As other investigators have obtained
results approximating Strutt’s, and as Joly’s
recent determinations are considerably lower
than his earlier ones, it seems probable that
most of the earlier results should be rejected.

The accompanying table shows the average
radium content of groups of comparable rocks
from all over the world, as determined by
several investigators. Most of Joly’s earlier
determinations have been omitted. Although
future work will undoubtedly modify the mean -
values somewhat, a sufficient number of deter-
minations have now been made to permit a fair
estimate of the radium content of the earth’s
surface rocks.

131.52)X10~12 grams per gram equals one hundred and fifty-two tril-
lionthsof1 percent. Theradium content of ordinary naturalsubstances
is of this order of magnitude.

14 Sanderson, J. C., Radioactive content of certain Minnesota soils:
Am. Jour. Sci., 4th ser., vol. 39, p. 391, 1915.
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Radium content of rocks.

55

Radium | Equiva-
R Number | (grams X | lent value
Rock. Locality. of speci- 10712 per |of uranium Observer.
mens. gram of | (grams X
rock). 1079).
Igneous rocks: ‘ . .
Granites and syenites...... Various......oooiiiiiiiiion. 10 8.33 | ... Strutt.e
Granites and })orphyries. ..~| Sub-Antarctic islands. . . ..... ] 7 2.1 .ol Farr and Florance.?
Granites (Archean)........ Mysore, India. ..........o.... 16 1.5 |......... Smeeth and Watson. ¢ -
Rhyolites....... et Yellowstone Park, U. S. A..... 4 D N PO Schlundt and Moore.¢
Obsidian. . ...l oo|oo... o o 2 L9 |.o....... Do.d
Nephelite rocks............ Montreal, Canada. ..... e 4 216 f.ooiaa. Eve and McIntosh. e
Recent volcanic rocks. ... Various...................... 12 7.1 |.........| Joly./
Various types.............. Sumatra..................... 10 L6 fe.o..... Biichner.g
Various types:.......co.onn Borneo. ...l 17 L7 |l - Do.h
Diorites and similar rocks. .| Various............... ... .. 7 B [ 0 P Strutt.e
Bagicrocks.........ooooofa.l do.......... s 11 ;7. 3 PR Do.a
Basalts. .................. The Deccan, India...... reees 6 4.3 | Joly.s
Basic rocks (Archean)....:.| Mysore, India. ........... ... 21 24 ... Smeeth and Watson. ¢
Basalts. .................. England...................... 4 R 2N P Strutt.?
Acidic rocks (composite | Various............ ... ... 86° 3.01 |--cnnnn.n Joly.i
sample).
Intermediate rocks (com- |..... do.oiiniii 48 2.57 |oooiinn. Do. i
posite sample).
Bagic rocks (composite |..... do. . 31 1.28 ... ... Do.J
sample). .
296 2.3 0.7
Metamorphic rocks: :
Schist and gneiss...........| Scotland.......... S 3 5.7 |eeeeaint. Joly.s
Gneiss (composite sample) .| Various...................... 14 b8 R PR Do.J
Schists (sedimentary). . ...[..... do..ooi L 9 B P T P Fletcher.*
Quartzite ................. Dublin.............oolll 2 B PO Do:-
Quartzite and gﬁaywacke .. Various. ... .olll.. 9 LK T O Do.k
Slates and phyllites........|..... dooeeeeiii L 16 L3 |....... Do.x
53 1.7 0.5
Sedimentary rocks:
Sandstones (composite | Various............... ... ... 39 1.5 [o.o.o... Joly.i
sample).
Sandstones.............. ... do.o i 24 I 0 PO Fletcher.®
Sandstones, slates, chalk, {..... do... oo 17 L1 |...o..... Strutt.e
ete.
Slates and shales (compos- |..... 14 20 I T P Joly.i
ite sample). .
Sandstones and sandy | Limburg......... ... ... 8 1.7 [ooooa... Biichner.k
shales. ’ :
Limestones and marbles....} Europe.................. ... 10 L4 |o....... Do.?
Limestone, dolomite, chalk.| Various...................... 24 I T P Fletcher.®
142 13 0.4
Miscellaneous: i , .
Globigerina coze........... Atlantic and Pacific oceans....| 4 3.3 fooaii.o.. Joly.i
Radiolarian ooze. ......... Central Pacific Ocean......... 2 131 f..o....... Do. .
Hot-spring deposits........ Yellowstone Park, U. S. A..... 29 2.9 |ooo.o... Schlundt and Moore.d
L0 1 0 fooo..... Fletcher.*
Dol Northern France............. 5|1 < .23 ..., Moureu and Lepape.m

a Strutt, R. J., On tho distributioh of radium in the earth’s crust and the earth’s internal heat: Roy. Soc. London Proc., ser. A, vol. 77, p.

472, 1006; vol. 78, p. 150, 1906. For corrected results see Eve
meodiate neighborhood of Montreal: Philos. Mat%., 6th ser., vol. 14,
C., and Florance, D. C. H., On the

b Farr, C.
Mag., 6th ser., vol. 18, p. 812

206
PP 25-26, 1000,

1909

p. 231, 1907.

1

A. §.,and McIntosh, D

-y The amount of radium present in typical rocks in the im-
radium content of certain igneous rocks from thé Sub-Antarctic Islands of ‘New Zealand: Philos.
,cl%ixéfmth, W. F.,and \\’atsoﬂ, H.‘E., The radioactivity of Archean rocks .from the Mysore State, India: Philos. Mag., 6th ser., vol. 35, p.
d@ Schlundt, Herman, and Moore, R. B., Radioactivity of the thermal waters of Yellowstone National Park: U. S. Geol. Survey Bull. 395,

elve, A. S., and McIntosh, D., The amount of radium present in typical rocks in the immediate neighborhood of Montreal: Philos. Mag.,

6th ser., vol. 14, p. 231, 1807
f Joly

J., F ndioncl.ivit)" and goology, pp. 42-60, London, 1909.

g .I!ucfmer, E H.,Investigations of the radium content of rocks: K. Akad. Weten. Amsterdam Proc., vol. 13, pt. 1, p. 359, 1910.
A Blchner, E.H.,idem, vol. 14, pt. 2, p. 1063, 1912,

¢ Strutt

R.J. On tho radium content of basalt: Roy. Soc. London Proc., ser. A., vol. 84, p. 377, 1910.

4 Joly, ¥ ., Tho radioactivity of terrestrial surface materials: Philos. Mag., 6th ser., vol. 24, p. 694, 1912.

k Flotcher, A. L., On the radium content of secondary rocks: Philos.

i Biichner, E. H., op. cit., vol. 13
m Moureu, C., and Lepape, A.,

ag., 6th ser., vol. 23, p. 279, 1912,
g)t. 2, 1& 818, 1911. B . :
lHum des grisous et radioactivité des houilles: Compt. Rend., vol. 158, p. 598, 1914.
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The figures given indicate that the igneous
rocks are distinctly richer in radium than the
sedimentary rocks, and that the metamor-
phosed varieties of both classes occupy, as
would be expected, an intermediate position.
Among the igneous rocks the acidic types are
notably the richest, and the intensive studies
of Smeeth and Watson in the Mysore State
indicate that radium is distinctly subject to
magmatic differentiation. Basic varieties are
generally poor in radium, the only exceptions
noted being the Deccan traps investigated by
Joly. Among sedimentary rocks the lime-
stones appear to be somewhat poorer than the
sandstones and shales, though the difference
is not marked. The deep-sea deposits exam-
ined by Joly are exceptionally rich in radium.
Hot-spring deposits appear in general to be

HELIUM-BEARING NATURAL GAS.

ing plays an important part in reducing the
radium content. In this connection Joly
cites a determination of a sample of sand from
the Arabian Desert which showed only.0.4 X
10~*% gram of radium. _

The distribution of thorium in the earth’s
crust has until recently received little atten-
tion, and few data regarding it are available.
The composite samples of igneous rocks made
up by Joly and tested by him for radium have
been examined for thorium by Poole, and these
determinations, together with a number of
others, are given in the accompanying table.
In general the distribution of thorium is similar

| to that of radium; the acidic igneous rocks are

richer than the basic, and the argillaceous sedi-
ments are richer than the sandstones and far
richer than the limestones.

"Thorium conlent of rocks.

Thorium |-
Number | (grams X
Rock. Locality. of speci- 105 per Observer.
mens. gram of
rock).
Igneous rocks: ]
Lavas, recent...cceoeeeeeennannaonn. A7)« (o) 1 - T 8 1.6 |Joly.a
Granites, gneissic................... St Gothard tunnel .................c.c... 11 1.85 Do.a
Acidic rocks, composite. ........... VA IOUS e e e e e e e e e e 86 2.05 | Poole.b
Intermediate recks, composite.......|..... 1S s Y I 48 1. 64 Do.b
Basic rocks, composite............ | ... [ T YA AU 56 .56 Do.b
' 209 15
Metamorphic rocks: | .
SChistS. « v o ieveeencieena e St. Gothard tunnel. ... .. ... ... ... 21 1.18 | Joly.a
Altered sediments. . .....cooooeo|iians o Lo T 19 LT Do.a
40 1.0
Sedimentary rocks:

" Calcareous rocks...... 34 <.07 | Joly.c
Sandstones...... U e 13 . 54 Do.c
Argillaceous rocks........... ... 18 1.14 Doc

65 .5

a Joly, J., On the distribution of thorium in the earth’s surface materials: Philos. Mag., vol. 18, p. 140, 1900.

b Poole, 1. H

. J., The average thorium content of the earth’s crust: Philos. Mag., V0]. 29, p 483, 1915,

¢ Joly, ¥ .,.The amount of thorium in sedimentary rocks: Philos. Mag., vol. 20, pp. 125, 353, 1910.

somewhat radioactive, though Schlundt and
Moore point out that probably only radium is
deposited by the waters, and as it is not sus-
tained by uranium, as in normal rock, its
activity soon decreases, and the amount re-
maining depends chiefly on the age of the
deposit. The few specimens of coal exam-
ined are surprisingly low in radium. The
average radium content of rocks is consider-
ably higher than that of the soils already re-
ferred to, a fact which indicates that weather-

As thorium is the parent of its series, whereas
radium is simply an intermediate member of
the uranium series, the figures cited give little
idea of the relative importance of the two
groups of radio-elements. As the ratio of
radium in equilibrium with uranium is 3.4 X
107, the radium determinations may be calcu-
lated in terms of uranium and compared di-
rectly with the figures for thorium. The fol-
lowing table shows the thorium content of the
four composite samples of igneous rocks deter-
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mined by Poole and the uranium content of
the same samples calculated from the radium
values obtained by Joly:

Thorium and uranium content of igneous rock.

[GramsX 10~ per gram of rock.]’

Thorium. | Uranium.
Granites and acidic intrusive and
volcanic rocks (86) ................ 2.05 0. 88
Syenites, diorites, trachytes, and
porphyries (48)............... cenn 1.64 .78
Bagalts, gabbros, diabases, and no-
1ites (86) cveenennnnnni it .56 .38
Lavas, Vesuvius (7) ....oooovnnnn... 2.36 3.70

Exclusive of the lavas, the average thorium
content in the three groups is 1.42X 107,
whereas the average uranium content is about
half that figure, or 0.68 X 10—°. If the general
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uranium and 1.5 of thorium; for metamorphic
rocks 0.5 of uranium and 1.0 of thorium; and
for sedimentary rocks 0.4 of uranium and 0.5
of thorium. The average thorium content
of all rocks therefore appears to be about
twice as great as the average uranium content,
and it is very evident that thorium, which
until recently was neglected entirely in geo-
physical calculations, .must be taken .into
account.’ A

Determinations of the radioactivity of a
great many spring waters have been made,
chiefly in connection with therapeutic studies,
but such measurements have little geochemical
significance and only a few will be considered
here. Ordinary springs of shallow ground
water usually show only slight activity, but
many hot springs or other deep-seated flows
that are rich in the less common mineral

Radioactivity of mineral waters.

Radium (gramsX10711).
Source. Location. Observer.
Per liter of [ Per liter of
water. gas.
Imperial Spring............... Hot Springs, Ark. ... .. ........... a904.4 |.......... Boltwood.b
Arsenic Spring..............o oL dOne i a8l.3 [..ooinatn Do.b
Dripping Spring....coooioiiiiiin i idOie i e27.2 ...t Do.b
Sweet Springs. ............ol.. Sweet Springs, Mo.........c........ a80.5 [......... Moore and Schlundt.c
Hot River..................... Yellowstone Park................... 144.0 [......... Schlundt and Moore.¢
White Sulphur Spring. .. ......|..... doee i 124.0 26. 2 Do.d
Mushroom Pool.............. f..... 6 o 38.0 287:0 Do.@
Bench Spring...........oo.oo oL 6 o 24.0 139.0 Do.d
Nymph Spring. . ....o.oiai ... s (s J 26.3 7.3 Do.d
City well (deep)...eeeeennna. .. Columbia, MO.eoovveeiienaeaaa.. a50 |......... Do.e
King'swell . ... ... ... Bath, England. ..............0..... 13.9 l......... Ramsay.f
Grabenbiickerquelle............ Gastein, Austria..................... 9620.0 |92,256.0 | Mache.® ’
Eisenquelle.................... Karlsbad, Austria. . ................ g188.0 |....... . .| Engler and Sieveking. ¢
Murquelle..................... Baden-Baden, Germany............ 996.0 |......... Do.?
Waldquelle. . . ........ ... ... Marienbad, Austria................. 918.3 943. 6 | Mache and Meyer. j
Vauquelin..................... Plombidres, France........cc........ 9178.4 | ¢208.0 | Curie and Laborde.k
D'Alun. ..ol Aix-les-Bains, France..._............ 9224.0 b64.0 Do.% .
Yunokubo..... ..o .oillL Masutomi, Japan.............. ... 9,001.2 |......... Ishizu.?
Fure-sen............. ... Beppa, Japan..... ...l 6.6 |......... " Do.l

a Originally stated in terms of uranium.
b Boltwood, B. B., O
Sel., 4th ser., vol. 20, p.
¢ Moore, R. B.,and

5

0 2118 t!lxg ogadiouctive properties of the waters of the springs on the Hot Springs Reservation, Hot Springs, Ark.: Am. Jour.
005 Scﬁluncft, Herman, On the radioactivity of some natural waters of Missouri: Am. Electrochem. Soc. Trans. , vol. 8, p. 291,
900!'1 Schlundt, Herman, and Moore, R. B., Radioactivity of the thermal waters of Yellowstone National Park: U, S. Geol. Survey Bull. 395,

¢ Schlundt, Herman, and Moore, R. B., Radioactivity ofsome deep welland mineral waters: Jour. Phys. Chem., vol. 9, p. 320, 1905.

/ Rumsnyf William, Report on the mineral waters of Bath: Ch

em, News, vol. 105, p. 133, 1912,

¢ Original ﬁ' s%\md in terms ofelectrostatic (Mache) units; hererecalculated by the use o fthe factor 1 gram radium =2.5X10° Mache units.
*y

b Mache,

¥ Engler, C.,and Sioveldnsg,

§ Mache, H., and Moyer, S.,
Abt. 28, p. 355, 1905,

k Curie, P., and Laborde, A., Sur la radioactivité des gaz qui

i Ishizu, R., The ‘mineral springs of Japan, p. 164, Tokyo, 1915.

averages of all uranium and thorium determi-
nations given in the tables on pages 55-56
are considered, the ratios are about the same.
Computing the uranium values as before, we
find (in grams Xx10=°) for igneous rocks

ber dic Radioaktivitit der Gasteiner Thermen: K. Akad. Wiss. Wien Sitzu
H., Der Radioaktivitiit der Mineralquellen: Chem, Zeitung, vol.
Uber die Radioaktivitiit der Quellen der béhmischen Bi

sber., vol. 113, Abt. 2 a, p. 1329, 1904.
31, p. 813, 1907

ergruppe: K. Akad. Wiss. Wien Sitzungsber., vol. 114,

psroviennent; de ’eau des sources thermales: Compt. Rend., vol. 142, p. 1462, 1906.

0.7 constituents are highly radioactive. The
above table contains measurements of the
activity of some well-known mineral springs

16,.‘.Ioly, J., The radioactivity of terrestrial surface materials: Philos.
Mag., 6th ser., vol. 24, p. 694, 1912,
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and suffices to show the average degree of
activity of such flows.’®* The gas emitted by
such springs is generally richer in radlum
emanation than the waters.”

‘The radioactivity of petroleum and natural
gas has been investigated to some extent and is
of particular interest in connection with the oc-
currence of helium in natural gas. The ac-

tivity of petroleum was discovered by Burton,*
who examined samples of oil from a well near
Petrolia, Ontario, and his observations were
soon confirmed by Himstedt!® and by Elster
and Geitel? Burton concluded that the ac-
tivity of the oil was due to radium products
and suggested that the oil might also contain
radium itself. This was denied by Engler*
who examined many samples of European oils
“and found that although most fresh samples
are active, those which have been kept for
sonie years show no activity, indicating that the
_effects are due to the emanation alone. Hur-
muzescu ?? found the light oils of Rumania to
be more active than the heavier ones. Him-
stedt observed that the emanation is much
"‘more soluble in crude oil than in water, and
Boyle found that radium emanation is about
50 times as soluble in refined petroleum oils
"as in water. Apparently, therefore, the
activity of petroleum is due simply to its
faculty of absorbing emanation from the sur-
rounding rocks.

16 The papers cited in the table contain a great many more determina-
tions than are here shown. Other measurements are given by Curie,
Mme. P., Traité de radioactiviteé, vol. 2, p. 497, Paris, 1910; Sieveking
and Lautenschlager, {Uber Helium in Thermalquellen und Erdgasen;
Physikal. Zeitschr., vol. 13, pt. 2, p.1043, 1912; Mache, H., and Meyer,
S. ,_t'Iber dieRadioactivititosterreichischer Thermen: Physikal. Zeitschr.,
vol. 6, p. 692, 1905; Blane, G. A., Radioactivity of mineral springs:
Philos. Mag., 6th ser., vol. 9, p. 148, 1905; Batelli, A., Occhialini, A.,
and Chella, S., Untersuchungen iiber Radioaktivitiit: Physikal. Zeit-
schr., vol. 8, p. 65, 1907; Himstedt, F., Uber die radioaktive Emanation,
der Wasser- und Olquellen: Physikal. Zeitschr., vol. 5, p. 210, 1904;
Heorich, F., Untersuchungen tiber die Thermalquellen von Wiesbaden
und deren Radioaktivitit: Physikal. Zeitschr., vol. 8, p. 112, 1907.

17 See Schlundt, H., and Moore, R. B., Radioactivity of the thermal
waters of Yellowstone National Park: U. S. Geol. Survey Bull. 395,
1909; Moureu, C., and Lepape, A., Laradioactivité des sources thermales
de Bagnéres-de—Luchon Compt. Rend vol. 148, p. 834, 1909; Mache,
H., and Meyer, S., op. cit.

18 Burton, E. F., A radioactive gas from crude petroleum: Philos.
Mag., 6th ser., vol, 8, p. 498,1904; Uber ein aus Rohpetroleum gewonnenes
radioaktives Gas: Physxkal Zeitschr., vol. 5, p. 511, 1904.

» Himstedt, F., Uber die radioaktive Emanation der Wasser- und
Olquellen: Annalen der Physik, 4th ser., vol. 13, p. 573, 1904; Physikal.
Zeitschr., vol. 5, p. 210, 1904, ‘ :

20 Elster, J., and Geitel, H., Sur la radioactivité de I’atmosphére et du
sol: Arch. sci. phys. nat., 4th ser., vol. 17, p. 13, 1904,

21 Engler, C., Beitriige zur Chemie und Physik der Erdolbildung:
Petroleum Zeitschr., vol. 2, p. 849, 1907.

22 Hurmuzescu, Dragomir, Sur la radioactivité du péirele: Cong. in-
ternat. pétrole, Bucharest, 1907, Compt. rend., Mém.,, vol. 2, p. 771, 1910.

% Boyle, R. W., Note on the solubility of radium emanation in liquids:
Roy. Soc. Canada Trans., 3d ser., vol. 3, sec.' 3, p. 75, 1909.
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Unfortunately, most determinations of the
radioactivity of oils are only qualitative or are
expressed in arbitrary units, but the following
are given in terms comparable to those used
in the foregoing tables:

‘Radioactivity of oil and gas from the Nishiyam field, Japan.a

Radium (gramsX10712),
Well,
Per liter Per liter
of oil. of gas.
R. 22, Takiya....ocooseeneneaaann.. 166 35
R.7, Nagamme ........... e 144 §.........

a Cited by Ishizu, R., The mineralsprings of Japan, p. 189, Tokyo, 1915.

The radioactivity of natural gas was first ob-
served by McLennan,? who tested a number of
samples from the Welland and Brantford dis-
tricts in western Ontario. Gas from the Ni-
agara rocks, at a depth of 500 feet, was more
active than any other examined, and gas from
the Medina rocks at 900 feet ranked next to the
Niagara gas. - Samples from the Clinton sand
at 750 feet were less active than those from the
Medina, and the least active were those from
the Trenton limestone at a depth of 3,000 feet.
McLennan’s observations seem to show an
irregular .but pronounced decrease in radio-
activity with increase in depth, which may
be significant in eonnection with the usual
decrease in helium content with increase in
depth, as described on pages 23-24. The radio-
activity of a few samples of European natural
gas, expressed in arbitrary units, is given on
page 34. ‘

" The radioactivity of the atmosphere itself,
which was first observed by Elster and Geitel,
has been studied by many investigators.?® It
has been found that both radium and thorium
emanation are present in the atmosphere, but
that the amount differs in different localities
and also varies greatly in relation to meteoro-
logic conditions. In order to eliminate. the
meteorologic factors as’ far as possible and
measure the emanation itself, Eve and Satterly
used charcoal to absorb the emanation from a
known quantity of air for a period of some
hours or days, and Ashman condensed the

# McLennan, J. C., On the radioactivity of natural gas: Nature,.vol.
70, p. 151, 1904.

% Elster, J., and Geitel, H.,op.cit. Wegener, Alfred, Untersuchungen
iiber die Natur der obersten Atmosphirenschichten: Physikal. Zeitschr.,
vol. 12, pt. 1, pp. 170, 214, 1911. Schenk, Richard, Radioaktive Eigen-
schaften der Luft,des Bodens und des Wassersin und um Halle: Jahrb.
Radioaktivitit u. Electronik, Band 2, Heft1, p. 19, 1905,
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emanation directly by means of lxquld air. The
results are as follows:

Radium emanation in the atmosphere.

Radium
: (grams X
Locality. 10722 per Observer,
cubic :
meter).
Montreal.. ... A A 60 | BEve.a
Cambridge.........oooiiinieann 100 | Satterly b
Chicago. « v ovvmeeeaaaaaaanns 89 | Ashman.c
@ Eve, A. 8., On the amount of radium emanation in the atmosphere

near the onrth’s surface: Philos. Mag., 6th ser., vol. 16, p. 622, 1908.
b Satterly, John, The amount of radjum cmanation in the ntmosphere
Philos. Mag., 6th ser vol. 16, p. 584, 1908
¢ Ashman, 'G. C. quantltatwe determmatlon of the radium emana-
tionin the ntmosphere Am. Jour. Sci., 4th ser., vol. 26, p. 119,.1908.
"The mean of these determinations is
83%x 10~ grams of radium per cubic meter;
and according to Rutherford,® if it is assumed
that this quantity is constant up to a height of
10 kilometers, the quantity of radium necessary
to keep up the supply is about.1 gram per
square kilometer of the earth’s surface. San-
“derson? found that the air drawn from deep
in the soil at New Haven contains emanation
equivalent to 2.4 X 10~ grams of radium and
1.35X 10—° grams of thorium per cubic centi-
meter.
A number of measurements of the radium
content of sea water have been made, but the
results are not satisfactorily concordant.
Joly,® on the basis of 24 determinations, con-
cluded that the average radium content is
0.017 X 10~*2 grams per cubic centimeter, indi-
cating a total oceanic content of 20,000 tons of
radium, whereas Eve?® who e\:ammed SIX
samplcs from the Atlantic, obtained an average
value of only 0.0009 X 10—*? gram per gram.
Joly,® in a more recent calculation, has adopted
the intermediate figure 0.004 X 10~ gram of
radium per cubic centimeter of sea water,
which he finds represents roughly the differ-
ence between the total quantity of adium
brought into the ocean by the denudation of
igneous rocks and the total quantities now
found in sedimentary rocks and oceanic sedl-
ments.

%8 Rutherford, E., op. cit., p. 634.

%7 Sanderson, J. C., The probable influence of the soil on local atmos-
pherie radioactivity: Am. Jour. Sci., 4th ser., vol. 32, p. 169, 1911.

8 Joly, J., Radioactivity and geology, p. 46, London, 1909; On the
radium content of sea water: Philos. Mag., 6th ser., vol. 18, p. 396, 1909.

2% Eve, A. 8., On the amount of radium present in sea water: Philos.
Mag., 6th ser., vol. 18, p. 102, 1909.

#Joly, J., Radioactivity of terrestrial surface materials: Philos. Mag.,
Gth ser., vol. 24, p. 704,1912. '
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ESTIMATES OF HELIUM PRODUCTION.

" From the foregoing data on the distribution
of the radio-elements in the earth’s crust it is

| possible to obtain a general idea as to the quan-

tity of helium produced in the normal course of
radioactivity. Although the estimate is nec-
essarily based on mcomplete data, the value
of the conclusions is enhanced by the fact that
two entirely independent calculations led to
fairly concordant results. The first calculation
given below is based on the rate of loss of the
earth’s heat, and the second on the observed
distribution of the radio-elements in the rocks.

If the rocks in the interior of the earth con- -
tain as much radium as the ‘surfacd materials,
the heat so generated would be many times
as much as the earth gives off; hence it is nec-
essary to assume also that most or all of the
radium is concentrated in a comparatively thin
surface layer, probably only 8 or 10 miles
thick. Many authorities, however, believe
that all the heat lost annually by the earth
is compensated by radioactive processes, and
this assumption furnishes a convenient basis

for a calculation of the volume of helium so

generated.

The simplest calculation may be based on
the common though erroneous assumption that
radium and its immediate products are the
only elements concerned. If the average
geothermal gradient is taken to be 1° F. in 64
feet, and the average conductivity of the rocks
to be 0.0058, the amount of heat lost annually
per square centimeter of the earth’s surface is
41.4 calories® As 1 gram of radium yields
134.4 calories an hour,®” or 1,177,344 calories
a year, it is evident that there must be 3.5 X 105
gram of radium beneath each square centi-
meter to maintain this loss of heat. One
gram of radium emits 158 cubic millimeters of
helium a year; and there are 51X 10" square
centimeters in the earth’s surface. Then
(3.5 X 107%) X 158 X (51 X 10v) = 28,203 x 10
cubic millimeters of helium. That is, 28.2
million cubic meters of helium is produced an-
nually by the decay of radium on the assump-
tion that the loss of heat from the earth is com-
pensated by that generated by radium.

81 This figure was adopted in 1882 by the committee on underground
temperaturesof the British Associationfor the Advancement of Science
and according to C. E. Van Orstrand, who has made a careful study of
geothermal gradients, the data that have since been gathered indicate
that it is sufficiently near correet for the purposes of this calculation.

33 Rutherford, E., Radioactive substances and theu- radiations, p. 581,
Cambridge, 1913.
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As some heat is generated by other members
of the uranium series, however, and as thorium
is even more widely distributed than uranium,
it is obvious that a more nearly correct result
may be obtained if all the radio-elements are
taken into-account. As shown on page 57, the
average ratio of thorium to uranium in igneous
rocks is about 2 to 1;in other words, each aver-
age gram of radioactive material consists of
two-thirds of a gram of thorium, in equilibrium
with its products, and one-third gram of ura-
nium, also in equilibrium. Thorium in equi-
librium generates 2.7 X 10— calories an hour,
and uranium .7.7X10~° calories an hour;®
hence the average gram of radioactive mate-
rial generates 4.4 X105 calories an hour, or
0.385 calories a year. If we take the loss of

heat from the earth at 41.4 calories per square |.

centimeter, it is evident that there must be
107.5 grams of the thorium-uranium mixture
beneath each square centimeter, or 35.8 grams
* of uranium and 71.6 grams of thorium. From
the data given by Rutherford *= it follows that
the helium generated by these quantities of ura-
nium- and thorium is 616X 10~ cubic milli-
meters & year, which, multiplied by the num-
ber of square centimeters in the earth’s surface
(51x10'7), gives 31.4 million cub1c meters of
helium per year.

The second method of calculatlon is based
on the observed quantity of the radio-elements
in surface rocks and on the assumption that
these elements occur only in an outer layer of
the earth’s crust 10 miles thick. In such a
calculation the metamorphic and sedimentary
rocks and the oceanic sediments in sea water
may be neglected, the average value for the
igneous rocks alone being used. From the
tables on pages 56 and 57 the average value of
‘uranium per gram of igneous rock is seen to be
0.7X 10~ gram and that of thorium 1.5x10-3
grams. One gram of uranium in equilibrium
emits 11 X 1()'*5 cubic millimeters of helium a
year, and 1 gram of thorium 3.1 X 10~'° cubic
millimeters; hence the total helium generated
per year per gram of rock is 12.4 X 105 cubic
millimeters. Assuming the average density
of the outer layer of the earth’s crust to be 2.5,
we may compute that the weight of this layer
1s 10,421,615 X 10° grams per cubic mile, from
which it follows that 12,923 cubic centimeters
or 0.456 cubic foot of helium is generated per

3 Rutherford, E., op. cit., p. 583. 3% Idem, p. 560.

Nevertheless,
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year per cubic mile. The surface of the earth
is 1.97 X 10® square miles, and a layer 10 miles
deep contains about 19.7x10° cubic miles.
The total helium generated annually in this
layer is thus 8.98X10® cubic feet, or 25.4
million cubic meters.

If it is desired to estimate the helium pro-
duced in a restricted field, where the sedimen-
tary rocks form.a layer about 1. mile thick, the
average uranium value for a block 10 miles
deep may be reduced to 0.67 X10-° gram and
the thorium value to 1.4 X 10~° grams. On the
other hand, the density of the rocks may be
taken at 2.7, and the resulting figure is 0.465
cubic foot of helium per year per cubic mile,
which is only very slightly larger than the
average figure derived above.

The foregoing estimates are all based partly
on assumptions and of course may be consid-
erably in error. Becker? for example, main-
tains that only about 25 per cent of the heat
lost by the earth is generated by radioactivity,

' and if his view 1Is correct the first two estimates .

would be reduced to 7 or 8 million cubic meters.
it seems safe to conclude that
somewhere between 8 and 30 million cubic
meters (282 to 1,060 million cubic feet) of he-
lium is generated annually by radioactive pro-
cesses. The bearing of this fact on the origin
of the helium in natural gas is discussed on
page 62.

THEORIES OF THE ORIGIN OF HELIUM IN
NATURAL GAS.

REVIEW OF DATA.

In the foregoing pages the writer has en-
deavored to describe the geologic conditions
under which helium-bearing natural gas oc-
curs, and to review rather fully the occurrence

| of helium in other materials, in order to per-

mit the reader to form his own judgment as to
the most plausible hypothesis of the source
and origin of the helium. At present this is
all that can be done, for although the data
are abundant in some respects, they are de-
ficient in others and the evidence is not wholly
concordant. It is apparent that considerable
geochemical work will be necessary before any
one hypothesis can be accepted; and it is the
writer’s. purpose, in discussing the several
hypotheses in the following pages, to point

3¢ Becker, G. F., Isostasy and radioactivity: Geol. Soc. America
Bull., vol. 26, p. 201, 1915.
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out some of t;hc ways in which the problem
can best be attacked. :

Before proceeding to the discussion of
hypotheses it will be convenient to present, by
way of recapitulation, the data already given.

REVIEW OF THE OCCURRENCES OF HELIUM.
I. OBservEp OCCURRENCES.
A. IN NATURAL GAS.

(a) United States.—Helium constitutes from 0.5 to 2 per
cent of certain nitrogen-rich natural gases in Kansas,
Oklahoma, and Texas and occurs in smaller proportions
in the gases of many other districts. The gases richest in
helium are confined to strata of upper and middle Pennsyl-
vanian age and occur close to the surface, the helium
content usually decreaging with increasing depth. Gases
containing from 0.25 to 0.5 per cent of helium occur in the
lower Pennsylvanian of the Mid-Continent area, in the
Mississippian and Silurian of Ohio, and in the Cretaceous
of Montana, although in general the pre-Pennsylvanian
gases are poor in helium, and the Cretaceous and Tertiary
gases carry only traces or none at all. The helium-rich
areas are not marked by igneous activity or by unusual
structural conditions. There is no evidence as to whether
or not the rocks in these districts are abnormally radio-
active.

(b) BEurope.—Helium has been detected in European
natural gas in proportions as great as 0.38 per cent. The
richest gas was found in a deep test holein Alsace, probably
in lower Mesozoic strata; the Tertiary gasin this locality is
very poor in helium, and the Tertiary gases of-Germany,
Austria, Italy, and Transylvania are also poor. The
helium content of these gases appears to vary roughly as
their radioactivity.

B. IN MINERALS AND ROCKS.

A great variety of minerals have been found to contain
at least traces of helium, and apparently only a few
species are helium-free. Minerals rich in the radio-ele-
ments may contain several times their own volume of
helium; ordinary rock-forming minerals are usually poor.
In general the amount of helium in a mineral is propor-
tional to its radioactivity and increases with age, indicat-
ing that the helium has been generated by the decay of
the radio-elements; but certain beryls contain far more
helium than can be explained in this way.

C. IN MINE GASES.

The gases of French and Belgian coal mines carry
helium, and though the proportion is small the total
volume emitted yearly is large. The coals themselves
are very poor in the radio-elements, and helium is evidently
not being generated in the coal nearly as fast as it is being
emitted. There is, therefore, no evidence to connect the
helium in the mine gases with radioactivity.

D. IN MINERAL-SPRING GASES.

The gases of many European mineral springs contain
- helium in proportions as great as 10 per cent. The vol-
umes of helium emitted yearly by some of the springs
represent all the helium that would be generated yearly
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by many tons of radium; hence tlis helium, like that in
mine gases, probably represents the overflow or leakage
of a great underground accumulation. TFurthermore, the
proportion of helium in the gases bears no relation to their
radioactivity.

E. IN VOLCANIC GASES.

Small proportions of helium occur in the gases of cer-
tain Italian fumaroles, where there is no evidence to con-
nect it directly with radioactivity.

F. IN THE ATMOSPHERE.

Helium constitutes 0.0004 per c‘ent of the atmésphere
near the earth’s surface. In the upper atmosphere its
proportion is greater.

G. IN CELESTIAL, BODIES.

Helium'is a prominent constituent of the solar chromo-
sphere and of many nebulae and stars, though the radio-
elements have not been identified with certainty in any
celestial bodies.

II. INFERRED OCCURRENCES.

As the radio-elements generate helium in the course of
their spontaneous disintegration, each occurrence of radio-
active material connotes the presence of helium; but the
radio-elements, because of their activity, can be detected
in far smaller quantities than can the helium to which®
they give rise. The radio-elements are very widely dis-
seminated through terrestrial materials, being present in
minute proportions in practically all minerals and rocks, *
in the atmosphere, and in river and ocean water. Most
petrolenm and natural gas apparently contains some ra-
dium emanation. The helium generated by the radio-

| elements disseminated through ordinary rocks amounts to

almost half a cubic foot per year per cubic mile of rock.

From the foregoing evidence certain broad
conclusions may be drawn as follows:

1. The helium in most minerals is probably of radio-
active origin; and as the radio-elements are disseminated
through ordinary rocks in proportions sufficient to generate
large volumes of helium in the course of a few million years,
much of the helium in rocks has probably also originated
through radioactivity.

2. As helium is very prominent in celestial bodies,
whereas the radio-elements -are not, it is probable that
helium can and does occur in the universe entirely apart
from the radio-elements, and that these elements may be
regarded as compounds of helium and lead which form only
under certain conditions. Accordingly, much of the
helium. in the earth may never have been associated with
the radio-elements and may be primordial helium.

As the volumes of helium in some mineral-spring and
mine gases are so large that incredible quantities of the
radio-elements would be necessary to generate the helium
as fast as it is emitted, it is probable that there are great
stores of helium undergiround, the leakage or overflow of
which appears in the spring and mine gases. These stores
of “fossil” helium may be accumulations of the small vol-
umes liberated by the disintegration of radio-elements
through geologic time or they may in large part be pri- .
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mordial. The helium in natural gas may therefore be pri-
mordial or it may have been liberated through the decay
of the radio-elements. As a great volume of helium is con-
tained in the atmosphere there is the third possibility—
which is not concerned with the ultimate origin of the ele-
ment—that the helium in natural gas has in some way been
derived from the atmosphere.

DERIVATION THROUGH RADIOACTIVITY.
FOSSIL HELIUM. :

Since it was discovered that the alpha rays
given off by the radio-elements are helium atoms
it has been tacitly assumed by most scientists
that all helium is the product of radioactivity.
Even Moureu, who has plainly shown that the

helium emitted by certain mineral springs can

not be the product of contemporaneous radio-
activity and who therefore regards it as ‘‘fossil”’
helium, apparently believes that this fossil
helium is simply the accumulation of the small
- volumes of the gas liberated by the radio-
elements during geologic time. It was natural,
therefore, that Cady and McFarland, when
they announced their discovery of helium in
natural gas, should suggest that it originated
in the decay of the minute quantities of radium
disseminated through the rocks.

It is obvious that the helium in natural gas
presents a problem different from that of the
helium given off by mineral springs, for the
emission of gas by the springs is a natural phe-
nomenon which has been proceeding at least for
.many centuries; whereas the release of helium
from the natural gas reservoir is artificial, its
rate depending on the number of -gas wells
drilled. It would therefore be absurd to sup-
pose that the supplies of helium in natural gas
are being replenished underground as fast as
they are brought to the surface, and it must be
recognized at the outset that the helium in
natural gas represents the accumulation of ages
and is, to use Moureu’s term, fossil helium.

DERIVATION FROM NORMALLY DISSEMINATED
RADIO-ELEMENTS.

In order to test the theory briefly suggested
by Cady and McFarland, that the helium has
been derived from the disintegration of the
radio-elements disseminated in normal quan-
tities through the rocks, an examination of
conditions in the Petrolia field, in Texas, will
be convenient. = According to independent esti-
mates by E. W. Shaw and the writer (see p. 88),
the Petrolia field originally contained about 120
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billion cubic feet of natural gas, and as the per- -
centage of helium in the gas is 0.93, the total
helium must have been a little over I billion
cubic feet. The producing area at Petrolia is
about 10 square miles, but the gas probably
represents the accumulation from an area of
about 25 square miles. Let us assume for the
moment that the helium in the gas represeunts
all the helium generated in this area to a depth
of 4 miles beneath the gas sands—in other
words, in a block of 100 cubic miles of rock.
It has been shown (p. 60) that the radio-ele-
ments disseminated through a cubic mile of the
normal or average rock yield, by their disin-
tegration, about 0.456 cubic foot of helium a
year. The annual production of helium in 100
cubic miles is thus about 46 cubic feet, and the
production in 25 million years would about
equal the volume now found in the Petrolia
field. '

Two objections to the validity of this calcu-
lation at once present themselves. In the
first place the basic assumption made by
Strutt and others who attempt to calculate the
age of minerals from the helium ratio is that
most of the helium generated in a mineral
remains in that particular grain or crystal
during geologic "time. The writer does not
wholly agree with this view, for the mere exist-

_ence of enormous accumulations of helium in

natural gas in regions removed from unusual
structural disturbances is sufficient to show
that helium does migrate (unless, indeed, it is
assumed that the helium has actually formed
in the gas sands themselves); yet, on the other
hand, if helium were free to leave the mineral
as fast as it is formed and migrate upward, it is
evident that the rocks near the surface every-
where would be saturated with helium. It is
probable, therefore, that helium ordinarily
does not migrate very far from the point of its
origin and that little of the helium generated in
the dense rocks several miles deep can have
found its way into the gas sands. This diffi-
culty might be lessened somewhat by assum-
ing a shallower block of strata and a longer
lapse of time, but it would still constitute &
grave objection.

The other argument against this calculation
is the self-evident one that normal conditions
should bring about normal results—in other
words, if the helium at Petrolia is supposed to
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have been generated by the radio-elements
normally distributed through the rocks, why
should not the same volumes of helium accumu-
late everywhere? Most natural gas contains
at least a trace of helium, some of which has
very probably been generated. in the normal
course of radioactivity; but the high percent-
age in the Petrolia gas, as well as in that of the
Kansas fields, plainly indicates special condi-
tions of some kind. So far as known, the con-
ditions of accumulation in the helium-rich gas
fields are no more favorable than in fields that
produce gas free from helium, nor are there
any known fissures or channels along which the
helium could have risen from great depths. If
helium is to be ascribed to radioactivity, there-
fore, it is necessary to postulate a local deposit
of the radio-elements in each helium-rich dis-
trict. :
DERIVATION FROM LOCAL DEPOSITS OF THE
‘ RADIO-ELEMENTS. »

‘As 1 ton of uranium in equilibrium yields
about 1 cubic foot of helium a year, 40 million
tons of uranium (or about 120 million tons of
the Joachimsthal pitchblende) would yield in
25 million years the total estimated volums of
helium at Petrolia. It is evident, however, that
some of the helium would remain in the mineral
grains in which it is formed, and that more
would undoubtedly remain entangled in the
rock close to the point of its origin; hence it is
necessary to assume a deposit capable of gen-
erating considerably more helium than the gas
sands themselves actually contain. On the
other hand, it does not appear necessary to
adopt the extreme view held by Strutt, that
practically all the helium remains in the par-
ticles in which it was formed—in fact, if this
view is adopted, it must be assumed that the
helium has been generated in the gas sands.
If it is supposed that only a half or a third of the
helium generated has found its way into the gas
sands, the size of the deposit that would have
to be assumed at Petrolia is not incredibly
large, and in all the other helium-bearing fields
it would be smaller.

There appear to be no great geologic diffi-
culties in the way of assuming such deposits,
aside, of course, from the fact that there is no
direct evidence of their presence. In the Kan-
sas area it may be supposed that a uranium or
thorium deposit existed in the old land mass
from which the middle Pennsylvanian sedi-
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ments were derived and that the débris from
this deposit was laid down within a fairly small
area. Monazite, for- example, which is rich in
thorium, is not uncommon as a minor constit-
uent of clastic rocks ‘and is locally abundant
enough to form deposits of monazite sand. Or
it might be supposed that uranium has since
been introduced into the rocks by ascending
solutions and precipitated as the secondary.
minerals carnotite or autunite. The carnotite
ores of Colorado occur in sedimentary rocks
rich in organic matter, which has evidently been
a factor in their formation, and similar occur-
rences in the helium-bearing areas would not
be surprising. It is not necessary to assume
that these deposits are concentrated in a small .
area; it would- be more reasonable, in view of
the extent of the helium-bearing area in Kansas
to suppose that the uranium minerals are
widely disseminated through the rocks, and are
perhaps only 50 or 100 times as abundant as in
the normal or average rock of the earth’s crust.

On the other hand, it might be supposed that
the igneous rocks which doubtless underlie the
Kansas area at a depth of less than 2 miles con-
tain deposits of pitchblende, and that the he-
Lium liberated by these deposits has risen and
mingled with the hydrocarbon gas formed in the
sediments above. The presence of the buried
granite ridge in the western part of the Kansas
area might beregarded as supporting.this view,
for uranium minerals are more abundant in
granite than in other igneous rocks. However,
in addition to the fact that this granite lies not
within but chiefly to the northwest of the he-
lium-rich area, the practical absence of helium
in all the deeper gases suggests that it originated
not far beneath. the base of the Kansas City

group, the lowest horizon at which it is found

in notable quantity. The fact that the helium
occurs through a stratigraphic range of about
2,000 feet above this horizon might be taken to
indicate that the active deposits are also scat-
tered through this zone, or it might simply be
supposed that the helium originated in the
Kansas City group and has in part risen to
upper beds.

In the Ohio area the helium is found at two
widely separated horizons, the Berea and the
Clinton sand, and the helium content. of the
gases below the Clinton sand is not known;
hence in this district there is no evidence against
the assumption that the helium has risen from



64

considerable depths. At Petrolia the helium is

known only at one horizon in the upper Penn-

sylvanian, and the deeper gases have not been
tested, though gases from middle and lower

Pennsylvanian strata in the Ranger district,

100 miles to the south, are poor in helium.

From a geologist’s point of view, therefore,
it would appear most reasonable to assume in
the Kansas area an extensive disseminated or

- very lean deposit of uranium or thorium ore in
the middle Pennsylvanian strata; at Petrolia
a somewhat richer deposit at the same or a
slightly higher horizon; and in Ohio a deposit
in the Silurian to supply the Clinton sand, and
perhaps another in the Devonian or Mississip-
pian to supply the Berea.

" These hypothetical deposits would then ex-
plain the occurrence of helium in certain fields
and its absence in others, and also the fact that,
in the Kansas area at least, the helium is con-
fined to a certain group of formations and is
absent in the gases both above and below that
group.

There are certain other fragments of indirect
evidence which offer some support to the gen-
eral theory that helium is derived from the
radio-elements. Because of the time element
involved, the theory helps to explain the ab-
sence of helium in practically all the younger
(Cretaceous and Tertiary) gases tested. Fur-
thermore, the natural gas of Petrolia and Can-
ada and the oil from many other localities are
radioactive, apparently owing to. the great
solubility of radium and thorium emanation in
petroleum.
petroleum may have some effect in concentrat-
ing the emanations by selective absorption,
thus causing helium to be liberated in the oil
itself.. Except for Ramsay’s statement that
helium is insoluble in benzene there are no data
as to the solubility of helium in oil; but it is
probable that helium is at least only slightly
soluble and that it would therefore be expelled
from the oil and would mingle with the hydro-
carbon gases almost as fast as.it was formed.
A third bit of evidence which may possibly bear
on the subject is Van Orstrand’s discovery *
that the geothermal gradients in the Newkirk
field, in northern Oklahoma, and in the Ranger
district, in Texas, are very high, as would be
expected if extensive deposits of the radio-
elements were present. These districts do not

33 Van Orstrand, C. E., personal communication.

(See p. 58.) This suggests that’
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produce gas very rich in helium, and there are
no data as to the character of the gradient in
the rich helium fields themselves, but an un-
usually high gradient even in the vicinity of
those fields is of interest. ‘

" There are two other points which are more
difficult to explain on this theory, or indeed on
any other—the concentration of the helium at
shallow depths, at least in the Kansas area, and
the general association of the helium with ni-
trogen. The most reasonable explanation for
the concentration of the helium near the sur-
face in the Kansas area would be, according to
this theory, the fact that the radioactive de-
posits also happen to lie near the surface. The
only other explanation would appear to be that
the helium, being very light, migrates upward
through the rocks rather faster than the other
gases. ~ If so, it follows that the helium is con-
stantly escaping from the shallow gas sands
into the atmosphere, for if it is free to migrate
through the denser rocks below it must cer-
tainly be capable of passing through the more
pervious surface rocks. This explanation is
not very satisfactory, for if helium- has been
constantly escaping a far greater volume than
that still remaining in the sands must have
been dissipated. Moreover, in the Ohio area
there is no such concentration of helium near
the surface, for the Clinton gas at a depth of
about 2,300 feet carries as much helium as the
Berea gas at about 500 feet.

The association of helium with nitrogen is
difficult to account for. It has been suggested
by Lind that the nitrogenous compounds pres-
ent in organic shales may be destroyed by
radioactivity and that the nitrogen so liberated
would mingle with the helium generated in the
same process. It is known, however, that
water is decomposed by radioactivity, with the
liberation of hydrogen, yet no hydrogen occurs
in the helium-bearing gases, and if the radio-
activity is not sufficient to decompose water
in perceptible amounts, it is difficult to under-
stand why the nitrogen compounds should be
so extensively broken up.. Similarly, helium
occurs in mineral-spring gases, which are usu-
ally rich in nitrogen but in which no hydrogen
isreported, so that little weight can be attached
to this suggestion until definite evidence of the

“effects of radioactivity on mitrogenous com-

pounds can be adduced. Another fact that
militates against the view that the nitrogen in
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the gas is of organic origin is that Kansas and
Ohio oils contain very small proportions of the
nitrogen gases. California oil, on the other
hand, is unusually rich in nitrogen, yet the
California gas contains little nitrogen and no
helium. (See pp.37,96.) However, the gas given
off by uranium and thorium minerals is usually
rich in nitrogen, which thus seems to have some
general thoucrh unexplained relation with the
radio- clemcnts

In order to raise the foregoing speculations
to the rank of a definite hypothesis certain
forms of evidence must be collected. Among
the pertinent questions to be answered are the
following:

1. Do the helium-bearing gas sands or the
rocks adjoining them contain notable quanti-
ties of the radio-elements?

2. Is the geothermal gradient abnormally
high in the helium areas, thus affording indirect
evidence of the presence of radioactive deposits?

3. Are the oil-field waters or the waters of
mineral springs in the helium areas strongly
radioactive, and do they carry helium ?

4. Is the petroleum radioactive, and if so is
this due simply to dissolved emanations or does
the ash of the petroleum carry uranium or
thorium ?

5. Is there any relation between the radio-
activity of the gas and its helium content ?

6. Does radioactivity rapidly destroy the
nitrogenous compounds in oil shale, liber-
ating free nitrogen ¢

7. Are the pores of the rocks beneath the
helium-bearing gas sands largcly filled with
helium ?

8. Is helium soluble in crude petroleum
and is it more soluble in some varieties than
in others? :

DERIVATION FROM FAINTLY RADIOACTIVE ELEMENTS.

Discovery of the fact that potassium and
rubidium are faintly radioactive has led
several observers to suggest that other elements
may also emit radiations. Potassium and
rubidium themselves apparently emit only
beta rays and therefore do not generate helium,
but there is a possibility that other elements

may emit alpha radiations of low velocity.

As described on page 14, the radioactivity of a
substance is ordinarily measured through its
property of ionizing gases, this property being
due in part to the very high speed at which
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the active particles are expelled. Rutherford

states that if alpha particles (helium atoms)
were expelled at a velocity of about half that
at which they are given' off by uranium they
would not cause ionization and hence would
not be detected by the ordinary methods of
In other words, there is a
possibility that certain common rock-forming:
clements may emit alpha radiations at low
velocity and may therefore generate helium.’

In this connection it will be recalled that
Strutt interpreted the occurrence of large
volumes of helium in some potash minerals -
as evidence that potassium generates helium,
though the fact that no alpha rays from
potassium have ever been detected casts doubt
on this view. ~ Similarly the anomalous volumes
of helium found in beryls were formerly thought
to indicate that the element glucinum is radio-
active, but this idea was disproved by Piutti,
who found no helium in six specimens of
phenacite, which is richer in glucinum than
beryl itself.

Recently the hypoth051s that helium in
natural gas may result from the disintegration
of elements not known to:be radioactive has
been suggested by R. B. Moore,* who is familiar
with the conditions under which the helium
occurs and whose extensive work in the field
of radioactivity deserves special consideration.
There is, of course, no direct evidence for this.
suggestion, but Dr. Moore proposes to investi-
gate the matter experimentally, and his results
will be awaited with interest. If it can be
shown that common rock-forming elements
generate helium, it would probably be. easy to
explain the source of the helium in natural gas, -
though it may be pointed out that the reverse
difficulty might then arise—the problem of
explaining the absence of helium in other areas.

Our knowledge of radioactivity is still
fragmentary, and it will not be surprising if
future discoveries compel us to modify our
present ideas considerably. Clarke?® sug-
gested many years ago that the chemical
elements have been developed by a process of
evolution from simpler forms of matter, and
the more recent discovery of changes in ‘the
opposite direction, such as the disintegration
of uranium into simpler bodies, offers consider-

38 Personal communication.
& Clarke, F. W., Evolution and the spcctroscopo Pop Sci. Monthly, -
January, 1873. .
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-able support to this view. Dr. Moore, in dis-
cussing with the writer his theory that other
elements may prove to be radioactive, sums
up his attitude in the words ““I can not help
thinking that something is going on that
science knows nothing of at the present time,
and that the presence of helium [in natural gas]
can not be accounted for by anythirg that
comes within the scope of our present knowl-
edge.” The possibility that other elements
also disintegrate can not- be ignored, though
the helium in natural gas should not be ascribed
: to such action unless positive evidence can be
adduced or unless all other hypotheses are
proved inadequate.

PRIMORDIAL HELIUM.

In contrast with the views of those who
ascribe all helium to radioactive processes is
the theory developed by Becker, Clarke, and
others that some and perhaps much of the
helium in the globe is primordial and has had
no connection with radioactivity. It is, of
course, difficult to adduce positive or direct
evidence in favor of such a theory, and it
therefore rests on certain broad deductions,
chief among which are the following:

1. The prominence of helium and the ap-
parent absence of uranium and thorium in
celestial bodies indicate that helium can and
does occur in the universe apart from the
radio-elements, which may therefore be re-
garded as combinations of helium and some
other element, apparently lead.

2. The disintegration of uranium and tho-
rium is attended by the emission of an enormous
quantity of heat; hence their formation must
be accompanied by the absorption of heat and
could take place only under conditions of great
temperature and pressure. Conditions favor-
able to their formation doubtless existed in the
earlier stages of the cooling earth and may
exist in the interior of the earth to-day.

3. If uranium and thorium are to be regarded
simply as combinations of helium and lead,
there is no reason to suppose that all the helium
in the earth entered into this combination, for
it is-clear that all the lead did not. )

These conclusions, though not susceptible of
actual proof, are none the less forceful and
deserving of consideration. The concept of
primordial helium removes the quantitative
difficulties which confront all hypotheses of
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derivation from the radio-elements. The ex-
istence of helium in mineral-spring and mine
gasesin volumes far larger than can be explained
by the radioactivity of these gases indicates that
there are large accumulations of helium under-
ground, and these accumulations can be ex-
plained at least as well by the primordial theory
as by any theory of radioactive origin. The
same is true of the helium in volcanic gases. On
the other hand, the helium in most minerals is
obviously derived from the radio-elements, and
most minerals evidently contain alarge propor-
tion of all the helium that has been generated
within them; hence it may be argued that the
great bulk of all helium produced by radioactiv-
ity is confined in the rocks close to the point
of its origin and that it can not have entered
into the great accumulations which find their
escape In various natural gases. This is, in
fact, the view held by Strutt and many others
who, though apparently ascribing all helium
to radioactivity, ignore the evidence of natural
gases and contend that helium for the most
part remains in the mineral grains in which it is
formed. :

Another difficulty confronting those who
oppose the concept of primordial helium is that
of explaining the great volume of helium in the
atmosphere. C. E. Van Orstrand has calcu-
lated from the figures given by Jeans (p. 52) the
total volume of helium in the atmosphere and
finds it to be 58X10% cubic meters. As
shown on page 60, the total volume of helium
generated annually in the earth by the disinte-
gration of the radio-elements is probably
somewhere between 8 million and 30 million
cubic meters. At the maximum rate all the
helium in the atmosphere would therefore be
formed in 2 million years; the minimum rate
would require 7% million years. It is generally
admitted, however, that only a small propor-
tion of the helium generated can have migrated
through the rocks and escaped into the atmos-
phere, for very large volumes are known to be
entangled in the rocks and to be trapped in
accumulations of various natural gases. Even
assuming that helium is produced at the rate
of 30 million cubic meters a year, therefore, it
seems probable that a longer time would be
required for the accumulation and escape of all
the helium in the atmosphere than most
geologists are willing to allow for the age of the
earth. 4
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Broadly considered, the theory of pri-
mordial helium thus has many advantages,
though its detailed application to the helium
in natural gas is more difficult.” In order to
explain the occurrence of helium in some
localities and not in others, it is necessary to
postulate special structural conditions of some
kind which would permit the helium to rise
from below. The only known unusual struc-
tural feature in any of the helium areas is the
buried granite ridge in the Mid-Continent region
(see pp. 22, 35), but the fact that the deep gases

nearest the granite are poor in helium in- |

dicates that little significance can be attached
to this feature. All the other helium-bearing
gas fields, except the Havre field, are located
in regions of gentle structure which are remote
from igneous activity; and on the other hand
several fields examined which are close to
. areas of structural disturbance and igneous
action produce gas that is practically free
from helium. (See p. 35.) Furthermore, the
stratigraphic distribution of the helium—
including its absence not only in the Permian
and Mississippian gas of the Mid-Continent
area but also in practically all Cretaceous and
Tertiary gases—is very difficult to explain.
On the other hand, the primordial theory is
not incompatible with the common occurrence
of helium near the surface and with its usual
association with nitrogen. As already noted,
if the concentration of helium near the surface
is ascribed to its tendency to migrate upward
it must be admitted that the helium is con-
stantly escaping from the shallowest sands
into the atmosphere; and according to this
view the volumes of helium involved are so

large that they can be explained only by the-

primordial theory or some other which postu-
lates an almost illimitable supply.

The association of helium with nitrogen in
natural gas, in mineral-spring gases, and in the
gases given off by rocks would also be reason-
able according to the primordial theory, espe-
cially as it is very difficult to see how the
nitrogen in natural gas can have been derived
from the petroleum or from other organic
sources. Some observers have concluded that
the common occurrence of nitrogen in deep
earth gases is due to the decomposition of
nitrides in the earth’s interior; others, like
Moureu, adopt an opposite view, pointing out
that nitrogen is a chemically inactive gas and
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should therefore be found accompanying the
truly inert gases, helium, argon, krypton, etc.
Argon and neon in very small proportions have
been detected in some of the helium-bearing
gases of Kansas, but unfortunately no quanti-
tative determinations have been published and
definite evidence on this point must await fur-
ther work.

ATMOSPHERIC HELIUM.

The great supply of helium in the atmos-
phere and the common occurrence of helium-
rich gases in shallow strata naturally suggest
that the helium in natural gas may be of
atmospheric origin. Owing. to the lack of
evidence this view can.at present be regarded
only as conjectural. Two possibilities present
themselves—that the helium, nitrogen, argon,

-etc., represent the inactive residue of air that

has been entrapped in the sediments; or that
these gases have been absorbed by the decaying
organic matter from which the petroleum is
derived and have been later concentrated in
some manner.

When sediments are laid down offshore a
certain amount of air is probably trapped in
the interstices; and if these sediments should
be raised above sea level during a period of
aridity, when the ground-water level is low, and
then resubmerged and covered by further de-
posits, a large quantity of air might be perma-
nently trapped.® The oxygen and carbon di-
oxide in this air would be chemically fixed as
oxide and carbonate, and some of the nitrogen
might also enter into combination, leaving a
residue of nitrogen, helium, argon, etc. This
theory has the following definite objections:
(1) The formation of nitrogenous compounds

1 under ordinary. temperature and pressure seems

improbable.  (2) Air contains about 2,300
times as much argon as helium, and although
argon is strictly an inert gas, differing from
helium chiefly in its greater solubility in water,
the natural gases of Kansas apparently contain
far less argon than helium. (3) The Permian
sediments of Kansas and Oklahoma are sup-
posed to be in part continental deposits laid
down under arid conditions which were pre-
sumably very favorable to the entrapping of
air, yet the Permian gases are very poor in
helium.

38 This theory has been developed and discussed by Frank Reeves
(The absence of water in certain sandstones of the Appalachian oil
fields: Econ. Geology, vol. 12, p. 354, 1917).
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The organic matter from which petroleum is

derived may under some conditions be exposed
to the air before its burial in the sediments.®
Certain of the fatty compounds that are formed
and destroyed during the decay of organic
matter and its conversion into-oil ¥ may have
the power of absorbing helium with propor-
tionately smaller quantities of nitrogen and the
rare gases. After the burial of the organic
débris, its conversion into petroleum and the
destruction of the active compounds would
permit the helium to escape. This theory is of
course founded solely on conjecture, but it
might be tested without great difficulty by ex-
perimental work on the absorption of helium
by various fatty and other organic compounds.

CONCLUSIONS.

Of the theories discussed in the foregoing
paragraphs the following seem the most plausi-
ble and are supported by the greatest number
of data. (1) That the helium is derived from
deposits of uranium or thorium, probably dis-
seminated through the strata not far beneath
the horizons at which the helium-bearing gas
occurs. (2) That the helium is primordial and
is derived from deep-seated sources. The
theory that ascribes the helium to elements not
yet known to be radioactive and the theories
that regard it as atmospheric helium are not
yet supported by any definite evidence, though
the former especially should be borne in mind
as a distinct possibility.

In favor of the theory of derivation from de-
posits of uranium and thorium the following
main points may be cited. (1) The existence
of such deposits is not unreasonable from a
geologist’s point of view. (2) If it is admitted
that considerable helium can escape from the
mineral in which it forms and migrate upward,
the size of the assumed deposits would not be
incredible. (3) Such deposits would account
for the areal and also the stratigraphic distri-
bution of the helium, including its absence in
younger (Cretaceous and Tertiary) gases. (4)
Radium and thorium emanations are highly
soluble in petroleum, which may therefore
tend to concentrate these elements and their
descendants. In opposition to the theory it
may be argued (1) that there is no evidence,

39 This view has been developed by Murray Stuart (The sedimentdry
deposition of oil: India Geol. Survey Rec., vol. 40, pt. 4, pp. 320-333,
1910). )

. 4 Engler, C., Beitriige zur Chemie und Physik der Erdélbildung:
Petroleum Zeitschr., vol. 2, pp. 850-853, 1907.
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direct or indirect, for assuming the existence of
radioactive deposits other than the presence
of the helium itself, and (2) that there is some
doubt as to the extent to which helium escapes
from the minerals in which it is formed, and if
only a small proportion escapes incredibly
large deposits of the radio-elements must be
postulated.

In favor of the theory of primordial helium,
(1) there is an excellent evidence that helium
exists in the universe apart from the radio-
elements, and it is therefore very probable that
some of the helium in the earth has never been
associated with them; (2) the concept of pri-
mordial helium removes all the quantitative
difficulties which confront other theories. The

‘chief argument against this theory is that it

does not explain the areal or the stratigraphic
distribution of the helium-bearing gas.

- In many respects the first theory appears
preferable to the writer, the chief objection
being that its major premise—the existence of
radioactive deposits—is pure assumption. If
direct or indirect evidence of the existence of -
such deposits could be gathered' this theory
would be the logical one to accept. If, how-
ever, no evidence of deposits large enough to
produce the results observed can be obtained
and if the other hypotheses suggested. also fail
through lack of evidence, the theory of primor-
dial helium is arrived at by a process of elim-
ination.

CHIEF SOURCES OF HELIUM-BEARING NATURAL

GAS.

GENERAL OCCURRENCE.

In the course of the present investigation
practically all commercial supplies of natural
gas in the western part of the Mid-Centinent
oil and gas region were sampled and tested for
belium. Little attention was paid to the gas
produced in the eastern part of the region, for,
as shown by numerous complete analyses, the
gas of that locality is low in nitrogen and there-
fore presumably too poor in helium to be of
commercial value. All supplies of gas large
enough to be of economic value in southern
Oklabhoma and in Texas, Wyoming, the Dako-
tas, Montana, Washmgton and California
were also investigated, and a few samples
were collected in Louisiana and other States.

Except in the Vinton County field, Ohio,
practlcally no Work was done in the great
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Appalachian and northern interior oil and gas
regions, which contribute about 70 per qent
of all the gas produced.annually in the United
States. This neglect was due partly to lack of
time and partly to the fact that the many
analyses of gas from those regions that have
been made and published during the last 50
years show uniformly low nitrogen content
and therefore indicate that the gas is poor.in
helium. "It is believed that if gas of low heat-
ing value—that is, rich in nitrogen and helium—
were being produced in any of the eastern
fields the fact would be known or would have
been discovered incidentally during the investi-
gation. The prospects of discovering further
supplies of gas similar to that produced in
Vinton County are -therefore believed to be
slight, though it must be recognized that this
conclusion is based on inference rather than
on detailed observation.

In the course of the investigation about 325

samples of gas, most of them collected by

members of the Geological Survey, were
tested for helium. The results of the tests
and all particulars regarding the source of the
samples and the supply of the gas available are
presented in tabular form on pages 96-109.
The tests made by Cady and McFarland in 1906
have also been included in the tables, which
thus present a concise summary of our present
knowledge regarding the distribution, occur-
rence, and available supply of helium-bearing
natural gas in the United States.

The location of the fields from which the
samples were taken is shown on Plates I and ITI
and figure 5 (p. 29), and the general geology
of the helium-bearing districts has been dis-
cussed. In the following pages brief descrip-
tions of the more important helium-bearing gas
fields will be given, with special reference to
the location and economic relations of the
fields, the volume of gas available, and the
probable duration of the supply. No attempt
will be made, however, to describe all the
fields from which samples were collected, or
even to give complete geologic descriptions of
the fields which are at present the chief poten-

" tinl sources of supply. The statements as to-

developments of course refer to the time at
which this paper is written.
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MID-CONTINENT REGION.
ELMDALE FIELD.

The Elmdale gas field is in Chase County,
Kans., about 5 miles west of Cottonwood Falls.
The field as at present developed lies mostly
south and east of Elmdale, or in the southeast
corner of T. 19 S., R. 7 E., but there are also
three isolated groups of successful wells some
miles north and northeast of the field. Al-
though the surface rocks in.this general dis-
trict .are normally of Permian age, a large and
prominent anticline or dome has brought ' the
upper Pennsylvanian strata to the surface in
the vicinity of Elmdale. The anticline, which
represents a structural elevation of about 200
feet, has a north-south diameter of about 12
miles and an east-west diameter of about 9
miles; its center is in the valley of Cottonwood
River, about 3 miles southwest of Elmdale.
Despite the size and altitude of this fold it has
not been productive of oil, and two deep wells "
near Elmdale encountered granite at a depth
of about 1,900 feet.

Several dozen gas wells have been drilled on
or close to the anticline. Gas is found at three
horizons, in beds known as the 150-foot sand,
the 350-foot sand, and the 580-foot sand.
Wells have been drilled to the 150-foot sand
at a number of farmhouses, where the gas is
used directly for domestic purposes. The ini-
tial pressure is said to be about 17 pounds to
the square inch and the flows small, but the
wells aré long-lived. The 350-foot and 580-
foot sands have been developed on a commer-
cial scale by the local gas company, which
supplies about 300,000 cubic feet: a day to Cot-
tonwood Falls, Strong City, and neighboring
towns. The flow of the wells is comparatively
small, and the “settled” pressure is only 20 to
30 pounds. The sands appear to be produc-
tive nearly everywhere throughout a large
area, however, and it is claimed by local en-
gineers that it would be possible to develop a
production of 8 to 10 million cubic feet a day,
provided all three sands were tapped.

Samples of gas collected from the 350-foot
and 580-foot sands showed, respectively, 0.35
and 0.50 per cent of helium, and a sample col-
lected by Cady and McFarland from the 150-
foot sand in 1906 showed 0.56 per cent. The
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analyses thus indicate that the gas is not espec- " - ELDORADO FIELD.

ially rich in helium, despite its shallow depth LOCATION.

and the location of the field in the same general | The Eldorado field, which is in the central
belt as the helium-rich Augusta and Eldorado | part of Butler County, Kans., is one of the

fields, to the south. : | most productlve oil fields in the Mid- Continent
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region and is at present one of.the chief poten-
tial sources of helium-bearing natural gas.
The field lies chiefly in T. 25 S., R. 5 E., but ex-
tends some distance into T. 26 S., R. 5 E., and
T. 24 S.,, R. 4 E. (See fig. 8.) The town of
Eldorado, ‘on the eastern edge of the field, is
at the junction of the Missouri Pacific and
Atchison, Topeka & Santa Fe railroads. The
town has a population of about 15,000 and the
nearest city, Wichita, about 30 miles to the
west, has a population of about 60, 000 and is an
important railroad center.

GEOLOGIC OUTLINE.

The productive sands in the Eldorado field
are of ‘Pennsylvanian and Mississippian age,
the highest occurring near the top of the Penn-
sylvanian and the lowest in Mississippian and
probably in places in older rocks. The highest
producing sand is encountered at a depth of 650
feet and according to Fath # occurs in the
lower part of the Wabaunsee group. It is pro-
ductive only in the northeastern part of the
field, where it yields considerable oil but prac-
tically no gas. The field’s output of gas is
obtained from the next lower productive sands,
which occur at average depths of 900, 1,200,
and 1,475 feet. The sands at 900 and 1,200
feet are fairly persistent throughout the pro-
ducing area, but they are zones or groups of
sands which individually are lenticular and
discontinuous. These zones, which yield the
great bulk of all the gas produced in the field,
occur in the Shawnee, Douglas, and Lansing
groups. The main oil zone is encountered at
an average depth of 2,500 feet and occurs in
Mississippian rocks corresponding to the Boone
limestone. In places it probably extends
downward into older rocks. This zone yields
the bulk of the oil produced in the field, .and a
great many oil wells have therefore penetrated
the overlying gas sands. ' In most of these
wells the gas has been mudded off, but the gas
pressure in ‘a sand penetrated by so many
wells is naturally. affected, despite precaution-
ary measures.

The Eldorado field lies on a prominent anti-
cline, on which there are many irregular cross
folds and minor wrinkles. According to Fath,
the distribution of hoth oil and:gas is closely
related to the structure; the gas sands are pro-

@ TFath, A. E., report on the Eldorado oil and gas field, Kans. (in
preparation). .
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ductive only in the highest parts of the fold,
and the oil sands are productive over a much
larger area which extends from the crest of the
fold well down its flanks. (See fig. 8.) Owing
to the lenticular character of the sands and to
the variation in their porosity, however, neigh-
boring gas wells may have very different capac—
ities.
QUALITY OF THE GAS.

~ As shown by the tests of 33 samples (see

p. 98), the gas of the Eldorado field ranges in
helium content from 0.48 to 1.70 per cent.
Only two samples, however, show less than 0.71
per cent, and the average of all the samples is
1.12 per cent. Nineteen samples of gas from the
900-foot zone show an average helium content
of 1.20 per cent, and 13 samples from the 1,200-
foot zone an average of 1.01 per cent.

The Eldorado gas varies considerably in
composition, and there appear to be no marked
and constant differences between the gases -
from different sands. The general quality of
the gas is shown by the following represonta-
tlve analyses:

Analyses of gas of Eldorado field, Kans.

900-foot 1,200-foot | 1,400-foot
zone. zone. zone.
Carbon dioxide (COy)....... 0. 56 0.10 0.12
Oxygen (Og). cevvvnenennnnn - 00 .14 .10
Methane (CH,). . ......... 54.58 |  62.68 31.36
Ethane (C,Hg). - .ovnno. .. 3.33 11.82 12.78 .
Residue (N,, etc.)......... 41. 53 25. 26 55. 64
100. 00 | 100.00 {  100.00
Heating value (British
thermal units)........... 584 811 524

VOLUME AND DURATION OF THE GAS SUPPLY.

Although the Eldorado field is still compara-
tively young, having been opened late in 1915,
its gas resources have been heavily drawn upon
in the last four years and are now probably
about two-thirds exhausted. The maximum
daily production of about 20 million cubic feet
was reached at the end of 1916, when the com-
bined open flow of all the wells was about 60
million cubic feet. In May, 1918, the daily
production was about 10 million and the total
open flow about 25 million cubic feet. The
entire production of the field is used for drilling

‘and pumping the oil wells, but it constitutes

only ‘about two-thirds of the volume required
for this purpose.
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" The first wells in the field had an average
rock pressure of 465 pounds to the square inch
but in May, 1918, the average pressure of all
the wells in the field had fallen to 140 pounds.
This rapid decline in pressure, which is shown
graphically in figure 9, is due chiefly to the
fact that the wells have been allowed to pro-
duce from 30 to 50 per cent of their open flow,
though a contributing factor has doubtless
been the unavoidable waste of gas caused by
.the fact that the gas sands have been punc-
tured by so many wells drilled for oil. It will
be noted, however, that the greater part of
the decline in pressure took place in 1916, the
period during which most of the gas wells were
drilled and when also the daily production was

HELIUM-BEARING NATURAL GAS.

production, provided the wells are not made to
yield tooheavily. If the daily production of the
field had been reduced to 4 million cubic feet
in the middle of 1918, this production could
probably have been maintained for at least
three years. On the assumption that the aver-
age helium content of the gas is 1.12 per cent,
this would represent a daily production of 44,800
-cubic feet of helium.

It will be noted that the curve in figure 9
shows aslight upward trend in the first part of
1918. This is due to the bringing in of several
large gas wells on a small dome then recently
discovered at the north end of the field. Al-
though the gas-bearing territory in the main

field has now been practically all drilled, there
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F1GURE 9.—Curve showing decline of average rock pressure of a typlcalgroup of wells in the Eldorado field, Kans.
largest. From the middle of 1917 to the mid- | is a possibility that other small additional sup-

dle of 1918, when the drilling became less active

and the dally production was reduced to 10 or
12 million cubic feet, the decline in pressure

became Verymoderate. ‘

As the rock pressure declines the open flow
and therefore also the production diminishes;
but as the production decreases the decline in
pressure becomes less rapid. In the later
stages of the life of a field the curve of pressure
decline therefore becomes flatter, and a small
production may be maintained for a compar-
atively long period. It is evident from figure
9 that the Eldorado field has entered this stage
and that during the next two or three years the

plies will be discovered, and that the life of the
field will be correspondingly increased.
AUGUSTA FIELD.

LOCATION.

The Augusta field is in the southwestern part
of Butler County, Kans., its north end being
only about 5 miles south of the southern limit
of the Eldorado field. The Augusta field lies
chiefly in Tps. 27 and 28 8., R. 4 E. The town
of Augusta, which has a population of about
1,500, is in the east-central part of the field.
It is situated on the St. Louis-San Francisco

and Atchison, Topeka & Santa Fe railroads.

ﬁeld may be rehed on to furnlsh a moderate | (See fig. 10.)
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distances, and the gas

GEOLOGIC OUTLINE. R4E.

The general geology t // '\\ BXPLANATION.
of the Augusta field is [ 8 s { T \'0 v L
similar to that at Eldo- /\ ' C_ '
rado, and the producing ‘I i // A ot area”
zones are roughly equi- g/ . / =,
valent to those already N '7 '57 / # 13 o
described for that field. \ ) Approsuste boundary
The 650-foot zone, how- E b Ak Y
ever, which yields only :?7 ;“* R ﬂ "
oilin the Eldorado field, ° & 5" 22 VSN P i
carries at Augusta a qzo/n. - v s F
“wind gas” very rich / ot P &) ot
inhelium. Themaingas £ e | Peroomrage armatim
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1,400 and 1,600 feet. \s Y A *I'
Individual sands can / p *g’z hY
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seems to occur irregu-
larly through this zone,
rather than at several
distinct horizons, as at

Eldorado. The princi-
pal oil sands lie at
depths of about 2,000
to 2,400 feet.

The Augusta field is
on alarge anticlinal fold
which represents a
~ southwestern continua-

T.28 S.

tion of the Eldorado an-
ticline. The Augusta
fold, like that at Eldo-
rado, is irregular, and it

24

consists of at least two
fairly distinct anticlines.
The Iarger one, which is
known as the main Au-

30

Gordon
27

gusta anticline, lies

’

Scale
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chieflyinT. 288S.,R.4E. =

It ylclds a,la.rge propor- "FIGURE 10.—Sketch map of Augusta field, Kans., showing gas wells, location of samples, helium con-

tion of the oil produced
in this field and at present practically all the gas.
The smaller fold, which is known as the North
Augusta anticline, is in the central part of T. 27
8., R. 4 E,, and is separated from the main.
anticline by a structurally low and barren area.

QUALITY OF THE GAS.

Twenty-six samples of Augusta gas have been
tested for helium, with the results shown on
page 98. Two samples of gas from the shal-

tent of gas, and areas in which the shallow gas rich in helium occurs.

low zone (450 to 650 feet) contained 1.94 and
2.13 per cent of helium. Two samples of the
gas occurring at depths of 1,200 to 1,400 feet on
the North Augusta anticline, in T. 27 S,,R. 4 E,,
showed 1.03 and 1.14 per cent of helium. The
remaining samples represent the gas that oc-
curs at depths of 1,200 to 1,500 feet on the main
anticline and now constitutes the great bulk of
the output. This gas ranges in helium content
between 0.16 and 0.65 per cent, though only
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- three samples showed less-than 0.38 per cent,
and the average of the 22 samples is 0.43 per
cent. ' ’

There are therefore in the Augusta field three
distinct types of gas containing 2.04, 1.09, and
0.43 per cent of helium. The richest and the
poorest of these gases occur at different depths
on the main anticline, which comprises the cen-
tral and southern parts of the field. The inter-
mediate gas occurs at about the same depth and
horizon as the poorest gas but on the North
Augusta anticline. It is interesting to note
that the gas produced on this anticline thus
differs greatly in helium content from that pro-
duced in the main field and resembles the Eldo-
rado gas; and it is said, furthermore, that the
North Augusta oil resembles the Eldorado oil
in gravity and composition more closely than
the oil of the main Augusta field.

The shallow gas carrying about 2 per cent of
helium is very high in nitrogen, as shown by
analysis 17, page 39. The gas produced in the
North Augusta field is on the average only
slightly higher in nitrogen than that of the main
field, though containing about twice as much
helium. This is shown by the following
analyses, kindly furnished by Prof. H. C. Allen:

Analyses of gas from the A?{yusta and North Augusta fields,
ans. -

Augusta. North Augusta.

Carbon dioxide (CO,)....| 0.21| 0.32 | 0.00 0.07
Oxygen (02‘) ............. .00 .12 .31 .19
Methane (CH,).......... 76.48 | 63.32 | 50.22 | 63.92
Ethane (C,Hg).-......... 12.60 | 13.45 | 21.32 | 5.67
Higher hydroearbons....| .44 .13 .00 .19
Residue (N,, etc.)........ 10.26 | 22.63 | 28.15 | 29.96
99.99 | 99.97 (100.00 | 100.00

Heating value (British .
thermal units).......... 961 844 853 719

QUANTITY OF SHALLOW GAS AVAILABLE.

As shown in figure 10 the shallow gas con-
taining about 2 per cent of helium. occurs only
in certain parts of the field, being apparently
confined to two areas, aggregating about 2,000
acres, on the main Augusta anticline. These
areas occupy the two highest points on the
anticline, and their shape and extent are de-
termined almost entirely by structural con-
ditions. Within these areas, however, the

distribution of the gas is irregiﬂar and is evi-

dently controlled by variations in the porosity

HELIUM-BEARING NATURAL GAS.

of the sand, for out of about 200 deep oil and
gas wells drilled in the shallow-gas territory
only about 75 encountered volumes of this gas
large enough to be noted and reported by the
drillers. The volumes reported range between
a few thousand and 3% million cubic feet daily,
with an average of perhaps 400,000 cubic feet.
The rock pressure of this gas has never been
gaged, though an inconclusive test made by the
writer suggests that it is probably between 50
and 75 pounds to the square inch.

As the shallow gas consists so largely of
nitrogen that it is practically incombustible,
no attempts have been made to produce it, but
owing to the drilling of so many deeper wells
through its horizon a considerable volume of
the gas has doubtless escaped. The Empire
Gas & Fuel Co., in a noteworthy spirit of con-
servation, has taken pains to mud off or seal
this horizon in all its wells, but most of the
other operating companies have taken no
precautions to prevent the gas from escaping.
On the other hand, the variable porosity of the
sand itself has evidently prevented very ex-
tensive loss of the gas, for the volumes reported
in wells drilled recently average about as large
as those in the early wells. Owing to the
irregular distribution of the gas, to the lack of
information as to the rock pressure, and to the
fact that an indeterminate quantity has escaped
it isimpossible to estimate the total volume still
in the sands, but it is probably little more than
half a billion cubic feet.

QUANTITY OF DEEP GAS AVAILABLE.

The Augusta field, which was opened late in
1913, produced up to the middle of 1918
between 30 and 35 billion cubic feet of gas, all
of which was derived from the group of sands
occurring at depths between 1,400 and 1,600
feet. The original rock pressure was slightly
over 400 pounds to the square inch, but in July,
1918, the average pressure was about 140
pounds. At that time the daily production
of the field was almost 7 million cubic feet, and
the total open flow was about 20 million cubic
feet. ‘ '

. The gas resources of the North Augusta
anticline are now almost exhausted, and the
present output of the field is derived almost
wholly from the main- anticline. The field is
now well outlined, and there is little prospect
of the discovery of new supplies, although a few
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additional wells can yet
be drilled. A study of
the curve of rock-press-
ure decline indicates
that unless water trou-
bles become too serious

the field should be ca-

pable of producing an
average of 3 to 4 million
cubic feet a day until
some time in 1921.. .
The comparatively
low helium content of

this deeper gas renders .

it unfavorable as a
source of helilum, but if
it were mixed with the
shallow gas in propor-
tions of 3 to 1 the aver-
age helium content of
the mixture would be
about 0.8 per cent.

DEXTER-OTTO DISTRICT.

LOCATION.

The Dexter-Otto area
comprises that part of
eastern Cowley County,
Kans., shown in figure
11. A very prominent
anticline traverses this
area and extends both
north and south beyond
the territory shown on
the map. Two deep oil
wells, many shallow gas
wells, and a number of
dry holes have been
drilled on or near the
axis of the fold. There
are three areas in which
gas is produced—the
vicinity of Dexter, an

area 2 miles north of -

Otto, and an area 5
miles southeast of Otto.
In all these areas the gas
is rich in helium, carry-
ing from 0.5 to 1.9 per
cent, but the present
supply is small, and the
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. ... JOUD DEXTER MIELD. . ..

Gas was discovered at Dexter in 1905 at a
depth of 325 feet, and during 1906 to 1908 22
producing wells and 1 dry. hole were drilled.
Most of the wells were put down within the
town limits, and the field, though very-produc-
tive, was small. The gas sand ranges between
20 and 55 feet in thickness and is encountered

at depths between 300 and 350 feet. The.

initial rock pressure was unusually high for
this depth, being 110 pounds to the square
inch, and the maximum open flow was 10
million cubic feet a day, though the average
was about 3 million cubic feet. Several deep

" wells drilled for oil in this area in the last two

years have found some gas at the same horizon,
one well having found, it is said, enough gas to
blow the water out of a 16-inch hole. At
present half a dozen of the old wells are still

- -R.6E.

| producing a few thousand cubic feet a day

(See fig. 12.) :

The Dexter gas is famous because of its pe-
culiar composition and especially because when
examined by Cady and McFarland in 1905 it
was the only gas of this type known, its analysis
havingled to all the subsequent work on helium.
Two samples tested by Cady and McFarland in
1905-6 showed 1.64 and 1.84 per cent of helium;
two others collected by the writer in August,
1918, showed 1.68 and 1.83 per cent; and one
collected by a local operator in the spring of
1918 showed only 0.95 per cent, but this sample
possibly contained air.

The Dexter field is regarded as exhausted,
and there appears to be no warrant for ex-
pecting the discovery of further large supplies.
As the largest wells were drilled on the western
edge of the pool, however, it is believed that

— some gas at least can be

obtained by drilling in
the central or western
part of sec.13. (Seefig.
12.) The small cost of

13

: /nd/sﬁolja/

Refining Co. .
)]

the wells and the very
high helium content of
the gas would compen-
satein a measure for the
small volumes that can
probably be obtained.
The only other note-
worthy occurrence of gas
in the vicinity of Dexter
was reported from the
Monitor Oil Co.'s well
in the NE. } sec.24. In
this well a large volume
of gas, variously esti-
mated at 9% to 13 mil-
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F1GURE 12.—Detailed map of the town of Dexter, Kans., showing location of wells sampled and helium

,content of gas.

lion cubic feet, was en-
countered at 1,010 feet,
and an analysis of this
gas issaid tohaveshown
more than 80 per cent of
nitrogen. As the wells

~ about two-thirds of a

mile north and south
of this well .found no

" gas at this horizon, it is

evident, however, that
the gas-bearing area is
very small.
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AREA NEAR OTTO.

As shown in figure 11, several wells have been
drilled about 6 miles south of Dexter, where
there is a small dome on the crest of the main
anticline. Thesouthernmostof thesewellsfound
2 million cubic feet of gas at a depth of 1,141
feet, and the three wells drilled farther north
on the axis of the fold all found smaller volumes
at about the same horizon. As the wells to the
west found the sand filled with water, the pro-
ductive area can not extend far down the flank
of the fold, but it may extend some distance
along the axis to the south. Two samples of
this gas collected by the writer showed 1.9 and

5 per cent of helium. The poorer sample,
however, is to be regarded with suspicion, for
in the well from which it was taken the
pressure was only a few ounces to the square
inch, and the sample may have been con-
taminated with air. Apparently, therefore,
this gas is exceptionally rich in helium, and it
is believed that a moderate supply might be
developed by further drilling toward the south.

AREA SOUTHEAST OF OTTO.

About three years ago two gas wells were
drilled by the Standish Oil Co. in sec. 17, T. 35
S., R. 7 E., about 5 miles 'southeast of Otto.
These wells encountered the gas at a depth of
about 1,475 feet and had initial open flows of
4% and 5 million cubic feet a day, with a rock
pressure of about 500 pounds to the square inch.
Samples of the gas from these wells showed
0.94 and 1.04 per cent of helium. According
to A. E. Fath, who made a geologic examination
of the fields f01 the Geoloorlcal Survey there are
no structural features in t.he vicinity favorable
to the accumulation of gas and there is little
prospect of an extension of the producing area.

SEDAN DISTRICT.

GENERAL FEATURES.

Chautauqua County, in which the Sedan
district is situated, has for many years ranked
high among the oil-producing counties of Kan-
sas, and the eastern and central parts of the
county have now been thoroughly prospected.
Two fair-sized gas fields, the Hale and Havana
fields, have been developed in the eastern part
of the county, and a numbLr of small fields in
the central part—the Sedan district—yield a
moderate volume of gas. The many samples
that have been collected and analyzed indicate

7

that the gas in the eastern part of the county
contains less than 0.5 per cent of helium but
that practically all the gas occurring in the
central part at depths shallower than 1,000
feet contains between 0.5 and 2 per cent. (See
results of tests, p. 100.) The western part
of the county is .practically untested, but
development is now proceeding toward the
west, and it is probable that the helium-rich
area will be found to extend a considerable
distance in that direction.

The location of the Chautauqua County gas
fields is shown on Plate I, and the structure
section on that plate shows the approximate
stratigraphic position of the samples analyzed.
It is evident that the decrease in helium con-
tent toward the east is related to the geology,
for the helium-rich gas at Sedan occurs in the
Kansas City group and owing to the general
westward dip of the strata this formation lies
too close to the surface to be gas-bearing in
the eastern part of the county. In thatlocality
production is obtained from lower beds, which
generally yield gas poor in helium. The east-
ernmost field in which gas carrying as much as

0.5 per cent of helium has been found is the

Monet field, about 5 miles east of Sedan.

The helium-rich gas of the Sedan district is
high in nitrogen and thus too low in heating
value to be in demand as a fuel, though owing
to local conditions considerable volumes of it
have been produced and used. The gas occurs
above the oil horizons, however, and unless
there happens to be a local demand for gas as
fuel it is generally allowed to go to waste; in
fact, as it interferes with drilling it is regarded
by most operators as a nuisance. Because of
these conditions accurate information as to
the depth of a shallow gas and as to its volume
and pressure is very difficult to obtain.

ROGERS POOL.

The Rogers pool lies just east of Rogers
station on the Missouri Pacific Railroad, or
chiefly in secs. 23-26, 35, and 36, T. 33 S., R.
10 E. (See fig. 13.) It consists of 41 gas wells
of which only 22 are now producing. As
shown on the map, the pool is divided into two
distinct portions by a stmp of barren territory
crossing secs. 25 and 26, in which 10 dry holes
have been drilled.: .

- The strata exposed in the vicinity of the
Rogers pool belong to the lower part of the
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Shawnee group and the upper part of the
Douglas group. The Oread limestone, the
highest formation of the Douglas, crops out in
the southern part.of the field. In the southern
part of thé pool the producing gas is encoun-
tered at depths of 700 to 800 feet and lies about
700 feet beneath the Oread, or near the middle
of the Kansas City group. In the northern
part of the pool, however, the producing sand
lies at a slightly higher horizon, being en-
countered at depths of 650 to 750 feet, and in
this district a gas sand at 350 to 450 feet is also
eported by many wells.

HELIUM-BEARING NATURAL GAS.,

can not be determined from surface examina-
tions, and drilling may prove the remainder of
the uplift to be barren, but the areas that are
structurally most favorable have not yet been
adequately tested. The favorable areas in-
clude the N. 1 sec. 30, the W. { sec. 19, and all
of sec. 24, and probably also the E. % sec. 13, .
the W. % sec. 18, and the SW., 1 sec. 23. - Pro-
duction may also be extended farther west;
the gas well in the NE. 1 sec. 34, for example,
which is drilled on a monocline, indicates that
there is at least a small pool in that locality.
It should be pointed out in this connection
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According to P. V. Roundy, who made a
detailed geologic examination of the Sedan
district, the Rogers pool is associated in a gen-
eral way with a structurally high area or broad
nose which centers in the SE. % sec. 19 and
extends to the SW. % sec. 23. The limits of
the producing area, however, are evidently
determined by the porosity and continuity of
the sand, for the barren strip that crosses
the center of the field lies near the highest
part of the uplift. Such conditions of course

that too much weight can not be attached to
the ‘“dry” holes shown on the map, for these
wells were drilled for oil, and moderate flows
of low-pressure gas are generally saved only
when there is a special need or market for
them. :

Structural features of the type described
above occur throughout a large part of western
Chautauqua County, and it is probable that
many of them are associated with gas pools
and that the gas occurring at depths of 900
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feet or less for at least several miles west of
" Rogers is rich in helium. :

The first wells in the Rogers pool were
drilled in 1912, and by the end of 1913 18
wells, with a combined open flow of 63 mil-
lion cubic feet a day and an average rock pres-
sure of 221 pounds to the square inch, had
been finished. The initial open flow of some of
the wells was as much as 8 million cubic feet a
day, though the average was about half that
figure. By the summer of 1914 24 wells, hav-
ing an average open flow of 24 million cubic
feet a day, were in operation. During 1914
the field produced only 1% to 24 million cubic
feet daily, chiefly owing to the poor quality of
the gas for heating. During the winter of
"1915-16 the field was taken over by another
gas company and was made to produce as
much as 10 million cubic feet a day. Since
that time the production has gradually de-
clined until in August, 1918, it amounted to
only about 1 million cubic feet daily. At that
time the average daily open flow of the 22 pro-
ducing wells was 260,000 cubic feet, their aver-
age rock pressure was 38 pounds to the square
inch, and their combined daily open flow was a
little less than 6 million cubic feet.

Although the foregoing figures indicate that
the pool is now almost exhausted, it is be-
lieved that this condition is due partly to the
fact that the gas commands so low a price
that the well owners have not felt justified in
going to much expense in keeping the wells
in proper condition. The oil wells of Chau-
tauqua County, though generally small] are
remarkable for their long life, a feature evi-
dently due to the fine grain of the oil sand and
to the rather low gas pressure. Whether or
not the gas sands in this area are also capable
of unusually long continued production it will
be impossible to say, for practically. all the
gas wells visited by the writer in the Sedan
_district had suffered from lack of attention.
Despite this condition, however, many old
wells have held up remarkably well, and there
is reason to believe that the fields.of the Sedan
district would, with proper care, yield a
moderate output for a long period.

It should not be inferred from the foregoing
remarks that the Rogers pool itself can still
be rejuvenated, though undoubtedly the pro-
duction could temporarily be somewhat in-
creased. So far as can be learned from a study
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of the structure, however, there is still good
territory in the vicinity, and it is probable that
the producing area could be somewhat ex-
tended. Moreover, there is every reason to-
suppose that similar pools could be developed
in the central and western parts of the county
and that their gas would prove equally rich in
helium.

Two pipe-line samples of gas from the Rogers
pool average 0.96 per cent of helium, and
14 samples from individual wells contained
from 0.86 to 1.16 per cent. One sample showed
only 0.59 pér cent, but it may have been con-
taminated by air, and on the other hand gas
from the well in the NE.  sec. 34 (see fig. 13)
showed 1.912 per cent. All these gases are
from the sands between 650 and about 800 feet
in depth, and the gas occurring at 350 to 450
feet in the northern part of the Rogers pool
probably contains well over 1 per cent of
helium.

The general character of the gas of the Rogers
pool is shown by analysis 20, page 39.

"AREA NEAR SEDAN.

Although practically no gas is now produced
in the areas north of Sedan and between Sedan
and the Rogers pool, it is stated on good
authority that many of the oil wells in these
areas encountered gas at shallow depths. A
few samples of this gas, obtained mostly from
abandoned and practically exhausted wells,
showed a high content of helium. In the dis-
trict south of Sedan a little gas is now being
produced, but all of it is derived from the Peru
sand, which lies about 500 feet beneath the
helium-bearing sands of the Rogers pool and
which yields gas carrying only about 0.4 per
cent of helium. . It is reported, however, that
wells in several localities encountered gas at
shallower depths, and it may be presumed that
this gas contains more than 0.5 per cent of
helium. :

The richest gas occurs in a sand found at a
depth of about 400 feet in the area north of
Sedan. Several wells were finished in this
sand some years ago to supply fuel for. drilling
oil wells, but because of the low pressure of
the gas and its low heating value no care was
taken of the gas wells, and most of them soon
became exhausted. Howevér, the Fleming &
Wadsworth well, near the east quarter corner
of sec. 27, which was drilled about 1907, is said
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to have had an initial daily open flow of 3 or 4
million cubic feet, and when visited by the
writer in July, 1918, it still showed about half
a million cubic feet, with a pressure of about
-50 pounds to the square inch. The test of a
sample of this gas showed 1.94 per cent of
helium, and an-analysis previously made by
Prof. Allen showed 55.7 per cent of nitrogen.
(See analysis 18, p. 39.) About a mile east of
this well, in the southeast corner of sec. 26 and
the southwest corner of sec. 25, T. 33 S., R. 11
E., three gas wells were drilled to the 400-foot
sand about three years ago, but all of them are
now practically exhausted. A sample from
the well in the southeast corner of sec. 26
showed 1.04 per cent of helium. A dry hole
in the NE. 1 sec. 29 is reported to have passed
a sand capable of yielding 2 or 3 million cubic
feet of gas daily at a depth of about 400 feet,
and several wells could doubtless be drilled in
this locality. Two oil wells drilled several
years ago just outside the limits of Sedan, near
the center of sec. 3, are reported to have found
a sand yielding 3 or 4 million cubic feet of gas
a day at a depth of 212 feet. This sand is
probably equivalent to the 400-feet sand north
of Sedan, and there is every reason to suppose
that the gas is very rich in helium.

It is not to be inferred from the foregoing
statements that all the area for 2 or 3 miles
north of Sedan is thought to be underlain by
the shallow gas. It.is even impossible to state
‘that all the wells referred to draw from the
same horizon, though this is highly probable;
but it is very evident that the sand is either
-discontinuous or is productive only locally. It

is impossible to predict in advance of drilling.
how much of this gas could be obtained, but it-

seems highly probable that a yield of at least 1
or 2 million cubicfeet a day could be maintained
for a period of two or three years.

A deeper sand, probably equivalent to that
found in the Rogers pool, is also encountered
in the area north and west of Sedan at a depth
of 600 to 700 feet, and in some localities gas is
found also in sands at 900 and 1,000 feet. The
relation of the sands in this area is shown by the
following well log :

HELIUM-BEARING :NATURAL GAS,

Log of Allen McIntosh well No. 1, in the southeast corner of
theSWiNE tsec. 16, T. 88 8., R. 11 E.

Feet.
Soilooooee . 0-3
Shale, black.................... 3-63
Lime, Oread. ................. 63-83
Shale, red..................... 83-140
Sand; three bailers of water. ... 140-150
Shale, black................... 150-160
Sand; hole full of water........ 160-280
Sha,le, black....cocooiiiiiia.. 280-410
Sand... ...l 410-430
Shale, black.................. 430-455
Sand... ...l 455-465
Shale, black.................... 465-708
Sand, hard; gas................ 708-712
Sand, soft..................... 712-720
Shale, black.................... 720-765
Lime, white................... 765-768
Shale, black.................... 768-908
Sand; gas...................LL 908-920
Shale, white................... 920-945
Sand.. ...l 945-955
Shale............oiooilL. 955-960
Lime....ooooioiiiiiiiii 960-962°
Shale, black........o....... ... 962-972
Sand; “Saltsand”............ 972-1, 072
Shale, black.................... 1, 072-1, 077
Shale.......ooooiiiiiots 1, 077-1, 130
TAMC. eoeee et 1,130-1, 140
Sand; “Stray sand ”............ 1,140-1, 162
Shale black....cocooooo..o.. 1,162-1,172
Lime.o.ooooiiiiiiiiiiiiiaiaatt 1,172-1,177
Shale, black............o....... 1,177-1, 283
Sand, hard; ‘“Perusand”...... 1, 283-1, 289
Shale, black....cceeeeiaennn.... 1, 289-1, 313

Five samples of gas from the sands encoun-
tered at depths of 700 to 900 feet were collected
in the area north and west of Sedan, and their
helium content was found to range between
0.70 and 0.89 per cent. The wells sampled are
in secs. 16, 17, 27,28, and 29, T. 33 S., R. 11 E.,
and their location is shown on figure 13. The
well'in sec. 29.still has an open flow of about
half a million cubic feet aday, but the other wells
are practically exhausted. The gas has been
reported in many oil wells, however, and there
is no doubt that a moderate production could he
developed. As already stated, all this gas is
too low in heating value and too irregular in
distribution to permit producing it at a profit
for use as fuel, but as a source of helium its
value should be sufficient to warrant the neces-
sary expense.
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MONETT FIELD.

In the vicinity of Monett (see Pl. I) gas has
been produced for many years, chiefly from the
Salt sand but in part from deeper sands. The
Salt sand in this district is found at a depth of
500 to 600 feet. Some of the wells had an
initial daily open flow of 3 million cubic feet,
though all of them are now very small. The
town of Sedan is supplied by half a dozen wells
in secs. 28, 32, and 33, T. 33 S, R. 12 E., the
combined daily production of which is now less
than a million cubic feet. * A sample of the Salt
sand gas showed 0.57 per cent of helium.

This gas has not been systematically devel-
oped, being undesirable because of its rather
low pressure and its low heating value; and it
is believed that if necessary a production of 2
or 3 million cubic feet a day could be developed

and could be maintained for two or three years. |

Though the helium content of this gas is lower
than that of the gas to the north and west of
Sedan, it is higher than that of the other gases
within a radius of-35 miles. The Monett gas
could be rather cheaply produced, and if an ex-
traction plant were erected in the Sedan district
it might prove desirable to treat the Monett gas
in connection with the richer product of the
Rogers and Sedan fields.

FIELDS IN OSAGE COUNTY, OKLA.
3 PEARSON FIELD.

The Pearson field is in the central part of
Osage County, Okla., principally in secs. 10 to
© 20, T. 27 N, R. 8 E., on the Midland Valley
Railroad. - In July, 1918, the Pearson field
contained 17 producing wells having an aver-
age rock pressure of about 125 pounds to the
square inch and a total open flow of about 40
million cubic feet a day. The production of
the field during May amounted to 146 million
cubic feet, or an average of 4.7 million cubic
feet daily, though it is believed that with some
additional drilling 10 or 15 million cubic feet a
day could easily be produced.

Most of the gas produced in the Pearson
- field is obtained from sands lying at depths
between 750 and 1,000 feet, although several
wells recently drilled derive their gas from a
sand at about 1,450 feet. The main producing
sand lies 100 to 400 feet below the Oread lime-
stone, of the Douglas group and therefore near
the base of the Douglas or the top of the
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Lansing group. According to A. E. Fath, it is
roughly equivalent to the sand in the Otto dis-
trict, Kans., which yields gas carrying about 1
per cent of helium. The structural geology of
the Pearson district and of the area to the north
has been investigated by K. C. Heald,”” who
finds that the field is on a well-defined though
irregular anticline, the highest point of which
appears to be in the southeast corner of sec. 30,
T. 27 N., R. 8 E. In this vicinity there are
also several minor domes, at least one of which
has proved productive.

As shown by the 12 analyses on page 104,
the Pearson gas. ranges in helium content
between 0.23 and 0.71 per cent, the average as
determined by three tests of pipe-line gas being
about 0.50 per cent. The gas occurring in the
uppermost sands appears to be somewhat
richer in helium than that in the lower part of
the producing zone.

The general quality of the Pearson gas is
shown by the first analysis in the table on
page 82.

. MYERS FIELD.

The Myers field is about 6 miles southeast of
the Pearson field, in the northeast corner of
T. 26 N., R. 8 E. In July, 1918, the field con-
tained 10 wells having an average rock pres-
sure of ‘about 240 pounds to the square inch
and a total open flow of about 15 million cubic
feet a day. During May the average daily
production was 1,392,000 cubic feet, or only
about 9 per cent of the open flow.

The Myers gas is derived from two sands, the
shallower lying at a depth of about 550 feet
and the deeper at a depth of about 1,150 feet.
These sands are believed to be equivalent to
those that are productive in the Pearson field.
Although flows as high as 5 million cubic feet
a day are found in the shallower sand, the pres-
sure is low, and in July, 1918, all but two of
the wells had been deepened to the 1,150-foot
sand. , .

The field is on a small dome or anticline
similar to that from which the gas at Pearson is
produced. The wells already drilled apparent-
ly define this dome, but there are other struc-
tural features of the same type in the vicinity
which when developed will doubtless furnish a
large volume of gas.

42 Geologic structure of the northwestern part of the Pawhuska quad-
rangle, Okla.: U. 8. Geol. Survey Bul _ 691, pp. 82, 89, 1918.
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A pipe-line sample of the Myers gas was
found to .contain 0.37 per cent of helium, and
three samples from individual wells carried
0.27, 0.35, and 0.43 per cent. (See p. 104.)
The helium content of the Myers gas is thus
distinctly lower than that of the gas of the
Pearson field, though the gas is believed to
occur at about the same horizon. As shown
by the third analysis in the following table,
the Myers gas is considerably lower in nitrogen
than the Pearson gas:

Analyses of gas from the Pearson and Myers fields, Oklahoma.

Myers field.
Pearson
field, gas
at 900 feet. | Gas at 317 [ Gasat 1,150
feet. feet.
Carbon dlomde(COz) 0.00 0.25 0.86
Oxygen (0,)... e .21 .12 .00
Methane CH4) 51.91 76. 60 58. 60
Ethane (C,Hg).ceeeeenonont 1.12 2.25 5. 69
Residue (Nz, etc ) ......... 46. 86 20. 78 34.85
Heating value (British | 100.00 | 100.00 100. 00
thermal units)........... 520 778 664
In sec. 23, T. 26 N., R. 9 E., about 5 miles

southeast of the Myers field proper, large vol-
umes of shallow gas are reported. A deep well
in that locality is said to have encountered a
sand yielding 6 million cubic feet a day at a
depth of 317 feet, one yielding 3 million cubic
feet at a depth of 410 feet, and one yielding
2 million cubic feet at a depth of 660 feet.
This gas was not tested for helium, but, as
shown by the second analysis in the above
table, the gas at 317 feet carries 20.78 per cent
of nitrogen and is probably at least as rich in
‘helium as the gas in the main Myers field.

* PROSPECTIVE FIELDS IN WESTERN OSAGE COUNTY.

The eastern part of Osage County comprises
some of the richest oil and gas territory in the
Mid-Continent region, but that portion lying
west of the Pearson and Myers fields is prac-
tically undeveloped. This condition is due
chiefly to the fact that the lands throughout
the county are the common property of the
Osage Tribe, and the leasing of the lands for

"oil and gas development has therefore been
strictly controlled by the Government. Dur-
ing the last year or two, however, a great many
leases in the western Osage country have been
sold, and within a short time a number of pools
will doubtless be discovered. '

HELIUM-BEARING NATURAL GAS.

Production in the eastern part of Osage
County and in Washington, Nowata, and Rog-
ers counties, still farther east, is obtained from
sands beneath the ‘‘Oswego lime,” or chiefly
in the Cherokee shale. - As shown by many
analyses, the Cherokee gas is characterized by
rather low nitrogen content, and therefore only
a few samples of it were tested for helium.
None of these samples contained more than
0.1 per cent. The location of the principal gas
fields in this region and data as to the helium
or nitrogen content of the gas are shown on
Plate I.

Because of the prevailing westerly dip the
Cherokee sands lie at considerable depths in
the western. part of Osage County, but higher
sands which are productive elsewhere in north-
ern Oklahoma and southern Kansas lie at
moderate depths. The geology of the western
Osage country hds been examined in detail by
members of the Geological Survey,”® and a
great many small folds of the type that has
proved so productive farther east have been
found. There is therefore no reason to doubt
that the western Osage country will yield large
volumes of gas and that a number of fields
sitnilar to those at Pearson and Myers will be
developed in this region.

From all the information at hand it appears
that at least the northwestern part of Osage
County should be productive of gas fairly rich
in helium. The gas-bearing zones which occur
at shallow depths in the western part of Osage
County are equivalent to those which contain
helium-rich gas in Chautauqua County and the
eastern part of Cowley County, Kans. The
district near Otto, Kans., for example, in which
the gas contains 1 per cent of helium, lies only
about 2 miles from the northern edge of Osage
County and directly along the strike of the
rocks. Moreover, the fact that the Myers field
produces gas averaging about 0.4 per cent of
helium and the Pearson field, about 6 miles to
the west, produces gas averaging at least 0.5
per cent, suggests a progressive increase in
helium content toward the west. It is there-

fore believed that gas containing at least 0.75

per cent of helium will be encountered in the
northwestern part of Osage County at fairly
shallow depths and that in all probability large
volumes of such gas will be available. So far

43 White, David, and others, Structure and oil and gas resources of the
Osage Reservation, Okla.: U. 8. Geol. Survey Bull. 686 (in press).
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as can be judged this area comprises the best
prospective helium territory in the United
States.

OTHER MID-CONTINENT FIELDS.

In addition to the fields already described,
which are noteworthy as present or prospective
sources of gas fairly rich in helium, there are
many districts in the Mid-Continent region that
yield small volumes of helium-rich gas or large
volumes of gas containing only about 0.25 per
cent of helium. The location and helium con-
tent of these supplies are shown on Plate I,
and data regarding the volume of the gas, the
depth from which it is obtained, etc., are given
in the tables at the end of this report.

MINOR FIELDS IN KANSAS.

Cady and McFarland in 1906 found a num-
ber of gases that contained more than 0.25 per
cent of helium; in fact, as shown on Plate I,
all the Kansas gases examined appear to con-
tain measurable proportions of helium, and the
average content of all the gas that has been
produced in the State is probably more than
0.15 per cent. Many of the fields investigated
by Cady and McFarland are now, however,
practically exhausted, for the gas resources of
Kansas have been heavily drawn upon in the
last 15 years, and since 1908 there has been a
great decline in production. (See fig. 14.) A
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temporary increase was recorded in 1915-16,

owing chiefly to the discovery of the Eldorado

and Augusta fields, but production fell off

again in 1917-18, and there seems to be small

prospect of any notable increase in the future.
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One of the richest gases reported by Cady
and McFarland -was that from Eureka, in
Greenwood County, two samples of which were
found to carry 1.50 per cent of helium. The
Eureka field was investigated in 1918 and was
found to be practically exhausted, though a
sample was collected and found to contain 1.42
per cent of helium. The Moline and New
Albany fields in Elk County, and the Burling-
ton field, in Coffey County, all of which produce
gas carrying about 0.5 per cent of helium, and
the Fredonia field, in Wilson County, which
yields gas carrying about 0.6 per cent, fur-
nished considerable volumes of gas in 1906 but
now produce only an insignificant supply. The
same is true of the Buffalo, Altoona, and
Neodesha fields, in Wilson County, and the
Chanute field, in Neosho County, all of which
produce gas carrying about 0.3. per cent of
helium; and of the Spring Hill field, in Johnson
County, and the Garnett field, in Anderson
County, which yield gas carrying about 0.4 per-
cent.

A number of fields have of course been dis-
covered in Kansas since Cady and McFarland
made their survey, but all of them except the
Eldorado, Augusta, Otto, and Sedan fields are
either small or yield gas rather poor in helium.
The Beaumont field, in the southwestern part
of Greenwood County, is perhaps the- most
promising, for it yields gas containing 0.86 per
cent of helium. Although in July, 1918, there
was only one gas well in this field, considerable
volumes of gas were reported in all the sur-
rounding oil Wells, and it is probable that a pro-
duction of several million cubic feet a day could
be developed. A small supply of gas carrying
0.65 per cent of helium has also been recently
found near Virgil, and a larger supply contain-
ing 0.36 per cent near Toronto, Greenwood
County. Near Winfield, Cowley County, there
is an old field which is still capable of producing
almost a million cubic feet a day of gas carrying
0.38 per cent of helium.

In Elk and Chautauqua counties several
fields have recently been discovered that yield
gas carrying more than 0.33 per cent of helium:
Near Longton and Oak Valley, in the southeast
corner of Elk County, there are two small
pools of shallow gas containing 0.55 and 0.40
per cent of helium. In September, 1918,
each of these pools was producing - about 1
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million cubic feet a day, and the supply could
doubtless be increased by further drilling. <A
large volume of deep gas was also discovered in
1918 near Oak’ Valley, but it contains only
0.001 per cent of helium. The gas of the Hale
and Havana fields, in the eastern part of Chau-
tauqua County, averages about 0.36 per cent
of helium, and in September, 1918, these fields
were together producing about 10 million cubic
feet a day. This supply can doubtless be in-
creased. Most of the gas produced in the
Chautauqua field, in the southern part of the
county, is derived from deep sands and con-
tains very little helium, but a small supply of
gas is also obtained at a depth of 600 to 800
feet, and this carries 0.21 to 0.43 per cent.

MINOR FIELDS IN OKLAHOMA.

" As shown in ﬁgure 14, Oklahoma produces a
very large quantity of gas annually, and since
1906 the pi’oduction has steadily increased. In
1917 Oklahoma furnished about 137 billion
cubic feet and became the second largest gas-
producing State in the Union. As shown on
Plate I, however, the Oklahoma area of gas
containing more than 0.5 per cent of helium is
practically confined to the northwestern part of
Osage County, whereas a very large proportion
of the gas produced in Oklahoma is obtained
from fields east of that area and from those in
the southern part of the State. The average
helium content of Oklahoma gas is therefore
exceedingly small, and only a few fields outside
of the western part of Osage County deserve
special mention.

As pointed out on page 40, the shallow gas
produced in the western part of the northern

Oklahoma petroleum region is characteristically

rich in nitrogen but poor in helium. For ex-
ample, in the Pearson gas the ratio of nitrogen
to helium is probably almost 100, and it attains
a similar value in several other Oklahoma gases,
whereas in the rich Kansas gas the ratio is
usually less than 50. In other words, a Kansas
gas containing 50 per cent of nitrogen is likely
to carry about 1 per cent of helium, whereas an
Oklahoma gas carrying the same proportion of
‘nitrogen may contain only 0.5 per cent of
helium. *High-nitrogen gases have been found
at many localities in the western parts of Osage
and Pawnee counties and in Payne, Noble, and
Kay counties, Okla., but it must be borne in
mind that a high-'nitrogen gas in this district
is not necessarily a gas rich in helium.

HELIUM-BEARING NATURAL GAS, .

The Pearson and Myers fields, in Osage

County, have already been described, and the
prospective importance of the western Osage
country as a source of helium-bearing gas has
been pointed out. The only other field yet
developed in the Osage region that may be of
value as a source of helium is the Hominy field,
which lies about 25 miles south of Pearson.
This is primarily an oil field, but most of the
wells report large volumes of gas at depths of
about 500 feet. This gas has been cased off,
but a few wells have been finished in a gas
sand at about 1,000 feet. Three analyses of
Hominy gas, probably that from the.1,000-foot
horizon, show 15 to 20 per cent of nitrogen,
and it is probable that the 500-foot gas is still
higher in nitrogen and may therefore contain
enough helium to be of commercial value.
. The Blackwell field, in the northern part of
Kay County, is one of the largest gas fields in
Oklahoma. Its productivity is due chiefly to
the large number of gas-bearing sands present;
one well, for example, encountered eight gas
sands between 692 and 3,200 feet, the com-
bined open flow. of which was 116 million cubic
feet daily.* Because of the large volumes of
gas available in the Blackwell field and the
fact that some of it occurs at shallow depths,
six samples of the gas from different sands
were tested for helium, but the highest content
found was only 0.27 per cent.

The Ponca City field, in the southern part of
Kay County, produces a considerable quantity
of oil and formerly yielded large volumes of
gas, but the gas resources are now almost ex-
hausted. The gas occurs chiefly at a depth of
about 500 feet, and the sand is regarded as
about equivalent to the 950-foot sand at
Blackwell and more than 1,000 feet strati-
graphically higher than the producing sands of
the Pearson and Myers fields. An analysis of
the gas by Prof. Allen showed 40.1 per cent of
nitrogen, but the helium content of gas from
the same well proved to be only 0.36 per cent.

The Billings field, in the northern part of
Noble County, is chiefly an oil field, though
large volumes of gas are encountered at depths
of 400 to 1,100 feet, and a little of this gas is
produced to supply the local demand. A
sample of gas occurring in Permian strata at a
depth of 500 feet contained, however, only
0.10 per ¢ent of helium, and a sample from a -

4 Petroleuin and natural gas in Oklahoma: Oklahoma Geol. Survey, -

Bull. 19, p. 272, 1917,
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sand at 1,036 feet was found to carry 0.39 per| A small supply of gas said to contain 30 per
cent. As shown by analysis 21, on page 39, | cent of nitrogen has been found about 7 miles
this gas contains 42.5 per cent of nitrogen. ' |south of Bristow, Creek County, but this gas

The Morrison field, in the western part of | proved to contain only 0.15 per cent of helium.
Pawnee County, has produced large volumes| Large volumes of gas are now produced in
of gas, though the output is now declining. | southern Oklahoma, and further supplies will
The gas occurs at a depth of about 2,000 feet | doubtless be discovered in that region, = All
and carries 22 to 25 per cent of nitrogen but | the existing -sources in southern Oklahoma
only about 0.24 per cent of helium. - have been sampled, however, and have proved

The Ingalls field, about 10 miles east of [ to be very poor in helium. (See Pl. III and
Stillwater, Payne County, contains only half | p. 27.) :
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FIGURE 15.—Map of Petrolia field, Tex., showing location of wells sampled and helium content of the gas.

a dozen oil and gas wells and is of interest NORTH TEXAS REGION.
chiefly because of the high nitrogen content of : PETROLIA FIELD.

the gas and because of the large flows reported.
In the first gas well a flow estimated at 21
million cubic feet of gas a day was found at| The Petrolia field, which is in the northern
650 feet, another of 57 million cubic feet at |part of Clay County, Tex., contains at present
1,760 feet, and one of 30 million cubic feet at | the largest available supply of helium-bearing
about 3,200 feet. The shallow gas was cased | gas and has in fact furnished all the helium so
off, but the gas at 1,760 feet was produced for | far produced by the Government. The field
about a year. Analyses of this gas showed |lies about 16 miles northeast of the city of
from 50 to 54 per cent of nitrogen, and a sample | Wichita Falls, with which it is connected by the
which is thought to represent the same gas | Wichita Valley Railroad. In the north end of
contained 0.35 per cent of helium. A sample | the field is the town of Petrolia, and about 2%
from a deeper sand carried only 0.05 per cent | miles south of the town is the Government
of helium. It was not possible to obtain a {plant for extracting helium.  (See fig. 15.)

sample of the 650-foot gas, which is doubtless | - The field is elliptical in shape, extending
richer in helium than that at 1,760 feet, but it a.bout 34 miles from northeast to southwest and
is believed that no great supply of either of |about 4 miles from northwest to southeast.
these gases can be developed. In June, 1918, there were some 350 wells in the

LOCATION AND EXTENT.
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Petrolia field, but about 250 of them are oil
wells, averaging only 300 feet in depth. The
gas-bearing beds lie at a depth of 1,550 to
1,750 feet and in places carry some oil. Of
the wells drilled to this horizon about 65 found
gas in commercial quantities, and about 35
found oil. The limits of the field are now
pretty well defined by dry holes.

GEOLOGIC OUTLINE.

The surface rocks in the Petrolia field belong
to the Wichita formation, of Permian age.
These beds extend to a depth of 1,000 feet or
so, and the deep oil and gas probably occur'in
‘the Cisco formation, of upper Pennsylvanian
age.

‘As shown in figure 15, the field is on the
crest of an irregular anticline, the long axis of
which within the field trends about north-
northwest. According to Shaw,* there is
probably, however, a branch anticline or nose
extending to the northeast, and a similar nose
extending to the northwest. The best produc-
tion has in general been obtained from the
~ highest part of the main anticline, although
there are many local irregularities caused by
variations in the porosity of the sand.

Commercial supplies of gas are apparently
confined to a group of beds which in the center
of the field lie at depths of 1,500 to 1,750 feet.
A study of the well Jogs indicates that there
are two fairly persistent sands, or groups of
sands—one lying at a depth of about 1,550
feet and the other at about 1,700 feet. A gas
zone intermediate between these two is also
reported in most wells, and there are inl addition
a number of ‘“stray’”’ sand lenses. All the
individual sands are discontinuous and irregu-
lar, however, and can be traced only for short
distances. In most of the wells the sands at
the three main horizons are all more or less
productive, but a few wells have found gas
only in the lower group of sands. On the
other hand, some of the wells, especially the
carlier ones, stopped in the upper or middle
sands, and the lower ones have not been
tested.

The general character of the gas-bearing
beds is shown in the following partial logs:

4% Shaw, E. W., Matson, G. C., and Wegemann, C. H., Natural-gas
resources of parts of north Texas U. 8. Geol. Survey Bull 629, pp.
25-41, 1916.

HELIUM-BEARING NATURAL GAS.

Typical logs of wells in the Petrolia field, Tex.

Stine Oil & Gas Co., Stine well 1.

Lockridge well 1.
Feet. Feet.
Water sand ... 1,322-1,348 | Shale......... 1, 165-1, 200
Blueshale ... 1,348-1,365 | Black shale.... 1,200-1, 285
Red rock...... 1,365-1,372 | Dry sand...... 1, 285-1, 200
Blueshale..... 1,372-1,470 | Shale......... 1, 300-1, 305
White slate.... 1,470-1,551 | Sand........... 1,305-1,315
Sand (dry, but | Blueshale..... 1,315~1,463
probably Gassand....... 1,463-1,473
represents Red rock...... 1,473-1,485
upper 2as Gassand....... 1, 485-1, 490
sand in Slate and shells 1, 490-1, 529
other wells). 1,551-1,555 | Gassand....... 1,529-1, 539
Shale........ -~ 1,555-1, 682 | Slate........... 1,539-1,567
Sandy shale.. 1,682-1,694 | Gassand....... 1,567-1, 577
Gassand....... 1,694-1,708 | Slate........... 1,577-1, 606
Blueshale..... 1,708-1,719 | Gassand....... 1,606-1, 624
Gas sand (16 Slate........... 1,624-1, 648
million cu- Gassand....... 1,648-1, 660
bic feet).... 1,719-1,731
Blue shale.... 1,731-1,739
Broken sand.. 1,739-1, 744
Blue shale.... 1,744-1,750
Sand shale. ... 1,750-1, 752
Red shale...... 1,752-1, 755
Blue shale..... 1,755-1, 757
Broken sand.. 1,757-1,763
Blue shale..... 1,763-1, 783

QUALITY OF THE GAS.

Since the Government began operations in
the Petrolia field the helium content of the gas
has been repeatedly determined and appears to
average about 0.93 per cent. The proportion
of helium is not constant from week to week,
however, but varies by as much as 0.1 per cent.
This is shown by the following tests made by
different chemists over a period of six months:

Tests of the helium content of Petrolia gas.

Date (1917). Chernist. Olf’ggﬁ“u’;i
June13.............. H.P.Cady............. 0. 88
Oct.8...ooiiaiiiii]oann. do..o.oiiiiiiiis .86
Oct. 80.............. Moore & Yancey. . . 966

[ HP. Cady..........._. .89
Nov.6.ooeoeeaaaatn J.C. Satterly ........... .95
Nov.15.eeeieaeoeea|oeadoan i .93
Nov.19.....o.an. H. P Cadv ............. . 945
Nov.23.....ooeaet. J C Satterly........... .92
Nov.19...coiovnnnn Cady ............. . 954
Dec. 11.. ..o foevidoneni i, . 985

These tests show an apparent increase in
helium content from month to month, but
whether this is a regular increase that is likely
to continue or simply a fortuitous variation
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due to analytical error or to .unexplained
natural causes is not clear. .

The tests of 10 samples of gas from indi-
vidual wells given on page 86 show a range in
helium content between 0.65 and 1.18 per cent,
and the gas in the uppermost group of sands
seems to be somewhat richer than that in the
‘others. There is, however, no marked and
constant difference in helium content between
gases from different parts of the producing
zone, and there appears to be no possibility of
segregating the richest gas.

The general quality of the Petrolia gas is

“shown by the following analyses:

Analyses of gas from the Petrolia field.

1 2 3 1
Carbon dioxide (COp)....| 0.2 0.2 0.0 0.0
Oxygen (Og)...ccvnennnn. .0 .0 .0 .0
Methane éd qy o - 48.4| 52.7| 5L1| 5L5
Ethane (CoHy). -.onnv-.. -12.8| 9.3 10.0| 10.2
Nitrogen @ (Ng). .o .. 33.6| 37.8| 38.9| 383
100.0 | 100.0 | 100.0 | 100.0
Heating value (British .
thermal units per cubic
foot at 0° C. and 760
millimeters pressure)...| 755 734 730 738
Specific gravity.......... 0.78 ] 0.76 | 0.76 0.76

a Includes helium.

1,2. Cited from U. S. Geol. Survey Bull. 629, p. 41,1916, 1. Gas {rom
Matlock well 1, which supplies Petrolia; analysis by G. A. Burrell,
Bureau of Mines. 2. Gas [rom Beatty well 1; analysis furnished by
Lone Star Gas Co. .

3,4. Pipe-line samples of Petrolia gas, collected in September and
chobor, 1914, at Fort Worth, Tex., and analyzod by the Bureau of
Minos. Cited from Bureau of Mines Tech. Paper 109, p. 7, 1915.

PRODUCTION OF THE FIELD.

The first gas well in the Petrolia field was
drilled in October, 1907, and was reported to
have had a 4-minute pressure of 470 pounds
to the square inch and a capacity of 8 to 10
million cubic feet a day. Most of the other
early wells, however, had initial pressures of
600 to 740 pounds and open flows of 10 to 40
million cubic feet. Most of the recent wells
have come in with pressures of 200 to 300
pounds and flows of 2 to 15 million cubic feet.
The average pressure of all wells in the field on
June 1, 1918, was 82 pounds, and the average
open flow on January 1, 1918, was 1,686,000
cubic feet.

About 65 successful gas wells have been
drilled in the field, and 53 of them are now
producing. Nine of the thirteen wells drilled
in 1909 are still producing, though during 1917

8T

about a dozen wells were exhausted and aban-
doned. Nearly all the producing wells were
drilled by oil companies in the search for oil,
and in many wells much gas was wasted before
the well was taken over by the gas company.
The following table gives statistics of the
decline of rock pressure and open flow and also
the quantity of gas marketed by the Lone Star
Gas Co. The figures showing production for
1916 and especially for 1917 are low, for during
these years much gas was lost through pipe-line
leaks. The total gas marketed by the Lone
Star Co. to date is about 60 billion cubic feet,
and it is probable that nearly 10 billion cubic
feet has been marketed by other companies. It
seems safe to assume that 20 billion cubic feet
has been used for fuelin the field, wasted in drill-
ing or repairing wells, and lost through pipe-
line leaks, making a total of approximately 90
billion cubic feet removed from the sands.

Rock pressu;e, open-flow capacity, and partial production of
Petrolia field, 1910-1918.

Average Open flow on Jan. 1.
rock Gas marketed
Year ?; o :l;e Num. Qombiiined Average bé Lene ?{?r
ow | pe N
peg%ml]mie “?;11.25 ¥ ‘{a%ubi‘c ( ;1‘1‘3310 - cubic feet).

inch). | tested. feet). feet).
)¢ [ SR U PR P B 1, 583, 080
1911 . oL 5,175,196
1912........ 659 | .ot 7,186, 322
1913........ 621 | 10, 089, 135
1914........ 152 B R PR P PR, 9, 683,293
1915........ 318 41 | 365,090 | 8,904 8,999, 837
1916........ 239 43 | 272,345 | 6,484 8, 945, 522
1917........ 174 46 | 190,503 | 4,141 | 6,101,167
1918........ 87 45| 75,855 | 1,686 |...........

DURATION OF THE SUPPLY.

Figure 16 shows graphically the decline of
average rock pressure and the number of wells
producing by months from 1912 to 1918. The
decline of average open-flow capacity from
January 1, 1915, to January 1, 1918, is also
shown. The curve sketched in the diagram
indicates that the pressure will reach zero in
1921. However, as the form of the curve for
past years has been determined partly by the
production of the field, which reached 45 mil-
lion cubic feet on certain days during the winter
of 1917-18, it is evident that if the production
of the field were reduced to 12 or.15 million feet
a day the curve would flatten and the field’s
life would be extended by a number of months.
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Any new wells drilled in largely exhausted
territory will tend to steepen the curve, unless
production is held back, but wells drilled in
relatively undepleted areas will, if successful,
raise and flatten the curve. It will doubtless
also be possible to reduce the line pressure
below atmospheric pressure and thus extend
the field’s life beyond the point indicated.

In 1916 Shaw  estimated the original
volume of gas in the Petrolia field to be 120
billion cubic feet, using the following factors:
Area of the field, 15 square miles; average
thickness of sand, 30 feet; porosity of sand, 20
per cent; and original rock pressure, 725 pounds
to the squareinch.  In 1918 the writer made an
independent estimate on the basis of somewhat

(L-11] 1912 1213 1914 1915

© 1916

G NATURAL GAS,

lower than would be expected from the esti-
mate of the total gas marketed and wasted (90
billion cubic feet). The discrepancy may be
due to the fact that the field contains several
areas which are probably productive but which
have never been drilled and in which, therefore,
the pressure is considerably above 82 pounds
to the square inch. If these areas prove to be
productive, the true average pressure for the
field in July, 1918, was probably over 100
pounds, and the quantity of gas remaining
was probably nearer 25 billion cubic feet.

On the other hand, it must be recognized
that the foregoing method of estimating the
volume of gas remaining is likely to give re-
sults somewhat too high, for it is based on.the
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FIGURE 16.—Curve showing average closed pressure and average open flow of gas wells of Lone Star Gas Co. in the Petrolia field, Tex.

different factors but arrived at the same figure.
If we assume for the moment that the decline
in rock pressure is an.exact index of the de-
crease in volume of gas in the sand, and accept
-120 billion cubic feet as the original volume, it
is obviously possible to calculate the amount
remaining in the sands at any given date. For
example, in July, 1918, when the average rock
pressure was 82 pounds to the square inch, it
would appear that about 13% billion cubic feet
of gas remained in the sands, or a supply of 15
million cubic feet a day for 24 years. This is
somewhat lower than the estimate based on the
curve showing decline in pressure and is also

46 Op. cit., pp. 36-40.

assumption that the decline in rock pressure
is due wholly to the removal of gas and is not
affected by other conditions. If the pressure
is being partly maintained by water in the
sands, which migrates up the dip as the gas is
removed, it is evident that the calculated
volume of gas may be considerably greater
than the true volume. In the Petrolia field
there are some indications that water may be
following the gas up the dip and thus main-
‘taining the pressure to some extent, though
water troubles have not been serious. Most
of the old wells show some water, but it is
probably top water thatis leakmg down behind
the casing rather than Water in the gas sands.
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POSSIBILITY OF EXTENSIONS OF THE FIELD.

Although the two foregoing estimates agree
in placmg the life of the field at two and one-
half to three years from the middle of 1918,
experience in other areas indicates that several
factors tend to prolong the life of a field some-
what beyond the period estimated. Few if
any fields are known that were capable of sup-
plying as much as 45 million cubic feet a day
against positive line pressure in the third year
before their complete exhaustion. The chief
factors tending to prolong the life of a field are
the probability of discovering small extensions
of the field and the tendency in the later part
of the life of a field toward more efficient con-
servation and toward the utilization of small
flows.

The Petrolia field is now pretty well bounded
by dry holes, and there is no reason to expect
any important extension of the producing area,
but there are several small undrilled districts
which appear promising. The largest of these
is the supposed branch anticline on the north-
eastern slope of the main fold, which includes
at least a square mile of undrilled territory.
(See fig. 15.) Another possible area is at the
south edge of the field, in blocks 61, 71, and 72.
There are several wells in this area listed as
dry holes, but at least one of them is reported
to have had a daily capacity of about 7 mil-
lion cubic feet. In the western part of the
field there is also a strip of territory about half
a mile wide and 14 miles long, which has not
been properly tested. Finally, there is a possi-
bility of finding a small pool of gas about 2
miles west of the main field. An old well
about a mile west of the field has been pro-
ducing enough gas to furnish fuel for drilling
wells for years. About a mile still farther
west is a group of oil wells about 1,000 feet
deep and one gas well which found a sand
yielding 6 million cubic feet a day at a depth
of 1,671 feet, or about the horizon of the gas
sands in the main field. The gas from this well
was sampled and found to contain 1.18 per
cent of helium.

The chance of increasing the supply by find-
ing deeper sands, however, is not particularly
promising, as a number of deep wells on the
outskirts of the field have encountered a great
thickness of hard, water-bearing limestone at a
depth of about 2,000 feet.
ever, about eighteen gas wells within the field

There are, how- |
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which do not penetrate the entire gas-bearing
zone, and these wells could doubtless be im-
proved by deepening.

Aside from the probability of extending the
field, the effects of rigid conservation should be
considered. The Petrolia gas is too high in
nitrogen to he entirely satisfactory as a fuel,
but it is rich in the higher hydrocarbons, which
are condensed as gasoline, and it also has a
special value as a source of helium. For these
reasons it should be possible with the powerful
compressor plant already installed to handle
profitably wells with flows as low as half a mil-
lion cubic feet a day; and whether many large
wells can yet be brought in around the edges of
the field or not, it is fairly certain that a num-
ber of such small wells can be developed.
Moreover, the value of the gas justifies every
precaution to reduce the waste of gas during
drilling, as well as to keep the wells operat-
ing at the highest standard of efficiency.

OTHER FIELDS IN NORTHERN TEXAS.

In 1916, when a careful survey of the gas re-
sources of northern Texas was made by Shaw
and Matson,” the only large fields were the
Petrolia and Mexia-Groesbeck fields. Since
that time, however, the great oil and gas pools
in the Ranger region have been discovered, and
an enormous potential production of gas has
already been developed. All sources of supply
in the Ranger region and elsewhere in northern
Texas were sampled in-the summer of 1918, but
none of the gases were found to be rich in
helium. None of these gases, however, occur
at the horizon of the Petrolia gas, and as the
limits of the producing areas are still unde-
fined and prospecting is still active it is possible
that supplies of hehum-rlch gas will yet be
discovered.

The Electra and Burkburnett fields, a short
distance west of Petrolia, produce only oil,
which is derived from about the same horizon
as the gas at Petrolia. Still farther west, in
the central part of Wilbarger County, four
wells drilled some years ago found small
supplies of gas probably at a horizon somewhat
above that of the productive sands at Petrolia.
These wells are now exhausted, and no sa,mples
of the gas could be obtained.

On the Matthews ranch, in the southern part
of Throckmorton County, five wells have been

4 Shaw, E. W., Matson, G. C., and Wegemann, C. H., op. clt.
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drilled, two of which found small volumes of
gas at a depth of 1,050 feet. One of the wells
was abandoned after two years of very moder-
ate use, and the other had in July, 1918, an
open flow of less than half a million cubic feet
a day. Two samples of the gas tested for
helium showed 0.22 and 0.73 per cent. The
district was not visited by the writer, but in
the opinion of the operator who dnlled the
wells there is little prospect of developing a
commercial supply of the gas.

The Moran field, in the southeast corner of
Shackelford County, contains about a dozen
gas wells and a somewhat larger number of
oil wells. One of the gas wells is 2,930 feet
and another about 2,700 feet deep, but the
others are approximately 2,000 feet deep.
The open flow of the wells ranges between
3 million and 15 million cubic feet a day, and
in July, 1918, the daily capacity of the field
was perhaps 15 or 20 million cubic feet.  Five
samples of Moran gas were tested and found to
contain from 0.27 to 0.41 per cent of helium.
A pipe-line sample collected in January, 1918,
contained 0.38 per cent, but a pipe-line sample
collected in July showed only 0.27 per cent.

In the Ranger, Caddo, and Breckenridge
fields, in Stephens and Eastland counties, oil
and gas are produced chiefly from the Smith-
wick shale and Marble Falls limestone at depths
of 3,000 to 3,500 feet, and this gas contains
less than 0.1 per cent of helium. One well in
the Breckenridge field, however, found gas in
the Strawn formation at a depth of 2,230 feet
and a sample of this gas carried 0.44 per cent
of helium. :

In the La Casa field, in Stephens County,
" and in the Strawn and Mineral Wells fields, in
Palo Pinto County, large volumes of gas are
produced from the Strawn formation. Two
samples of gas from these fields showed only
a trace of helium, and six others carried be-
tween 0.17 and 0.32 per cent, but the richer

samples represent only & very small part of the |

supply. (See p. 106.)

Gas has been found in several wells near
Bangs, in the western part of Brown County,
and two samples of this gas contained 0.35
and 0.38 per cent of helium. A sample of gas
from a well south of Coleman, in Coleman
County, contained 0.22 per cent of helium,
but the gas of the Trickham field, about 20
miles to the southwest, contains none.

HELIUM-BEARING NATURAL GAS,

APPALACHIAN REGION.
VINTON COUNTY FIELD, OHIO.

' Thefield in Vinton County, Ohio, as at present
developed centers in Richland Townshlp (T.9
N., R. 18 W.), but development is extending
into the neighboring townships and the limits
of the field are not yet defined. The field lies
about 60 miles south of Columbus and about
3 miles west of the town of McArthur on the
Hocking Valley Railroad. ‘

The main producing sand in the Vinton
County field is in the Clinton sand, which is
encountered at depths ranging between 1,700
and 2,400 feet. (See p. 102.) The accumula-
tion of gas is not controlled by folding of the
rocks but chiefly by the fact that the eastward-
dipping Clinton sand feathers out and merges
into shale in the western part of the county,
the gas having apparently migrated up the dip
and collected in the thinning edge of the sand.
Similar conditions prevail along the strike of
the vocks as far to the north as Cleveland,*
and the sand is thus productive in many areas
in a broad belt extending north and south in
central Ohio. (See fig. 5.) The sand is some-
what variable in porosity and, of course, does
not everywhere yield gas, but the Clinton
fields, broadly considered, form an almost
continuous belt of productive territory. The
Vinton County pool lies at the southern extrem-
ity of the belt and is separated from the main
fields by an area that has not yet proved pro- .
ductive, though a small pool has been dis-
covered in the southern part of Hocking
County, about 8 miles north of the main Vin-
ton field. The gas in the Hocking County
pool contains less helium than that in the Vin-
ton field, and most of the Clinton gas north of.
Logan contains little nitrogen, and is presum-
ably very poor in helium. It would therefore
appear that the area in which the Clinton gas
may be regarded as a source of helium does not
extend far north of Hocking County; its
southern limit, however, remains to be deter-
mined.

Drilling in \ the Vinton County area became
active in 1915. In September, 1918, there
were about 180 producing wells in the county,
having an estimated potential production of
65 million cubic feet a day. As considerable
areas that may be regarded as practically

4 Rogers, G. 8., The Cleveland gas field, Cuyahoga County, Ohio: °
U. 8. Geol. Survey Bull, 661, pp. 1-68, 1918,
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proved remain to be drilled, it is believed that
the production could be increased to 100 mil-
lion cubic feet a day and could be maintained
at this figure for several years. The rock
pressure of the wells in September, 1918, aver-
aged about 700 pounds to the square 1nch

Eighteen samples of Clinton gas from the
Vinton County field showed an average helium
content of 0.37 per cent, the extremes being
0.48 and 0.20 per cent. (See p.102.) Two
samples of gas from a sand near the horizon of
the Berea, about 1,800 feet stratigraphically
above the Clinton, contained 0.39 and 0.40
per cent, but the volume of this gas available
is insignificant in comparison with that of the
Clinton gas. Two samples of Clinton gas from
the small pool in Hocking County contained
0.30 and 0.32 per cent of helium.

On the assumption that the Vinton County
. field is capable of producing 75 million cubic
feet daily of gas carrying 0.37 per cent of he-
lium, it is evident that the daily production of
helium would be 277,500 cubic feet, which is
more than twice as much as the Petrolia field
is capable of producing. The utilization of
the Vinton County gas as a commercial source
of helium, however, depends entirely on con-
ditions limiting the process of extraction. The
results so far obtained in the experimental
plants at Fort Worth indicate that the expense
of treating a gas carrying only 0.37 per cent of
helium, by either the Linde or the Claude
process, would be prohibitive, but the Jeffries-
Norton process offers promise of reducing the
cost to a point at which such a gas could be
profitably treated. If this can be done the
large volume of gas available in Vinton County
and its high pressure render the field very
attractive as a source of helium.

ROCKY MOUNTAIN AND PACIFIC COAST
REGIONS.

Gas containing about 0.3 per cent of helium
has been found at three localities in the Rocky
Mountain and Pacific coast regions, but the
volumes available do not appear to be large.
In view of the low helium content of the gas,
the uncertainty as to the volume of the supply,
and the location of the fields at considerable
distances from manufacturing centers, these
arecas can not at present be regarded as com-
mercial sources of helium. The main fea-
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tures of these fields have been described on’
pages 32-33. ‘

AVAILABLE SUPPLY OF HELIUM IN THE UNITED
STATES.

Gas fields are usually short lived in compari-
son with oil fields, but local conditions cause so
much variation in the way in which gas wells are
handled that it is impossible to formulate any
rule as to the length of the productive period.

The maximum possible production of a gas
well is its open flow—that is, the volume of gas
that it is capable of delivering against atmos-
pheric pressure—but if the well is allowed thus
to flow open its yield diminishes very rapidly.
In every field it is customary to maintain a
definite pressure in the pipe line to which the

| well is attached and thus prevent the well from -
 producing more than a part of its capacity. In

some fields, however, the demand is such as to-
warrant taking 50 or 60 per cent of the open-
flow, whereas in others the production is held
down to 20 or 25 per cent. By holding back:
the production the life of the field is of course
lengthened and water troubles are more likely
to be avoided, thus possibly increasing the
total volume of gas ultimately recovered.

Because of this variation in operating con--
ditions, no estimate of the available supply of
helium that could be given here would have
any permanent value; and furthermore, until
processes of extraction are perfected it will be’
uncertain how lean a gas can be profitably
treated. In September, 1918, the writer esti-
mated that the Petrolia, Eldorado, Augusta,
Dexter-Otto, and Sedan districts, all of which
yield gas averaging more than 0.85 per cent of
helium, were capable of producing a total of
363,800 cubic feet of helium daily for the next
two and one-half to three years, provided some
additional drilling were done and that the pro-
duction were held down to 20 or 25 per cent of
the open flow. Conditions have changed since
the estimate was made, however, for during the .
winter of 1918-19 some of these fields produced
considerably more than 20 to 25 per cent of
their open-flow capacity, and the amount of
gas remaining in the sands has been corre-
spondingly decreased.

If gas containing as little as 0.5- per cent of
helium can be profitably treated, the Pearson
field and the neighboring territory will probably
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furnish a large supply, and it also appears
probable that the western Osage country will
yield gas carrying at least as much helium as
‘that of the Pearson field. If gas containing as
little as 0.37 per cent of helium can be treated,
the Vinton County field is capable of furnishing
at least a quarter of a million cubic feet of he-
‘lium daily for several years. Taking into ac-
count every field producing at least 3 million
cubic feet a day of raw gas containing at least
0.35 per cent of helium, the writer estimated in
September, 1918, that a weekly production of
about, 6 million cubic feet of helium (not count-
ing losses in extraction) could be maintained
for two and one-half to three years.

As the extraction of helium in large quanti-

ties involves the installation of powerful com-

- pressors and other expensive machinery, it is | .

_ obviously desirable to start operations in a
field which is still young and in which the rock
pressure is still high. Furthermore, it is desir-
able that the operations shall be aimed pri-
marily at recovering the helium content of the
gas and that the production be maintained,
summer and winter, at a constant figure equal
to the capacity of the extraction plant, thus pro-
longing the life of the field and extending the
period. of usefulness of the plant. Most of the
helium-bearing fields of Kansas are now old
‘and their product is in great demand as fuel,
but the Pearson field, in Oklahoma, and the
Vinton County field, in Ohio, are still compara-
tively young, and much of their product could
be used as a source of helium without disturbing
the local market. If new fields of helium-rich
gas are discovered in the western Osage country

or in northern Texas the operating conditions

will of course be even more favorable.

POSSIBLE SOURCES OF HELIUM IN OTHER -
COUNTRIES.

As the conditions governing the occurrence
of helium are very 1mperfectly known, it is
smpossible to forecast the importance of the
supplies that may be developed in other coun-
tries. It may be of interest, however, to re-
view the occurrences of helium abroad, as
described in the literature, and to consider also
the application to foreign fields of the principles
that seem to govern the occurrence of helium in
the United States.

So far as can be judged from the literature,
no commercial supplies of helium-bearing nat-

HELIUM-BEARING NATURAL GAS.

ural gas have yet been discovered outside of
North America. According to the writer’s
information, the richest gas in Canada is that of
the Bow Island field, Alberta, which contains
0.30 per cent of helium and of which at the
present time an open flow of about 15 million
cubic feet is available. It is reported that
attempts to extract the helium from the Bow
Island gas have not been successful, though
with an improvement in the extraction pro-
cesses this gas may yet become a commercial
source. Furthermore, considerable quantities
of oil and gas are produced in other parts of
Canada, where the conditions of occurrence are
similar to those in the United States, and it is
not unlikely that gas richer in helium than that
of the Bow Island field will be discovered.

As described on pages 33-34 all but one of
the FEuropean natural gases that have been
tested contain negligible proportions of helium. .
The only gas rich enough to be considered a
possible commercial source is the gas obtained
from the deep test hole at Pechelbronn, Alsace,
which contains 0.38 per cent of helium, but
apparently only a very small volume of this
gas is available. A :

It would of course be unwise to infer, from
the results of half a dozen tests, that no helium-
bearing natural gas occurs outside of North
America, though several lines of reasoning
lead to the conclusion that such gas is less
likely to be found in the other continents.
In the first place, the United States, which has
contributed 60 per cent of the world’s total
output of oil, has furnished a very much
larger proportion of the world’s output of gas.
This is doubtless due partly to the fact that
most foreign petroleum regions are inaccessible
and remote from centers of industrial activity,
so that there is little market for the gas that
may be found; but it seems safe to conclude,
nevertheless, that natural gas is far more
abundant in the United States than in any
other country yet explored for petroleum. The
only gas field in Europe comparable in size to
the great North American fields is in Transyl-
vania, and the several samples of gas from that
field that have been tested contain practically
no helium. As natural gas is more plentiful
in the United States than elsewhere, it might
be argued, simply on the theory of chances,
that the helilum-bearing variety is also more
plentiful.
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The conditions under which helium-bearing
natural gas occurs in the United States also
suggest that such gas is less likely to be found
in other countries, though it must of course
be recognized that these conditions may not
prove to be of universal application. Except
in the United States, Canada, and China, the
world’s output of oil and gas is at present
derived wholly from Cretaceous and Tertiary
strata, and in the United States the Creta-
ceous and Tertiary gases are characteristically
poor in helium. Only about a dozen samples
out of the seventy-five tested contained
measurable proportions of helium, and only
two contained as much as 0.3 per cent. The
- occurrence of 0.3 ‘per cent in two samples
indicates that there is no fundamental reason
why helium should not occur in Cretaceous and
Tertiary gases, but the large number of samples
that contain no helium whatever suggest that
such occurrences are rare. Finally, all helium-
bearing natural gases in the United States are
rich in nitrogen, whereas the many analyses of
European gases that have been published show-
in .general a low nitrogen content.”® Only
two accounts of high-nitrogen gas in Europe
have come to the writer’s attention—the deep
gas at Pechelbronn, which contains 46.55 per
cent of nitrogen and 0.38 per cent of helium
(see p. 34), and a gas discovered in 1906 at
Nowo-Usensk, in the Government of Samara,
Russia. Two analyses of this gas showed
20.70 and 40.86 per cent of nitrogen, but the
proportion of helium was undetermined.®
Charitschkoff,® however, stated in 1907 that
many of the Russian gases are rich in nitro-
gen and should be tested for helium, but that
up to that time no search for helium had been
made.

It is not to be inferred from the foregoing
remarks that helium has not been found in

4 Engler has compiled a great many analyses of gas from various
European countries. A number of these analyses show a high nitrogen
content but also a high proportion of oxygen, indicating that the sample
was contaminated by air. Engler, C., Das Erdél, Band 1, pp. 738-744,
Loipzig, 1913. o

% Tho analyses also show 4.22 and 10.65 per cent of hydrogen and may
therefore be regarded with some suspicion. Doss, B. Uber das Natur-
gasbohrloch auf dem Gute der Gebriider Melnikow im Kreise Nowo-
Usensk, Gouvernement Samara [abstract]: Geol. Centralblatt, vol. 13,
p. 8, 1009; Eine ncuo Lagerstiitte von Naturgas in Russland [abstract]:
Idem, p. 455; Uber das dritte Gasbohrloch auf dem Gute der Gebriider
Meolnikow im Gouverncment Samara nebst ergiinzenden Untersuchun-
gen dber das zweite Bohrloch chendaselbst: Idem, vol. 18, p. 55, 1912.

ot Charitschkoff, K., Neue Mitteilungen liber die Naphtachemie:
Petroleum Zeitschr., vol. 2, p. 712, 1907.
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quantity outside of North America, for as
described on pages 47-51, the gases of a number
of European mineral springs and fumaroles
and the fire damp of some European mines
carry helium. The gases of three mineral
springs at Santenay, France, carry more than
8 per cent of helium, or more than four times as
much as the richest natural gas in the United
States. The supply of these gases available,
however, is small, and the total volume of
helium emitted by these three springs in the
course of a year amounts to less than 1,000
cubic feet, or only a fraction as much as the
average well in the Petrolia field yields daily.
(See p. 87.) A spring at Néris, France, which
emits gas containing 0.97 per cent of helium
and produces about 1,200 cubic feet of helium
yearly, appears to be the most productive
single source of gas rich enough to be treated
on a commercial scale. The mine gases, on
the other hand, carry large volumes of helium,
but the percentage is so small that the helium
could not be profitably extracted. The coal
mine at Anzin, France, for example, emits about
154,000 cubic feet of helium yearly, but the
proportion of helium in the gas is only 0.044 per
cent. (See p. 47.) The mineral springs and
mine gases of Europe have been thoroughly
investigated by Moureu and his associates, and
it is improbable that any commercial sources
of helium will be discovered among them.

The Italian fumarole and volcanic gases seem
more likely to yield helium in commercial pro-
portions and volume, though the richest gas
recorded in the literature contains only 0.0155
per cent of helium. (See p. 51.) The helium
content of many other similar gases was in-
vestigated during the war by the Italian au-
thorities, and unsuccessful attempts were made
to extract the helium on commercial scale for
use in balloons. It has beén reported, however,
that gas containing 4 per cent of helium has
recently been discovered in the boric-acid
soffiones of Tuscany. As shown by the anal-
yses on page 51, such gas generally consists’
chiefly of carbon dioxide and hydrogen sul-
phide, and as these constituents can easily be
removed by chemical methods the extraction
of only 1 per cent of helium from such a gas
would ‘not be difficult.






SAMPLES OF NATURAL GAS TESTED FOR
HELIUM.

- The following list is designed as a complete
catalogue of all samples of natural gas whose
helium content had been determined prior to
December 10, 1918. Samples collected in the
field but lost through leaky containers or other-
wise before tests were made are not included.
The samples are grouped by States, counties,
and fields, each in alphabetic order.

Most of the samples were collected by the
writer and by members of the Geological Sur-
vey assisting him during the summer of 1918.
Most of the samples from Wyoming, however,
were collected during September, 1918, by C. A.
Fisher, a former member of the Survey, and
most of those from the Northwestern States
and from California were collected by A. W.
Ambrose and E. W. Wagy, of the Bureau of
Mines, during August and September. Fairly
complete data as to the name, location, depth,
pressure, flow, and producing horizon of all
wells sampled by Survey members and by
Fisher,” Ambrose, and Wagy are given in the
tables. In order to make the catalogue as
complete as possible the tests of a number of
samples collected by C. F. Ward, of the Bureau
of Mines, early in 1918, and by Cady and Mc-
Farland in 1906-7, are also included, despite the
fact that all particulars regarding the source
of many of these samples are not available.

The name of the collector of each sample is
indicated by the letter prefixed to the sample
number, as follows:

C 1-54, Cady and McFarland, 1906-7 (mostly
Kansas).

W, C. F. Ward, 1917-18 (Oklahoma, Texas,
Louisiana, Cahfomw,, etc.).

1-100, G. S. Rogers, June-September, 1918
(Kansas, Oklahoma, Texas).

Ry 1-101, P. V. Roundy, Augusb—October,
1918 (Kansas)

D 1-13, C. E. Dobbin, August—September,
1918 (Oklahoma).

F 1-14, C. A. Fisher, September, 1918
(Wyoming).

A 1-70, A."W. Ambrose, August—-September,
1918 (Northwestern States and California).

Ri 1-23, G. B. Richardson, August-Sep-
tember, 1918 (Ohio).

Samples C 1-54 were analyzed by Cady and
McFarland at the University of Kansas; many
of those marked W were tested by H. P. Cady
or his assistants; and the remainder were
tested by C. W. Seibel, of the Bureau of Mines,
at the laboratory of the Fort Worth gas ex-
periment plant.

In the tables the figures given for rock pres-
sure and open flow are those recorded on the
date the sample was collected unless other-
wise specified.
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Data on samples of natural gas
California. .
Well.
Sample No. County. Field.
Name.
ASB5........ Fresno.......oeuenn.. Coalinga: ...............i..... Shell Oil Co. well 24........................
A54. ... ... s (o TN R doen i Shell Oil Co. well 14.. . ..o il
AB3. .. doe oo e 1< 1 Shell Oil Co. well 84.... ... ... .. .........
AB2. ... s (s Y PO o o T Shell Oil Co. well 26......... ... ...
ABL ... ... s [ T PO, doce e Shell Oil Co. well 29........................
A-50 ’ Associated Oil Co. well
A 40 Pipe-line sample........
Ad4l.. Belridge Oil Co. well 6
A 24 Associated Qil Co. well 1....................
A 42 Pipe-linesample..... ... ...
Ad43. ..., doee e doo e General Petroleum Co. well 106..............
Add ... .. doen e do. i General Petroleum Co. well 118..............
A8l ..., s (o T MecKittrick........o..o...... Pipe-line sample.................. ...
W e s [ Midway. . ...oooieiiiii .. Midway Gas Co. well 2. . . :.................
W] Ao Ao Midway Gas Co. well 27. . . .................
A25 ..., do.oo s do ool Pipe-line sample.....c.voeniineueniaa...
A26... ... ..)..... dole e 0 o T Standard Oil Co. well 5............... e
A27. ... 5 (s T 0 s T Standard Oil Co. well Lo.coeeeenan i ...,
A28 ... e 1o T S 6 o Honolulu Oil Co. well 5.....................
CA29. L. 6 1 Y doen e Honolulu Oil Co. well 1.....................
A 30 Pipe-linesample_......c..oviiiiian...
A 32 Doheny-Pacific Oil Co. well. .. .............
A 33 General Petroleum Co. well 19........ ... ...
A 34 Eagle Creek Oil Co. well 13....... ... ......
A 35 Plpe—hne sample. . ... oo
A 36 Pipe-line sample, M. J. M. & M. lease........
A 37 International Oil Co. well 4. ... ... ........
A 38... ...| Interstate Oil Co. well 2. . ....... ... .......
A 39. .| Pipe-line sample, Ethel D. lease. ........... )
Al4 Brea Canyon Qil "Co. well 29.................
Als Brea Canyon Qil Co. well 25.................
A 16 Standard Oil Co. well 17.....................
A7 do Standard Oil Co. well 40.....................
A18....... ... do..ooofll do.....o.ooiiill Pipe-line sample................ e
(ORI P do...ooiiii LosAngeles .. ... .......... Oilwell......._.... e
A20... ...l doo.oiniiiiiot Montebello. . ................ Pipe-line sample. .....coovviiiiiiai L.
A2l .. . ).... [« Lo T D doe e Union Oil Co. well4. ... . ... ..
All. ..., s U T Olinda. ...ooooeio ... West Coast Qil Co. well 24. . ... .. ...._. -
Al2. . ... do. i doen i West Coast Oil Co. well 38. ............ ... ..
Al ... dooooooi]lll do. ool Pipe-line sample....ovvnnooooa i
A22. ... |..... < (s Salt Lake......cooooooo ]t s YA
A23. . |.... [ [ S IR doeee [ o TR U AU
Wi dol e doe e (o A
W ]eee 1400 T s Co TR D S (o T
A19. ... ... do......o.. Whittier-....o.ooooiinii oL 13 (o YT
WL San Joaquin.......... Stockton.s.................. Well 8. i iiiiiieeeea |
A66......... Santa Barbara........ Oasmalia ..................... Escollewell 1......... ... e
A67. Ao e e dOe e Morgantlwellf)............................—.
A 69 Cat Canyon ................... Pipe-line sample...... et
AT70. .. foodoe e O Blochman well 8
A 68 Lompoc Purisima well 15. . ..
A 62 Santa Maria Newlove well 15. . . .
A63. . oidoee e 3 o T Kaiser well 1. ... oneeie i
A64.. ... . doee 5 Lo Y Newlove well 12
A6 e iidO e o (o Western Union well 12... ... ........... N
A 56 Fillmore.......coooeaaa. .. Montebello well 77. . «ovoeeennnn.. e
AB7. . coifeeiidoa il 6 1o Montebellowell 23. . ... ... .ol .
AB8......|....doo.lali ]l do..oooii Ll Oak Ridgewell 2........ ... ...
A 59 Ventura. . ................... Gosnell well 1 .. ... ...t
A60 ..o |eeiidoea i)t 6 £ T Banard well 1. ... ..oooiiiiii i 5
;2 AP R (o Y P doeeeiiii Pipe-line sample......c..oo il
Colorado.
L De Beque. . ...t

a Average depth of wells, 3,000 feet.

b Middle oil sand.

¢ Upper oil sand.

d Combined flow of all wells on lease.
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. California.
Well—Continued. Producing sand.
Locality. Rock pres- " Oven flow ) Date sampled. Helégr:)e)('per
suro (pounds (M cubic ‘Age. Depth (feet).
] per square feet).
Seotion. [Township.| Range. inch), :
34 19 8. BE oo Tertiary. .. ... oot Oct. —, 1918. . None.
2 20 8. BE e Ao e do......:. None.
2 20 8. )30 D70 R R [« [ TR PR R, do........ None.
34 19 S. 130 O RSN PRSI P [« (s S U P do......... None.
34 19 8. 130 O DRI IR R (4 (s Y I I do.l...... None.
36 20 8. 1530 O DA IR F [ (s Y PR do........ 0.11
33 28 8. 208, |o.uil " 1407 | oodosTITTL (ay == o .doe. ... .. None.
35 27 8. 20 E. 70 300 |..... do.. b4,200 |..... do........ None.
26 30 S. 23 B, 450 |. .. ..ol doe o do...... .. Trace.
4 1] . None.
None.
None.
None.
Trace.
Trace.
None.
None.
None.
None.
None.
None.
None.
None.
None.
None.
None.
None.
None.
- None.
None.
None.
None.
None.
None.
None.
None.
d None.
..do. None.
..do. None.
. None.
Salt Lake compressor . None.
Arcturus compressor. ....... N ) None.
Rancho La Brea. ...... EUR PN P P & o 1918.......... Trace.
Edisonlease. ............. I N P A (4 0o PO PO B () ¥ S Trace.
Standard lease.............0........... 200 f..... 14 0 T Oct. —, 1918.. None.
...................................................... Ao e L) 1918 Trace.
...................................................... do.ceenen.... 3,000 | Oct. —, 1918. . None.
....................................... 336 [.....do........... €632 |.....do........ None.
....................................... Small. |.....do ..o e )oadoa LDl None.
....................................... Small. |.....do........... 3,100 {.....do........ None.
....................................... Small. |.....do........... 2,750 |.....do........ None.
....................................... 540 j.....do........... 2,500 |.....do........ 0.13
....................................... 108 |.....do........... 2,500 |.....do........| . None.
...................................................... do........... 3,100 |.....do........| None.
....................................... Small. |.....do........... 1,600 |.....do........ None.
............................ 3 1,500 [.....do........... 72,800 |.....do-....... 0.06
....................................... 1,500 |(.....do.......:.... €600 |.....do........ .31
............................ 25 1,000 |.....do........... 3,000 }.....do........ None.
....................................... 200 |.....do........... 3,200 |.....do........ None.
............................. 20 200 |.....do........... 2,200 |.....do........ None.
......... [ 20 A PR« 1o J h550 |.....do........ None.
Colorado. '
Gasfrom oil ghale. ...ocveis [oeninmenoiiee e e None.

¢‘“Dry” gas sand.
10135°—21—7

/ Lower oilsand.

. ¢ Line pressure. -

» Average depth of wells.
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Indiana.

Data on samples of natural gas

Sample No.

County.

Field.

Well.

Name.

Marion......oeeeeiennaa.

...| Butler

Anderson

..... 6 U AP DR« (¢ JOR
..... dooeeei e dO
..... do...............|Augusta. . ... oLl
..... [« 1o A Y s (o JOP
..... do.eeee e dO
..... doeeeiiiieaaido oo
..... [« (6 PR PR o (s JOP
..... [ Uo YA IR s (o JA D
..... [ [ YA AR ¢ [ TP
..... [« 1SS P « (o S
..... [« {o JSRRR R DU « (o PO
...... do.....o.... ceeedO
...... & 1o D ceeedOn L
..... [ (< JAPA R U ¢ [ T
..... doeeeeeei e dOe Ll
..... [ o JA A ) PR (o
..... ¢ [+ JAPURRRR RN RPN ¢ (o JA R
..... o 1o TSN PR s (o T
..... do...oooooiifeiidon
..... doe e dO L
..... o Lo YRR RSN o (o JOPPR
..... e T JA A PR s (o JO
..... ¢ Lo JN ) PR s (o
..... o (o S PR Lo JA
..... s o AP AR o (o JA
..... s U JA N PR o (o JA Y

a Line pressure.

b Average depth of wells.

¢ May, 1018.

Pipe-linesample....... .. ... o ool
Paulson well 47
Chesney well 3
Chesney (5 wells)
Wilson well 92
Stokes well 50..... .. ...,
Listerwell 24... ... . ... .. .. .. .. ... .....
Robinson well 37
McClurewell 4. ... . ... ... ... ...
Stokeswell 46.. .. ... ... ... .. ... ...
Stokes well 53.. ... . .. ...
Pierpont well 36
Pierpont well 35
Chesney well 30...... .. ... .. ..l ...
Wilson well 98
Robinson well 39
Robinson well 27
Howe well 25
Dickman well 10
Marsh well 25
Maxsh well 28
Manning well 4. . . ... ... .. il...
Enyart well 11
Anderson well 5........ e
Anderson well 9

Empire well 3... .. e
Nichelger well 1......_..
Gussman well 1
Kooglerwell 1...... ... ... .. oot
Empirewell 8... . ... ... oiollL.
John Boyer well 11.... ... ... ... ... . ...
Pine-linesample.... ... ... .. ...
Moylewell 7.... .. ... .. . il
Love well 1
Wallace well 1
Pipe-line sample 21 wells....................
E.Varnerwell 2... ... ... .. .. .. .. ...
E.Vamerwell 15..... ... .. .. ... ... ...

16 Lo Y

Haskins well 6

Haskins well 1 .

Lovewell 19 .. ... .. iiiiiiii...

Skaer well 1.

Starkey well 5...... ... o il

Moylewell 2. ... . .. .. .. ...

Millerwell 3. .. ... . ...

Collinswell 1. ... ... ...,

Scully well 1... .. .. . ...

Penley well 1

Cunningham well 2....._..... ... ... ...

E.Varnerwell 1.... ... ... .. ..........

Smithwell 1...... ... . ... ... .... L

Ralston well 1.....................

Brownwell ... .. ... .. .....

d Shawnee formation.
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¢ Douglas or Lansing formation.

/ Shawnee formation.

¢ July, 1918.

Indiana.
‘Well—Continued. Producing sand.
T.ocality. Rock pres- n flow Date sampled. Helégnng)fper
sure (howngs | ¢ recgbic Age. Dopth (feet).
Soction. |Township.| Rango inch). fee ).
............................................... Ordovician (Tren-|...............| Aug. 25,1906 0.167
ton ?). .
Kansas.

................................................ Pennsylvanian... [.:.............] July 25,1906 0.14

.................................................... do......ooiifeeaeiioii | June 10, 1906 .18

..................................................... do. ool ]eieeiine ... July 13,1906 .21

........................... P/ L1 R RPN« Co D b 600 | Aug. 1,1906 .37

2 26 S 4 E. @ 100 €450 |..... do.d.... ... 895~ 920 [ 1918.......... 1.59

21 258 5 B, c 84 c700 |..... do.e......... 1,248 1 1918.......... .79

21 25 8 SE. | cAv,72 |coooiiio..n. do.e......... 1,218-1,236 | 1918.......... 1.04

8 258 5 E. ¢ 348 €3,075 |..... do.e......... 1,270-1,292 | July 15,1918 . 587
33 258 5. c43 €250 |..... do.d......... 854- 860 |..... do........ 1.008

32 25 8. 5 E. ¢ 310 €600 |..... do.e......... 1,176-1,185 |..... do........ 1.162

31 25 8 5 E. ¢ 82 €325 |..... do.d........ 900- 905 |..... do........ 1.568

14 26 S. T3 D O PR PO do.d...... ... About 900 |..... do........ 1.41

33 25 S 5 E. c38 €275 |..... do.€......... 1,093-1,110 | Aug. 19,1918 1.36

33 25 8. 5 E. ¢ 37 €200 i..... do./......... 865- 875 |..... do........ .72

33 258 5 E. €42 €225 |..... do./......... 880- 892 |..... do........ 1.42

33 258 5 B. c43 €115 [..... do.f......... 842- 850 |..... do........ 1.36

21 258 5 E. ¢ 270 €375 |..... do.e......... 1, 255-1, 261 | Aug. 20,1918 1.18

8 25 S. 5E. [oooooee... €650 |..... do,e......... 1,295-1,302 |..... do........ 1.70

31 25 8 5E. ¢ 90 €350 |..... do./......... 894~ 901 |..... do........ 1.19

31 258 5E. [ ¢ 146 c504 |....:do.e......... 1,273-1,315 |..... do........ .75

5 26 S . 5 E. ¢ 170 €375 |..... do.e......... 1,250 |..... do........ .71

36 25 S 4 E. c76 €350 |..... do.f......... 897- 909 | Aug. 27,1918 1.22

6 26 S 5 B. ¢ 104 €275 |..... do.€......... 1,270-1,280 |..... do........ .48

6| 268. 5 E. ¢ 122 €105 |..... do.e......... 1,136-1,272 |..... do........ .93

5 26 8. 5 E. ¢ 252 ¢130 |..... do.e......... 1,129-1,210 |..... do........ 1.39

12 268 4 5. €252 €275 |..... do.e......... 1,170-1,190 .. ... do........ 1.26

8 26 S. 5 k. €48 €35 |..... do.f......... 901- 912 (..... do........ 1.21

7 26 8 5B, c42 €265 |..... do.f......... 910- 918 |..... do........ 1.10

8 26 8 5 E. ¢ 50 €425 |..... do.f....o.o.. 900- 905 |..... do........ 1.13

8 26 8 5 E. ¢ 46 280 |..... do.f.oo..... 904- 914 |..... do........ 1.16

8 26 8. 5 E. c 48 €375 |..... do.f......... 892- 898 |..... do........ 1.07

17 26 8 5 L. ¢ 66 €265 |..... do.f......... 887- 899 |..... do........ 1.11

17 26 S. 5 L. ¢ 214 €200 |..... do.f.o..o.o.. 875- 887 1..:... do........ .91

17 26 S. 5 E. ¢ 50 €160 |..... do.f.....o... 885- 892 |..... do........ 1.24

17 26 S. 5 E. ¢ 56 €210 |..... do.f.... ... 840 |..... do........ 1.17

17 26 8. 5E. ¢ 238 €325 |..... do.fe.ooolo. 864-1,082 |..... do........ 1.19

8 268 B 30 O . 190 |..... do.f......... 1,110-1,185 |..... do........ 1.20
........................... (61570 T PR IR < [ T 1,440 | Aug. 4, 1906 .25
........................... To4leereeaaea|eaando il About 500 | 1918.......... 1.94
35 278 4 E. 975+ 9400 |..... < ( About 550 | July 18,1918 2.13
20 28 8. 4 L. g 350 94,500 |..... do........... 0 1,434-1,442 |..... do........ .414

11 28 8. 4 E. 9120 9205 |..... do.........%. 1,455-1,542 |..... do........ .55
(k) () 10O T PR N P do. i e do........ .518

8 28 8. 4 E. 9124 929 |..... do........... 1,190-1, 220 | Sept. 2, 1918 .16

17 28 8. 4 E. 9108 g213 |..... do....u...... 1,611 |..... do........ .31

17 28 8. 4 BE. g 250 925 |..... do........... 1,39 |..... do........ .38

17 28 8 4 B. 976 9823 |.....do........... 1,350 |..... do........ .21

17 28 S 4 E. g 163 994 |..... do........... 1,420 |..... do........ .38

29 28 8. 4 E. g 241 91,700 [..... do........... 1,419 |..... do........ .62

26 278 4 B. g 190 9251 |..... do........... 1,395 | Sept. 3,1918 .55

35 278 4B, | o] do...o..l.n.. 1,520 |..... do........ .65

35 278 B | 6 (o J e Y P do........ .48

2 28 8 4 I, g 66 9115 |..... do........... 1, 428-1,500 |..... do........ .42

2 28 8. 4 L. g 163 9115 |..... do........... 1,452 |..... do........ .57

21 278 4 . 9167 g190 |..... do......o.... 1, 850-1, 442 | Sept. 7,1918 1.03

21 278 4 E. g 162 9190 |..... do...o.ennn.. 1,320 |..... do........ 1.14

15 28 8 4 E. g 58 g48|..... (¢ 1 T 1,425-1,485 |..... do........ .42

16 28 S 4 5. g 133 9167 [..... do........o. 1,378-1,418 |..... do........ .40

20 28 S 4 L. 9195 9305 |..... do. ...l 1,367-1,427 |..... do......... .40

8 28 S. 4 E.- g 94 g167 {..... do........o.. 1,358-1,452 |..... do........ .44

16 288. 1 4E. g 206 g94|..... do..ooiiioos 1,390-1,473 |..... do........ .41

h Chiefly in secs. 2, 3, 10, and 11, T. 28 8., R. 4 E.
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Data on samples of natural gas
Kansas—Continued.

Well.

Sample No. | Courty. Field.
. Name.

Ry59....... Butler.......... .-----| Augusta.... —ain. Feeenas Feltham well 3............ s .
Ry60.......]..... doeeeenii e 6 Lo T Hazlett well 2.coeviieneeaa il

Ry 35....oi|e.... do. . ... O, O'Neil Well 17 oot in e
Ry36.......0..... s (s YR R dOmeeeeiiiie i C. M. Breese well 1......... s ..
W Chautauqua ........ -- Sedan (Rogers pool).......... Pipe line at compressor station............... .

b/ R RSN s (s J Y Sedan...:.:c.cccceeveeo.. ...l Rothwelll........_. e,

: -...| Holroyd well 5. ... il
Graywell 2. ... ... oo li]
Hopkinswell 2..... ...l
Hopkinswell 3.........oooiiiaiiiiiail. :
Hopkinswell 6.......... ..ol
Hopkinswell4........ ...l )
Longwell 2.... ... ..o . il .
VF. E. Smithwell 2.. .. ...,
Butcherwell 1. .. .. .. ... . ... ...
| Butcherwell 2. ... ... . ... ll..
Barrwell 1.... ... oL
Callwell 1......ooooooiiiiolt, feeae
Butcherwell 1.................. e
Stevens & Graham well 1.... .. ... ... ...
Abandoned well...... ... ... ... . .. ...
Fleming & Wadsworth well............ ... .[
White & Toewswell.... ... ... ... ... .
Wallwell..................o..... e :
Brantwell 2...... ... . ... ...
T.Smithwell 1...... .. .. ...,
Greggwell ... ... ...l
Pipe-line sample................o.o..o.L
Williams well 1.......... . .. e
Fergusonwell 2...... ... . .. ...l
Brandwell 1.... ... ... ... . .. . il
Pipe-linesample.............. ... ... ..llL
JLambwell. . ..o .l

C386......... Coffey.coeeeeennnnnan. Burlington................ ....| Pipe-line sample
Cl17.........0 Cowley. ...c......... Arkansas City . ... oo o e e
Cleeieaa..].. ..o.do.oo...oi | Dexter....ooo.... ..., e Discovery well.ooe o ovveeneninnnaiannnan...

d Greenwell well ......... ...l
JHalewell... . ... oL,
Bolton well..................o.oiilLl
Phillips well.......... e
Standish well 2............ ... .. el
Daywell 1. ..o e
Melickgaswell.........oooooiiiiiiiilL
Plpe(-llme sample....... . ... ...l

New Alba,ny ...............................................................
Oak Valley .................... Simmons well 2..... .. ... .. .ol
3 Gardner well 6..... ... . . ... ... ......

G.R. Lewiswell 1........... ... ...........
Pipe-linesample.................... . ...
John Edwards well....... et e
West Virginia Oil & Gas Co. well 1...._......
Foster Oil Co. well 2..... ... ... ..........
Pipe-linesample . ............. ... ..ol
Carroll well 1.... ... ... ... .
King well 1....
: : Wilson well 1..
Bonner Springs: Pipe-line sampl
- a July, 1918. ¢ Kansas Clty formation. . e asing-head gas.

b Small. - L d Approximate. - f Peru sand.

: Leavenworth .........
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Kansas—Continued.
‘Well—Continued. : : Producing sand.
Looality. Rock pres- | onen figw - Date sampled. Helégl:xtl)(.per
sure (pounds | aregpie | - Age. Depth (feet).
per square feat), .
Section. | Township.| Range. inch). . R
10 28 8. 4E. a133 a215 | Pennsylvanian...|.............. Sept. 7,1918 0.47
11 28 S. 4 E. elll a94 | .. .xdo........... 1,755 |..... do........ .46
........................... 45 1,000 |.....do........... 150 Oct.  6,1906 .66
1 20 S. 7 E. 34 ® ... do........... 340 | Aug. 31,1918 .35
34 198 7E. E 1 P do........... 580 |..... do. . 50
..................................................... do ..ot o] Apr. —1918 .89
..................................................... do......oooideooiaooia | July 18,1918 1.009
R Se t. 25, 1918 .98
July 18,1918 1.912
Sept. 22,1918 .89 -
..... do........ .99
..... do........ .86
..... do........ 1.14
..... do........ 1.16
Sept. 24,1918 1.07
..... do........ .97
..... do........ .93
..... do........ 1.05
..... do........ 1.03
Sept 25, 1918 .94
..... do........ .98
..... do........ .90
Sept. 15,1918 .41
Oct. —, 1918 .72
July 18 1918 1.94
Sept. 15 1918 1.04
............. .84
............. .80
Oct 10 1918 .89
.......... .70
Sept 16 1918 .21
............. - .43
Sept. 17 1918 .35
............. .36
...................... .37
Sept 18 1918 .57
..................................... .19
........................... A.ug 4, 1906 .49
........................... 1906.......... .16
18 338 7BE.] .10 | 6,000 |.....do...........] 810 |1905.......... 1.84
18 338 7E. June 12,1906 1.64
18 338 7E. 1918.......... . 955
13 338 6 L. Aug. 31 1918 1.83
13 338 6E.] 10  5|....do...c.......l 80 |.....do........ 1.68
17 358 7 E. Mar 18 1918 1.047
17 35S 7 E. Mar. 4 1918 .94
24| 348 6 E. Aug. 31,1918 1.90
13 3483 6E.{ 15|  10(.....do...........]  L,150 |..... do........ .50
........................... J uly 17,1918 .38
) 13 8. 2LE.| k200 |...............do...........] 9350 |1906.......... .27
........................... .]' uly 4,1906 .46
31 31 8. 12 L. Sept. 3 1918 .55
31 31 8. 12E. | 185 |....eeeiddeedoaoaaoaol] 14 ... do........ .54
........................... June 24,1906 .51
........................... July 25 1906 .49
27 1 13 E Sept. 3 1918 . 001
20 318 BE [, 9200 | 1,500{.....do...........i 505 |..... do........ .40
25 8 E Aug. 29,1918 . 86
........................... Oct. 25 1906 1. 50
31 268.| 10E Aug. 22,1918 1.42
16 .26 8 13 E Aug. 30 1918 .36
23 24 S 12E:| 70 | 2000 |.....do...........| 500 |..... do........ .65
........................... Aug. 2,1906 .40
........................... 191_8.......... .05
........................... 1918.......... .06
........................... 1918..........]. .05
............................ July 8,1906 ! .10
¢ Initial pressure.  Average depth of wells k Salt sand m Average rock pressure of wells.

A Line pressure. . § Combined flow of about 25 wells. ! i Production of field.
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Data on samples of natural gas
Kansas—Continued. ’

Well.

‘Sample No. County. Field.
. Name.

et Montgomery.......... Ca,ne ........................ Caney Gas & Min. Co.......ccooiuvnan ..
.............. doeeneniiiiaiat, Coﬁeyvﬂleandleerty....... Pipe-line sample.............ooooiiiiil
......... Neosho.....o..o..ooo  Several fields. ... oo idOn e
.............. do..oooiiiiiiif Chanute. ooeeeeiiiiiin e idOe

= Q0 b Ut OO0 DN

ololelolololoto o e)
= b QO QO DD b= DD W b=t ND

DO

W Bossier.....ceeeaaeon.. Bossier. ....oveieinaea e Reserve Gas Co. well........................
Weeeeneeeoo{Caddo.eenaennnnna... Cedar Grove................... Southwestern Gas Co. well..........:.......
1 1 Oilwell..... ... ... .. ...........
Smithwell 1..... ... ... ... ... ... ... ...
Smithwell 2...... ... .. ... ... ... .......
McCormick well 2..._. .. ... .. ..........
H.J. Gidry well........ ... ..

A2 .. Dawson.....coeeeeenn. Glendive. .oeoeeeeeaineaaaaann Sample from four wells.............. ... ....
Alo......... Fallon......cccon.... Baker....oooeiiiiiiiiiiiaian Sample from three wells..._..................

Abs....... PR £ ) D Havre...ooeooeeeeeaaaaiaa. Brewery well................o

W. A. Williamson well......................
Mahlon Paxton well............ ... ... ...,
F. O. Levering well............ e
Pipe(—lline sample..... . .. .................
.| Ohio Fuel Supply Co. well 1592 _............
Ohio Fuel Supply Co. well 1737 __...........
Ohio Fuel Supply Co. well 1919 . ............
Ohio Fuel Supply Co. well 2109 .............
Ohio Fuel Sup{)ly Co. well 1634 .. ...........
Plpe(ilme sample......... .. .ol
0il Fuel Supply Co. well 2364.._............
Oil Fuel Supply Co. well 2140...............
Oil Fuel Supply Co. well 2281...............
Ohio Fuel Supply Co. well 1991
.{ Ohio Fuel Supply Co. well 2224
Ohio Fuel Supply Co. well 1779. ..
Ohio Fuel Supply:Co. well 1788. ..
.| Ohio Fuel Supply Co. well 634......... RO
Ohio Fuel Supply Co. well 2727. .
Ohlo Fuel Supl}l)lv Co. well 2062
W.H.Bellwell........_....................

a Average rock pressure of wells. b Average depth of wells. ¢ Depth of wells. @ Average of wells sampled.
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Kansas—C ontinued.
‘Woll—Continued. Producing sand. . .
) . Helium (per
Locality. Rock pres- Open flow . Date sampled. cent).
sure (pounds | “\onpie Age. Depth (feet).
. ber square feet).
Section. | Township.| Range. inch).

......... 35 8. 13 E 620 |..........| Pennsylvanian. .. 1,550 | July 14,1906 0.08
..................................................... 14 1o Y O K 1 O .08

..................................................... d0-ceeienei]eeneaaeae....| Dec. 12,1906 .17
........................... a200 |[......... .. .do..aiiiill. 5850 | July 24,1906 .24
........................... ald50 |.........diocidoeaaiiiiill, 5150 | July 3,1906 .13
..................................................... do-eeeeaiii]erenaaennaao | July 25,1906 |. .26
7 27 S 6 E. oo 0 o July 28,1906 .27
........................... 300480 |...............do-..-.......]€1,085-1,250 | 1906.......... .62
................................................................................. June 27,1906 .10
................................................................................. 1906.......... .27

Louisiana,
........................... 350 Large. | Cretaceous........| 800~ 900 1918.......... .028
................................................ DR« [o TR DRt B £ 1 1 SR . 046
........................... 1 feeeeoo...| Tertiary..ooooooifeenennnnn......| Feb. —, 1907 Trace.
................................................ Cretaceous........} ... . 119180 oL . 053
...................... PR R S AN (HRUNY« [« DU PP B £ 1 £ .075
................................................ Tertiary.... ..o feeeeanenaa .| 1918 ... .. .. Trace.
..................................................... < 1o J ) R AU D £ 1 - O, Trace.
Missouri.

...................................... 0.5 | Pennsylvanian.... 300 [ 1906.......... .013
............................ 40 L6 .....doeeennennn.. Shallow. | 1906.......... . 041
Montana.

A 12 €250 | Cretaceous........ 768-800 | Aug. 13,1918 .05
........................... a65 1,500 [.....do........... 835-890 | Aug. 12,1918 . 005
........................... 475 50 f.....do...oo...... 1,200 | Aug. 16,1918 .27
North Dakota.

........................... 5 385 | Cretaceous........ 357 | Aug. 15,1918 .17
Ohio.

......... 11 N. 19 W, 7510 9230 | Silurian® ... .. ...........]) Aug. —, 1918 .32
......... 11 N, 19 W, 76751 93,120 |.....doho. i eeiiiiiiiiaiiioaadon Ll 30
........................... 1,200 |.oooooooeeccdohea oo oaaao | July 19,1906 .15
................................................................................. .491

3 9 N. T ) P Aug. 12,1918 .28

34 0 O T O s ) PP DU do........ .34
28 10 N. 18 W, 7605 | 92,400 | Silurian.h......... 2,296 (... ..do........ .36
23 10 N. 18 W, 7530 | 91,300 |..... doh......ou... 2,430 [.....do........ .39

6 11 N. 17 W, 7820 | 92,059 |..... doh.......... 2,560 |[.....do........ .38

18 9N. 18 W. 7900 | 94,250 |..... doh . __..... 2,072 |.....do....... . .39
15 9N. I8 Wl et dohe i eeee i Aug. 13,1918 .38
22 9N. B R P P [ (2N R P PO do........ .27
3 8 N. 18 W, 7135 9160 | Mississippian ¢.... 849 |.....do........ .39

34 9 N. 18 W, 7860 | 98,853 | Silurianh..... . 2,346 |.....do........ .48

1 9 N. 18 W, 7875 | 95,000 |..... doh__.... 2,653 | Sept. —, 1918 .44

10 9 N. 18 W. 7790 9213 |..... do.k 2,498 |[.....do........ .43
19 9 N. 18 W, 75501 99,510 |..... dob.......... 2,155 |.....do........ .44
16 9 N. 18 W, 7 810 9421 |..... dot. ........ 2,366 |.....do........ .20
26 9 N. 18 W, 7 840 9519 |..... doh.......... 2,478 |.....do........ .40

1 8 N. 18 W. 7240 ).......... Mississippian? .... 660 |.....do........ .40

3 8 N. 18 W. 7675 9421 | Silurian 2_..._._.. 2,438 |.....do........ .38

33 9 N. 18 W. 7825 94,300 |..... (s [ JA 2,321 |.....do........ .34
................................................................................. 1918.......... .17

¢ Combined flow of we llssampled. / Initial pressure. ¢ Initial open flow. & Clinton sand. ibroﬁably Berea sand.
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Oklahoma.
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Data on samples of natural gas

Sample No.

County.

Field.

- Well

Name.

SRR

SEISCCEISISISTSTe

- Bristow

Gregory well 1
Mattie Morris well 2
Lucinda well 1
J. C. Keyes well 1
Pipe-line sample
Shields well 1
Union Gas & Oil Co. well 2
Hennessey well 1
Ira Shutz well 2
Ira Shutz well 5
Hobaugh well 2. .. ... . . ... ...
Dilworth well 1
Kay & Kiowa Oil Co. well
J. D. Buntt well 1
Margaret Primaux well 7
E. N. Gillespie well 1
Iva B. Reas
Braden & Moore well 1
Braden & Moore well 8
Ing(;gn Territory Illuminating Oil Co. Well

American Pipe Line Co. well 18

;| American Pipe Line Co. well 7..

Pipe-line sample (5 wells)
American Pipe Line Co. well 4
American Pipe Line Co.
American Pipe Line Co.
American Pipe Line Co.
American Pipe Line Co.

Amencan Pipe Line Co. well 29
American Pipe Line Co. well 28
American Pipe Line Co. well 53
Pipe-line sample, all wells
Fortuna well 1
G. L. Miller well 1
D.-Miller well
Saunders well 17
Chevalier well
Pipe-line sample
Washita Gas & Fuel Co. well
Allen & Gilbert well 3
Allen & Gilbert well 2

),/ P do.eoeen...
W do...ooaiiia...
W ................ do..ieeoiiaa...
W eeees do.. i
82 et do...eoooill..
b2 3 T R o 1
34 ¢ U T
315 U o (o T
WL Pawnee..............
W do...ceiiiaaan. ..
W do..iiiiiao.,
W do...ceiieian...
W Payne................
W [ 1 T
14........... Pontotoc.............
W Stephens.............
W e [ o T,
Wi eene do..iieaaea.,
W eel e [+ 1< T S
Cl4......... Washington...........
Cbh4......... Hughes. .............

" aInitial rock pressure.

b Bruner sand.

¢ Initial open flow. '

d Casing-head gas. ¢ Average depth of wells.
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tested for helium—Continued.

Oklahoma.
Well—Continued. Producing sand.
Locality. Rock pros- Date sampled. Helé;‘n%(per
sure (pounds | T fy aguf{)%v Age Depth (feet) '
) N peg‘s uare fe t). g °
Section. |Township.| Range inch). ©!
31 6 N. QW ..., 35,000 [ Pennsylvanian.... 2,340 | Sept. —, 1918 0.089
28 28. 3 W. 540 | 40,000 |..... do.eiaaeann. 1,950 | June 30,1918 Trace.
29 2 8. 3 W. 280 | 30,000 |..... do.......n... 1,450 |..... do........ .06
23 18. 10 W. a 900 9,500 |..... do. .ot 2,178 | 1918.......... .097
......... 18. TOW. e @O e 1918 .06
30 15 N. 9 E. 310 744 |..... dob_.. ... ... 965 | Mar. 22,1918 .15
........................... 185 1,000 | Permian...._.... 640 [ July 31,1906 .16
30 29 N. 1E. 125 280 |..... do.....o.... 700 | Aug. 30 1918 .20
31 29 N. 1L 550 7,250 | Pennsylvanian 2,186 |..... d ........ .17
31 29 N. 1E. 280 4,600 |..... do........... 1,370 |.....do........ .14
30 29 N. 1. 500 9,000 |..... do........... 1 868 | Aug. 29 1918 .22
5 28 N. 1E. 150 800 | Pennsylvanian? .. 930 |.....do........ .17
13 28 N. 1W. 170 1,000 | Permian.......... 787 |.....do........ .27
18 25 N. 2 L. 14 450 | Pennsylvanian.... 610 | Sept. 2 1918 .37
4 25 N. 2 E. 21 500 |..... do........... 440 |.....do........ .36
21 23 N. 2 W. 851¢10,000 |..... do...oneon... 1,052 | Aug. 98 1918 .39
29 24 N. 1 W. 60 250 | Permian.... ...... 574 |.....do........ .10
12 21 N. 8 k. (€2 T Pennsylvanian 600 | Sept. 1 1918 .003
12 21 N. 8 L. (€ N P P do..ooaoo.... 600 |.....do........ .15
36 26 N. (20 D PR PR do..o.oooil 1,988 | July 18 1918 .06
12 26 N. 230 O I I R Aoeeeei e 1918. . ... ... .43
12 26 N. 8 L. 50 1,000 |..... do........... 549 | July 18,1918 .35
12 26 N. 8 L. 340 1,250 |..:..do-.......... 1,122 |..... dot....... .27
..................................................... do..ooaiii ] €1,100 |.....do........ .37
..................................................... do.........feeiaaa......| Feb. —1918 .71
..................................................... do..oviiiiiifeeaaaiiaaco | Feb.  9,1918 .65
...................................................... do.oeoeeiiifenaaaiioi . | Feb. — 1918 .62
..................................................... [ 1o T S (AR« (¢ S .58
..................................................... do.eeiiiiiiifeniaaiaaaao..| Feb. 14,1918 | .62
..................................................... do.....oo.... 1,200 | Feb. — 1918 .48
..................................................... [ 1 J do .53
................................................... R o AP PO o [s TR .55
20 27 N. 8 k. 100 1,000 |..... do ... 918 July .18 1918 .23
19 27 N. 8 Iu. 98 1,020 |..... do........... 790 |[..... do........ .54
22 27 N. 8 . 500 2,000 |..... do....ooael.n 1,442 |..... do........ .33
..................................................... [« 10 YA A PR s (s JOR .48
......... 23 N. BB e cddOo 1918 .24
......... 23 N. 3E. [...........]c40,000 |.....do-.......... 2,040 |............... .22
......... 23 N. b 20 O A P (SR (o 1SN U PR .27
......... 23 N. T T A O Y« o N P O .22
27 19 N. 35 D DR PR P B Lo N Nov. 14,1917 .35
27 19 N. L T R (Y do...oanan... N Jan. 24,1918 .05
......... 24 N. 6 E. g 440 (2100,000 |.....do........... ¢1,100 | June 30,1918 .05
12 1N. 6 W, | e Permian.......... 850 | 1918.......... Trace.
......... 38. BW. L e do 1918 .18
......... 38. SW. |l cdo | 1918 17
......... 38. BW. jeeeen o ecidoa e 1908 .16
................................................ Pennsylvanian....|...............| July 8,1906 Present.
South Dakota.
................................................ Cretaceous........|.cceeneaeaan [ 1906, . L ... Trace.
1 Below 1,800 feet.  Capacity of field.

¢ Initial average rock pressure of field.

\
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Data on samples of natural gas
Texas. ‘
’\Vél].
Sample No. County. Field.'
Name,
690 e, Brown ... ........... Fullerwell . . .. .. i ..
[ U P (3 U T McGeewell........ ..o ...
Coverenonin Clay...cocoveeeenna.n. Pipe-linesample...........oo.ool.e
Cuomeeee doeee O 0 et
R P doeeoi il Pipe-linesample¢ . . ... . ... ........
| D R doeea L., Millerwell4. ... ... .. ... ... ..o ... ...
b/ J R s (s T Smith & Weber well 1 ... .. .. ....._....
L JOU S doceenn i Holloway well 7... ..oooiui i .
T S doeeeniil Landrum well 2............. . ... P
L SO R doe.iiiiiiia Holt well 1...... N
[ T 4 Lo Byerswell 5. .. ... ... ... e
PO P 4 (o T Stive Oil & Gas Co. well 1.... .. P
2 O BN [ (o T H.D.Stivewell...........................
¢ JU do....ooiLiii... Skelly well... .. ..o
) (1T P do. .o Martin well 5....... .. . .. .. iil..
Wl Coleman Robinson well 2... ... ... .. .. ... ..
68. e do....oiiiin... Wood & Wooley well 1......................
46 ... Eastland Brashearwell 1............. ... ... ... .....
W Limestone............ Mexia-Groesbeck.......... ... 4 samples from different wells. ......_.......
47... .| Palo Pinto............ Mineral Wells................. G.W.Dyewell L...ooooiiiiiiiiiiiiiiiaa..,
48 L. [« [+ TR wdo. Holtwell1.........‘.........: ..............
-1 T B (6 (s TR R 5 o T TFrank Corn well 1......... .. ... . ..
1570 U DR 5 1o SO Ao Jacqueswell 1.... .. ... ...l ..
57 SO {6 1o TS PR doeoen il J.E.Hesswell 2. ... . ...
151; TR R do.eei et doooL D.A-Hesswell1....... ... . .............
37, J N 6 (o SRR R do.oei J. E. Hesswell 1. ... ... .. .. ...........
;Y S N, doeeeei e do.o Edmundson well 1......... ... ... . ...
0 JN PSS 16 1 TN I 6 o T Gillwell 1.... ... .. . il
b7 T PO do.eeeiiiin Strawn ...l Pierce well 2.......... e
40. ... el U dOeneeee Robinson well 2. ....uuueeeeeeaiaaee ..
-3 Y PR, doeeen e 6 1T A Unkhart well 271..... ... ... ............
-3 I do.ei e 6 o Pipe-linesample.......... ... . .. ... ..
Y 57U F s (o R R 5 Lo T Stewart well 75.. ... ... ... ..ol
61.. Shackelford.......... Moran. ..............ool... Formby-Tarrant well 1......... e
62 e i (o S R 6 Lo T Pipe-line sample (all wells). ... ......... ...
65. .ot do.oooiii doeeeie Edwardswell 1..... ... .. .......... .. ...
1] 7 P 5 s R (R dooo Cottle well 1. [.._ ... .. ... .. ... .. ..
720 IR 6 (s TR 6 o T Pipe line, 11 wells.............. ... ....
Stephens............. Strawn. ... ..o oL See Palo Pinto County.....oooviiiiia...
Z'%: JR I 6 s T (077 16 1 T Coody well 1.. ..o oo i,
£11 J R doeeeiiii LaCasa......oooooiiaaa... Rainey well 1..... ... ... .. ... e
V£ TR P doeii e do ....................... Adamswell 1. ... ... oo i
Breckenridge................. Smith well 1......... ... ... .. .. ...
| Matthews._.....o............ Texas Co. well 4. . . ..
...... do...... civeeeeeee. Texas Co.wellm_ o oo o oLl
........... Ziapata Jenmangs. . L. i
Weeiioen Williamson........... Thrall . ... .. ..o.. Magnolia Oil Co...neenniiiiiiiiiiii
‘Washington.
A9 ... .. Benton.............. PLOSSOT. -« et et ettt e

¢ Strawn formation,
b Cisco formation.

¢ Analysis by Moore and Yancey, Bureau of Mines Expériment Station, Golden, Colo.

dJune 1, 1918.
eJanuary 1, 1918.
f Initialopen flow.

g Lower part of Canyon formation or upper part of Strawn formation,
& Contact between Marble Fallslimestone and Smithwick shale.
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Texas.
‘Well—Continued. Producing sand.
. Rock pres- en flow Date sampled. He]égnng)fper
TLocality. 5‘]‘)2‘;(51":]‘;’;35 ( C(e};l)blc Age. Depth (feet). ‘
inch). :

Near Bangs................. 430 |..oe.oo.. Pennsylvanian @. . 1,190 | July 27,1918 n.35
7 miles south of Bangs......|...........|....... ... ... do........... 1,5004( 1918.......... .38
................................................. Pennsylvanian . .|...............| Dec. 11,1917 .985
...................................................... doeeeeeiiiiifiaiiaeiaaoo | June 13,1917 .88
.................................................................................. Oct. 30,1917 .966
Sec. 59, schoolland. . ..... | ... ... . eeeii.... Pennsylvanian b 1,543-1,599 | June 28,1918 .71
Sec. 37, school land. ....... a175 €192 |..... dobd.......... 1 576-1 583 |..... do........ 1.15
Sec. 29, schoolland........ @120 Joeeeannnn]annn. dob.......... 1 704—1 718 |..... do........ .65
Sec. 5, school land. ... ..... d90 | 3,157 - |..... dob.......... 1 761 |..... do........ .76
Sec. 15, school land. ....... a75 e67 |..... dobo. ... ... 1, 564—1, 571 |..... do........ .96
Sec. 14, Byers Bros. survey . d 25 €676 [..... dob.......... 1,568-1,621 |..... do........ 1.00
Sec. 1, school land. ........ a25 € 852.48|..... dob. ... ..., 1,694-1,731 |..... do.-en-... .88
Sec. 34, school land. ... .... d185 | €962.88|..... dob ... ...... 1,810 |..... do........ 1.11
Sec. 36 school land.- . @80 [ €1,989.12|..... do.bo......... 1,602-1,620 |..... do........ .88

2 miles west of Petrolia. .. .. 650 | 76,000  |..... dob.......... 1,671-1,683 |..... do........ 1.18 -

...................................................... do.g.. oo 1918..........| None.

7 miles southwest of Coleman|........... 25,000 |..... do.g. ... feeeiaiiiiia July 27,1918 0.22

5 miles south of Ranger......[.... .. ... 76,000 |..... s (3 3,035 | July 25,1918 .08

................................................. Upper Cretaceous?|...............| 1918..........| Trace.

1 mile southeast of Graford..|...........}...... ... Penngylvanian @. . 2,951 | July 16,1918 i0.2

11 miles north of Palo Pinto.|...........|......o. ] ... doa. .. ...... 1,270 |..... do........ { j 5’3

4 miles east of Palo Pinto...[... ... .. .l..........|..... doa.......... 2,200 |..... do........ 13.0

13 miles south of Mineral |...........|..........|..... doe.......... 1,004 |..... do........ i3.0
Wells.

55“;;1i]lles gsouth of Mineral {........... 10,000 |..... do.@a......... 1,052 | July 17,1918 i3.0
Vells.

6 miles south of Mineral Wells|........... 11,000 |..... doa. ... ..... 1,045 |..... do........ i3.0

..... QOn e 720000 |-. oo ol 1,035 |--...do........| i2.0

7 miles south of Mineral Wells|...........|..........]. ... doa.. ... ... 1,150 | July 18,1918 3.0

5 miles south of Mineral Wells|...........[..........[..... doe.......... 997 | Jan. —, 1918 .17

Sec. 82, block 4, Texas & Pa- . July 19, 1918 .18
cific Coal Co.’s survey.

Sec. 78, block 4, Texas & Pa-{ 500 |..........|.....do...........| 1,508 |..... do........ .32
cific Coal Co.’s survey

2miles westof Strawn.......| 10 |..........|....doeolf 675 |..... do........ 710.0

Thurber, Erath County.....|...........|..........|.....doec.........]  600-900 |..... do........ .19

Sec. 95, blocl\ 4, Texas & Pa- Jan. — 1918 .17
cific Coal Co.’s survey.

................................. do........ .31

) PRSP PRI DRSNS s 10 SRR IR 10 ¢ 1 | N R do........ .38

............................ July 24,1918 .39

................................. do-....... .41

.................................. do........ .27

Sec. 41 block 4, Texas & Pa- July 21,1918 .07
cific Coal Co:’s survey.

Sec. 45, block 6, Texas & Pa- |...........| 835,000 (.....doe..........| 1,98 |..... do........ Trace.
cific Coal Co.’s survey.

Sec. 65, block 6, Texas & Pa- |...........| Large. |.....doe..........| 2,134 |..... do........ Trace.
cific Coa.l Co.’s survey. :

5 miles south of Breckenndge ........... 16,000 |..... doa. . ... ... o 2,230 | June —,1918 .44

Lambshead ranch. . 200 400 |..... do.lo.... ... 1,050 [ 1918.......... .22

ceeendoaioi do........... 1,050 | 1918.......... .73

Jenningsranch..s...... ... 300 | 10,000 Tertiaryn......... 1,250 | 1918.......... . 006

Y (RPN RS t....| Cretaceous©o. . ...|............... 1918.......... None.

‘Washington.
............................ 5 4,500 | Tertiary P......... 730 | Aug. 19,1918 0. 06

‘4 Nacatoch sand member of Navarro Iormanon

J Nitrogen.

k Average depth of wells.

1 Possibly Cisco formation.

m Number of well doubtful.
n Yegua formation, Eocene.

o Gas and oil derived from a body of s

P Gas from sand beneath Tertiary lava flow.

entine in Cretaceous strata, at horizon of lower part of Taylor marl.
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: Data on samples of natural gas

West Virginia. .

Well.

_ Sample No. County. Field.

: Name.

......... Monongahela. . .....{.............................. | Bowlbywelll....... ... .. .. ...l
Wyoming.
BigHorn............. Lamb dome.................. Pipe-line sample, five wells. . .........._....
..... do-ceioeoeo i Bryon. ..oooooo.o..o......| Pipe-line sample, three wells. . . . ......... ..
Carbon. . ............ Allen Lake.......... e Cosden Oil Co. well 1... ... ... .. ... ..
cefeaans do......... R R [« 10 TR P L 10
.| Freemont...... ...| BigSand Draw............... Producers & Refiners’ Co. well 1............
Hot Springs. . .......| Buffalo Basin................. McFarlanewell ... ..o ..o o ol -
..... do:..............| GrassCreek...................| Pipe-linesample................... ... ..
Natrona.............. Emigrant Gap................ New York Qil Co. well 1.........o..oioL..
..... doeeeveeennannidiaiidoean e | Curtis Oil Co. well 1o eeieeni il
..... do...............| SaltCreek....................| Pipe-linesample.... _....... ... .. ... . ...
..... do...............| Powder River................| Ohio Oil Co., twowells.............. ... ...
..... do...............| Pine Mountain...............:| Pine Mountain Dome Oil Co. well 1..........
Park................. Oregon Basin................. Well 5.l .
..... doecieiennaeiiaeendon oo ieof MacMahon well . L oLl
Sweetwater........... Dry Lake...... e, oo Johm Hay well 1. ..o oo i
Washakie............. Hidden Dome........ e Tensleep well 2. . .. ... ... .o il
a Probably from Big Injun sand. ¢ Frontier formation, Colorado group. e Cloverly formation, Lower Cretaceous.
b Capacity of field. d Average depth of wells. £ Casing-head gas.
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‘Well—Continued.

_ Producing sand.

¢ Samplo lost during analysis, but helium content closely estimated.

¢ Colorado group (Frontner (?) formation).

Heli
Folty. SI.II{T?)C ?pﬂl'&sés Open flow i . Date sampled. eclellll’?) .(per
o per s ua.o ( fe%‘tl)‘?lc Age. Pepth (feet).
Soction. | Township.| Range. inc
10 miles west of Morgantown. 160 |...oo.o... Mississippian @.... 1,800 | Aug. 18,1906 0.09
Wyo.mlng.
........................... 62 | 019,000 | Cretaceousc..... 2500 Sept 10 1918 Trace.
........................... 350 b100 000 |.....do.e.........] 1,550~1,840 |.....do........ Trace.
34 23 N 79 \g .......................... [« [ T 1,357 Septd 16 1918 None.
34 23 N TOW. e do.. ... ... 947 |.....do........ None.
10 32 N. 95 W. 1, 250 8,000 |..... do.c......... 2,412 |..... do........ Trace.
12 47 N. | 100 W. 400 100,000 |..... do.Co......... 1 700 | Sept. ]2 1918 0.07
........................... () 3,000 |.....do.c.......... d700—1,200 Trace.
..................................................... 5 Cc J S A [ Trace.
...................................................... 15 (s YA PO D Trace.
........................... ) 512,000 |.....do.9..........|41,000-2,250 | Sept. 5,1918 None.
........................... 300 2,250 |.....do.9.......... 800, 1,267 | Sept. 7 1918 Trace.
36 34 N 83 W. 200 1,000 | Carboniferous .... 1,668 |..... do........ 0. 26 +
5 51 N. | 100 W. 67 16,000 | Cretaceous .. 1,345 Sepu 12 1918 Trace.
32 51N.| 100W. 400 3,000 |..... do.6.......... 1,300 |.....do........ 0.09
20 18 N. | 103 W. 40 2.5]..... doX.......... 2,390 Sept 16 1918 Trace.
31 48 N 90 W. 725 4,000 |..... do.lo......... 1,045 | Sept. 9 1918 Trace.
9 Wall Creek sandstone member of Frontier formation, Colorado group. § Greybull sand, Lower Cretaceous.
& Tonsleop sandstone or Embar formation. & Dakota (?) formatmn Lower Cretaceous.
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