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The benefits of education and of
useful knowledge, generally diffused
through a community, are essential
to the preservation of a free govern-
ment.

Sam Houston

Cultivated mind is the guardian
genius of Democracy, and while guided
and controlled by virtue, the noblest
attribute of man. It is the only dictator
that freemen acknowledge, and the
only security which freemen desire.

Mirabeau B. Lamar
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UTILIZATION OF TEXAS SERPENTINE

Virgil E. Barnes, D. A. Shock, and W. A. Cunningham

ABSTRACT

The serpentine deposits of the Llano
uplift are reviewed in Part 1 of this paper
with their utilization as outlined in Part 4
in mind. It is concluded that the most sig-
nificant deposit is the Coal Creek deposit in
Gillespie and Blanco counties, where about
11 billion short tons of serpentine exist,
of which a billion tons could be quarried
easily, In comparison the rest of the de-
posits are small with seldom more than a
quarter million tons of recoverable ser-
pentine being present in any one deposit,
or more than a million tons in any one
area. Many of the smaller deposits are
irregular in shape and contain an excessive
amount of inclusions which would make
quarrying them expensive.

The mineral and chemical composition
and the crystal structure of the serpentine
minerals are discussed in Part 2. Attention
is focused on crystal structure with the
hope that it will furnish some explanation
of those things which happen upon chemi-
cal and physical treatment of the serpen-
tine, and that future experiments of value
will be suggested.

Experimental data on the utilization of
Coal Creek serpentine are contained in
Part 3. Heat treatment was used to make
the serpentine more reactive, and the best

range of lemperature, time, and particle
size to use is outlined. Thermal analyses
curves were tun, and X-ray diffraction
patterns were made of the serpentine dur-
ing various stages of heating. Experiments
on the treatment of raw and activated ser-
pentine with hydrochloric acid and of
activated serpentine with magnesium sul-
fate solutions are described. The solu-
bility in sodium hydroxide of the silica
residue from the hydrochloric acid ex-
traction was determined; and the effect of
the silica-soda ratio, the effect of the con-
centration of soda, and the effect of the
particle size on solubility were investi-
gated.

The possible uses of serpentine are re-
viewed in Part 4. Included are its possible
use for producing compounds such as mag-
nesium chloride and magnesia that can be
used for the production of magnesium
metal and magnesium compounds. Also
discussed is the use of the silica residue
from hydrochloric acid extraction for the
production of silicate compounds and
silica gel. Direct uses, or uses involving
only heat treatment such as for refrac-
tories, adsorbent material, fertilizer, ion
exchange material, and rock, are men-
tioned.

PART 1

SERPENTINE DEPOSITS
Virgil E. Barnes

INTRODUCTION

The serpentine deposits under consider-
ation for this paper are of pre-Cambrian
age and are situated in Gillespie, Blanco,
and Llano counties of central Texas. Other
serpentine deposits derived from rocks of
Cretaceous age exist in the Balcones fault
region of Texas, bul these serpentines are
notably low in magnesia; and since they
are probably not applicable to any of the
uses for serpentine discussed in this paper
they will not be considered further. No

other deposits of serpentine are known in
Texas.

The location of the more important de-
posits in central Texas is shown on the
index map (fig. 1). The Coal Creek ser-
pentine mass, by far the largest deposit
(PL. 1), is astride the Gillespie-Blanco
County line a short distance south of the
juncture of these counties with Llano
County. The most accessible deposits are
in the Oxford area (fig. 3) just west of
State highway No. 16 about 8 miles
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south of Llano. Other small serpentine de-
posits are located in the Big Branch soap-
stone area (fig. 2), the Legion Creek area
(fig. 4), and the Crabapple Creek area
(figs. 5 and 6) of Gillespie County, and
the Keener Branch area of Crabapple
Creek (fig. 7) of Llano County.

Comstock (1891, p. 653), and by Simonds
(1903, p. 73).

Paige (1911, pp. 10, 21, 90-93; 1912
(Folio), pp. 3, 4, 14; and 1912 (field ed.
of Folio), pp. 25, 34, 100-101) is the first
to give a lucid description of a central
Texas serpentine deposit. According to

vy
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Fig. 1. Index map showing location of serpentine deposits in central Texas.

LITERATURE

The first mention of serpentine in cen-
tral Texas, so far as known, is by Com-
stock (1890, p. 389) in which he lists
localities at King Mountain, Llano County;
near Long Mountain, Llano County; and
in Gillespie County. This information is
repeated by Dumble (1891, p. Ixxiii), by

Schoch (1918, pp. 75, 188) a sample of
serpentine from Gillespie County, sent to
Dr. W. B. Phillips in May 1904, was anal-
ysed by O. H. Palm (Texas Min. Surv.
Anal. No. 2831). The analysis is given in
this paper under the discussion of the Coal
Creek serpentine mass (p. 11). Udden,
Baker, and Base (1916, pp. 34, 157), ap-
parently quoting Paige (1912), mention
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serpentine on the Collins property in Llano
County, If this is the same property which
Paige described, it is south of Llano in-
stead of west as stated by Udden, Baker
and Bose, and is the serpentine in the vi-
cinity of Oxford discussed in this paper.
Sellards (1933, p. 33) mentions the pres-
ence of serpentine derived from intrusives
mostly in the Packsaddle schist. Baker
(1935, pp. 242-244) is the first Lo give a
description of the serpentine mass in the
vicinity of the Gillespie-Blanco-Llano
County corner. Barnes (1940, 1943,
1945a), Barnes, Dawson, and Parkinson
(1947, pp. 108-112), and Romberg and
Barnes (1949) have contributed the bulk
of the information about the serpentine de-
posils of central Texas. The following dis-
cussion is essentially a reorganization of
that which already has been wrilten, pre-
sented with the possible utilization of the
serpentine in mind.

GEOLOGIC HISTORY OF THE
LLANO REGION

A review of the geologic history of the
Llano area will provide a background for
a bLetter understanding of the serpentine
deposits. Paige (1910) summarized the
geology of the Llano area and in 1912 re-
viewed for the first time the work which
had been done in the area previous to
1912, defining some of the units as they
are now recognized. The oldest rock unit
recognized (Paige, 1912, pp. 3-4) is the
Valley Spring gneiss derived by metamor-
phism from a thick series of sediments ap-
parently of rather uniform composition.
Paige states:

The Valley Spring gneiss is dominantly light
colored and pinkish toned and comprises felds-
pathic and quartzitic schists, quartzites, wollas-
tonite bands, granular acidic gneisses, and rare
amphibolitic portions.

The light-colored portions are as a whole
more or less schistose, are sugar-granular or
aphanitic in texture, and are in many places
distinguished with difficulty from rocks which
may be granular granitic gneisses. The quartz-
ites are light-colored, fine-grained, recrystallized
equivalents of very quartzose sediments, and the
amphibolites are not materially different from
those in the overlying Packsaddle schist. The
wollastonite bands are metamorphic equivalents
of limestone and present the same structural
relations.

The broadest and perhaps most marked dis-
tinction of the rocks of this formation from
those of the overlying one is their more massive
character,

The Packsaddle schist as recognized by
Paige (1912, p. 4) is a metamorphosed
series of sedimentary rocks that include

...... mica, amphibole, and graphite schists
and erystalline limestone. Some lighter-colored,
more feldspathic bands, resembling quartzites,
are included. There are also intrusives of diorite
and gabbro, older than the granites and found
locally in considerable amount. They have been
separately mapped in only one locality, ... .
Elsewhere they have been included with the
Pfac.ksaddle schist, though they are not a part
of it.

As a whole the schists are characterized by an
excellent cleavage, which in the main coincides
with the original bedding of the sediments. . . . .

Paige (1912, p. 4) recognizes at least
one other gneiss in the Llano region about
which he makes the [ollowing statement:

Gneisses formed almost certainly by the meta-
morphism of intrusive granites occur in the re-
cion. For example, a granitic crosscutting dike
possesses much the same schistose nature as the
beds which it cut. Red Mountain, a granite
ridge in the southeast corner of the Llano quad-
rangle, is a noteworthy example of the same
phenomenon. The granite of this ridge becomes
progressively more gnessoid northwestward, until,
at a point near Walker Peak, laminated structure
is so evident that were the rock exposed only
in this phase it could not be distinguished from
beds that are believed to represent sedimentary
strata.

Barnes (Romberg and Barnes, 1949, fig.
1) in mapping south and east from Red
Mountain found the same to be true and
designated these rocks as Red Mountain
gneiss. A description of the rocks and a
designation of the Lype locality should
have been given in the text of the
Romberg-Barnes paper but were inad-
vertently omitted. The Red Mountain
gneiss is named for Red Mountain in the
southeast corner of the Llano quadrangle,
and the general character of the rock is
described in the above quotation from
Paige.

Another gneiss, the Big Branch gneiss,
comprises much of the pre-Cambrian out-
crop in the northwestern corner of Blanco
County, the northeastern corner of Gilles-
pie County, and some of Llano County,
and is derived from an igneous rock of
quartz  diorite  composition.  Barnes
(1945a, pp. 55-56) described the Big

Branch gneiss as follows:

Foliation is well developed and lineation
pitches steeply in a direction about S. 10° E.
The Big Branch gneiss intruded the Packsaddle
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schist and Valley Spring gneiss. Swarms of in-
clusions, mostly of Packsaddle schist, are ar-
ranged parallel to the foliation. The granites of
the area and the pegmatites and aplites intruded
the Big Branch gneiss.

Among the igneous rocks, Paige recog-
nizes an earlier basic group. He states
(1912, p. 4) :

The rocks of this group were intruded earlier
than the granites, but, though it ie possible that
those varieties of the granites which show evi-
dence of pressure and metamorphism may be of
nearly the same age, no relations were observed
that might establish this point.

Paige mapped separately a few outcrops of
the basic rocks mostly in the southeastern
part of the Llano area and mapped the ser-
pentine in the vicinity of Oxford. In the
southeastern portion of the Llano quad-
rangle, Barnes (1945a, pp. 57-60) mapped
many. mostly sill-like, intrusions ranging
from diorite to hornblendite and a few
basic dikes that have not been classified.

Paige (1912, p. 5) mapped three types
of granite—coarse grained. medium to fine
grained including some coarse-grained
varieties, and an opaline quartz porphyry
(llanite). Stenzel (1935, p. 75) divides

the granite into three main types:

1. Town Mountain granites; coarse-grained to
porphyritic granites, commonly with large flesh-
colored feldspars, typically exposed in the aban-
doned quarries on Town Mountain north of
Llano. 2. Oatman granites; medium-grained,
gray to pink, cataclastic granites, typically ex-
posed in Oatman Creek southeast of Llano. 3.
Sixmile granites; fine-grained, gray bictite gran-
ites, typically exposed in quarries near Sixmile.

The Town Mountain granite is the old-
est, followed in order by the Oatman Creek
granite (Stenzel, 1932, p. 144) and the
Sixmile granite. The last igneous activity
in the region was the intrusion of llanite

dikes.

The pre-Cambrian was reduced te a
surface having little relief except for hills
of Valley Spring gneiss andaplogranite up
to 800 feet high. The first sediments de-
posited on the pre-Cambrian rocks are of
Middle or Upper Cambrian age. The
Cambrian sequence from the base upward
is sandstone grading upward into lime-
stone followed by sandstone, limestone,
shale, limestone, and dolomite. The Paleo-
zoic geologic section exposed within a few
miles of the serpentine mass is probably

about 3,500 feet thick (Cloud and Barnes,

1948, pp. 258-260). Carboniferous rocks
of unknown thickness were deposited
above those listed; hence the maximum
depth of burial of the serpentine by Paleo-
zoic sediments is unknown.

Late in Paleozoic time the Llano area
was shattered by normal faulting. There is
no record of Permian, Jurassic, and Trias-
sic sediments in the area, and by the start
of Cretaceous time erosion had exhumed
pre-Cambrian rocks in parts of the Llano
uplift. Cretaceous sediments overlap the
pre-Cambrian rocks at the surface, but
only the Hensell sand member of the Shin-
cle Hills formation (Barnes, 1948) is in
contact with pre-Cambrian rocks. The
base of the Cretaceous was probably not
far above the present surface of the vari-
ous serpentine deposits. Rocks of Freder-
icksburg age are probably the first to bury
completely the Llano wuplift. Other Cre-
taceous units of unknown thickness were
deposited over the Llano region. Creta-
ceous rocks are now in contact with the
pre-Cambrian rocks only along the south
side of the region.

COAL CREEK SERPENTINE MASS,
GILLESPIE AND BLANCO COUNTIES

Location.—The Coal Creek serpentine
mass is on the southeastern side of the
Llano uplift in Gillespie and Blanco coun-
ties (fig. 1)}. The nearest railroad is at
Kingsland, 15 miles airline from the Co-
manche Creek end of the serpentine mass.
A railroad route could be chosen down
Comanche Creek and Sandy Creek cutting
northward from the mouth of Cottonwood
Creek past the eastern end of Packsaddle
Mountain and thence across the Llano
River to Kingsland, which would be about
16 miles long and of fairly even grade.

The nearest railroad terminal now ac-
cessible from the eastern end of the ser-
pentine mass is Marble Falls, 24 miles
distant by unimproved road. The western
end of the serpenline mass is 25.5 miles
from Llano, also a railroad terminus. by
road, 20 miles of which is paved. This is
the route over which the serpentine so far
used has been trucked.

Geology—The Coal Creek serpentine
mass (Pl. 1) is 3.7 miles long in an east-
west direction and ranges from 0.3 to
about 1.4 miles wide with important lobes
at each end. The surface outcrop of the
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serpentine is 2.54. square miles in area, of
which 45 percent is in the attenuated 2.1-
mile long central part of the mass, 20 per-
cent in the western end of the mass, and
35 percent in the eastern end. The attitude
of the main body of the serpentine, as
determined from observations along its
border and from observations of inclusions
and alignments within the serpentine, sug-
gests that it dips about 45 degrees to the
south in its western part, steepening east-
ward to about 60 degrees where the mass
curves northward. The attitude of the ser-
pentine beyond this point was not deter-
mined. The outcrop shape and attitude of
the serpentine suggest that it is essentially
a thick sheet curved northward at each
end. and such a sheet (composed of ser-
pentine or its parent rock peridotite)
should extend, as a minimum, at least
several miles in depth.

The serpentine is bordered along the
south and for the western half of its dis-
tance along the north by Big Branch
gneiss. For the rest of the distance along
its northern side, it is bordered by Pack-
saddle schist, which here is chiefly amphi-
bole and mica schist containing numerous
soapstone lenses. Additional pre-Cambrian
rocks outcropping within 214 miles of the
serpentine mass are listed as follows: Val-
ley Spring gneiss to the southwest; Red
Mountain gneiss to the northeast; Town
Mountain granite to the southwest and the
southeast; and basic intrusives mostly to
the north. The serpentine contains numer-
ous inclusions of Packsaddle schist and a
few originally thought-to-be altered Big
Branch gneiss. These inclusions have not
been mapped. but on aerial photographs
each inclusion is marked by a dark area
caused by a tree or group of trees growing
on it. On north hill slopes and in valley
boltoms not all trees, however, are on in-
clusions.

The serpentine is cut by aplite and peg-
matite dikes which are entirely similar to
ones derived from the Town Mountain
granite. The serpentine is therefore defi-
nitely older than the Town Mountain gran-
ite. The evidence for the age relation of
the Big Branch gneiss and the serpentine
needs to be reviewed, especially as to the
identification of inclusions in the serpen-
tine originally thought to be Big Branch
gneiss, If the serpentine is older than the

Big Branch gneiss, the conclusions reached
in the paper by Romberg and Barnes
(1949) will have to be modified. Addi-
tional collecting and analytical work would
be necessary to settle this point, and since
the age of the serpentine does not affect
the conclusions in this paper. any addi-
tional work will be deferred unmtil later.

The serpentine varies widely in color,
texture, and structure. It ranges in color
through a wide assortment of shades of
green, from light yellowish green through
dark green to very dark-colored rocks
having a greenish cast. Samples are de-
scribed by Barnes, Dawson, and Parkinson
(1947, pp. 109-111) as follows:

B1-14—The sample of serpentine collected is
only one type of several present in the area. It
iz light to medium dark green in color and has
numerous light-colored, fibrous aggregates in it.
These aggregates have a random orientation and
are up to onehalf inch in length. The serpen-
tine does not polish well; a sawed surface, how-
ever, is altractive.

G-7—A deposit of serpentine is located . . . . .
about one-half mile south of the western end
of the large serpentine mass . .. .. The ser-

pentine is composed of alternate bands of very
dark green and very light green which have a
marked contrast. The serpentine lakes a rather
dull polish.

G-8—The serpentine is a somewhat irregularly
colored stone with colors ranging from a light
greenish white to a deep greenish black. The
light greenish-white serpentine has a semi-
dendritic pattern with a background of olive-
green. It is somewhat veined by narrow white
veins which to some extent are stained limonitic
brown. The limonitic hrown color also pene-
trates the rock for a short distance along some
of the veins. The serpentine takes a dull polish.
Three terrazzo chip quarries are located in ser-
pentine in this area. Much of the serpentine
exposed in the quarries is slickensided and un-
suited for producing dimension stone.

Locality G-7 is shown on Plate I as lo-
cality 86T-1-10C and G-8 as locality 86T-
1-10B.

The specific gravity of the serpentine as
determined from surface samples averages
248, which is higher than the value of
2.34 determined by the International Min-
erals and Chemical Company. The ser-
pentine is relatively soft. being between
about 3 and 4 of the Mohs scale of hard-

ness. [t is easily ground.

Composition.—The first analysis of ser-
pentine (Schoch, 1918, p. 188) from
cenlral Texas was made by O. H. Palm as
Texas Mineral Survey Analysis No. 2831.
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The sample analyzed was sent to Dr. W.
B. Phillips, May 1904, {rom Gillespie
County. While the actual position from
which this sample was obtained is not
known, it is likely that the sample was
from the Coal Creek serpentine mass. The
analysis follows.

Percent

Sl s A 40.66
ALQ, 1.70
FCQO;; ........... 5.20
FeQ 3.06
MgO 35.50
CaQ trace
Na.Q 0.60
K.0 0.25
H-0 13.20
CO, none
P:0s none
T none
SO0a none
Total 100.17

The next analysis (Barnes, 1943) was
made by R. B. Ellestad, of the Rock Anal-
ysis Laboratory, University of Minnesota,
Minneapolis, of serpentine collected from a
terrazzo chip quarry, locality 86T-1-9B,
near Coal Creek, Gillespie County. The
fluorine was determined by the Willard
and Winter method. This analysis follows.

Percent

Si0. 40.31
Al:Os 0.43
Fe :0:1 6.71
FeO 0.70
MgzO 37.63
Ca0 0.05
0.01

Less O o

99.93

Partial chemical analyses of five samples
of serpentine were made by the Interna-
tional Minerals and Chemical Company in
their Austin, Texas, plant. These analyses
follow.

Sample Feas
0. MgO Si0. Fe0. Cr.0s NiO
1 35.1 429 — — —_—
2 35.0 43.5 — — —_
3 35.3 42.2 — — —_—
4 35.2 40.8 — — —
Average
14 35.2 42.3 — —_— —
5 36.7 39.7 T3 047 0.34

*Locality of samples:

(16T-5-51E) Shaft, top 10 feet.

(16T-5-51E} Shaft, 60 feet down.
(16T-5-51E) Trench.

(86T-1-10D) Prospect pit near western end
of serpentine mass,

5. (86T-1-9B) Terrazzo chip quarry.

e Sl o

In addition, spectrographic analysis of
these samples shows iron Lo be a minor
component; chromium and nickel range
between about 0.1 and 0.3 percent; calcium
and boron are present as traces of approxi-
mately 0.01 percent; and aluminum, cop-
per, sodium, manganese, and zinc are pres-
ent as faint traces of approximately 0.001
percent.

Chromite and magnetite in small segre-
gations have been found in the serpentine.
and zaratite, talc, and tremolite ashestos
present in the serpentine seem mostly to
be associated with inclusions. No minerals
of value have been obtained from the ser-
pentine. and so far the serpentine has been
used only for lerrazzo chips from quarries
near the western end of the mass.

Chromite has been seen in five places
in the eastern half of the serpentine mass.
The westernmost locality, 86T-1-3A, about
2,000 feet east of Big Branch, has been test
pitted and trenched, and a total of about
one ton of chromite is piled about the pits.
About three-quarters of a mile to the
east of locality 86T-1-3A (at locality 16T-
5-59E) about 200 pounds of chromite is
scattered over the surface, and at locality
16T-5-59C. a mile eastward, about 1,000
pounds of chromile is scattered over the
surface. A few stringers of magnelite
were seen at locality 16T-5-59C, but no
chromite was seen in place at any of the
localities. A few schlieren-like streaks of
chromite (locality 16T-5-51E) were pros-
pected during 1942 and 1943, but nothing
of importance was found. Another small
mass of chromite in place at locality 16T-
5-59C was found by R. W. Mathis near the
south border of the serpentine mass in the
small south-projecting lobe of serpentine in
Blanco County. Test pitting failed to re-
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veal more chromite than was seen at the
surface.

The nickel mineral zaratite (locality
16T-5-58H) is associated with an inclusion
in the serpentine. Magnetite is abundant
as small grains scattered throughout the
serpentine, and small stringers of magne-
tite, such as those mentioned above (lo-
cality 16T-5-59C), are occasionally seen.
A prospect hole (locality 86T-1-9A) along

the northwestern margin of the serpentine

exposes 21 inches of blocky magnetite in
a schistose rock within a few feet of the
serpentine boundary, A dip-needle ex-
amination shows that the magnetite ex-
tends for only a few feet on each side of
the test pit.

Tremolite asbestos (locality 16T-5-51C)
is exposed in a test pit near the eastern
edge of the serpentine mass, and specimens
of similar material were seen elsewhere
about the mass. A short distance north of
the test pit some chrysotile (locality 16T-
5-51D) outcrops in veinlets a quarter to
half an inch wide. The material while
definitely of fibrous habit is not asbestos
since it cannot be broken into fine enough

fibers.

Soapstone is situated along the periph-
ery of the serpentine mass in several
places and occurs as inclusions within the
serpentine either alone or associated with
phases of the Packsaddle schist. A few
inclusions of soapstone within the serpen-
tine have been subjected to enough post-
steatizalion movement to make them semi-
translucent and superficially resemble bet-
ter grade talc. The movement also has
produced a schistosity which in turn is
crumpled, rendering the talc unsuitable for
use except for ground soapstone. Soap-
stone of this character has been seen only
in small outcrops. The larger soapstone
masses are beyond the borders of the
serpentine, and at one locality, 86T-1-24A,
actinolite crystals up to an inch in length
have developed in the soapstone. Soap-
stone, while not being produced at present
(1950) within the map area, is being pro-
duced a short distance to the south.

The percentage of included material
within the serpentine mass has not been
estimated, and without detailed mapping
of the inclusions such an estimate is not
reliable. However, the impression ob-
tained from walking over the mass in

&

many directions is that less than 1 percent
of included material is present, and that
the greatest concentrations of inclusions
are in two main areas. One of these is in
the southeastern part of the serpentine
mass, and the other is along the northern
side of the mass extending west from Big
Branch for about a mile.

The mineral composition of the serpen-
tine in thin section appears to be relatively
simple, with antigorite (possibly including
some chrysotile) being predominant and
the opaque minerals being present in sub-
ordinate amounts. A small amount of a
fibrous material may be an altered rem-
nant of one of the original minerals, prob-
ably an amphibole. The abundant network
structure indicates that the rock was
originally mostly olivine. Some of the
opaque minerals are in well-shaped grains
which indicates that they are primary, and
some are distributed in irregular groups
of dust-like particles suggesting that they
are secondary, being formed during the
serpentinization of the olivine. The opaque
minerals are magnetite and chromite and,
as mentioned later, are recovered on a
magnetic separator [rom a finely ground
sample.

The analysis of the serpentine from lo-
cality 86T-1-9B has been calculated by
Barnes (1945a) into a Lheoretical mineral
composition as follows:

Percent
Serpentine (antigorite) .. 93.19
Magnetite 1.39
Chromite 0.67
Pyrite 0.06
Calcite 0.14
Opal 4,72

The molecular make-up of the “serpen-
tine mineral” was arbitrarily chosen, plac-
ing all of the NiO in the nepouite molecule,
since not enoungh sulfur is present to ac-
count for it as a sulfide, and all of the
AL, O, in the amesite molecule. All of the
Cr,0, was used for chromite. and all of the
remaining FeQ was used in magnetite. The
remaining Fe,0, was allotted to magnesio-
cronstediite, and the remaining MgO was
allotted to antigorite. Since more than 80
percent of the “serpentine minerals” make-
up is antigorite, following Winchell (1927,
p. 375) it would be called antigorite. The
theoretical molecular composition of the
antigorile is as follows:
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Percent
Antigorite, HMgSi-0, 853
Magnesiocronstedtite, H.Mg-Fe.Si0, .. 13.0

Amesite, I’]nh{ :Al:sio: kit r S 1.2
Nepouite, H.BﬁaShOn St 0.5

Thin sections of the serpentine are de-
scribed by Barnes, Dawson, and Parkinson

(1947, pp. 110, 111) as follows:

G-7T—Alternate laminae of light green and dark
green serpentine comprise the rock. The dark
green laminae are composed chiefly of network
serpentine and a small amount of talc. One cry-
stal within the dark green serpentine contains
Schiller inclusions and resembles enstatite or
clinoenstatite somewhat altered to bastite, Net-
work serpentine has embayed the edge of the
crystal and included some of the Schiller inclu-
sions, Another area of similar Schiller inclusions
has only a small amount of the original mineral
present as laths having various orientations in-
terleaved with tale, indicating that the mineral
is altering to tale. Most of the Schiller in-
clusions are surrounded by talc and serpentine.

and a small amount of a fibrous mineral which
may be a remnant of the original mineral. In
addition to the primary magnetite grains, con-
siderable finely divided secondary magnetite is
concentrated in some of the serpentine.

Thermal analysis curves of the Coal
Creek serpentine made by Shock show a
small endothermal peak at 140° C., a large
endothermal peak at 675° C., and a very
sharp exothermal peak at 790° C. These
data, as mentioned later (p. 31), indicate
that the Coal Creek serpentine is an in-
timate mixture of antigorite and chrysotile.

An X-ray powder diffraction pattern of
the Coal Creek serpentine (locality 86T-1-
9B) made by Shock is compared in the
following table with patterns listed by
Selfridge (1936, p. 469) of deweylite,
chrysotile, antigorite, and two other “ser-
pentines.”

Table 1. Interplanar spacing for deweylite, serpentine, chrysotile, and antigorite as listed by
Selfridge (1936, p. 469) and for Coal Creek serpentine.

Serpentine Serpentine Loal Creck
Deweylite Ha44 # Chrysotile Antigorite Serpentine
Line d En d Est d Est d Est d Est d Es
No. A [ i I A 1 i 1 i 1
1 7374 5 7.379 9 7.384 9 7.364 g 7.355 8% 735 10
2 45% 8%  4.573 6 4.604 T 4,431 6 4.668 4 4.76 22
3 3.668 5 3636 10 3.695 10 3.658 9% 3.641 9 4.55 3.6
4 2457 8 2477 9 2463 8% 2571 8 2558 10 3.650 8.3
5 2127 1 2131 5 2.098 21 2424 8 2.186 7 3.545 27
6 L1717 5 1.721 2% 1724 4 2.089 6 1.845 3 3.440 0.5
7 1520 10 1527 10 1528 10 1.729 6 1.794 4 3.190 0.8
8 1.306 7 1.306 7 1.306 6 1.522 10 1.583 T4 2955 0.8
9 1.040 % 1044 %o 1047 1 1.301 7 1.553 7Y%  2.880 0.8
10 990 4 990 4 992 4 1.187 n 1.326 6 2.830 1.0
11 878 3 877 3 .882 3% 1.039 2 1.273 4 2,500 7.2
12 761 1 762 1 162 1 985 5 1.160 2 2445 3.6
13 728 1 721 1 127 1 .881 kS 1.061 3% 2145 1.6
14 .761 3 1.005 4 2.005 1.0
15 27 114 979 3 1.792 0.7
16 897 3% 1536 4.3
17 859 1 1508 20
18 831 2 1502 20
19 778 3 1.305 14
20 743 3
21
22
23

The lighter colored areas are composed predom-
inantly of tale, with some serpentine, and a
small amount of chlorite. In both the light and
dark-colored laminae, small elongated areas of
opague minerals are present in the same abun-
dance, indicating that the rock may have heen
originally of uniform composition throughout.

G-8—The serpentine is composed predomi-
nantly of net-structured serpentine, magnetite,

The Coal Creek serpentine does not du-
plicate any of the other line spacings but
does have a similar spacing. Some of the
divergence may be due to the diffuse
spectra of the serpentine minerals which
makes it difficult to estimate closely the
position of a line.
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Origin—Romberg and Barnes (1949)
discuss the origin of the serpentine as
follows:

Some generalizations on the time of formation
of serpentine in relation to its emplacement are
contained in geologic literature which do not
seem to be supported by the Coal Creek serpen-
tine mass. Hess (1939) suggests that water may
be picked up by peridotite to form serpentine
from water-bearing geosynclinal sediments. The
Coal Creek mass did not intrude geosynclinal
sediments, not at least at the level now being
ohserved. If geosynclinal sediments existed above
this level, which is doubtful, their contained
water would not have been available for ser-
pentinization of this deeper portion of the mass.
As pointed out by Bowen (1947) it is unlikely
that the water for serpentinization could be con-
tained in the peridotite, and for the Coal Creek
mass it looks equally impossible for sufficient
water to have been picked up during the em-
placement of the peridotite to form the ser-
pentine.

The Town Mountain granite, as pointed out
above, is probably later than the serpentine and
could possibly have furnished the solution for
serpentinization of the peridotite. However, the
intervening rock shows little if any granitization
and few aplites, pegmatites, and quartz veins
come near to the serpentine. At least half of
the serpentine is more than 2 miles from the
nearest outcropping granite mass, and a regional
gravity survey indicates that there is little prob-
ability of granite being as near heneath the
serpentine. It, therefore, seems unlikely that ser-
pentinization was influenced by the granite.

The production of serpentine within the zone
of groundwater circulation has been little con-
sidered. except for serpentine of the type found
along the Balcones fault zone (Lonsdale, 1927,
pp. 139-141). If the Coal Creek mass is a re-
sult of ground water alteration, then there
should be a limit to the depth to which the ser-
pentine extends. The depth to which the ser-
pentine extends cannot be observed directly,
but an examination of the gravity field indicates
that it is bottomed at a relatively shallow depth.
When peridotite changes to serpentine, a large
volume increase theoretically takes place, and in
many deposits there is little evidence of the de-
formation that should accompany such a change.
However, where serpentinization is a near-surface
phenomenon, there is little confining pressure
and the serpentine could expand upward with
a minimum of shearing.

Chawner (1934) points out that folds in
Eocene sediments above minutely faulted,
fractured, and slickensided Upper Cre-
taceous serpentine indicates that the ser-
pentine continued to expand after the
sediments were deposited. The Cretaceous
rocks were eroded exposing the ultrabasic
rocks, indicating a period of time sufficient
for the development of temperature equi-

librium before Eocene sedimentation. If
serpentine continued to form during the
deposition of Focene sediments, then it
seems likely that the serpentinization was

‘caused by meteoric solutions.

Gravily observations—A gravity sur-
vey (Romberg and DBarnes, 1949) was
made of the Coal Creek serpentine mass.
A well-defined negative anomaly coincided
with the serpentine mass, and from the
shape of this anomaly and the knowledge
of the surface geology some postulates
about the mass are made. The serpentine
extends to a depth of about 2,000 feet.
The western end of the mass dips to the
south, and the eastern end of the mass is
about vertical. Peridotite probably exists
beneath the serpentine.

A minimum estimate for the mass of ser-
pentine present can be arrived at by meas-
uring the area and multiplying by the es-
timated depth. This depth, of course,
varies and may probably be taken to be
2,000 feet in the eastern part of the mass
and 500 feet in the western. Dividing
the area roughly into two parts and multi-
plying each by its estimated depth, yields
a mass of 10'° metric tons (about 10.1*°
short tons). If peridotite is present under
the serpentine, the serpentine will be
deeper at the east end, so the estimate of
mass will be & minimum.

Reserves—The serpentine is not within
a contoured area; consequently the amount
of serpentine above the level of the three
main creeks cannot be closely estimated.
However, 47 elevations of gravity stations
having essentially random distribution (Pl
1) were obtained on the serpentine. The
average elevation is 1,233 feet. Coal Creek,
Big Branch, and Comanche Creek each
have an elevation estimated to be near
1,100 feet where they leave the serpentine
mass. This gives an estimated average
thickness of 133 feet for the serpentine, or,
using 5,000,000 tons for each foot of
depth, about twe-thirds of a billion tons of
serpentine above drainage base. Allowing
for mining losses caused by inclusions,
wall irregularities, slope of walls, and in-
cluding serpentine easily recovered be-
neath the drainage base, at least a billion
tons of serpentine should be available.



14 The University of Texas Publication No. 5020

SERPENTINE IN THE BIG BRANCH AREA,
GILLESPIE COUNTY

Location—The Big Branch area is in
eastern Gillespie County south of the Coal
Creek serpentine mass. The nearest rail-
road is at Marble Falls, a distance of about
27 miles by the most direct route. Soap-
stone from this area was being hauled by
truck during 1948 to a grinding plant at
Llano, a distance of about 38 miles.

Geology—The Big Branch soapstone
area, which also includes some serpentine,
was mapped in detail by R. W. Mathis
(Barnes, 1945a, fig. 13), and this map
should be consulted by anyone wanting
precise information. Figure 2 of the pres-
ent paper is a generalization of Mathis’
map showing the serpentine outcrops in
the Big Branch area. The dominant rock
is Big Branch gneiss which has invaded
and assimilated much of the Packsaddle
schist and possibly alse Valley Spring
gneiss. All that remains are numerous in-
clusions of Packsaddle schist, mostly am-
phibolite; masses of soapstone and tremo-
lite; one outcrop of Valley Spring gneiss
in the northwestern part of the map area;
and a few small deposits of serpentine.
The soapstone and serpentine are associ-
ated with Packsaddle schist, and if the one
lone outcrop of Valley Spring gneiss is in-
dicative, these deposits originally may
have been near the Packsaddle schist—
Valley Spring gneiss contact. The serpen-
tine in part contains considerable tremolite
and may not be suited for some of the
uses mentioned later,

Composition.—Analyses were made late
in 1949 of serpentine samples collected by
Mathis (see Barnes, 1945a, fig. 13) from
trenches dug mostly to give information
about soapstone. The analyses were made
primarily to settle the origin of the ser-
pentine and associated rocks, and for this
purpose it does not matter that the sam-
ples are from small masses. The analyses
are given in Table 2; included are three
serpentine samples: 55¢, which has a com-
position, except for a high CaO content,
very close to that of serpentines in the
vicinity of the Valley Spring gneiss—Pack-
saddle schist contact; 63b, a sample con-
taining considerable calcite; and 81, a
sample high in Si0, and low in MgO. In
addition three analyses were made of rocks
associated with the serpentine: 63, soap-
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Fig. 2. Map showing location of serpentine
outerops in Big Branch soapstone area, Gillespie
County, Texas.
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stone; 55a, chlorite-vermiculite schist; and
63a, vermiculite schist. An analysis, B2,
was made of a sample from one of the
large tremolite masses.

All samples contain appreciable amounts
of Cr,0, and NiO, indicating a derivation
from basic rocks of a peridotitic or pyrox-
enitic character. This negates the conclu-
sion made earlier (Barnes, 1945a, pp. 73—
74) that the tremolitic rocks were derived
from calcareous rocks in the Packsaddle
schist. and lends to throw doubt on the
origin of the soapstones from calcareous
rocks in the Packsaddle schist.

Reserves—Tive serpentine deposits in
the Big Branch area are large enough to
be quarried. The area of the deposits is
about 440.000 square feet, which if a
density of 2.5 is used, gives about 35.000
tons of serpentine per foot of depth.

MINOR SERPENTINE DEPOSITS IN
SOUTHEASTERN PART OF
LLANO UPLIFT

Youngblood Creek area—A small ser-
pentine deposit is located about hall a mile
west of the Fredericksburg-Marble [alls
road in eastern Gillespie County (Barnes,
1945h, fig. 35). The deposit is only about
50 by 100 feet in size and consequently is
of little value. A sample from this locality
was described by Barnes, Dawson, and
Parkinson (1947, p. 110) as follows:

_The serpentine, in color, is a combination of
light greenish white and very dark greenish
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black arranged in a semi-dendritic manner. A
small amount of intermediate green serpentine
is mostly concentrated near veinlets in the ser-
pentine. A dark brown limonitic material is
also associated with the veinlets and to a small
degree is scattered thronghout the rock. A sawed
surface of this rock developed a higher lustre
than did one which was poelished.

Near Llano-Blanco-Gillespie County cor-
ner—A tolal of 13 serpentine deposils
ranging from about 50 to 100 feet in dia-
meter are arranged in an east-west 2,000-
foot belt in Llano County about 400 to
800 feet north of the Blanco County line.
The westernmost deposit is 600 feet north-
east of the county corner. The serpentine
is associated with soapstone, both of which
are in Packsaddle schist. A geologic map
of the area by Barnes (1945a, fig. 24)
shows the location of the serpentine. These
deposits are too small to be of much value
especially since they are situated so near to
the big Coal Creek serpentine mass.

SERPENTINE IN OXFORD AREA,
LLANO COUNTY

Location.—The serpentine in the Oxford
area is the most accessible in the Llano
uplift. It is located about 8.5 miles south
of Llano which is a railroad terminus and
about 1.5 miles north of Oxford. The de-
posits are a fourth of a mile west of the
paved Llano-Fredericksburg highway and
are mostly high topographically. A quarry
in the southernmost deposit, from which
granules for road surfacing were produced,
has been idle for a number of years.

Table 2. Analyses of serpentine and associated rock mostly from vicinity of Packsaddle schist—

Valley Spring gneiss boundary,

Lab, No." Lacality No, 510, ALD* Fe 04 Ca0 AMgO Cr,0, NiQ Ignition Joss
478 86T-4-8D 40.28 1.08 8.34 0.67 34717 0.56 0.18 14.06
479 86T-414E 40.61 4.04 712 0.06 32.11 0.42 0.28 13.34
480 86T-4-14F  39.32 298 8.27 1.25 33.77 0.46 022 13.29
481 86T-4-15C 36.60 2,67 11.98 0.06 33.69 0.95 0.53 13.43
482 149T-5-301 39.39 0.84 7.69 0.25 37.38 0.44 0.28 14.52
483 149T-6-37F 40.11 212 8.34 0.38 34.78 0.88 0.29 12,51

628 55¢ 38.43 1.21 9.73 222 33.52 0.44 0.32 14.80
629 63h 35.73 1.21 0.94 9.49 25.81 (.41 0.31 17.81
630 81 49.62 1.38 9.81 0.37 27.92 0.44 0.51 10.40
631 55a 28.56 9.84 14.38 3.80 29.19 0.14 0.19 14.47
632 63 52.55 3.86 4.96 3.94 27.54 0.27 0.16 6.15
33 63a 48.51 5.01 17.42 2.68 17.15 0.18 0.14 8.94
634 B2 52.02 212 12.04 4.12 24.38 0.53 0.18 447
ANos, 478-183 and 628-G30 ure serpentine; no. 631 is chlorite-vermiculite wchisti no. 632 is socapetone; no. 633

is vermiculite schist: ne. 634 is tremolite rock.

YFor location of zamples, sce text figures as follows: BG6T-4-8D, fig. 4; B86T-4-14E and B6T-1-11F, Az 5; 86T-4-15C, fg.
6; MOT-5-301, @z, 3; 149T-6-37F, fig. 73 55¢, 63b, 81, 554, 63, 63a, B2, in Barnes (1213a, fig. 13).

“The remainder of R0, after deduction of Fe 0, and Cr0; is reported as ALO, and includes PO,

SAll frun is reported as Fe,O; even though pact ie prescsit as FeD; also includes Ti0,
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Geology—A geologic map of the area
fig. 3) shows that most of the serpentine
is situated between two discontinuous
bands of soapstone which are from 100 to
400 feet apart. The soapstone extends for
about 1 mile and has serpentine associated
with it mostly in its northern part. One
outcrop of serpentine outside this belt has
some vermiculite along its northern mar-
gin. The serpentine-soapstone bhelt is
roughly parallel to the gradational Valley

—
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Fig. 3. Geologic map showing serpentine out-
crops near Oxford, Llano County, Texas.
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Spring gneiss-Packsaddle schist contact but
is mostly situated within the Valley Spring
gneiss. A chemical analysis of the serpen-
tine (locality 149T-5-30I) is included in
Table 2.

Barnes, Dawson, and Parkinson (1947,
p- 112) described the serpentine from the
road material pit (L1-16) as follows:

The serpentine has a rather uniform medium
green color and contains a few narrow discon-
nected white veinlets and many small black
areas of magnetite. The serpentine takes a dull
polish,

The serpentine (thin-section examination) is
composed predominantly of serpentine and a
rather large amount of magnetite. The serpentine
varies considerably in structure and optical
properties, suggesting that it has formed from
more than one mineral. Several hlades of serpen-
tine up to 1 em. in length have a higher and
more variable hirefringence than does most of
the serpentine. This mineral appears to have
been originally one of the amphiboles. Some
areas of magnetite arranged in the manner of
Schiller inclusions suggests that enstatite or hy-
persthene may have also heen one of the original
minerals, Muoch of the serpentine has a net
structure which gives very little indication of
the original mineral. Much of the magnetite of
the serpentine is in grains, and the rest is in
a form suggestive of Schiller structure. No sec-
ondary magnetite produced during serpentiniza-
tion was seen.

Another sample (L1-46) from the larger
serpentine mass on the high hill to the
north is described (p. 112) as follows:

This sample of serpentine is the lightest col-
ored of those examined. The color is grayish
green but some areas apparently localized along
joints are of much lighter color. Small black
grains of magnetite are rather sparsely dis
tributed throughout the rock. The serpentine
takes a dull polish.

The serpentine (thin-section examination) is
composed predominantly of serpentine minerals.
A small amount of talc is present, most of which
has a shredded appearance with serpentine devel-
oping around the edges and along the cleavages.
The serpentine in many of these areas is stained
by a limonitic appearing material. Magnetite is
rather abundant mostly as original grains, some
of which have been broken, with serpentine pene-
trating the eracks. Only a very small amount of
secondary magnetite is present. The serpentine
is of a network type and does not give much in-
dication of the original mineral from which it
was formed.

Reserves.—The serpentine deposits have
been mapped on aerial photographs, scale
1 inch equals 660 feet. From these photo-
graphs the approximate areas of the five
largest deposits were measured. The area
of the deposits is about 235.000 square
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feet, which, using a density of 2.5, gives
about 18,000 tons of serpentine per foot
of depth.

SERPENTINE IN LEGION CREEK AND
CRABAPPLE CREEK DRAINAGE
BASINS

Lecion Creex ARea, Giireseie County

Location.—The serpentine is located
about 1 mile west of the paved Llano-
Fredericksburg highway and about 1 mile
south of the Llano County line. The de-
posit is 22 miles by road, 21 miles of
which is paved, from Llano, which is the
nearest railroad terminus.

Geology—A map of the area (fig. 4)
shows that the serpentine and soapstone
form a belt of deposits which parallels the
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boundary and is within the Valley Spring
gneiss. The serpentine and soapstone are
not as closely associated as in the Oxford
arca, but otherwise the occurrence is very
similar. The deposits are mostly on the
western limb of a sharp syncline, the
trough of which has been invaded by Big
Branch gneiss. Town Mountain granite
has irregularly intruded the rocks of the
area, and the western edge of the Legion
Creek granite mass is within three-fourths
of a mile of the serpentine. Racket Moun-
tain is a high hill of aplogranite belonging
to the Oatman Creek granites, and aplites
of uncertain affinity are present. A chemi-
cal analysis of the serpentine (locality
86T-4-8D) is included in Table 2.

Reserves—The three deposits that are
large enough to quarry have a surface

Packsaddle schist-Valley Spring gneiss area of about 180,000 square feet, which,
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with a specific gravity of 2.5, gives about
14,000 tons of serpentine per foot of depth.

East Sie oF CrasarrLe CREEK,
GiLLesrie County

Location—The serpentine (fig. 5) ex-
tends from the Llano County line on the
west bank of Crabapple Creek southeast-
ward intermittently for 1.7 miles. The
distance from Llano. the nearest point on a
railroad. is 21 miles by road. of which 16
miles is paved. Much of the soapstone as-
sociated with the serpentine has been
trucked to a grinding plant in Llano. Fig-
ure 5 was mapped before the soapstone
was removed. Another deposit of serpen-
tine (fig. 6) is situated about 1 mile to
the south in a rough, rather inaccessible
area.

Geology—The serpentine and soap-
stone (fig. 5) form a narrow helt of de-
posits parallel to the contact between the
Valley Spring gneiss and the Packsaddle
schist. Most of the serpentine is in the
southeastern end of the belt and within
rocks mapped as Valley Spring gneiss.
The soapstone deposits in this part of the
area are either marginal to or within the
serpentine. The northwestern end of the
belt is mostly soapslone, and it is just
within the Packsaddle schist. The serpen-
tine contains soapstone deposits and in
general is rather impure, making it un-
suited for some of the uses mentioned
later. Town Mountain granite has invaded
the Valley Spring gneiss and the Pack-
saddle schist in the southern part of the
map area, and aplite is common, Chemical
analyses of the serpentine (localities 86T-
4-14F and 86T-4-14F) are included in
Table 2.

The serpentine (fig. 6) is in an area
that has been invaded by both Big Branch
gneiss and Town Mountain granite, ob-
scuring the relationship of the serpentine
to the Valley Spring gneiss—Packsaddle
schist boundary. However, the Valley
Spring gneiss—Packsaddle schist contact
is cut off near the northwestern end of the
Serpenline mass in SUCh a manner as to
suggest that the serpentine is within Pack-
saddle schist but near to its boundary with
the Valley Spring gneiss. A chemical
analysis of the serpentine (locality 86T-4-
15C) is included in Table 2.

Reserves—The deposits mapped in fig-
ure 5 are irregular in shape, contain soap-
stone deposits, and in general are rather
impure. Upon revisiting the area after
the soapstone had been quarried it ap-
pears that less serpentine is present than is
shown on the map. At most, only a few
hundred thousand tons of serpentine could
be quarried.

The serpentine mapped in figure 6 is
irregular in shape, contains inclusions, and
has been intruded by aplite and pegmatite
dikes. Its area is about 300,000 square
feet, which gives about 23,000 tons of
serpentine per fool of depth.

Keexer Branca Area or CraparrLe CREEK,
Liano County

Location—The Keener Branch serpen-
tine deposits (fig. 7) are located a short
distance northwest of those shown in fig-
ure 5. The deposits extend from near the
Enchanted Rock road northwestward for
about three-fourths of a mile. The de-
posits are about 21 miles from Llano by
road. 16 miles of which is paved. Much
of the soapstone in this area has been
trucked to a grinding plant at Llano.
Figure 7 was mostly mapped before the
soapstone was removed.

Geology.—The serpentine and soapstone
deposits are roughly parallel to the Valley
Spring gneiss—Packsaddle schist bound-
ary and are mostly located within the
Packsaddle schist. Those mapped as being
in the Valley Spring gneiss may actually
be in Packsaddle schist, downwarped into
the Valley Spring gneiss. Small, irregular
masses of coarse-grained, pink to gray
Town Mountain granite have intruded
both the Valley Spring gneiss and the
Packsaddle schist. 'ic serpentine forms a
low ridge, and pits dug on the ridge expose
the serpentine, as well as anthophyllite.
vermiculite, and several other minerals. A
chemical analysis of the serpentine (lo-
cality 149T-6-37F) is included in Table 2.

A =ample from this locality was de-
scribed by Barnes, Dawson, and Parkin-
son (1947, p. 111) as follows:

The serpentine is somewhat mottled and is
composed of dirty white, grayish-white, and
greenish-black areas. The grayish white eolor
forms a rather broken background for the other
colors. Narrow green veins having little con-
trast with the rest of the rock are present but
are not numerous, The serpentine takes a dull
polish.
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Part 1, Serpentine Deposits 21

The serpentine (thin-section examination) is
composed predominantly of netstructured ser-
pentine, considerable tale, and a small amount
of tremolite and magnetite. The magnetite is
present both as primary grains and as finely
divided secondary material mostly present at
grain boundaries of the serpentine. Many of
the serpentine grains are very light yellowish
brown at the edges with a marked increase of
color intensity at the centers. The serpentine
grains are uniformly small and average about
one-fourth of a millimeter in size.

Reserves—The six small deposits
mapped in figure 7 have an area of about
170.000 square feet, which, using a density
of 2.5, gives about 13,000 tons of serpen-
tine per foot of depth. However, the de-
posits are irregular in shape, contain many
inclusions, and probably dip about 30 de-
grees to the south, which will limit the
amount of serpentine that can be quarried.
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Fig. 7. Geologic map showing serpentine outcrops near Keener Branch of Crabapple Creek,

Llano County, Texas.
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ORIGIN OF SERPENTINE DEPOSITS IN
VICINITY OF PACKSADDLE SCHIST
—VALLEY SPRING GNEISS
BOUNDARY

It has been pointed out that the serpen-
tine and associated soapstone in the Ox-
ford area, in the Legion Creek and Crab-
apple Creek drainage basins, and possibly
in the Big Branch area are parallel to the
Valley Spring sneiss—Packsaddle schist
boundary. Part of the serpentine is within
the Valley Spring gneiss and part of it is
within the Packsaddle schist. The Valley
Spring gneiss—Packsaddle schist bound-
ary represents a boundary between sedi-
ments of two different types and, as is
often the case, such a boundary is grada-
tional. In the vicinity of the Kiam pros-
pect on Honey Creek in Llano County,
Barnes (1945h, fig. 31, p. 95) mapped
this boundary where gradation of two
types is present; one, an alternation of
beds of different lithic types and the other,
harder to demonstrate, a lateral gradation.
Knowing this it seemed plausible that the
soapstone-serpentine deposits might repre-
sent a stratigraphic horizon even though
they are situated in both Valley Spring
gneiss and Packsaddle schist, and that the
soapstone and serpentine might both be
derived from sedimentary rocks.

To check this possibility samples from
several of the serpentine deposits and as-

sociated rocks were analyzed by Mr. R. M.
Wheeler, of the Bureau of Economic Geol-
ogy, with special attention being given to
the content of NiO and Cr,0,. The anal-
yses are given in Table 2. It is obvious
that these rocks are higher in NiO and
Cr,0, than any rocks except the most
basic ones, and that they could not be de-
rived by the alteration of sediments. The
emplacement of these rocks very close to
the same horizon must either be fortui-
tous or be controlled by the boundary
along which they are situated.

Igneous rocks are often emplaced along
boundaries between rocks of different
lithic types, and Stenzel (1935) has
pointed out that Town Mountain granite
has been emplaced along the Valley Spring
gneiss—Packsaddle schist contact in sev-
eral areas. Big Branch gneiss comes very
near to some of the deposits in the Crab-
apple Creek and Legion Creek areas and in
the Big Branch area is the host for all of
the serpentine deposits. Such a relation-
ship suggests that the parent rock of the
serpentine was emplaced before the Big
Branch gneiss invaded the Valley Spring
gneiss—Packsaddle schist series.

If the Coal Creek serpentine mass is of
the same age as the rest of the serpentine,
then some of the evidence for the place-
ment of its age as younger than Big
Branch gneiss will have to be reexamined.



PART 2

MINERALS, COMPOSITION, AND STRUCTURE OF SERPENTINE
D. A. Shock

INTRODUCTION

The word “serpentine” is generally ac-
cepted as a rock name; it is also widely
used as a mineral name. For the sake of
clarity and in accordance with existing
literature, serpentine is herein considered
to be a rock containing the “serpentine”
and associated minerals. Serpentine may
be massive, compact, fibrous, lamellar, or
columnar; most serpentines are brittle but
some are fibrous and tough. The color is
a variegated green with black, yellowish,
and blue-green shades. Magnetite and
chromite are usually present, and serpen-
tine is often associated with talc, magne-
site, and dolomite.

The serpentine minerals are hydrous
magnesium silicates of the general for-
mula H,Mg,Si,0,. Two principal min-
erals which are recognized are chrysotile,
a fibrous ashestiform mineral, and antig-
orite, which may be a fibrous or a non-
fibrous mineral. Replacement of mag-
nesium by iron and nickel is common; cal-
cium is found as a replacement less often.
Aluminum is sometimes found, and it is
believed that it can substitute for either
the silicon or magnesium depending on the
co-ordinate bonds, as it does in other sili-
cale minerals such as the clays and micas.
Other divalent metals may partially replace
the magnesium, although they are of lesser
importance than the metals mentioned
above.

MINERALS OF SERPENTINE

Caillére (1936) states that X-ray and
thermal analyses show antigorite, metaxite,
picrolite, williamsite, dermatine, picros-
mine, bowenite, schweizerite, deweylite,
chrysotile, baltimorite, marmolite, and
cerolite to be identical. Nickeliferous gar-
nierite, noumeite, pimplite, nepouite,
nickel-gymnite, roettisite, rewdanskite,
genthite, and ferriferrous forms of antigor-
ite also have heen described as separate
minerals. She states that the antigorites can
be divided into e and B groups according
to their thermal analysis behavior. Efre-
mov (1940) gives data contrary to this

separation, while Hargreaves and Taylor
(1946) state that their work partially sup-
ports Caillére’s data. The o« form of
antigorite is described as exhibiting an
endothermic heat effect at 650° C. and a
very sharp exothermic effect at 750° C.
The first heat effect is accompanied by loss
of H,0, and the residue is amorphous. The
exothermal heat effect is due to the rapid
crystallization of enstatite and olivine. -
antigorite exhibits only the endothermal
heat effect at 650° C.; the loss of H,0 and
gradual crystallization of enstatite and oli-
vine occur simultaneously. The preponder-
ance of evidence (Selfridge, 1936; Gruner,
1937, 1939; and Efremov, 1940) is that
o -antigorite and B-antigorite do not exist.
Gruner (1939) also states that there is no
indication of the formation of enstatite at
temperatures between 560° C. and 650°
C. In a letter of January 9, 1950, Dr.
Gruner suggests that serpentine is fre-
quently composed of an intimate mixture
of antigorite and chrysotile. This may
explain the results obtained by Caillére.

COMPOSITION OF SERPENTINE
MINERALS

The analyses of 16 “serpentine” and 11
antigorite samples have been compiled hy
Sellridge (1936) from the literature, and
these are repeated in Table 3 to illustrate
the varialion in composition and distri-
bution of constituents. For comparison the
theoretical composition of the oxide com-
ponents of the pure mineral HMg,Si,0,
(3MgO - 2Si0, - 2H,0) are as follows:
MgO, 43.5 percent; SiQ,, 43.5 percent, and
H,0, 13.0 percent.

CRYSTAL STRUCTURE OF SERPENTINE
MINERALS

X-ray sludies show that the complexity
and large number of silicate minerals are
due largely to the ability of silicon to form
complex atomic arrangements by the link-
ing of the tetrahedral silicon-oxygen
groups. These linking groups may be sim-
ple silicate structures, sheets or layers,
straight chains, or three-dimensional link-
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ages. The crystal structure of the serpen-
tine minerals, while still not thoroughly de-
fined, has been shown Lo be of the chain or
layer type not unlike that of the amphi-
boles and some clays and micas.

Cronstedtite, chrysotile, and antigorite are of
oarticular interest in that they bear the same
formal relationship to the usual kaolin minerals
as do the octophyllite to heptaphyllite micas. In
other words, the positions having octahedral co-
ordination are completely filled . . . .

Table 3. Analyses of serpentine and antigorite; after Selfridge (1936)."

Na. 5i0, ALD, Fe,0, FeO MzO Cal 1.0 N, 0 NiD Ma0O Tutal
SERPENTINE
1 43.50 0.40 — 2.08 40.00 13.80 — — — 98.78
2 41.58 0.42 — 1.69 42,61 13.70 — — — 100.00
3 42.42 0.63 0.62 —_— 41.01 54 15.64 — 0.23 — 100.55
4 40.23 2.18 4.02 — 39.46 — 14.24 — o -— 100.13
5 42.38 0.07 0.97 0.17 42,14 = 14.12 — — — 99.85
6 42.92 0.20 0.68 — 43.38 0.38 13.40 — —_— — 100.76
7 42.05 — 0.30 0.10 42.57 0.05 14.66 — —_— — 99.73
8 41.47 1.73 0.09 41.70 — 15.06 — — I 100.05
9 41.59 —— 243 - 42,32 — 13.55 — —_— —_— 99.89
10 41.87 2.30 — 42,43 — 13.40 -— — — 100.00
11 42,00 0.26 — 9 41.00 — 15.00 — —_ — 69,16
12 42,73 e 2,79 40.37 0.40 12.17 1.52 —— — 99.98
13 41.48 549 — 1.59 37.42 S 10.88 284 — — 99.70
14 43.66 0.64 1.96 4112 -— 13.57 — — — 100.95
15 4312 4.91 1.99 34.87 — 13.13 1.33 — _— 99.36
16 41.21 —_— — 1.72 39.24 — 16.16 — — 0.30 98.63
ANTIGORITE
1 41.58 2.60 — T7.22 36.80 — 12,67 — 100.87
2 41.14 3.82 3.01 —— 39.16 0.40 11.85 — 9918
3 42.94 —_— 3.33 1.88 36.53 -— 13.21 1.61 100.22
4 43.79 — e 2.05 41.03 — 1247 —_ 99.34
5 41.13 1.23 — 1.49 43.65 0.17 12.46 — 100.13
6 42.40 tr e 1.56 42.50 tr 13.28 — 99.54
7 42.50 tr — 0.95 43.15 tr 12.84 — 99.50
8 42.60 — - 1.62 41.90 - 1270 0.40 99.22
9 44.50 0.75 —_ 1.39 39.70 —— 12.95 0.90 99.99
10 40.95 1.50 - 10.05 34.70 - 12.60 — 99.80
11 44.08 0.30 — 1.17 40.87 — 13.70 — 100.49
ASample loenlitics muy be obtained from original article by Selfvidge (1936),

One of the most recent discussions of
the structure of the serpentine minerals
and their relationship (o the clay minerals
is by Hendricks (1942, p. 276). In an
abstract of his paper he states:

Minerals appearing in clays generally have
layer lattice structures formed from (1) un-
charged layers with hydroxyl ions on Dboth sur-
faces; (2) hydroxyl ions on one surface and
oxyzen ions on the other; (3) oxygen ions on
both surfaces; (4) charged layers with oxvgen
ions on hoth surfaces: or (5) two types of layers,
one with hydroxyl ions on hoth surfaces, and the
other with oxygen lons on both surfaces.

Serpentine is classed as group (2) along
with kaolin minerals and cronstedtite. This
relation is expanded upon by Hendricks
(pp. 279-281) in his discussion on what
is now known about the structure of the
serpentine minerals and their relationship
to the other silicate minerals as follows:

A structure for chrysotile asbestos was ad-
vanced by Bragg and B. E. Warren [Warren and
Bragg, 19301 which satisfactorily explained its fi-
brous character. However, many of us, including
Warren, knew that some of the X-ray diffraction
data were not satisfactorily explained by this
structure, particularly the peculiar diffuseness of
reflections from planes with the k& index other
than zero. Warren and K. W. Herring [1941]
now apparently have found the correct structure,
which is simply that of kaolinite with 3 Mg ions
substituted for 2 Al ions. Pauling [1930] had
pointed out that such a substitution would be
expected so to distort the latlice, owing to the
greater size of the Mg** ion, as to render it
unstable. Actually, this strain seems rather to
restrict the width of a layer to a {ew units of
structure say 30-100A as shown by electron mi-
croscope photographs [Muller and Ruska, 1941].
Growth along the plate, however, is still per-
mitted; in other words, the strain is taken up
in one direction. Chrysotile is thus considered to
be an aggregate of kaolin-like plates perhaps only
one or a few layers thick. The fibrous character
is due to the extreme extension of the plates in
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one direction, Other clay minerals probably also
will be found to develop as fibers under some
conditions.

A possible structure has not yet been advanced
for antigorite, and caution should be exercised in
discussing it. Grunmer [1937] has shown that
chrysotile and antigorite have powder-diffraction
patterns that do not appear to be similar. In-
spection of his data, however, indicates that the
underlying layer structures are possibly the same
and that antigorite might differ from chrysotile
only in the type of lattice limitation. The
Mgz:Sis0s(0OH) kaolin-type layers of antigorite
might be more nearly equidimensional and some-
what broader than these of chrysotile. In other
words, the strain cavsed by the presence of
Mg** ions would he isotropically distributed in a
layer—a condition that could arise from a differ-
ent rate of formation. Limitation of length would
be more likely to permit several layers to be
superimposed as in the kaolin minerals. We thus
have the following series: (1) Nacrite, lattice
not limited; (2) Chrysotile, lattice limited in 2
dimensions, width of layers and their number;
(3) Antigorite. lattice limited in 2 dimensions,
width and length of layers, Optical properties
are determined by the lattice limitations, and
thus antigorite and chrysotile could readily have
different optic signs.

Warren and Bragg (1930, p. 201) in dis-
cussing anligorite slale:

The unit cell is monoclinic, with # = 14.66A. b
=18.5A, ¢ =533 and F=93°46" . .. .. The
structure indicates a formula expressed by doub-
ling the usual molecule HiMg:Si-0s and writing
it (OH )eMg:Si0::.H-0. There are four of these
molecules in the unit cell.

..« Lach silicon is surrounded by four oxy-
gens tetrahedrally arranged. Part of the oxygens
are shared between neighbouring tetraliedra,
forming endless chains of silicon-oxygen tetra-
hedra lying parallel to the “c” axis. The chains
have a composition Si.05, and are similar to the
chains Ere\riously found in the amphiboles. Be-
tween the sets of chains are sections of Mg and
OH arranged as in Brucite.

This structure as depicted by Warren
and Bragg consists of a chain of 4 silicon-
oxygen tetrahedra, 5 Mg®+ ions holding
6 OH ions with one Mg++ bonded be-
tween the layers, and one H,0 held
between the. 4 silicon-oxygen tetrahedra.
Hendricks, as noted above. believes that
the structure of antigorite is similar.

A knowledge of the exact structure of
the serpentine minerals is helpful in pro-
jecting ways that their structure might be
altered to advantage. Chemical and phys-
ical means can be used to produce desired
alterations in the structure of the serpen-
tine minerals. and a possibility of other de-
sired changes being feasible should not be
overlooked. Thus if the structural require-
ments were definitely known, it may be
possible to produce chrysotile ashestos
from antigorile, or the serpentine minerals
might be made to behave as the catalytic
clays. It is with these points in mind that
the structure and physical properties of
the minerals have been stressed.






PART 3
EXPERIMENTAL DATA ON SERPENTINE
D. A. Shock and W. A. Cunningham
HEAT TREATMENT OF SERPENTINE

Acrivarton—DrcomprosiTioN witTH HEAT

The decomposition of serpentine has
been demonstrated by the work of Rud-
neva (1939), Kurnakov and Chernuikh
(1926), Hargreaves and Taylor (1946),
and Caillére (1936). As the serpentine is
heated it loses water and its crystalline
structure becomes so disrupted that an
X-ray diffraction pattern cannot be ob-
tained. With continued heating at any
given temperature, or with increase in
temperature, rearrangement takes place
and new materials form. Brandenburg
(1940) discusses the possibility of making
the magnesium more available through
control of heat treatment. He points out
that within certain prescribed temperature
limits, the exlraction of magnesium is a
function of the temperature to which the
serpentine has been treated prior to the
extraction but that when heated at temper-
atures below or above those activating
temperatures the serpentine is relatively in-
active. When similar studies were made of
the Coal Creek serpentines they were
found to exhibit general characteristics
similar to those described by Brandenburg
(1940), but, in addition, rather important
dala were obtained which appear to be ap-
plicable to other serpentine rocks.

DECOMPOSITION CURVES

The term “activation™ is used herein for
heat treatment known to render the ser-
pentine more active chemically. Most of
the heat treatment was carried out on rela-
tively finely ground Coal Creek serpentine
from Gillespie County. The rock was re-
duced to desired size by crushing to ap-
proximately one-quarter inch in a jaw
crusher and then by passing it twice
through a disk pulverizer, after which all
material passed a 100-mesh screen and 75
percent passed a 200-mesh screen. A ther-
mostatically controlled laboratory mufile,
in which the temperature could be main-
tained within 5° C. of that desired, was
used for activating the serpentine. The
weighed samples, depending upon the

amount, were placed in either porcelain
crucibles or flat dishes so that loss in
weight could be determined at various
time intervals.

Weight loss plotted against time for
various temperature levels (fig. 8) shows
that there is a considerable difference in
both the rate of decomposition and the
composition of final product between 500°
C. and 600° C. At 600° C. the decompo-
sition approaches a limiting value in four
hours; at higher temperatures the limiting
value is approached much more rapidly.
At temperatures of 500° C. and below, the
limiting value is approached very slowly
and for practical purposes may never be
reached. Experience shows that 48 hours
is insufficient to give 14 percent loss at
500° C.

PERCENT

WEIGHT LOSS IN

=] 1 2 3 4 5
HEATING TIME IN HOURS

Fig. 8. Loss in weight versus time of calcina-
tion at various lemperatures for Coal Creek
serpentine.
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MEASUREMENT OF ACTIVITY

Brandenburg (1940) measured the ac-
tivily, or available base, by determining
the amount of benzoic acid with which a
given weight of aclivated serpentine would
react in a standard time. A test which
gave comparable results was used in this
work for evaluation of activation which,
while similar in nature to that of Branden-
burg, gave results in much shorter time.
The evaluation was made in an apparatus
shown in figure 9 according to the follow-
ing procedure:

BURETTE
—_— O

CONSTANT SPEED
AGITATOR

D

400 ML BEAKER

INTERVAL
TIMER

N

BUNSEN BURNER
-

Fig. 9. Apparatus for evaluating the activation
of serpentine.

Two hundred ml. of distilled water were
placed in a 400-ml. beaker and the latter
inserted in a holder in such manner that
the liquid could be heated by a bunsen
burner and agitated with a motor-driven
stirrer. The beaker position was fixed so
that the agitator was always in the same
position in the beaker. The speed of agi-
tation was kept constant by a vollage regu-
lator. Ten ml. of 1.0 normal hydrochloric
acid were added to the beaker along with
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two drops of methyl orange indicator. The
solution was then heated to boiling while
being vigorously agitated.

A 2.000-gram sample of the serpentine
was added to the boiling solution, and the
length of time required to turn the red of
methyl orange lo a definite yellow was
noted. The values thus oblained are re-
producible to within =5 percent of the
total time, which, in the more active
ranges, is less than one minute: neutrali-
zation times of more than five minutes
were not so consistently reproducible. The
activily of the sample was taken as the re-
ciprocal of the neutralization time in min-
utes. The most reactive samples required
0.25 minute to neutralize or had an ac-
tivity number of 4. By this method the
relatively unreactive samples requiring
more than one minute to neutralize would
have activity numbers less than 1.

REACTIVITY OF HEAT-TREATED SERPENTINE

The activities of the samples which fur-
nished the data for figure 8 were deter-
mined in the manner just described. The
results of plotting the activity number
against the healing time on logarithmic
coordinate paper at various lemperature
levels are shown in figure 10.
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Fig. 10. Dcgree of activation of Coal Creek
serpentine al various temperature levels.

It is evident that the activity of the ser-
pentine is a function of both time and
temperature, that is, the same degree of
activation can he obtained by heating at
a lower temperaturc for a longer period
of time which can be obtained in a shorter
period of time at higher temperature. It
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is also evident that there are limits on hoth
temperature and time of activation. Figure
11 is a graphical representation of the
active area, compiled on the basis of the
data in figures 8 and 10. The shaded area
represents activated serpentine with under-
activated material on the lower tempera-
ture side and dead burned material on the
higher temperature side. The activated
area practically disappears above 750° C.;
yet it is possible that higher temperatures
and very short lime intervals may accom-
plish activation along with disruption of
the crystal structure. If so, a superior acti-
vated product might be obtained by using
a treatment similar to that used in flash
expanding vermiculite where the problem
is of a similar nature. Laboratory equip-
ment suitable for conducting such trials
was not available.
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Fig. 11. Optimum time and temperature ranges
for activation of Coal Creek serpentine.

EFFECT OF PARTICLE SIZE

The experiment just described gives
activation data for relatively finely ground
malerial, 75 percent of which passes a 200-
mesh screen. In order to determine the
effect of particle size on activation, sam-
ples of different screen cize were activated

at the same temperature for the same
time and their reactivity determined.

Raw serpentine was ground, screened
into six sizes. heated at 700° C. for three
hours, and the activity number determined.
The data thus obtained are presented in
Table 4: in columns 5 and 6 are shown
the arithmetic average sieve openings and
the estimated surface areas of a 2-gram
sample of the indicated size. The calcu-
lated surface areas shown are for com-
parison purposes only and cannot be con-
sidered as absolute. The calculations were
based on the {ollowing assumptions: (1)
an apparent specific gravity of 1.4; (2)
cubical particles whose side dimension is
the arithmetic average of the openings of
the sieves through which the particular
sample passed and on which it was re-
tained.

Though qualitative only, the data indi-
cate that maximum activity numbers can
he obtained with particles no finer than
100 mesh (0.149 mm.). This, of course,
was anticipated since reaclions between
solids and liquids are [unctions of the sol-
ids surface area and the latter increases
very rapidly as the average particle dia-
meler decreases.

The most interesting point aboul the
foregoing data is that il is unnecessary
to go to the expense of exiremely fine
erinding to obtain maximum or near-
maximum aclivily.

X-RAY DIFFRACTION STUDIES

Caillére (1936), Rudneva (1939). Har-
greaves and Taylor (1946), Efremov
(1940) and Haraldsen (1928) have fol-
lowed the course of heat treatment of
serpentine by X-ray diffraction studies in
order lto delermine the resulting changes
that take place in the ecrystal structure.
From their work it is evident that the ser-
pentine minerals decompose, losing water
on heating. with a subsequent loss of crys-
talline structure. With increasing tem-
peratures, a rearrangement takes place,
and X-ray patterns show the presence of
new crystalline materials. In general it
is noled that the characteristic erystalline
structure ol serpentine disappears almost
entirely between 500° to 600° C. Olivine
is formed alter decomposition at lempera-
tures above 600° C.; at higher tempera-
tures. above 1.000° C.. other minerals
have been noled, such as periclase (MgO),
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Table 4. Effect of particle size on activity of Coal Creek serpentine.

Estimated
National Burean surface
of Standards Sieve opening area of Activity
sieve number Millimeters 2-gram number
sample /T
Arithmetic Square
Through On Through On Average centimeters
8 16 2.38 1.19 1735 50 0.92
16 25 1.19 0.71 0.95 90 1.13
25 40 0.71 0.42 0.565 155 1.39
40 80 0.42 0.177 0.298 288 1.58
100 200 0.149 0.074 0.112 760 2.00
200 — 0.074 e 0.05* 1,710 2.00
*Assumed.

enstatite (MgSi0,}, and amorphous silica
(Si0,). The literature is not in good
agreement on the temperatures at which
the transformations take place; this may
be due in part to the variation in mineral
constituents in the different samples. It
is evident, however, that the crystalline
form is disrupted by heat treatment, and
recrystallization takes place when the ser-
pentine is heated to some higher tempera-
ture.

X-ray examination of Coal Creek serpen-
tine which has been subjected to heat

treatment checks the general behavior
noted in the literature, showing gradual
disappearances and dispersion of the lines
in the X-ray diagrams, with the appear-
ance of olivine at higher temperatures.

Figure 12 shows a comparison of sev-
eral X-ray patterns oblained from heat-
treated samples. The absence of peaks in
the 600° C. curves shows clearly the non-
crystalline nature of the serpentine acti-
vated at this temperature. The changed
crystalline character of the serpentine
above 600° C. is demonstrated by a com-
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Fig. 12. X-ray diagrams of Coal Creek serpentine, both raw and heat treated.
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parison of the curves for untreated serpen-
tine and for serpentine heated to 400° C.,
with curves for serpentine heated to 800°
C. and 1,000° C. That the end product at
1,000° C. contains mostly olivine or ensta-
tite is indicated by a comparison of the
crystal plane spacings found in the heated
sample with those of natural olivine, as
shown in Table 5.

Table 5. Comparison of crystal planes of
olivine and heat-treated Coal Creek serpentine.

Heat-treated Coal Creck Olivine
serpentine
10000 C. - 3 hours Data fram ASTM Tables

dpkl 1 / ahl1 I ,/

A / 1 A z L
5.03 0.1 5.10 0.6
3.87 0.5 3.95 0.4
3.71 0.2 3.79 0.2
3.465 0.2 3:53 0.3
3.275 0.2 — —
3.156 0.4 3.02 0.7
2.985 0.3 — —_
2.880 0.5 T s
2.755 0.7 2,792 0.7
2.690 0.2 — —
2510 1.0 2.516 0.7
2,455 0.9 2,466 0.8
_— - 2.261 0.8
2.150 0.2 2.162 0.5
1174 0.7 1.744 1.0
1.666 0.2 1.667 0.3
1.570 0.1 1.569 0.3
1.492 0.3 1.495 0.6
1477 0.4 1.478 0.8
1.390 0.2 1.393 0.8
1.345 0.2 1.343 0.7
1.310 0.1 1.314 0.6

Lines not explained by this particular
olivine structure are shown to match some
of those in the enstatite (MgO - Si0,)
structure and nephrite (2CaQ - 5(MgFe) -
8510, - H,0) structure. It is also possihle
that some of the weak lines are {rom hema-
tite (Fe,0,). The crystal structure pat-
terns did not show any indication of the
formation of crystalline MgO or SiO.,.

THERMAL ANALYSES OF COAL CREEK SERPENTINE

The thermal analysis curves of the Coal
Creek serpentine are similar to those ob-
tained by Caillére (1936) from material
which she identified as o -antigorite. The
curves probably indicate instead that both
antigorite and chrysotile are present.
Curves for both raw and activated serpen-
tine are shown in figure 13. Raw serpen-
tine exhibits a large endothermal peak at

675° C. and a sharp exothermal peak at
790° C. The activated serpentine, having
lost its water of crystallization, does not
give the large endothermal peak; the sharp
exothermal peak, however, remains. The
small endothermal peak at about 200° C.
is not explained; it is also present on some
of the curves obtained by Caillére.
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Fig. 13. Thermal analysis curves for raw and
activated Coal Creek serpentine.

ADSORPTION PROPERTIES OF ACTIVATED COAL
CREEK SERPENTINE

Activated serpentine was compared with
a number of commercial adsorbents used
to decolorize oil and was found to have
some value as an adsorbent. Ten-cc. sam-
ples of crankcase oil were thoroughly
shaken with the adsorbent and allowed to
settle. The comparison was made by meas-
uring the amount of light transmitted
through the liquid by a tungsten lamp,
using the amount of light transmitted
through water-white kerosene as a stand-
ard. The transmitted light is allowed to
fall on a photocell, and the readings are
recorded in micro-amperes. Comparative
data for the various materials tested are
recorded in Table 6.

Runs T and II were made on different
instruments so that the values for the oil
and kerosene were not the same. Both
runs show by this method of testing that

Investigati now in progress, using additional samples
of Coal Creek serpentine, have not confirmed the data
obtained earlicr and reported in  this section. Further
studiee will be made, W. A, Cunningham, June 1930.
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the activated serpentine retains about the
same amount of color bodies as the com-
mercial clays. Acidic compounds should
be removed better by activated serpentine
than by most clays because of the hasic na-
ture of the reactive magnesium oxide.
However, no data have been gathered to
support this. The tests which were run
indicate that activated serpentine should
have some value as an adsorbent.

Table 6. Adsorptive characteristics of acti-
vated Coal Creel: serpentine.

Transmission

reading
Micro-
Material antperes
Run I
0il before treatment ... &5
Kerosene (100% lranﬂmlssmn) e 37.0

Fluoridan G, 60/100 mesh ... 18.0
Fuller’s earth oot .. 18.0
Activated serpentine ..o oo 18.0
Run II

0il before treatment ... e 13
Kerosene (100% transmlssmn) P
“Riverside” clay 200 . - 14
Westvaco adsorbent, Percolem gmde

30-60 . S, 14

Fuller’s earth,
200-mesh 13
Fuller's earth, sample from stock
room of The University of Texas,

Department of Chemisty ... 15
Activated serpentine (3 hours at
650° C.) 13

The adsorbent characteristic of serpen-
tine developed during heat treatment is
probably caused by (1) disruption of the
crystal structure through removal of water,
thus causing a lremendous increase in
surface area; and (2) production of un-
satisfied bonds where the water was re-
moved.

CHEMICAL TREATMENT OF SERPENTINE
SoLuBiLitY oF RAW SERPENTINE

The raw serpentine minerals, contrary to
most silicate minerals, are readily ame-
nable to chemical treatment. The serpen-
tine minerals are attacked by the mineral
acids as shown by Terpugov and Portu-
galova (1938) and B. A. Peacock (1919).
Mellor (1925) reports that they are at-
tacked slightly by even such weak acids as
carboniec. Two patenis have been issued

covering the treatment of serpentine with
caustic soda (sodium hydroxide). Samuel
Peacock (1917h, U.S. Pat. 1,250,216)
claims that the silica is dissolved in the
causlic soda, leaving the magnesium oxide,
and Jackson (1918, U.S. Pat. 1,254,230)
claims that an acid-soluble magnesium sili-
cate is formed. Decomposition of serpen-
tine minerals by chlorine gas at high tem-
peralures, by concentrated solutions of
ammonium chloride, and ‘by concentrated
solutions of calcium chloride and of fer-
rous sulfate have been reported by V. T
Belik (1939), M. A. Oganesyan (1938),
and S. Peacock (1917a). The latter’s work
is covered by U.S. Patent 1,250,216
(1917b).

Laboratory investigations of the acid
and caustic soda procedures found in the
literature cited above demonstrated certain
processing difficulties which may make
their commercial utilization impractical.
Hydrochloric acid treatment dissolves the
major portion of the magnesium in the Coal
Creek serpentine, but the gel characteris-
tics of the residual silica make the removal
of the magnesium chloride quite difficult.
Treatment with caustic soda solutions pro-
duces soluble silicales and insoluble mag-
nesium compounds. Efficient removal of
the highly adsorptive magnesium com-
pounds from silicate solutions is even more
difficult than the separation problems en-
countered in acid treatment. Treatment
with CO, (carbonic acid) gave low yields.
and its use appears to be uneconomical.
The reported processes for decomposition
of the serpentine with chlorine gas at high
temperatures and with concentrated salt
solutions other than the magnesium salts
have not been evaluated.

TREATMENT OF RAW SERPENTINE WITH
HYDROCHLORIC ACID

Effect of reaction time—When unacti-
vated serpentine is treated with hydro-
chloric acid, the magnesium and other
metallic ions go into solution first and then
the silica is converted to silicic acids and
silica gels. As the attack on the silica in-
creases, separation of the insoluble portion
from the solution by filtration becomes in-
creasingly difficult. If the hydrochloric
acid is allowed to react in such a manner
as to form a silica gel, separation of the
magnesium chloride becomes impossible
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by normal fliration methods. Acid con-
cenlration, reaction temperalure, and size
of the serpentine particles are some of the
major factors which may influence the
rate of magnesium solution and formation
of silica gel. Crawford (1946) showed
that the former two factors were of rela-
tively minor importance so long as the
mole ratio of acid to alkali was more than
about 0,75 to 1.0.

Experimental data presented in Table 7
were obtained in the treatment of minus
60-mesh serpentine with 20 percent com-
mercial hydrochloric acid al approximately
100° C. In each instance 100 grams of
raw serpentine were allowed to react with
68 grams of acid (100% basis) (0.5 mole
MgO to 1.05 mole HC1) for the indicated
time and then filtered immediately in a
11-em. Biichner funnel fitted with a #41
Whatman filter paper under a vacuum of
24 inches of mercury.

Table 7. Reaction of raw Coal Creek serpen-
tine with hydrochloric acid.

Reaction Filtration Recovery of

Sumple time time magnesium

No. Minutes Minutes Percentage
1 5 1.83 85.5
10 267 90.1
3 15 283 91.8
1 20 3.07 92.1
5 25 3.25 91.2
6 30 3.59 91.8
7 60 5,10 93.2
8 120 9.00 93.2

These data show clearly that magnesium
recovery, that is. percent of total magne-
sium obtained in the clear filtrale, reaches
a maximum very rapidly, whereas silica
gel formation, as indicated by longer fil-
tration lime, increases linearly with time
of reaction. Optimum reaction time is
about twenty minutes,

Effect of particle size—Since any re-
action of a liquid and a solid will be mark-
edly affected by the exposed surlace arca
of the solid, it was anticipated that both
the amount of magnesium extracted and
the time of filtration would vary with
particle size. Data (Table 8) covering the
results of acid treatment of crushed and
sized serpentine show that, at least quali-
tatively. the reaction with acid is a func-
tion of particle size.

Table 8. Effect of particle size on magnesium
extraction from Coal Creek serpentine by acid
treatment using a standard reaction time of 15
minutes.

National Burcau

of Standards Filtration Recavery of

sieve number time magnesinm

Through On Minutes Percentage
100 2.3 88.2
40 80 16 86.0
20 10 15 85.7
10 20 1.7 85.0
4 10 12 68.7

The amount of magnesium extracted
does nol drop markedly until the particle
size is relatively large (10 mesh). The
filter time increases as the particle size gets
smaller but, for this set of conditions, the
change is not large. Fine-grinding (minus
100 mesh) does not increase the yield ap-
preciably.

Siliceous residue~—In the Lreatment of
Coal Creek serpentine the hydrochloric
acid also extracls some malterials other
than magnesium from the rock. It is be-
lieved that those metals held in the molec-
ular structure as replacements for the
magnesium are extracted under the same
conditions as the magnesium. Practically
all the ferrous iron and nickel are re-
moved. The iron and chromium which are
held in the magnetite and chromite min-
erals are virtually unaffected and remain
as a magnelic fraction in the siliceous
residue. The siliceous residue, which is
essentially an amorphous hydrous silica, is
discussed at greater length on page 39.
Its reactivity in the amorphous state sug-
gests possible vses for this material.

SOLUBILITY OF ACTIVATED SERPENTINE

Serpentine which has been activated by
heat treatment is more soluble. and. in
general, is more readily attacked by acids.
Brandenburg (1940) claims that MgO and
MgSi0), are formed by the decomposition.
Xeray studies discussed previously show
that the activated rock gives no Xeray dif-
{raction patterns; thus no identification of
specific compounds is possible and all erys-
tal structures present in the raw serpen-
tine seem lo be destroyed. It is believed
that the increased solubility is due to de-
struction of the crystal structure and re-
sultant disruption of the chemical bonds.
Activated serpentine gives an alkaline test,
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thus showing the presence of free mag-
nesium oxide. Brandenburg (1940) re-
ports that 30 percent of the total magne-
sium oxide is “free Mg0” and can be dis-
solved by passing carbon diexide into an
aqueous suspension of the caleine. With
Coal Creek serpentine approximately 25
percent extraction was obtained by this
process.

Trials with other solvents showed that
of the total magnesium oxide, 6 percent
was removed by solution with sulfur diox-
ide, 9 percent was removed by solution
with ammonium chloride-ammonium hy-
droxide reagent, and 18 percent was re-
moved with ammonium chloride and car-
bon dioxide.

TREATMENT OF ACTIVATED SERPENTINE WITH
HYDROCHLORIC ACID

The heat treatment not only increases
the solubility or reactivity of the total mag-
nesium, but there is evidence to show that
it also makes the silica more easily al-
tacked. A heat-treated serpentine sample,
when acidified with concentrated hydro-
chloric acid, forms silicic acid gel very
rapidly. The character of the gel depends
on the amount and concentration of the
acid and the heat treatment of the serpen-
tine. An attempt was made to treat the ac-
tivated serpentine with hydrochloric acid
in such a manner so as to form a hard
gel, similar to that obtained by neutralizing
sodium silicate with acid. If such a gel
could be formed, the solutes probably
could be leached from it. leaving the silica
gel as granules. The hardest gel produced,
under the numerous conditions investi-
gated. was a soft plastic mass not hard
enough to handle easily. The best gel ob-
tained was with completely activated ser-
pentine mixed with enough 20-percent hy-
drochloric acid to give a 5 percent excess
over the amount required to react with the
total magnesium. When the acid is added
to the dry serpentine and stirred slowly,
the gel formation starts within a few min-

utes, and the gel reaches a maximum
hardness in about an hour, at which
time Lhe heal from the reaction has

dissipated. Upon leaching the gel, any fil-
ter medium used was soon plugged by the
siliceous residue. However, a good recov-
ery of magnesium was obtained with yields
mostly above 90 percent, With activated

serpentine as well as with raw serpentine,
the problem becomes a method of sepa-
rating the soluble magnesium and other
metal compounds from the insoluble or
partially soluble silicates. Iron and nickel
are also dissolved by acid treatment and
may need to be removed. It has been
noted that heat treatment causes some oxi-
dation of iron in the activated serpentine.

TREATMENT OF ACTIVATED SERPENTINE WITH
SALT SOLUTIONS

Extraction of “Free MgO” by Solution in
Magnesium Sulfate

On the assumption that the magnesia
contained in activated serpentine could be
considered as “free MgO”, the solubility of
the magnesia in magnesium sulfate solu-
tions was investigated. Feitknecht (1926)
and Delyon (1938) show that magnesium
oxide exhibils a marked solubility in
aqueous solutions of such salts as mag-
nesium chloride and magnesium sulfate.
Thus if “free MgO” exists in activated ser-
pentine it should be extractable in solu-
tions of these magnesium salts. The use
of activated serpentine as an alkaline ma-
terial to remove excess acidity or to adjust
the pH of magnesium sulfate solution in
order to precipitate alkali-insoluble metals,
such as nickel and iron, was also investi-

cated.
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Fig. 14. Apparatus for treating activated ser-
pentine with magnesium sulfate solution.
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The method used was to introduce vari-
ous weighed amounts of activated serpen-
tine into well-agitated magnesium sulfate
solutions of known strength kept at 100°
C. The magnesium oxide content of the
solution was determined by withdrawing
an aliquot of the clear solution and titrat-
ing with standard tenth normal hydro-
chloric acid to the phenolphthalein end
point. The apparatus used for this study
is shown in figure 14.

Fifteen hundred ml. of magnesium sul-
fate solution were placed in the 2,000-ml.
round bottom, 3-necked flask and heated to
100° C. in the steam bath; waler loss was
prevented by a condenser on one neck of
the flask. The agitator was placed in the
center neck and the serpentine was intro-
duced and samples withdrawn from the
third. Ten-cc. aliquots were used except
in cases where the magnesium oxide con-
tent was very low: 25-cc. aliquots were
used in such cases.

A glass tube filled with glass wool was
placed over the pipet so that the aliquot
drawn was free from the serpentine. The
amount of alkaline material in the aliquot
as measured by the titration was con-
sidered to be Mg0O. In each instance the
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initial solution gave no test for alkalinity.
This system of measuring MgO content
was the same as that used by Delyon
(1938), and the results obtained confirmed
her observations that the magnesium oxide
first went into solution and then reprecipi-
tated. The total quantity of soluble mag-
nesia removed from the serpentine is indi-
cated by the maximum quantity of mag-
nesium oxide shown by the titration. The
serpentine used was ground to pass a 100-
mesh screen, was activated 3 hours at 650°
C., and had an activity number between 2
and 4 according to the evalualion system
previously described. Five-gram samples
of the activated serpentine were used.

Data covering the solubility of the mag-
nesium oxide of activated Coal Creek ser-
pentine in magnesium sulfate solutions of
various concentrations are plotted in figure
15. Though the maximum magnesium
oxide concentration obtained was much
less than that obtained by Delyon (1938)
with pure materials, the same characteris-
tic decrease after reaching a maximum
was observed. Delyon attributes this de-
crease Lo precipitation of some of the dis-
solved magnesia as basic magnesium sul-
fate. Since a 5-gram sample of the acti-
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Fig. 15. Solubilities of magnesium oxide from activated Coal Creek serpentine in magnesium
sulfate solutions. Parameters used are concentrations of MgS0, - TH:O in grams per liter.
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vated serpentine contained more than 2
grams of magnesium oxide, it is evident
that only a small fraction of this total was
dissolved.

In figure 16 are shown the data resulting
from a slight modification of the solubility
studies in which the concentration of the
solution was held constant at 600 grams
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upward from 500 grams MgSO, - 7H,0
per liter,

The solid curves of figure 18 show the
maximum extraction obtained as well as
the percent of total magnesium oxide dis-
solved in magnesium sulfate solutions of
600 grams MgSO, - TH,O per liter for in-
creasing MgO/MgSO, ratios. Predicted
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Fig. 16. Solubility curves for varying amounts of Coal Creek serpentine in magnesium sulfate

solution (600 grams MgS0O, -

MgSO, - 7TH,0 per liter and different
amounts of serpentine added. The general
shape of the curves for the different
MgO/MgS0, ratios used was similar to the
curves of figure 15. The increase in total
magnesium oxide extracted, however, was
not equal to the increased amount avail-
able in the larger amounts of activated
serpentine added. These data show that,
though the efficiency is never high, better
extraction is obtained when small amounts
of serpentine are added to large volumes
of solution. An estimate of the best ex-
traction which could be anticipated is pre-
gented in figures 17 and 18.

By plotting the maxima of the several
curves of figure 15 it is clearly evident in
figure 17 that for 5-gram samples of acti-
vated serpentine the solubility of magne-
sium oxide increases linearly for mag-
nesium sulfate in concentrations ranging

TH.0 per liter).
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Fig. 17. Curve showing solubility of Coal
Creek serpentine in magnesium sulfate solutions;
maxima plotted from figure 15.
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solubility data to be expected for mag- per liter and since the solubility of MgO
nesium sulfate solutions of 900 grams could be expected to decrease at higher
MeSO, . TH,0 per liter are plotted by temperatures.

dashed lines in the same figure. These lat- Because the solutions were basie, no
ter curves indicate quite clearly that very iron or nickel was dissolved. The results
poor recovery of magnesium oxide from also show quantitatively, as was indicated
activated serpentine can be expected even by qualitative observations, that in raising
where using hot solutions of magnesium the pH of magnesium solutions with acti-
sulfate of even near-maximum concentra- vated serpentine it is more effective to
tions. add the serpentine in small increments

MgO EXTRACTED IN GRAMS PER LITER
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Fig. 18. Recovery curves for magnesia from Coal Creek serpentine in magnesium sulfate solu-
tions of various concentrations,

The data also show that an extraction of than it is to add the total amount at one
aclivated serpentine by the balch method time. The above data show that the mag-
probably would not be economical since nesium oxide is not dissolved [rom the
large amounts of liquid are required for large additions but more is extracted from
small amounts of serpentine processed, and small additions. The amounts of extracted
the efficiency of extraction is relatively magnesium oxide expected for a given ser-
low. There is a possibility, however, that pentine addition are indicated from the
concentrated solutions of magnesium sul- data in figure 18.
fate could be circulated over thin beds of . . . .
activated serpentine and fair extraction ob- Solubility of i\'fgo in_Acidified Magnesium
tained. The depth of the bed would be in- Sultate: Solations
dicated by the time of travel of the solu- Since the quantity of soluble magnesium
tion through it, which should not be oxide decreased in a relatively short time
greater than the time it takes to reach the on extraction in MgSO, - 7H,0 solutions,
maximum extraction of magnesium oxide. solulions acidified with sulfuric acid
Slightly higher concentrations of magne- should increase the amount of magnesium
sium sulfate and higher temperatures could oxide dissolved. One gram of activated
be used if the extractions were made under serpentine was placed in 600 g/1 MgSO, -
pressure but not much improvement could 7H,0 solution which was heated at 100°
be expected of these since the limiting solu- C. and agitated as in the previous experi-
bility of MgS0, * 7H,0 is about 900 grams ments; enough normal sulfuric acid was
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added to be equivalent to the magnesia in
the serpentine. The calcined serpentine
was added and the solution filtered at the
end of 20 minutes. Filtration was very
rapid and the solution gave no test for
iron. Analysis of the extracted serpentine
showed that 66 percent of the total mag-
nesium oxide had been removed. In this
manner a hetter recovery of the magnesia
could be effected, filtration time decreased,
and little or no iron dissolved.

The extraction of magnesia from acti-
vated serpentine in acidified solutions was
investigated at The University of Texas
in 1946 by R. Pat Lightfoot and D. A.
Shock. Sulfuric acid was added to a sam-
ple of activated serpentine in MgSO, -
7H.0 solution in amounts equivalent to the
magnesium content of the serpentine. The
concentrated acid was diluted with just
enough water to make the resultant solution
equivalent to a solution of MgSO, - 7H,0
if all the magnesium oxide were extracted.
The serpentine was prepared by grinding
and sizing to minus 40 plus 80 mesh and
activating by heating 3 hours at 700° C.
It was observed that when there was little
salt solution compared to activated serpen-
tine, that is, low liquid to solid ratio, and
the sample was acidified. a gel resulted
which was impossible to handle. Various
ratios of solid to liquid, using a 760 g/1
MgSO, - TH,O solution, were investigated
to find which ratio is best, and the results
are shown in Table 9.

In order to keep the production of gelat-
inous silica at a low point so the filter
rate would not be too greatly reduced, a
solids-to-liquid ratio of about 50 g/1 was
maintained.

The amount of magnesium which could
be extracted in this manner, related to fil-
ter time of the sample, was studied by re-
acting for various lengths of time 10
grams of activated serpentine in 200 cc.

The University of Texas Publication No. 5020

of 760 g/1 MgS0, ' TH,O at 100° C. with
an amount of 48 percent H,S0, equivalent
to the magnesium. Reaction was carried
out in an open beaker, with mild agitation
and acid added within the first 5 minutes
of the reaction period. The slurry was fil-
tered in a Biichner funnel under constant
vacuum and the filier time noted. The
residue was dried and analyzed for the
remaining magnesium content. Figure 19
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Fig. 19. Rate of magnesia extraction from Coal
Creek serpentine in 760 g/l magnesium sulfate
solution and sulfuric acid and filtration rate of
solution.

shows the efficiency of Mg extraction and
comparable filter time for minus 40 plus 80
mesh serpentine in batches which were re-
acted for various lengths of time. The
curves show that after the rate of Mg
solution drops off, the filter rate increases
rapidly. This limits the economical ex-
traction of magnesium oxide as was found

Table 9. Ratios of activated Coal Creek serpentine to liguid for extraction of magnesia in

magnesium sulfate-sulfuric acid solutions.

Volume in cc. of

Activated serpentine 760 p/f1
in grams Mg50, + 7H,O plus
Minuz 40 plus 80 mesh H,50, Obzeryations
10 18.6 Gels solidify immediately on acid addition
10 372 Gels solidify in 10 minutes after acid addition
10 4.4 Filters very slowly: some gelation
10 186 Tlilters rapidly 10 minutes after acid addition
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to be the case in other extraction proced-
ures. According to these data a yield of 80
to 85 percent is to be expected with good
filter rate. The extracted solutions showed
no iron to be present.

In consideration of these results it seems
possible that a one-step process of reason-
able efliciency for making magnesium sul-
fate from activated serpentine may be
feasible.

SILICEOUS RESIDUE FROM SERPENTINE
Resipue AFTER StRONG Acip ExtrRAcTION

Since about 40 percent of serpentine is
silica (Si0,) and remains as residue ma-
terial after the metals are extracted, its
properties were examined to determine
possibilities for its use. Though the com-
position of the residue will vary with the
process used in removing the metal ions,
there are some generalizations which can
be made. The silica residue resulting from
extraction of the ground ore with either
hydrochloric or sulfuric acid retains its
combined water and a small amount of the
cationic constituents of the serpentine. It
is non-crystalline, giving a diffuse X-ray
diffraction pattern; there were no lines
found showing any silicate structure. A
sample exposed to the atmosphere for two
years showed an X-ray diffraction pattern
of magnesite, indicating that the residual
MgO had carbonated and crystallized, but
the complete absence of diffraction lines
attributable to crystalline silica or silicate
minerals showed conclusively that the
former remained in the amorphous slate.

Much of the usual residue after acid
treatment is a gray-white powder which is
easily pulverized. The larger pieces crum-
ble easily and do not maintain their granu-
lar character as well as commercial
granular silica gels. The apparent density
(15 gfcc for extracted ore which had
been ground to pass a 100-mesh screen)
is high, especially if compared to silica gels
available on the market. Hydrochloric
acid extraction removes more of the cal-
ored ions, iron and nickel, and gives a
whiler residue than extraction with sul-
furic acid. The general properties are
otherwise similar.

Siliceous residues resulting from ex-
traction processes which use activated ser-
pentine are also non-crystalline but they do
not contain combined water. In other

words, exposure to an aqueous system at
process temperatures is not sufficient to al-
low the water to recombine in the amount
that was driven off by the activation treat-
ment. These residues contain more iron,
much of which is in ferric form as a re-
sult of oxidation during heat treatment.
These activated serpentine residues are
generally less reactive than those obtained
by acid extraction of the raw ore.

Resioue From Hyprocuromric Acio ExTraction

The silica residue obtained from the ex-
traction of the raw serpenline with hy-
drochloric acid, according to the pro-
cedure described in the previous section,
was used for an investigation into the
solubility characteristics of the siliceous
material in sodium hydroxide. A typical
analysis of a sample of the residue which
had been reacted for 2 hours with 20-
percent hydrochloric acid at boiling tem-
peralure is as follows:

Composition of siliceous residue (after hydro-
chloric acid extraction).

Percent
Ignition loss (combined H.0) ... 18.7
Si0: 76.6
Rily cimss  soo—ee s mee e ST 3.8
Feﬂo.‘i S .. 0.2
MgO e b e e 15
R:0; by spectroscopic qualitative analysis

showed chromium as a major component with
iron and aluminum next in concentration.

SOLUBILITY IN NaOH SOLUTIONS

The silica residue, being finely divided
and non-crystalline, exhibils a greater re-
activity than any of the crystalline types
with which it was compared. It was found
to be readily soluble in sodium hydroxide
solutions of various concentrations. Solu-
tion was effected by adding the silica resi-
due to known concentrations of sodium
hydroxide at constant temperature. Mod-
erate stirring was used. The solution and
silica were reacted for a definite time and
the resulting solution analyzed for SiO,.
Solubility was considered to be the amount
of silica in solulion as determined by anal-
ysis. The effect of time on the solubility
of a 2.5 5i0,/Na,O ratio mixture {10 per-
cent NaOH concentration) held at 100°
C. is shown in Table 10. The difference
between batches A and C was in their
particle size, which is given in Table 14.



40 The University of Texas Publication No. 5020

Table 10, Effect of reaction time on solubility
of silica residue at 100° C.

Reaetion time Percent of total silica dissolved

Batch A*
10 minutes 96
15 p 94
20 ” 03
25 ” 100
30 o 97
1 hour 101
L5 100
2z " 98

Batch C
5 minutes 89
10 , 95
15 L 91
20 e 95
25 v 91
30 - 93

*See Table 14 for characteristics of batches A and L.

These results, while somewhat variable,
indicate that for 2.5 Si0,/Na,0 ratio at
100° C. the reaction is very rapid, being
essentially complete in 10 minutes. At
room temperature (30° C.) the reaction
was considerably slower, as shown by

Table 11.

Table 11. Effect of reaction time on solubility
of silica residue at 30° C.

Percent silica
dissolved

Reaction time
Hours

L5 79
25 83
4.5 86
6.0 84
8.0 99

The solution ratio seems to reach a maxi-
mum value at 5,1-5.4 in solution. It is
possible to remove some of the undissolved
magnesium oxide and ferric oxide by
settling. Experiments on settling time show
that as the Si0,/Na,O ratio increases, the
solutions are more viscous and become in-
creasingly difficult to clarify. Increase in
reaction time was found to decrease the
difficulty of clarification.

Table 12. Effect of SiO2/Na:0 ratic on solu-
bility of silica residue.

Pereent

5i0,/Na,O0 Reaction total
Si0,/Na 0 determined time S$i0,
caleulated in solution Hours dissolved
2.0 1.96 2 98
25 232 2 93
3.0 294 2 98
3.5 343 2 98
4.0 3.6 2 90
2.0 1.94 0.25 97
2.5 242 0.25 97
3.0 291 0.25 97
3.5 3.40 0.25 97
4.0 3.88 0.25 98
5.0 4.20 0.25 84
6.0 5.10 0.25 85
7.0 54 0.25 77

EFFECT OF NaOH CONCENTRATION ON SOLUBILITY

Three concentrations of sodium hydrox-
ide were used to determine any effect of
concentration change on solubility. The
results shown in Table 13 indicate that
there is little change in solubility in these
ranges.

Tuble 13. Effect of sodium hydroxide concen-
tration on solubility of silica residue.

EFFECT OF 5i02/N2:0 RATIO ON SOLUBILITY

In order to determine the solubility of
the silica when different amounts of so-
dium hydroxide were used, a series of tests
was made by adding various amounts of
silica residue to a given volume of 10
percent NaOH solution. The sample was
agitated at 100° C. for the time shown in
Table 12. The filtrate was analyzed for
Na,0 and SiO, content and the rate and
yield thus determined.

These results would indicate that below
a ratio of 4 the solubility is independent
of the Si0,/Na,0O ratio, but above 4 the
solubility decreases as the ratio increases.

NaOH Percent
concen-  Reaction yield,
tration time Specific 5i0,

Percent Hours gravity dissalved
10 2 1.185 97
15 2 1.195 98
20 2 1.193 95

EFFECT OF INITIAL PARTICLE SIZE ON
SOLUBILITY

Since solubility characteristics can be
changed by the particle size, three batches
of silica residue were sized and samples
from the batches were then dissolved in
10-percent sodium hydroxide. Screen anal-
yses of the batches are shown in Table 14.



Table 14. Screen analyses of silica residue.
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National Bureau
of Standards

sieve mumber Batch Batch Bstch
Through On A C D
10 20 4.1 0.0 0.0
20 10 124 1.5 0.0
40 60 0 | 9.2 20
0 100 14.1 254 19.0
100 61.5 55.6 62.9

NaOH solution at 100° C. is shown in
Table 15 which indicates little effect of
particle size on solubility over this range.

Table 15. Effect of particle size on solubility
of silica residue.

Percent silica dissolved from the batches
above in 2.5 Si0,/Na,0O ratio 10-percent

Reaction Yield, Yield, Yield,
tima Bateh Bateh Batch
Minutes A D
10 96 95 —
15 94 91 93
30 97 93 95







PART 4
REVIEW OF THE POSSIBLE INDUSTRIAL USES OF SERPENTINE
W. A, Cunningham

The possible sources of . magnesium
available in the southwestern United States
are listed in Table 16. Of the ores avail-
able in any quantity, serpentine has the
highest magnesium content since neither
brucite nor magnesite is present in signifi-
cant amounts. This fact alone, however,
does not necessarily imply that this min-
eral is the best raw material from which
magnesium or magnesium compounds
might be produced commercially. Indeed,
the fact that magnesium metal is being
produced from sea waler, which has the
lowest magnesium content of all the
sources listed in Table 16, is strong evi-
dence that other factors have a greater
influence on commercial utilization than
does the amount of magnesium present in
an ore or mineral.

In considering the possible industrial
uses of any raw malerial, it must be kept
very clearly in mind that the mere avail-
ability of large quantities of that malerial,
even if it contains a relatively high con-
tent of potentially valuable elements or
compounds, does not mean that it can be
processed economically. This is parti-
cularly true of a mineral as complex as
serpentine. Hence. in the following pages
gome of the other factors will be presented,

but no attempt will be made to discuss all
such factors or to draw specific conclu-
sions as to whether or not the use of ser-
pentine for certain specific purposes is
economically feasible. Changes in demand
or advances in technology can alter com-
pletely the present status.

Since little serpentine is now being used
commercially, the only basis for uses sug-
gested are the laboratory data reported
herein or data in the literature. None has
been studied in sufficient detail to insure
its success, either technically or econom-
ically.

SERPENTINE AS A SOURCE OF
MAGNESIUM COMPOUNDS

Macnesiun CHLoRIDE FoR Macnesiust MeraL
MANUFACTURE

The rapid expansion, and attendant pub-
licity, of the magnesium metal industry
during the past decade quite naturally
raises a question about the possibilities of
the use of serpentine as a raw material.
The most widely used process for making
metallic magnesium involves, basically, the
electrolysis of a fused salt mixture contain-
ing approximately 50 percent magnesium
chloride. Hence, the possible use of ser-

Table 16. Possible sources of magnesium available in southwestern United States.

Pereent  magnesium

Source Composition
ROCKS
Brucite Mg(OH)s 42
Magnesite MgCO, 29
Serpentine H:MgsS8i.0, 26
Olivine MgS510, 21
Dolomite MgCO;. CaCOy 13
SALTS
Kieserite MgS0.. H.O 17
Langbeinite 2MgS0, . K.50, 11
Kainite MgS0, . KCL. 3H.0 10
Carnallite MgCls. KCL., 6H:0 9
Polyhalite 2CaS0, . MgS0, . K.S0., . 2H.0 4
BRINES
West Texas brines NaCl; KCl: Mg30,; CaSO; 1
Michigan brines® MgCle; CaCla; NaCl 0.8
Great Salt Lake* MgCla; NaCl; ete. 0.6
Sea water MgCle; NaCl; ete. 0.13

#Listed for comparizon only.
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pentine for this purpose becomes essen-
tially a process for the eflicient and eco-
nomical manufacture of magnesium chlo-
ride.

During the war the research staff of the
International Minerals and Chemical Cor-
poration, which operated a magnesium
plant near Austin, Texas, in which the
fused salt electrolytic process was used,
made a rather careful study of the possi-
bilities of the use of serpentine as a raw
material for its process. The primary ef-
fort was expended in an attempt to develop
an economical process for the production
of magnesium chloride as a possible re-
placement of the company’s process in
which dolomite was used as a basic raw
material.

Belik (1939) describes a process of
manufacturing MgCl, from serpentine by
reaction with chlorine and cadmium metal
at 1,000° C. A relatively simple process
of controlled reaction of HCI with serpen-
tine was described by Butt et al. (1946)
which promised to be as economical as
the dolomite process in use at Austin. The
serpentine process proposed for use, cov-
ered by the disclosures in the patent, de-
pended on the solubility behavior of ser-
pentine in 20-percent HCl. These data
have been presented previously (p. 39)
and will not he discussed in detail here.
Two general processes were proposed
using this method. One process required
the solution of the cations in hot 20-
percent HCl under controlled conditions,
oxidation of the ferrous to ferric iron,
treatment with small amounts of activated
serpentine to precipitate the iron, filtration
and then dehydration to MgCl, cell feed.
The second process differed from the first
only in the use of Mg(OH), from sea
water to precipitate the iron. Using the
known costs of the dolomite process, a
comparative cost per ton of cell feed was
estimated as shown in Table 17.

Table 17. Comparative cost of cell feed from
dolomite and serpentine.

Cost

per ton

Needed to prodaes as 349

Process 150 rons ccll feed liguor
Dolomite 300 tons dolomite $14.82
Serpentine, [ 163 tons serpentine 9.65
Serpentine, Il 131 tons serpentine 11.93

It is apparent that either of the serpen-
tine processes had the possibility of mak-
ing savings over the dolomite process in
use, with the first serpentine process
making a substantial saving, though dis-
posal of the siliceous residue would have
presented a major problem.

The cost values presented are peculiar
to the conditions and manufacturing proe-
ess used at the Austin plant and are of
value for comparison only. It is impor-
tant in that if the data on both the dolomite
process and serpentine process had been
available soon enough, it is probable that
the process chosen for use at the Austin
plant would have been to use serpentine
for raw material rather than dolomite.
Should another such emergency demand
arise, this source of magnesium should not
be ignored.

If the fundamental data on the chemistry
of the serpentine minerals are sufliciently
advanced, it is possible that other more
economical processes can be developed for
the manufacture of magnesium metal.

Macxesium Surrate (Epsoar Savts)
MAXNUFACTURE

From the data developed on the ex-
traction of magnesium from serpentine by
sulluric acid, it is evident that it is tech-
nically leasible to make magnesium sulfate
and Epsom salls in that manner. Whether
or not the processes would be economically
altractive has not been ascertained.

From the acid extraction data it seems
that either of two methods may be em-
ployed. The first method requires the ex-
traction of magnesium from the raw ser-
pentine for a limited time, filtration. oxi-
dation of the iron, precipitation of the
iron with magnesium oxide or activated
serpentine, separation of the {ferric hy-
droxide, concentration, and crystallization
of the magnesium sulfate. The second
method involves extraction of the activated
serpentine with sulfuric acid in concen-
trated magnesium sulfate solutions, filtra-
tion. concentration, and crystallization.
While the second process appears to be the
more direcl, il requires the activation of all
the ore whereas the first process uses
largely raw serpentine. Some Epsom salts
is being made from serpentine by acid ex-
traction in Georgia: this is the only plant
now known to be utilizing serpentine as a
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raw material, and the quantity produced
is small.

W. H. Maclntire (1942) patented a proc-
ess whereby a fertilizer grade of magne-
sium sulfate can be produced by mixing
ground serpentine and relatively concen-
trated sulfuric acid (77 percent) together
in a mixing device similar to that used to
produce rock phosphate. The slurry of
acid and serpentine reacts and gives off
heal enough to dry the mass, producing a
granular material high in soluble mag-
nesium.

One of the major costs in producing
magnesium sulfate by sulfuric acid ex-
traction of serpentine is the cost of sul-
furic acid. A cheap acid is prerequisite
to an economical process. The cost could
be considerably reduced if the magnesium
sulfate could be produced from elemental
sulfur or iron pyrite.

Brandenburg (1940) refers to a process
for manufacturing magnesium sulfate by
heating a ground mixture of iron pyrite
and serpentine; however, no dala are
given concerning efficiency of extraction
or economics of the process. The major
amount of the Epsom salts now produced
in this country is made by a process in
which magnesium hydroxide. made by
adding lime to a brine. is reacted with
sulfur dioxide, made by burning sulfur or
iron pyrite, and the sulfate produced by
introduction of steam and air. A method
of producing magnesium sulfate directly
from serpentine and sulfur could cut the
production cost to such a point that the
utilization of serpentine might be very
attractive.

MacNesiuar OxipE AND OTHER CHEMICALS

Numerous patents disclose methods for
converting serpentine into salts and com-
pounds which can be processed to make
other compounds. Samuel Peacock holds
two patents on processes utilizing serpen-
tine. One (1917a) claims the production
of magnesium oxide and soluble silicates
by solution of serpentine in sodium hy-
droxide. The other (1917b) claims the
production of magnesium chloride by ex-
traction of serpentine in concentrated salt
solutions of calcium chloride and pro-
duction of magnesium oxide or other
chemicals by base exchange or precipita-
tion. B. A. Peacock’s patent (1919)

claims that serpentine can be mixed with
potassium-bearing silicates, such as the
feldspars, and heated with concentrated
sulfuric acid to produce solutions of po-
tassium and magnesium sulfate. These are
separated by the usual procedures of sep-
aration such as precipitation by potassium
hydroxide or carbonate and filtration of
the soluble potassium salts. Norwegian
patents 37,109 and 37,784 (Aktieselskapet
de Norse Saltverker, 1923a-h) disclose
methods of obtaining salts, particularly ni-
trates, and the silica in filterable form by
addition of the acid to strong salt solu-
tions. Oganesyan (1938) claims that mag-
nesium is extracted from serpentine by the
ammonium chloride liquor such as is ob-
tained from the Solvay process. Jackson's
patent (1918) claims that serpentine
treated with sodium hydroxide under speci-
fied conditions yields an acid-soluble mag-
nesium silicate which can be converted
into the desired salts. Terpugov and Tik-
tina (1938) describe a process of acid
solution of serpentine and precipitation of
magnesium as the basic carbonate which
is calcined to yield MgO. Brandenburg's
patent (1944) and article (1940) claim
that magnesium can be extracted from the
activated rock by carbon dioxide forming
soluble magnesium bicarbonate. Magne-
sium oxide is produced by heating the bi-
carbonate solution, precipitating the basic
salt, filtering the insoluble precipitate, and
calcining to the oxide.

So far as is known there is at present
no production of oxides or other mis-
cellaneous salts in this country which
utilizes serpentine as a raw material. The
compelitive production of magnesia from
magnesite, brucite, or possibly dolomite
for such purposes as insulation and re-
fractories would limit seriously the eco-
nomic production of magnesia from ser-
pentine which would require numerous
chemical steps. It is believed that only
in cases where a peculiar set of processing
conditions was present would the pro-
duction of magnesia be economical.

SILICATE COMPOUNDS FROM SILICA
RESIDUES

The silicate portion of serpentine has
been considered the least soluble and there-
fore the waste product from the mag-
nesium exlraclion processes. Sﬂ.mue] Peﬂ'
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cock’s patent (1917a) describes the forma-
tion of a soluble silicale in the process,
though its major emphasis is on the pro-
duction of the magnesia, not the soluble
silicate. Since the silica content repre-
sents the major constituenl in serpentine,
the possibilities of utilizing this portion
must be given serious consideration in any
process requiring chemical decomposition
of the mineral.

Sopruar SiLIcATE MANUFACTURE FROM
Sicica Resioue

The insoluble residue left from the hy-
drochloric acid extraction of raw serpen-
tine in the production of magnesium chlo-
ride was found to be soluble in sodium hy-
droxide. The solution of this silica residue
showed that the formation of sodium sili-
cate of technical grade was easily accom-
plished. Data (p. 40) show that prac-
tically all the silica dissolves (95 percent
solution) and that the solutions can be
made in numerous Na,0/S5i0, ratios. Re-
moval of the last traces of magnesia is
difficult, but iron and the heavy metals
are separated easily. Chromates are
formed if the magnetic portion (magne-
tite and chromite) is not removed from
the residue before solution in caustic. The
data indicate that production of sodium
silicate using the silica residue and caustic
soda should give commercial grades of
sodium silicate.

SiLica Ger MANUFACTURE FROM SILICA
Resmmue

From the production of sodium silicate
it is a simple step to the production of
silica gel by neutralization with acid and
leaching the gel formed until the soluble
salt is removed, then drying, and acti-
vating. Silica gel was made [rom serpen-
tine in this manner for a time during
World War II at the Georgia plant which

makes magnesium sulfate.

Oruer Uses ofF Sitica Resinue

Terpugov and Portugalova (1938) de-
scribe a process for using the silica acid
wasle from serpentine extraction as an ad-
sorbent for decolorizing mineral and vege-
table oils. It is reasonable to expect the
siliceous residue to have surface-active
properties and. in fact, lo be quite similar
to silica gel. Dehydration should further

increase this activity since the loss of the
combined water would increase the active
ared.

The fact that the silica residue after
acid extraction is amorphous, reactive, and
fairly pure, should give a combination of
properties which would be valuable as a
starting point for making silicon com-
pounds. Winding (1944 a—d) gives several
silicate compositions which are claimed to
have superior calalytic and adsorptive
properties. With the increasing import-
tance of the organic silicates, the organic
compounds should not be overlooked as
possible end products.

THE USE OF SERPENTINE IN
FERTILIZERS

Agricultural research has shown that
magnesium is one of the elements which
should be included in fertilizing many
soils. The necessity that it be added in
an avilable form is apparent; however,
most soluble magnesium compounds which
can be used are so soluble that they are
rapidly dissolved and leach out of the soil
and are carried away by the surface water.
Untreated serpentine has been evaluated
for its comparative value as a magnesium
source by Vlasyuk (1940) and Lea and
Smith (1938) who found that little of
the magnesium is in available form. How-
ever, when treated with acid along with
phosphate rock to make a serpentine super-
phosphate. better results are obtained (EI-
liott, 1940; Elliott and Lynch, 1941; As-
kew and Stanton, 1942). Elliott and Lynch
(1941) claim that the serpentine super-
phosphate gives better performance than
superphosphate alone. Recent work re-
ported to the Fertilizer Division at the
112th Meeting of the American Chemical
Society shows that serpentine additions in-
crease the available magnesium in phos-
phate fertilizers as well as or better than
olivine or magnesite. The magnesium salts
formed by this treatment have a limited
solubility which permits sufficient mag-
nesium to be liberated for plant use with-
out being soluble enough to be rapidly dis-
solved away by the surface water.

The heat-treated activated serpentine
should find some use in soil conditioning
as a treatment for acid soils. The experi-
ments on activation have shown that pro-
per treatment will liberate magnesia. Sam-
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ples tested by the American Association of
Official Agricultural Chemists’ method for
determining active magnesia in burned
magnesite show that properly activated ser-
pentine contains available magnesia. In
soil areas requiring magnesium additions
where magnesite is unavailable, serpentine
may fill an important need.

MISCELLANEOUS USES OF SERPENTINE

Olivine-forsterite  refractories. — There
are numerous references in the literature
on the use of olivine and forsterite in the
manufacture of refractories. Since it is
known that the Coal Creek serpentine gives
olivine on heating. the use of serpentine
for this type of relractory seems possible.
Pieper (1937) discusses the use of ser-
pentine in German refractory materials.
Goldschmidt (1938), Malquori. Sollazzo,
and Giannone (1938), and 'TTsynkina
(1938) review the use of olivine-forsterite
refractories. Harvey and Birch (1935)
have patented a refractory using forsterite
and magnesia. The use of this type of re-
fractory is for copper roasting, open-
hearth steel furnaces. and ceramic kilns.
With the growth of the clay-product indus-
try in the Southwest, some use for serpen-
tine may be found in the manufacture of
refractories.

Surfjace-active material. — Laboratory
work has shown that on controlled heating
the crystal structure of serpentine is de-
stroyed and the resultant material be-
comes relatively active chemically. Though
laboratory test data have shown conflicting
results, the possibilities of obtaining a
good basic adsorbent by caleining serpen-
tine must not be overlooked.

Allied with the surface-active properties
of adsorption are the properties which
make a malerial a suitable catalyst. No

laboratory data have been gathered on the
possibility of using surface-aclive serpen-
tine in catalytic reactions. FKisenack
(1939) states that serpentine has a cala-
lytic action on compounds with amine
groups and phenol, giving rise to colored
dyes. Other reactions may be found in
which serpentine, raw or activated, would
serve as a catalyst.

lon exchange minerals—Like many
complex silicates, serpentine exhibits some
ion exchange properties. Data from the
literature furnish no indication that the
raw serpentine possesses very allractive
properties for use in ion exchange. Kap-
pen and Fischer (1928) studied the ex-
change capacity of numerous natural sili-
cates which included serpentine, and Ginz-
burg and Ponomarev (1939) claimed that
nickel can be adsorbed and replaced by
serpentine and other hydrosilicates. Since
the extraction of the magnesium from the
raw serpentine by a strong mineral acid
may be considered an ion exchange, it is
possible that the siliceous residue would
exhibit some useful ion exchange capacity.
There are no laboratory data to substan-
tiate this hypothesis, however.

Use as rock.—The principal discussion
of the uses for serpentine has been con-
fined to its use as a raw material for some
chemical product or in some considerably
altered form. This was due to the fact
that so little market exists for the material
as the native rock. Some rock is used for
areen-colored chips for terrazzo floors, and
there is a limiled market for finely ground
serpentine. Bradley (1937) mentions its
use as a weighting and flattening agent in
the paint industry. Bowles (1944) lists
a small consumption as ground rock. This
market is small and products have little
value lo support a continuous operation.



LIST OF REFERENCES

ARTIESELSKAPET DE Nomskg SALTVERKER (April
9, 1923a) Decomposition of magnesium sili-
cates: Norw. Patent 37,109,

(Sept. 3, 1923b) Magnesium
pounds: Norw. Patent 37,784.

Axperson, H, V., and Crark, G. L. (1929) Ap-
plication of X-rays in the classification of
fibrous silicate minerals commonly termed as-
bestos: Ind. Eng. Chem., vol. 21, pp. 924-933.

Askew, H. O., and Staxton, D. J. (1942) Local

com-

preparation of serpentine superphosphate:
New Zealand Jour. Sci. Tech., vol. 24-B, pp.
79-85.

Baxer, C. L. (1935) Serpentine, in The geology
of Texas, Vol. II, Structural and economic
geology: Univ. Texas Bull. 3401, Jan. 1, 1934,
pp. 242-244.

Barxes. V. E. (1940) Serpentine and associated
minerals of Gillespie and Blanco counties,
Texas: Univ, Texas, Bur. Econ. Geol., Min.
Res. Cire. 14, 5 pp.

(1943) Analyses of dolomites and ser-
pentine from Blanco and Gillespie counties,
Texas: Univ. of Texas, Bur. Econ. Geol., Min.
Res. Cire. 25, 3 pp.

(1945a) Soapstone and serpentine in
the Central Mineral region of Texas: Univ.
Texas Pub. 4301, Jan. 1, 1943, pp. 55-91.

(1945b) Feldspar in the Central Min-
eral region of Texas: Univ. Texas Pub. 4301,
Jan. 1, 1943, pp. 83-104.

(1948) OQuachita facies in central
Texas: Univ. Texas, Bur. Econ. Geol, Rept.
Inv. 2, 12 pp.
. Dawsown, R. F., and Parkinson, G. A.
(1947) Building stones of central Texas: Univ.
Texas Pub. 4246, Deec. 8, 1942, 198 pp.

Beuik, V. F. (1939) Chlorination of serpentines:
Jour. Applied Chem. (U.S.S.R.), vol. 12, pp.
1610-1619.

Boupyrev, A, K., Mikueey, V. 1, Kovarey, G. A,
and DuBixina, V. N. (1938) X-ray determina-
tive tables for minerals, Part I: Ann, Inst
Mines, Leningrad, vol. 11, pt. 2, pp. 1-157, 3
fige.; Mineralogical Abstracts, vol. 7, pp. 226-
227, 1939,

Bowew, N. L. (1947) Magmas: Bull. Geol. Soc.
Amer., vol. 58, pp. 263-280.

Bowres, Oriver (1944) Nonmetallic minerals:
Min. & Met., vol. 25, pp. 82-88.

Braprey, Joseru (1937) Industrial minerals used
in the paint industry: Trans. Canadian Inst.
Min, & Met., vol. 40, pp. 384394,

Brace, W. L. (1937) Crystalline structure for
chrysotile picturization (fig. 113, p. 201), in
Atomic structure of minerals, Cornell Univ.
Press, Ithaca, N.Y.; Oxford Univ. Press, H.
Milford, London.

Branpexeercer, E., Epprecur, W., and NigeLr,
P. (1947) Die Serpentin-Mineralien und ihre
Synthese: Helvetica Chimica Acta, vol. 30,
pp. 9-14,

BranpEnpure, H. R. (1940) Serpentine as a
source of magnesia: Mining Jour., vol. 24, no.
10, pp. 2-3.

(April 4, 1944) Process for producing
magnesium sulfate from magnesium-bearing
rocks: U.S. Patent 2,345,655.

Burr, C. A, Harpmax, A. Q. Bownex, C. L.,
Wurrow, E. P., and Pace, P. F. (April 16,
1946) Magnesium chloride from serpentine
(to International Minerals & Chemical Corp.):
U.S. Patent 2,398.493.

Camiere, S. (1936) Contributions to the study
of the mineralogy of serpentines: Bull. So-
ciete Francaise de Mineralogie, vol. 59, pp.
163-326.

Caawner, W. D. (1934) The problem of serpen-
tinization: Econ. Geol, vol. 29, pp. 777-778.

Croup, P. E,, Jr., and Barnes, V. E. (1948) The
Ellenburger group of central Texas: Univ.
Texas Pub. 4621, June 1, 1946, 473 pp.

Comsrock, T. B. (1890) A preliminary report on
the Central Mineral region of Texas: Texas
Geol. Survey, 1st Ann. Rept. (1889), pp. 239-
391.

(1891) Report on the geology and
mineral resources of the Central Mineral re-
gion of Texas: Texas Geol. Survey, 2d Ann.
Rept. (1890), pp. 553-664.

Crawrorp, P. B. (1946) Evaluation of synthetic
silica-alumina catalysts to show the influence
of preparation on activity: Univ. Texas, M.A.
thesis, 50 pp.

Deryon, M. L. (1938) Solution of MgO in
MgSO0, solution: Memoires Presentes a la So-
ciete Chemique, vol. 13, pp. 1632-1638.

Dumsre, E. T. (1891) Report of the State
Geologist for 1890: Texas Geol. Survey, 2d
Ann. Rept. (1890), pp. xvii-lxxxviii.

Ereemov, N. E.. (1939) Classification of the
minerals of the serpentine group: Comptes
rendus acad. sci. U S., vol. 22, pp. 432-
435.

(1940) The problem of classification of
serpentine minerals by the method of thermal
analysis: Comptes rendus acad. sei. URS.S,
vol. 28, pp. 442-445.

Eisenack, Avrrep (1939) Catalytic action of
clays and other silicate minerals and com-
pounds on aromatic amines and phenols: Cen-
trabl. Mineralogie, Geol., vol. 19384, no. 10,
pp. 305-308.

Ervior, A. G. (1940) Silico-superphosphate:
New Zealand Jour. Agri., vol. 60, pp. 263-264.
——— and Lyxcu, P. B, (1941) Serpentine
superphosphate. Recommendations for use of
the new mixture: New Zealand Jour. Agri.,
vol. 63, pp. 177-183.

Ferrenecut, W. (1926) The behavior of slightly
soluble metallic oxides in solutions of their
salts—magnesium oxide cements. I: Helvetica
Chimica Acta, vol. 9, pp. 1018-1049.

Ginzeure, 1. I, and Poxomarev, A. I (1939)
Adsorption of nickel and other metals by hy-
drosilicates of iron: Bull. acad. sci. US.S.R.,
Sér. géol., no. 1, pp. 85-93.

Govrpscuminr, V. M., (1938) Olivine and for-
sterite refractories in Europe: Ind. Eng.
Chem., vol. 30, pp. 32-34.



List of References 49

Grices. Davip (1941} An experimental approach
to  dynamic metamorphism: Trans. Amer.
Geophys. Union, pp. 526-528.

Gruxer, J. W. (1937) Notes on the structure of
serpentines: Amer. Min., vol. 22, pp. 97-103.

(1939) The behavior of serpentine
between 500° and 650° C.: Amer. Min. vol.
24, p. 186.

Hararpsexn, Hasxkon, X-ray and chemical investi-
gation of the thermal changes of serpentine:
Centrallh. Mineralogie, Geol., vol. 1928A, pp.
297-315.

HarcrEaves, A., and Tavvor, W, H. (1946) An
X-ray examination of decomposition products
of chrysotile (ashestos) and serpentine: Min-
eralog. Mag., vol. 27, pp. 204-216.

Harvey, F. A., and BirchH, R. E. (Dec. 31, 1935)
Magnesia refractory: U.S. Patent 2,026,088.

(1938) Olivine and forsterite refracto-
ries in America: Ind. Eng. Chem., vol. 30, pp.
27-32.

Hexoricks, S. B. (1942) Lattice structure of
clay minerals and some properties of clays:
Jour. Geol., vol. 50, pp. 276-290

Hess. H. H. (1933) The problem of serpentini-
zalion and the origin of certain chrysotile as-
bestos, tale and soapstone deposits: Econ.
Geol., vol. 28, pp. 634-657T.

Hiues, R. C. (May 14, 1946} Magnetic separation
and settling for serpentine ores: U.S. Patent
2.400.461.

Ivanova. V. P. (1941) The thermal properties of
some minerals of the aqueous aluminosilicate
and magnesium silicate groups: Trudy Tret-
‘ego Soveshchaniya Eksptl. Mineral. i Petrog.,
Inst. Geol. Nauk, Akad. Nayk. TL.S.S.R. 1940.,
pp. 116-125; Khim. Referat. Zhur., vol. 4, no.
1. p. 39

Jacksow, L. L. (Jan. 22, 1918) Process for de-
composing silicates of magnesium: U.S. Pat-
ent 1.254,230,

Jaxper, WiLneLm, and WusRer, Joser (1938)
Hydrothermal reactions. I. The formation of
magnesium hydrosilicates: Z. anorg. allgem.
Chem., vol. 234, pp. 273-294.

Karpex, H. and Fiscuer, B. (1928) Ion ex-
change of zeolite silicates with hydrolytically
dissociated salts. IT, Experiments with natural
silicates: Landwirt Hochschule Bonn-Poppels-
dorf. Z. Planzenerndhr., Diingung u. Bodenk.,
vaol. 12A, pp. 8-37.

Kursaxov, N. 5., and Cuervuikn, B. B. (1926)
A physicochemical study of brucite and ser-
pentines: Ann. inst, anal. phys. chim., vol.
3, pp. 485-486.

Lea. G. I, and Sants, J. B. (1938) Availability
studies on Mg in magnesic limestones, serpen-
tine, olivine and magnesium ammonium phos-
phate: Amer. Potato Jour., vel. 15, pp. 4-9.

Loxspare, J. T. (1927) Igneous rvocks of the
Balcones fault region of Texas: Univ. Texas
Bull. 2744, 178 pp.

MacIxtire, W. H. (Oct. 13, 1942) Process for
producing anhydrous MgS0,: U.S. [Patent
2.298.493.

Marguort, G., Soinazzo, V., and Giannoxe, A.
(1938) Forsterite refractories from serpentine
and magnesite: Ricerca sci, vol. 9, no, 11,
pp. 615-619.

Meiror, J. W. (1925} A comprehensive treatise
on inorganic and theoretical chemistry: vol.
6, C. (Par. IT), Si, Silicates, p. 425, Longmans,
Green & Company.

MurLer, H, O., and Ruska, E. (1941) An elec-
tron microscope for 220 kv. voltage: Kolloid.
Zeilschr., vol. 93, pp. 21-Z5.

Norr, WaLter (1944a) The electron microscope
-in the study of hydrothermal silicate reactions:
Kolloid Zeitschr., vol. 107, pp. 181-190.

(1944h) New investigations on reac-
tions in water containing silicate systems:
Die Chemie, vol. 57, pp. 9-94.

Ocanesyan, M. A. (1940) Russian patent 52,891,
March 31, 1938: Chemical Abstracts, vol. 34,
p. 5606.

Parce, Siovey (1910) Preliminary report on pre-
Cambrian geology and iron ores of Llane
County, Texas: U.S. Geol. Survey Bull. 430,
pp. 256-268.

(1911} Mineral resources of the Llano-
Burnet region, Texas, with an account of the
pre-Cambrian geology: U.S. Geol. Survey Bull.
450, 103 pp.

(1912) Description of the Llano and
Burnet quadrangles: U.5. Geol. Survey Geol.
Atlas, Llano-Burnet Folio (no. 183), 16 pp.
Also published in a field edition, 115 pp.

Pavring, Livus (1930) Structure of mica and
related minerals: Proc. Nal. Acad. Sei., vol.
16, pp. 123-129.

Peacock, B. A. (July 22, 1919) Process of de-
composing natural silicates: U.S, Patent
1,310,770,

Pracock. Savuer (June 26, 1917a) Process of
making magnesium compounds from silicate
minerals: U.S. Patent 1,231,423,

(Dee. 18, 1917h} Process of extracting
magnesium  compounds  from  magnesium-
bearing rocks: U.S. Patent 1,250,216.

Pieper, L. (1937) New refractory materials
from German serpentines: Ber. deut. Keram.
Ges,, vol. 18, pp. 42-64.

Roxsere, Freperick, and Barnes, V. E. (1949)
Correlation of gravity observations with the
geology of the Coal Creek serpentine mass,
Blanco and Gillespie counties, Texas: Geo-
physics, vol. 14, no. 2, pp. 151-161. Reprinted
as Univ., Texas, Bur. Econ. Geol., Rept. Inv. 4,
11 pp.

Rupneva, A. V. (1939) Change of structure and
mineralogical composition of serpentines and
ngites on firing: Ogneupory, vol. 7, pp. 54~

Scuoch, E. P. (1920) Chemical analyses of
Texas rocks and minerals: Univ. Texas Bull.
1814, March 5, 1918, 256 pp.

Servminge, G. C., Jr. (1936) An X-ray and opti-
cal investigation of the serpentine minerals:
Amer. Min., vol. 21, pp. 463-503.

SeLarps, E. H., Apkins, W, S, and PLumMER,
F. B. (1933) The geology of Texas, Vol, I,
Stratigraphy: Univ. Texas Bull. 3232, Aug. 22,
1932, 1007 pp.

Smiowps, F. W. (1903) The minerals and min-
eral localities of Texas: Univ. Texas Bull, 18
(Min. Survey Ser. Bull. 5), Dec. 1902, 95 pp.

Stenzer, H. B. (1932) Pre-Cambrian of the
Llano uplift, Texas: Bull. Geol. Soc. Amer.,
vol. 43, pp. 143-144.



50 The University of Texas Publication No. 5020

(1935) Pre-Cambrian structural condi-
tions in the Llano region, in The Geology of
Texas, Vol. II, Structural and economic geol-
ogy: Univ. Texas Bull. 3401, Jan. 1, 1934, pp.
74-79.

Terpucov, S. V., and PortucaLova, E. P. (1937)
The utilization of silicic acid waste of ser-
pentine  as an adsorbent: Isvest. Rostov.
Nauch.-Issledovatel. Inst. Prikl. Khim. no. 2,
pp. 12-20; Khim. Referat. Zhur., vol. 1, no.
1, p. 122, 1038

——— and Tixkriva, A, M, (1938) Obtaining
magnesia alba and magnesia usta from serpen-
tine: Jour., Chem. Ind, (U.S.S.R.), vol. 15, no.
9, pp. 9-11.

Tsyskixa, V. M. (1938) Olivine refractories
{from North Caucasian serpentines: Ukrain.
Nauch.-Issledovatel. Inst. Ogneuporov Kislo-
touporoy, vol. 44, pp. 78-88.

Ubpen, J. A, Baker, C. L., and Bésp, EwmiL
(1919) Review of the geology of Texas: Univ.
Texas Bull. 44, Aug. 5, 1916, 164 pp., 3d
_printing, revised.

Vervapskir, V. L, Vinocrabov, A, P., and TEis,
R. V. (1941) Determination of the isotopic
composition of waters in metamorphic tocks
and minerals: Comptes rendus acad. sci.
U.R.S.S., vol. 31, pp. 573-576.

Vieasyuk, P. A. (1939) Serpentine as fertilizer:
Tekhnichni Kul'turi, ne. 11-12, pp. 71-74;
Khim. Referat. Zhur., no. 8, pp. 47-48. 1940.

Warren, B. E., and Brace, W. L. (1930) The
structure of chrysotile H.Mg:5i.0,: Zeitschr.
Krist., vol, 76, pp. 201-210.

, and Herive, K. W. (1941) The ran-
dom structure of chrysotile asbestos: Phys.
Rev., vol, 59, p. 925.

WincHere, A, N. (1947) Elements of optical
mineralogy, Part II, Descriptions of minerals,
424 pp., John Wiley & Sons, Inc., New
York.

Winbpixc, C. C (Oct. 3, 1944a) Silicate adsorh-
ents: [.5. Patent 2.359,343.

(Oct. 3, 1944b) Synthetic silicate com-
positions: 1.5, Patent 2,359,344,

— (Oct. 3, 1944c} Active silicate com-
positions: LS. Patent 2,359,345,

—— (Oct. 3, 1944d) Granular silicate com-

positions: U.S. Patent 2,359,346.

REFERENCES CITED BY SUBJECT

Classification—
Caillére (1936); Efremov (1939, 1940) ; Hen-
dricks (1942)

Composition—
Brandenberger, Epprecht, and Niggli (1947);
Caillére (1936) ; Efremov (1939); Hargreaves
(1946) : Ivanova (1941); Jander and Wuhrer
(1938) ; Noll (1944a); Rudneva (1939); Sel-
fridge (1936) ; Vernadskii (1941)

Crystal structure from X-ray examination—
Anderson and Clark (1929); Boldyrev, Mik-
heev, Kovaley, and Dubinina (1939); Bragg
(1937) ; Warren and Bragg (1930); Calliére
(1936) ; Haraldsen (1928); Hargreaves and
Taylor (1946) ; Hendricks (1942); Kurnakov
and Chernuikh (1926) ; Selfridge (1936);
Warren and Bragg (1930)

Deposits in central Texas—

Baker (1935); Bamnes (1940. 1943, 1945a,
1945b) ; Barnes, Dawson, and Parkinson
(1947) ; Comstock (1890, 1891); Paige (1911,
1912) ; Romberg and Barnes (1949); Schoch
(1920) ; Sellards (1933) ; Udden, Baker, and
Bise (1919)

Genesis—
Bowen (1947); Bowles (1944): Chawner
(1934); Hess (1939); Jander and Wuhrer

(1938} ; Lonsdale (1927)
Heat decomposition—
Brandenburg (1940, 1944); Caillére (1936);
Haraldsen (1928) ; Rudneva (1939)
Separation of magnetic fraction—
Hills (1946)
Synthesis—
Bowles (1944); Brandenberger, Epprecht, and
Niggli (1947) ; Noll (1944a, 1944h)
Thermal analysis—
Caillére (1936) ; Efremov (1940); Ivanova
(1941) ; Kurnakov and Chernuikh (1926)
Use of serpentine—
Adsorption and catalytic agent—
Terpugov and Portugalova (1938)
Fertilizer ingredient—
Askew and Stanton (1942); Elliott (1940);
Elliott and Lynch (1941); Lea and Smith
(1938) ; Vlasyuk (1940)
Magnesium chloride—

Belik  (1939); Butt, Hallman, Bowden,
Whitlow, and Pace (1946); Samuel Pea-
cock (1917h)

Magnesium sulfate—
Brandenburg (1940, 1944); Maclntire

1942) ; Samuel Peacock (1917h)

Other magnesium compounds—
Brandenburg (1940, 1944) ; Jackson (1918);
B. A. Peacock (1919); Samuel Peacock
(1917a) ; Terpugov and Tiktina (1938);
Aktieselskapet De Norse Saltverker (1923a,
1923L)

Paint—
Bradley (1937}

Refractories—
Ginzburg and Ponomarev (1939): Gold-
sehmidt (1938) ; Harvey and Birch (1935,
1938) ; Kappen and TFischer (1928); Mal-
quori, Sollazzo, and Giannone (1938);
Pieper (1937) ; Tsynkina (1938)

Rock—
Bowles (1944)

Silica residue—
Terpugov and Portugalova (1938)



INDEX

acid extraction, residue after: 39 eomposition, Big Branch area zerpentine: 14
actinolite: 11 Coal Creek serpentine: 9-12
activated serpentine, solubility of : 33-39 copper: 10

treatment with hydrochloric acid: 34 cost of cell feed: 44

treatment with salt solutions: 34-39 Cottonwood Creek: 8
activation of serpentine: 27 Crabapple Creek: 18, 19, 20, 21
adsorbent for decolorizing mineral and vegetable oils: 46 drainage basin: 22
adsorption properties of activated Coal Creek serpen- serpentine in: 18

tine: 31 Cretaceous rocks: 8
adsorptive characteristies of activated Coal Creek ser- cronstedtite: 24
pentine: 32 erystal planes of olivine and Coal Creek serpentine: 81

aluminum: 10 erystal structure of serpentine minerals: 23-256
amphibole: 11 curves, recovery for magnesia: 37
analyses— solubility: 36

antigorite: 24 thermal analysis: 12

Coal Creck serpentine: 10, 11

screen, silica residue: 41 decoloring adsorbent: 46

serpentine: 15, 24 dermatine: 28

thermal, Coal Creek serpentine: 31 deweylite: 12, 23
analysis curves, thermal: 12 diffraction studies, X-ray: 28-31

spectrographic: 10 diorite: 8
anthophyllite: 18 dolomite: 23, 43, 44
antigorite: 11, 12, 23, 24, 25 Epsom salts manufacture: 44-45

analyses of: 24 effect of particle size: 33
aplite dikes: 8 of reaction time: 32
aplites: 8, 13, 17, 18 Ellestad, R. C.: 10
aplogranite: 8 Enchanted Rock road: 18
usbestos, tremolite: 10, 11 enstatite: 12, 16, 23

extraction, residue after: 39

Baleones fault zone: 13
baltimorite: 23
basic carbonate: 45
basie dikes: 8
bagic intrusives: 9
basie rocks: 8
bastite: 12
ﬂi‘;&;‘.}gfhfﬂtsusz garnierite, nickeliferous: 23
Big Branch: 10, 13 sontnie: £ 5, 17, 18, 19, 20, 27

area: 22 O Caat Creek serpentine mass in? 818

o oal Cr :
serpentine in: 14-15 granite: 8, 13

gneiss: 7, 8, 9, 14, 17, 18, 22 Legion Creek: 17

faulting, normal: 8

fault zone, Baleones: 13 [
fertilizers, use of serpentine in: 46-47
fluoridan G.: 32

Fredericksbury rocks: 8

fuller’s earth; 32

Blaneco County: 7, 10, 15 r Coal Creek ine:
Coul Creek serpentine mass in: 8-13 gravity Oiservationy,; 9 WSERSHVINEL 13
Yoran’s 10 gravity survey: 13
bowenite: 23 Great Salt Lake: 43
brines: 43 i
Bricite: 43 heat-treated serpentine, reactivity of : 28-29
' heat treatment of serpentine: 27-32
Hensell sand member: B
caleite: 11 Honey Creek: 22
caleium: 10 hornblendite: B
Cambrian rocks: 8 hydrochlorie acid extraction, residue after: 39
ciurbonate, bagie: 46 treatment of activated serpentine: 34
E::::ﬁéfew:g rocks: 8 treatment of raw serpentine; 32-33
ne; :
cell feed, cost of ; 44 il
cerolite: 23 igneous rocks: 8
chemical treatment of serpentine: 32-39 inclosions: 11
chlorite: 12 i industrial uses of serpentine: 4347
—vermiculite schist: 15 initial particle size, effect on solubility : 40, 41
chromite: 10, 11, 23 International Minerals and Chemical Company: 9, 10, 44
chmmil'un: 10 interplanar spacing: 12
chrysotile: 11, 12, 23, 24, 25 ion exchange minerals: 47
clinoenstatite: 12 iron: 10
clay minerals: 24, 25
Coal Creek: 10, 13 kainite: 43
serpentine: §-13, 15, 22, 27, 81, 47 Keener Branch: 21
adaorpt}on properties of activated: 31 area, serpentine in: 18, 21
adsorptive characteristics of activated: 32 Kiam prospect: 22
analyses of: 10, 11 kieserite: 43
composition of : §-12 King Mountain: 6
effect of particle size on activity: 30 Kingsland: B
geology of: 8
rravity observations on: 13 langbeinite: 43
magnesia extraction from: 38 Legion Creck drainage basin: 22
orimg: 13 granite mass: 17
reaction with hydrochlorie acid: 33 serpentine in: 17
recovery curves for magnesia from: 37 Lightfoot, R. Pat: 38
reserves of: 13 Nlanite dikes: 8
solubility curves for: 35, 36 Llano: 8, 14, 17, 18
thermal analyses of: 31 County: 6, 7, 15, 16, 18, 18, 21, 22
X-ray diagrams of: 30 region, peologic history of : 7
Collins property: 7 River: 8

Comanche Creek: B, 13 uplift, serpentine deposits in: 15



52 The University of Texas Publication No. 5020

Long Mountain: 6

magnesia extraction from Coal Creek serpentine: 38

recovery curves: 37
magnesite; 23, 43
magnesium, sources of : 43
chloride: 4344, 45
oxide: 45
solubilities of: 35
sulfate: 34
manufacture: 44-45
magnetite: 10, 11, 12, 17, 21, 23
manganese: 10
Marble Falls: 8, 14
marmolite: 23
Mathis, R. W.: 10, 14
measurement of activity of serpentine; 28
metal manufacture: 43—44
metaxite: 23
micas: 24
Michigan brines: 43
mineral oils: 46

nacrite: 25
nepouite: 23
nickel: 10, 11

—gymnite: 23
nickeliferous garnierite: 23
normal faulting: 8
noumeite: 23

Oatman granites: §

Creek granites: 8§, 17
olivine: 11, 23, 43

crgtl.nl u];;lnnes of: 31

—forsterite refractories:
opal: 11 “
opaque minerals: 11, 12
organic silicates: 46
origin of serpentine: 13
Oxford: 7, 8, 16

area: 22

serpentine in: 15-17

Pu;:l::i:?dl; Mountain: 8
& :17,8,9, 11, 14, 15,
satat fobae o 14, 15, 18, 17, 18, 22
Paleozoic sediments: 8
Palm, 0. H.: ¢
particle size, effect of ; 29, 80, 83
on solubility: 40, 41
pegmatites: 8, 13
dikes: 9

peridotite: 9, 13
Phillips, W. B.: &
picrolite: 23
picrosmine: 23
pimplite: 23
polyhalite: 43
pyrite: 11

quarries, terrazzo chip: 9, 10
quartz veins: 13

Racket Mountain: 17
raw serpentine, solubility of : 32
treatment with hydrochloric acid: 32-33
reaction time, effect of : 82
reactivity of heat-treated serpentine: 28-20
recovery curves for magnesia: 37
Red Mountain: 7
gneiss: 7, 9
refractories, olivine-forsterite: 47
reserves—
Big Branch area serpentine: 15
Coal Creek serpentine: 13
Crabapple Creek serpentine: 18
Keeper Branch area serpentine: 21
Legion Creek area serpentine: 17
Oxford aren: 16
residue, siliceous, from serpentine: 39-41
rewdanskite: 23
“Riverside” clay: 32
Rock Analysis Laboratory: 10
rock, use of serpentine as: 47
roettisite: 23

salt solutions, treatment of activated serpentine: 84-39

Sandy Creek: 8

schweizerite: 23
sereen analyses of silica residue: 41
sea water: 43
serpentine: 43, 44
activated, solubility of : 33-39
treatment with hydrochloric acid: 34
treatment with salt solutions: 34-30
analyses: 15, 24
chemical treatment of : 32-39
composition: 23-25
deposits, origin of : 22
experimental data on: 27-41
heat treatment of : 27-32
minerals: 23-25
erystal structure of : 23-25
miscellaneous uses of : 47
siliceous residue from: 39-41
solubility of raw: 32
source of magnesium ds : 43-45
structure: 23-25
superphosphate: 46
use in fertilizers: 46-47
Shingle Hills formation: 8

Shoek, D. A.: 12, 38
silica gel manufacture: 46
silica residue, screen 1 : 41

siliea gel manufacture from: 46
silicate compounds from: 45-46
sodium silicate manufacture from: 46
other uses for: 46
silicate compounds from silica residue: 46-46
silicates, organic: 46
soluble: 45
siliceous residue: 33
from serpentine: 39-41
solubility of: 39-40
Sixmile granites: 8
soapstone: 11, 14, 15, 16, 17, 18
lenses: 9
sodium: 10
silicate manufacture: 46
silicates: 45
solubility—
curves: 36
of activated serpentine: 33-39
of magnesium oxide: 35
of raw serpentine: 32
of siliceous residue: 39-40
sources of magnesium: 43
spacing, interplanar: 12
specific gravity of serpentine; 9
spectrographie analysis: 10
surface-active material: 47
superphosphate, serpentine: 46

tale: 10, 11, 12, 16, 21, 23
terrazzo chips: 47
quarries: 9, 10
thermal analysis curves: 12
Conl Creek serpentine: 31
Town Mountain granite: 8, 9, 13, 17, 18, 22

treatment of activated serpentine with hydrochloric

acid: 34
tremolite: 14, 15, 21
asbestos: 10, 11

nses for silica residue: 46
uses of serpentine: 47
industrial: 43-47
in fertilizers: 46-47

Valley Spring gneiss: 7, 8, 9, 14, 16, 17, 18, 22
vegetable oils: 46
vermiculite: 16, 18

schist: 15

Westvuco adsorbent: 32
Wheeler, R, M.: 22
williamsite: 23

X-ruy dingrams of Coal Creek serpentine: 30
diffraction studies: 29-31
powder diffraction pattern: 12
studies: 23

Youngblood Creek area: 15

zaratite: 10, 11
zinc: 10
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