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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 coullties, where about 
11 billion short tOilS 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 ton s of recoverable ser· 
pentine being present in anyone deposit, 
or more than a million tons in anyone 
area . Many of the smaller deposits are 
irregular in shape and contain an excessive 
amount of inclusions which would make 
(juarrying them expensive. 

The mineral and chemical composition 
and the crystal st ructure 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 whi ch 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 :~. Heat treatment was used to make 
the serpentine more reactive, and the best 

range of temperature, time, and particle 
size to use is outlined. Thermal analyses 
curves were run, and X-ray diffraction 
patterns were made of the serpentine dur­
ing various stages of heating. Experimen.ts 
on the treatment of raw and activated ser­
pentine with hydrochloric acid and of 
activated serpentine with magnesium suI · 
fate solutions aTe described . The solu· 
bil ity in sodium hyd roxide of the silica 
residue from the hydrochlo ,·ic acid ex· 
traction was determined j 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 chlo ride 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 deri\'ed from rocks of 
CretaceollS age exist in the Balcones fau lt 
region of Texas, but 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 cen tral Texas is shown on the 
index map (fig. 1). The Coal Creek ser­
pentine mass, by far tbe largest deposit 
(PI. I ), is astride the Gillespie-Blanco 
County line a short distance south of the 
j uncture of these counties witb Llano 
County. The most accessible deposits are 
in tbe Oxford area (fig. 3) just west of 
State highway No. 16 about B miles 
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soulh of Llano. Other small serpentine de· 
posits are located in the Big Branch soap­
stone aTea (fig . 2) , the Legion Creek area 
(fig. 4), and the Crabapple Creek area 
( fi gs. 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 cd. 
of Folio), pp. 25, 34, 100-101) is the first 
to give a lucid description of a central 
Texas serpentine deposit. According to 

Fig.1. Index map $howing location 01 serpemine deposiu in central Texas. 

LITERATURE 

The fi rs t mention of serpentine in cen­
tral Texas, so far as known, is by Com­
stock (1890, p. 389) ill which he lists 
localities al King Mountain, Llano County; 
near Long Mountain, Llano County; and 
in Gillespie County. This information is 
repeated by Dumble (1891, p. Ix.riii), by 

Schoch (1918, pp. 75, 188) a sample of 
serpentine fro m Gillespie Count)', sent to 
Dr. W. B. Phillips in May 1904, was anal. 
ysed by O. H. Palm (Texas Min. Sur\'. 
Anal. No . 2831). The analysis is given in 
this paper under the discussion of the Coal 
Creek serpentine mass (p. ll ). Udden, 
Baker, and Bose (l916, pp. 34, 157), ap· 
pa rently quoting Paige (1912), mention 
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serpentine on the Collins property in Llano 
County. If this is the same property which 
Pa ige 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 serpenti ne derived from intrusives 
mostly ill tbe Packsaddle schist. Baker 
(1935, pp. 242- 244) is the first to give a 
description of the serpentine mass in the 
vicinity of the Gillespie-Blanco·Llano 
COllnty comer. Bames (1940, 1943, 
1945a ), Barnes, Dawson, and Parkinson 
(1947, pp . 108- 112), and Romberg and 
Barnes (1949) hal'e contributed the bul k 
of the information about tIll;) serpentine de­
posits of central Texas. The following dis­
cussion is essentially a reorgalli~alion of 
that which already has been wriLLen , pre· 
sented with the possible uti lization of the 
serpentine irl mind. 

GEOLOGIC HISTORY OF THE 
LLANO RECION 

A review of the geologic history of the 
Llano a rea will provide a background for 
a Letter uHderstanding of lhe serpentine 
deposits. Paige (1910) summarized the 
geology of the Llano area and in 1912 reo 
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 noll' recognized. The oldest rock unit 
recogn ized (Paige, 1912, pp. 3-4) is the 
Valley Spring gneiss derived by metamor­
phism from a thick series of sediments ap­
parently of ra ther uniform composition. 
Paige states: 

The Valley Spring gneiss is dominantly light 
colored and pinkish loned and comprises felds­
parhic and quartzitic schists, quart:.:i tes, wollas. 
ronite hands, granular acidic gneisses, and rare 
amphibolilie porrions. 

The light·colored porlions are ~ s H whole 
moro or less schislO~e , are sugar.granular Or 
aphanitic in rexlu re. and are in many places 
distinguished with d ifficulty from rocks which 
may be granular granitic gneisses. The quarrz· 
ites are lighr·colorcd, fin e·grained, recrystallized 
equivalents of "ery quartzose sediments, and rhe 
amphiboli tes are not materially difieren t from 
those in the overlying Packsaddle schist. The 
wollastonite bands are metamorphic equivnlents 
of limestone and present rhe same structural 
relations. 

The broadest and perhaps most markcd dis· 
tinction of the rocks of this formation from 
those of tho 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 sehisrs 
and cr)'stalline limestone. Some lighter·colored, 
more feld spathic hands, resembling quartzites, 
arc included. There are also intrusives of diorite 
and gabbro. older than the gran itcs and found 
lo>cally in co> nsidcrahle amount. They h:lVe been 
separately mapped in onl}- one locality, . . 
Elsewhere they have been included with the 
Packsaddle schlsr, though they me not a part 
of it. 

As a whole rhc schist~ 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 aboul 
which he makes the followin g statement: 

Gneisses formed almost ceTlainly by the meta­
morphism of intrusive granites occur in the re· 
gion. For example, a granitic crosscutting dike 
possesses much the same schistose nature 8 $ the 
beds which it cut. n ed Mountain. a granite 
ridge in the southeast corner of the Llano quad­
rangle. is a noteworthy example of the same 
phenomellOn. The grani te of this ridge becomes 
progress ively more gncssoid northwesrward, un til . 
at a point near Walke,. Peak, laminated 5/ructllre 
is so evident that were the rock exposed only 
in this phase it conld not be dis ringuished from 
beds rhat are believed 10 represent sedimentary 
st rara. 

Barnes (Romberg and Barnes, 1949, fi g. 
1) in mapping south and easl from Heel 
Mountain found the same to be true and 
designated these rocks as Red il:Iountain 
gneiss. A description of the rocks and a 
designation of the type locality should 
ha,'e been given in the text of the 
Homberg·Barnes paper but were inad· 
vertently omitted. The Red Mou ntaiu 
gneiss is named for Red l'vloulltain in the 
southeast corner of the Llano quadrangle, 
and the general character of the rock is 
described in the above quotation from 
Pai ge. 

Another gneiss, the Big Branch gneiss, 
comprises mu eh of the pre· Cambrian OU\­

crop in the northwestern corner of Blanco 
County, the northeastern corner of Gilles­
pie County, and some of Llano Co unty, 
and is derived from an igneous rock of 
quartz diorite composition. Bantcs 
(1945n, pp. 55--56) described the Rig 
Branch gneiss as follows : 

Foliation is well developed and lineation 
pirches stceply in a direction about S. 10· E. 
The Big Branch gnei~s 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 ami the pegmatites and apiiles intruded 
the Big Branch gneiss. 

Among the igneous rocks, Paige recog­
ni7.cs an earlier basic group . He slates 
(1912, p. 4), 

T he r(leks of this group were intruded earlier 
than the granites, but, though it is possible thar 
those varieties of the granites which show evi­
dence of pressure and metamorphism may be of 
nearly the same age, lin relations were observed 
that migh t 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·l ike, intrusions ranging 
from diorite to hornblendite and a few 
basic. dikes that have not been classi fied. 

Pai ge (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). Sten7.el (1935, p. 75) divides 
the granite into three main types: 

1. Town Mountain grani tes; coarse·grained to 
porphyritic granites, commonly with large f1e5h· 
cok.red feldspu,'s, typically cXpI)5ed in the aban· 
doned quarries on Town Mountain north of 
Llano. 2. Oatman granites; medium·grained. 
gray to pink, cataclastic granites, typically ,", x· 
posed in Oatman Creek southeast of Llano. 3. 
Sixmile granites; fine·grained, gray biotite gran. 
ites, typically exposed in quarries near Sixmile. 

The Town Mountain granite is the old· 
est, Iollo\\'ed in order by the Oatman Creek 
gran ite (Stenzel , 1932, p. 144) and the 
Sixmile granite. The last igneous activity 
in the region was the intrusion of lIanite 
dikes. 

The pre-CamLrim, was reduced tl' a 
surface having liltle relief except for hills 
of Valley Spring gneiss andaplogranite up 
to 800 feet hi gh. The first sediments de­
posited on the pre· Cambrian rocks are of 
Middle or Uppe r Cambrian age. The 
Cambrian sequence from the base upward 
is sandstone grading upwan] into lime· 
stone followed by sandstone, limestone, 
shale, limestone, and dolomite. The Paleo· 
zoic geologic sect ion exposed within a lew 
miles of the serpentine mass is probably 
about 3,500 feet thick (Cloud and Barnes, 

1948, pp. 258- 260) . Carbon iferous rocks 
of unknown thickness were deposited 
above those listed; hence the maximum 
depth oI bu rial 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, J urassic, 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
gle 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 probahly the fi rst to bttry 
completely the Liano uplift. Other Cre· 
taceous units of unknown thickness were 
deposited over tile Liano region. Creta­
ceous rocks arc now in contact with tlle 
pre·Cambrian rocks only along the south 
side of the region. 

COAL CREEK SERPENTINE !\tASS. 
GILLESPIE AND BLANCO COUNTIES 

Locution.- T he Coal Creek serpentine 
mass is on the southeastern side of the 
Llano uplift in Gillespie and Blanco coun · 
ties ( fi g. 1). The nearest railroad is at 
Kingsland, 15 miles airline from the Co· 
manche Creek end of the serpentine mass. 
A railroad route cou ld be chosen down 
Comanche Creek alld 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 mi les 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 serpentine mass is 25.5 miles 
from Ll ano, also a railroad terminus. by 
road, 20 miles of which is paved. Thi s is 
the route over which the serpentine so far 
used has been trucked. 

Geology.-The Coal Creek serpentine 
mass (PI. I ) is 3.7 miles long ill an east­
,,'est d irection and ranges from 0.3 to 
about 1.4 mi les wide with important lobes 
at each encl. The surface outcrop of the 
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!;erpentine 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 
so uth in its western part, steepening east· 
wa rd Lo about 60 degrees I~here the mass 
curves northward. The attitude of the scI'· 
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 no rthward at each 
end, and such a sheet (composed of ser· 
pentine or its parent rock peridotite) 
should extend, as a minimum, at least 
scI'eral miles in depth. 

The serpentine is bo rdered along the 
south and for the western haH 01 its dis· 
tance along the north by Bi g I3rallch 
gneiss. For the rest of Ihe dista nce along 
its northern side, it is bOHlered by Pack· 
saddle schist, whi ch here is chiefly amphi· 
bole and mica schist con taining numerous 
soapstone lenses. Additional pre·Cambrian 
rocks outcropping withi n 21fl miles of the 
scrpentine mass are listed as follows : Val· 
ley Spring gneiss to the soulhl~est ; Red 
Mountain gneiss 10 the northeast; TowlI 
Mountain granite to the southwest and the 
southeast; and basic intrusi ves 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 011 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 
bottoms not all trees, howe\'er, a re on in· 
clusions. 

The serpentine is cut by aplite and peg· 
matite dikes which are entirely similar to 
ones derived from the Town l\'lountain 
granite. The serpentine is therefore defi· 
nitely older than the Town ~'1ountain gran· 
ite. The evidence for the age relation of 
the Big Brancll gneiss and the serpentine 
needs to be reviewed, especially as to the 
identification of inclusions in the serpen· 
tine originally thought to be Bi g Branch 
gneiss. If the serpenti ne is older than the 

Bi g Branch gneiss, the conclusions reached 
in the paper by Romberg and Barnes 
(1949) will have to be modified. Addi· 
tional collectin g and analytical wo rk would 
be necessa ry to settle this point, and si nce 
the age of the serpentine does not affect 
the conclusions in this paper, any addi· 
tional work will be deferred until later. 

The serpent ine \'aries widel y in color, 
texture, and structure. It ran ges ill color 
through II wide assortment of shades of 
green, from li ght yellowish green through 
dark green to very dark.colored rocks 
having a greenish cast. Samples are de· 
scribed by Barnes, Dawson, and Parkinson 
(l947,pp.l09-111 ) as follows: 

Bl·I4-The umple of serpentine collected is 
only one type of several present in the area. It 
i~ light to medillm dark green in color and has 
numerous Iight·colo~d, fibrous as!lregatC!l in it. 
These aggregates have a random orientation and 
are lip to one·half inch in lenglh. The serpen· 
tine does not polish well; a sawed surface. how· 
ever. is nUTaclive. 

G·7- A deposit 01 serpen!ine is localed ..... 
~bou t one·half mile sO Il!l] of the western end 
of the Jorge serpentine moss. . The ter· 
pentine is corn:rosed of alternate bands of very 
<lark e:reen an very light green which han: a 
marked contrast. The serpentine take.r; a rather 
dull poli ~h. 

G·S-The serpentine is a somewhat irregularly 
rolorecl stone wilh colo.-s ranginl!: Irom a liflhl 

j rcenish white 10 II dcep greenish black. The 
ight srecni$h.,,·hite serpentine hu • $tllli· 

dendritic pattern with a background 01 olive· 
green. It is tomewllot vei ned hy narrow white 
"cOns which to $Orne exlent are stained limonitic 
urown. The limonitic brown color al$O pene· 
trates the rock for 0 short dislance !llong sollie 
of lhe veins. The serpen tine takes a dull polish. 
Three lerra1.l(0 chip quarries arc loca ted in ser· 
pentine in this arca. l ... fu ch 01 the serpentine 
exposed in the quarries is slickensided It nd un· 
suited for producing dimension stone. 

Locality C·7 is shown on Plate I as 10' 
cality 86T· l ·10C and G·8 as locality 86T· 
I -lOB. 

The specific gra\·ity of the seq>cntine as 
determined from surface samples avera ges 
2.4S, which is higher than Ihe 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. It is easily ground. 

Composit;oll.-The firs t analys.is of ser· 
J>cntine (Schoch, 1918, p. 188) Irom 
central Texas was made by O. H. Palm as 
Texas Mineral Sun'ey Analysis No. 2831. 
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The sample analyzed was sent to Dr. W. 
B. Phillips, May 1904, from Gillespie 
County. While the actual position from 
which this sample was obtained i, not 
knoll'll, it i, likely that the sample was 
from the Coal Creek serpentine mass. The 
analysis follows. 

Percent 
SiD. _ ......... _ .......... ___ _ . __ . _ ..... _. __ ... _. 40.66 
AI,O. ______ ___________ __ _ ._ "_ 1.70 
Fe,o. ________ .. ___ _ ._ ... _ 5.20 
FeO _ __ . ______ _________ ._ .. __ ._ 3.06 
i\JgO __ ____ .. _ _______ ________ ___ _ __ 35.50 
CaO ____ __ ___ ___ _______ trace 
Na,Q _ ____ ____________ _________ 0.60 
K,O __ ____________ _______ 0.25 
H,Q __ ___ _ __________ _______ 13.20 
CO, __ ________ .... __ .. __ .____ ______ ____ ________ Ilone 
PoD. __ _ ______ ._____ Ilone 
F _ ....•. ______ ___ ____ .. _._.__ nOlle 
SO. __ __ __ ______ ___ __ ___ ____ _____ __ ____ __ _______ __ ... !lolle 

Tota! . _ __ _ .. . __ ._ .. _ ______ . 100.17 

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

Percent 
SiD, . _ _ ... ___ . ___ .. _____ .. _________ .. ____ 40.31 
Al,.(). _ ... ______ . __ __ .. ~ ___ ._._ .. _ ___ 0.43 
1--e,O. ___ ..... _ ...... _._ ... _ __ ._ ....... ______ _ 6.71 
FeD ___ .. __ .. _._ .. _ _ ... _ .. _. __ . ___ .__ 0.70 
i\Ig0 _ .. __ ..... __ ... _ _ . __ . ____ ._ 37.63 
CaD .. _ .... ___ .. __ ... _._. ___ ... _ .. _._ .... ___ 0.05 
Na,Q __ .. _._ ........ _. _____ ..... ____ 0.01 
K....Q .•••.••• _ •••• _ ••••. _ .••• __ •.•.•••••.••••••• ____ 0.00 
1-],0+ ___ ... _ .. _ .. .......... ... __ _ .. _. _ ... __ .. _.__ _ 12.32 
Il,O- __ ._. __ . __ . ___ . 0.92 
CO, __ . .. __ .. __ ... _ ... ___ ... ___ ... _. _ .. __ 0.06 
TiD, _ ..... _._._ ....... __ ........ _ ... _. ___ ._ 0.01 
1' ,0, .. _____ ...... __ ........ _. ___ .......... __ 0.01 
Cr,O, ............ _ .. _ .... __ .. _ ._ ... _ ..... _.__ 0.'1-1 
iIInO .......... _ ....... ..... __ . __ ... __ ._ .. ___ . 0.04-
BaD ...... ___ . __ ... _____ .......... .... .. _ ... __ 0.00 
NiO .... _ ...... _ ....... _ .... __ .... _............ 0.30 
F .. _ ..... _ ...... _ ...... _ .. .. _ .............. . _.. 0.01 
5 _._ ... _ .. .. __ .. .. _. __ ....... _ .. __ 0.03 

Les5 ° .... _ ...... _ ..... ___ ............... _ ..... _ 99.95 
0.02 

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 Fe as 
No. - MgO SiO, Fe,O, Cr,O. NiO 

l 35.l 42.9 
2 35.0 43.5 
3 35.3 42.2 , 35.2 40.8 

Average 
l-4 35.2 42.3 
5 36.7 39.7 7.3 0.'17 0.34 

·Locality of samples: 
1. (I6T·5-5IE) Shaft, top 10 fe~t. 
2. (I6T·5·5IE) Shaft, 60 feet down. 
3. (I6T·5·5IE) 'french. 
4. (861'·I ·lOD) Prospect pit near western end 

01 serpentine mass. 
5. (86T·l·9B) T~lTazzo chip quarry. 

In addition, spect rographic analysis of 
lhese samples shows iron to be a minor 
co mponent; chromium and nickel range 
between about 0.1 and 0 .3 percent; calcium 
and boron are present as traccs of approxi. 
mately 0.01 perccnt; and aluminum, cop· 
per, sodium, manganese, and zinc are pres· 
ent as faint traccs of approximately 0.001 
perccnt. 

Chromite and magnetite in small segre· 
gations have been found ill the serpentine, 
and za ratite, talc, and tremoHte asbestos 
present in the seqlentine sccm mostly to 
be associated with inclu~ioIl5. No minerals 
of value have becn obtaincd from the ser· 
pentine, and 50 far the serpentine has been 
used on!y for tcrfll7.7,O 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 westcmmost locality, 86T·l.3A, about 
2,000 feet east of Bi g Branch, has been test 
pil.ted 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-l·3A (at locality 161'· 
5·59E) about 200 pounds of chromite is 
scatten::d over thc surfacc, and at locality 
16'1'.5.59C, a mile eastward, ahout 1,000 
pounds of chromite is scaLLcred over the 
surface. A fcw st rin gers of magnetite 
were sccn at locality IGT·5·59C, hut no 
chrom ite was seen in place at any of the 
localities. A few schlieren·like streaks of 
chromi te (loculity 16T·5·51E) were pros· 
pected durin g 1942 and 1943, but nothing 
of importance was found. Another small 
mass of chromite in place at locality 161'· 
5·59C was found bv H. W. Mathis near the 
south bonier of th~ serpentine mass in the 
small soulh.projecting lobe of serpentine in 
Blanco County . Test pitting failed to reo 
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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 lest pit. 

Tremolite asbestos (locality 16T-5·5lC) 
is exposed in a test pit near the eastern 
edge of the serpentine mass, and spccimens 
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· 
steatization 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. 
sLone of this character has been seen only 
in small O\ltcrops. The larger soapstone 
masses are beyond the borders of the 
sef]}Cntine , and at one locality, 86T·1-2A, 
actinolite crystals up to an inch in length 
have developed in the soapstone. Soap­
stone, while not being produced at present 
(l950) within the map area, is being pro· 
duced a short distance to the south. 

The percentage of included material 
within the serpentinc mass has not been 
estimated, and without detailed mapping 
of the inclusions such an e~timate is not 
reliable. However, the impression ob­
tained {rom 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. Olle of these is in 
the southeastern part of the serpentine 
mass, and the other is along the northern 
side of the mass extending west {rom Big 
Branch for about a mile. 

The mineral composition of the serpcn· 
Line in thin section appears Lo be relatively 
simple, with antigorite (possibly including 
some cbrysotile) being predominant and 
the opaque minerals being present in sub­
orJiuate 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 netl"ork 
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 a re 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 from a finely ground 
sample. 

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

Percent 
Serpcntine (antigorile) .. _._ .. _ 93.19 
l'IIagneti te _ ... _ ... __ .. _ .. _____ . __ ._. 1.39 
Chrornite __ .... _._ ... _ ..... _._. __ ._ 0.67 
Pyrite _ .. __ .. __ ... _ ..... _ .. __ ._ ... _ .. _ 0.06 
Calcite ...... .. _ ..... __ . __ .. _ ._ ._.__ 0.14 
Opal __ ... __ .... __ .... ____ ._._ .... _ .. _ 4.72 

The molecular make· up of the "serpen­
tine mineral" was arbit rarily chosen, plac­
ing all of the NiO in the nepouite molecule, 
since not enough sulIur is present Lo ac­
count for it as a sulfide, and all of the 
AI~03 in the amesite molecule. All of the 
Cr~O" was used for chromite, and all of the 
remaining r eO was used in magnetite. The 
remaining Fe20 a was allotted to magnesio­
cronstedtite, and the remaining MgO was 
allotted to anti!?orite. Since more than 80 
percent of the' serpentine minerals" make· 
up is antigorite, following Winchell (1927, 
p. 375) it woult! he called antigorite. The 
theo retical molecular composition of the 
anti gori te is as follows: 
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Antigorite, H,Mg.SbD. 
Magnesioeronslool;le, H,Mg,Fe:Sio. __ 
Amesi~e, H,M~,A~.siO. _____ _ ._ 
Nepoulte, H,NhSl,O. __ . ___ . _ _ 

Peru/I' 
85.3 
13.0 
1.2 
0.5 

Thill sections of lhe serpentine are de­
scribed by Barnes, Dawson, alld Parkinson 
(1947, pp. llO, Ill ) as follows : 

G·7- Alternatc laminae of light green and dark 
green serpentine comprise the rock. The dark 
gru n laminae IIrc composed chieBy of network 
serpentine and a 8ma]] amoun! of IlIle. One cry· 
sial within the dark STeen serpentine contains 
Schiller inclusions and resembles enstati te or 
clinoenstalilc ~omewhat altere.:! \0 blSlitc. Net· 
work serpentine has embayed Ihe edge of the 
cryMal and included some of the Schiller incl ll ' 
5ion~. Another arca of similar Schiller inclusions 
has only a small amount of the origi nal mineral 
present as laths haying yarious orientalions in· 
terleaved wilh talc, indicating that the mineral 
is Bltering to talc. Most of the Schil!er in­
clusions are surrounded by talc and serpentine. 

and n small amount of a fibrous mineral which 
may be a remnant of the original mineraL In 
addition to the primary magnetite grai~ con· 
, iderable linely divided !CCondary magnetite is 
concentrated in some of the serpentine. 

Thermal analysis curves oC the Coal 
Creek serpentine made by Shock show a 
small endothermal peak at 1400 C., a large 
endothermal peak at 675 0 C., and a very 
sharp exothermal peak at 7900 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 oC 
the Coal Creek serpentine (locality 86T·l· 
9B) made by Shock is compared in the 
following table with patterns listed by 
Selfridge (1936, p. 469) of deweylite, 
chrysotile, anti gorite, and two other "ser· 
lJentines." 

Table 1. Intup/anar spadnlJ jor deweylitt, serpentine, chrJsotile, and antigorite a~ listed br 
Seljridge (1936, p. 4(9) and for Coal Cruk serpentine. 

s.:,pen';ne Sorpealiao 
De .... ,ll" ~4~ .' Ll.e , 

'" 
, E., , ,,, 

No. , , , , , , 
1 7.374 5 7.379 9 7.384 9 
2 ~594 8lf.: 4.573 , 4.604 7 
3 3.668 5 3.656 10 3.695 10 
4 2.457 8 2.477 9 2.463 81)~ 
5 2.127 I 2.131 5 2.098 2% 
6 1.717 5 1.721 21)J 1.724 , 
7 1.520 10 1.527 10 1.528 10 
8 1.306 7 1.306 7 1.306 6 
9 1.040 ~ 1.044 ¥, 1.047 1 

10 .900 , .900 4 .992 4 
11 .878 , .877 3 .882 '% 
12 .761 1 .762 I .762 1 
U .728 I .721 I .727 1 
14 
IS 
J6 
17 
18 
19 
2lJ 
21 
22 
23 

The lighter colored areas are composed predom­
inantly 01 laic, with some serpentine, and a 
small amount of chlorite. In both the light and 
da rl.-colored la minae, small e10ni ated areu of 
opaque mineral. are present in the SlIme abun­
dance, indicating that the rock may have been 
originally of uniform composition throughout. 

G-S--The serpentine is composed predomi­
nan tly of net ·structured serpentine, magnetite, 

.c ... 1 C...,k 
Ch~lle A~I;loII .. Serpe.' ine 

• ,,, , ,,, , ,,, , , , , , , 
7.364 9 7.355 8% 7.35 10 
4.431 6 4.668 4 4.76 2.2 
3.658 91).: 3.641 9 4.55 3.6 
2.571 8 2.558 10 3.650 83 
2.424 • 2.186 7 '.545 2.7 
2.069 6 1.845 , , . .., 0.5 
1.729 6 1.79< 4 3.190 0.8 
1.522 10 1.58.1 711,: 2955 0.8 
1.301 7 1.553 7% 2.880 0.8 
1.187 % 1.326 6 2."" 1.0 
1.039 2 1.273 4 2.500 7.2 
.985 5 1.160 2 14<S 3.' 
.881 , 1.061 a!JJ 2.145 1.6 
.761 , 1.005 4 2.005 1.0 
.727 1% .979 3 1.792 0.7 

.897 3% 1.536 ' .3 

.859 1 ' 1.508 2.0 

.831 2 1.502 2.0 

.778 3 1.305 1.4 

.743 3 

The Coal Creek serpentine does not du­
plicate allY of the olher line spacings but 
does have a similar spacing. Some of lhe 
divergence may be due to the diffuse 
speclra of the serpentine minerals which 
makes it difficult to estimale 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 
cOlltainell in geologic literature which 110 not 
seem to be 5upponed by the Coa! Creek serpen· 
tine mass. Hess (1939 ) suggests that water may 
be picked up by peridoti~ to form ser pentine 
{mm water·bearing geosynclinal sedi ments. The 
Coal Creek mass did not intrude geosynclinal 
selliments, not at least B.t the level now being 
observed. If geosyncl inal sediments existed above 
this level, whkh 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 (194.7) it is unlikely 
that the water for serpentinization could be con· 
tained in the peridotite, B.nd 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· 
pent ine. 

The Town l\Iountaill granite, as pointed out 
ahove, is probably later than the serpentine and 
could possibly have furnished the solution for 
serpentinization of the peridotite. However, the 
intervening rock shows Jiu le if any granitization 
and few apli tes, pegmatite;;, and quartz veins 
come near to the ser pentine. At least hali of 
the serpent ine is more than 2 miles from the 
nearest outcropping granite mass, and a regional 
gral·ity survey indicates that there is little prob· 
ability of granite being as near beneath the 
serpentine. It, tllerefore, seems unlikely tbat ser· 
pentinization was influenced by the granite. 

The production of serpentine within the zone 
of groundwater ci renlation has been liule 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 
shouM he a limit to the depth to which the ser· 
pentine extenlls. The depth to which the ser­
pent ine extends cannot be observed directly, 
but an examination of the gravity field indicates 
that it is bottomed at a rela tively shallow depth. 
When peridotite changes to serpentine, a large 
.-alume increase theoretically takes place. and in 
many deposits there is little evidence of the de­
format ion that should accompany such a change. 
However, where serpentinization is a near·surface 
phenomemlO, there is lit tle confining pressure 
and the serpentine could expand upward with 
a minimum of shearing. 

Chawner (l934) points OUl that folds in 
Eocene sediments above minutely faulted, 
fractu red, and slickensided Upper Cre· 
taceolls serpentine indicates that the ser· 
pentine contin ued to expand after the 
sediments were deposited. The Cretaceous 
rocks were eroded exposing the ultrabasic 
rocks, indi cating a period of time sufficient 
fo r the development of temperature equi-

librium before Eocene sedimentation. If 
serpentine continued to form during the 
deposition of Eocene sediments, then it 
seems likely that the serpentinization was 
'caused by meteoric sol utions. 

Gravity obscrvatiolls.-A gravity sur­
vey (Romberg and Barnes, 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 rou ghly into two parts and multi· 
plying each by its estimated depth, yields 
a mass of 10111 metri c tons (about 10.po 
short tons) . If peridotite is present under 
the serpentine, the serpentine will be 
deeper at the east end, so the estimate of 
mass wi ll be a minimum. 

Reserves.-The serpentine is nOl 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. 
I) were obtained on the serpentine. The 
average elevation is 1,233 feet. Coal Creek, 
Bi g Branch, and Comanche Creek each 
have an elevation estimated to be near 
1,100 Ieet where they leave the serpentine 
mass. This gi ves an estimated average 
thickness of 133 feet for the serpentine, or, 
using 5,000,000 tons fo r each foot of 
depth, about two·thirds of a billion tons of 
serpentine above drain age base. Allowing 
for mining losses caused by inclusions, 
wall irregularities, slope of walls, and in· 
clu ding serpentine easily recovered be· 
neath the drainage base, at least a billion 
tons of serpentine should be available. 
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SERPENTINE IN THE BIG BRANCH AREA, 
GILLESPIE COUNTY 

Localion.-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 roule. Soap. 
stone from this area was being hauled by 
truck during 1948 10 a grinding plant at 
Llano, a distance of about 38 miles. 

Ceology.-T he Big Branch soapstone 
area, which also includes some serpentine, 
was mapped in detail by R. W. Mathis 
(Barnes, 1945a, fig. l3), and th is map 
should be consulted by anyone wanting 
precise information. Fi gure 2 of the pres­
enl paper is a generalization of Mathis' 
map showing the serpentine outcrops in 
the Bi g Brunch area. The dominant rock 
is Big Branch gneiss which has invaded 
and assimilated much of the Packsaddle 
schist and possibly also 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· 
line in parl contains considerable Iremolite 
and may not be suited for some of the 
uses mentioned later. 

Contpo.sitioll.~Analyses were made late 
in 1949 of serpentine samples collected by 
i\'fathis (see Barnes, 1945a, fig. 13) from 
trenches dug mostly to give information 
about soapstone. The analyses were made 
pri marily to settle the origin of the ser­
pentine and associated rocks, and for this 
purpose it <loes no t maller thaL the sam­
ples are from small masses. The analyses 
are given in Table 2; included are three 
serpentine samples : SSe, which has a com­
position, except for a high CaD 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 SiD, and low ill MgO. In 
addition three analyses were made of rocks 
associated with the serpentine: 63, soap-

FIg. 2. Map sbowing Joeal1on of 5crpenlinc­
outcrops in Big Branch soapstone area, GIllespIe 
County, Te.xas. 
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stone; 553, chlorite·vermiculite schi st; and 
6:3a, vermiculi te schisl. An analysis, B2, 
was made of a sample from one of the 
large tremolite masses. 

All sam Illes con tain appreciable amounts 
of Cr20~ and NiO, indicating a derivation 
from basic rocks of 8 peridoli tie or py rox­
enilic character. Th is negates the conclu· 
sion made earlier (Barnes, 1945a, pp. 73-
74) that the tremoliti c rocks were cleri\·ed 
lrom calcareous rocks in the Packsaddle 
schi st, and tends to throw doubt on the 
origin of the soapstones from calcareous 
rocks in the Packsaddle schist. 

Rc.scrve5.-Five serpentine deposits in 
lhe 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 (ucu .. - A small ser­
pentine deposit is located about half a mile 
\\·csl of the Fredericksburg·1\'larble Falls 
road in eastern Gillespie County (Barnes, 
1945b, lig. 35). The deposit is only about 
50 by 100 feel in size and consequently is 
of lillIe value. A sample from this locality 
was described by Barnes, OaIl'SOIl, and 
Park il1!5on (1947, p. 110 ) as follows: 

The serpentine, in color, i& Ii combination of 
light greenish white and very dark Ilr~nisll 

black arranged in a semi·dendriti(: manner. A 
sInull D,nollnl of inlermediate green 5erpclltiue 
is mosily concentrDted near .. dnle!! in the ser­
[l'Cntine. A dark brown limonitic material i5 
also a~ocj3ted with the ,·eiulet! ::Ind to II small 
degree iii SClluered throughout the rock. A sawed 
surface of this rock devdoped II higher lllstre 
than did one which w.~ polished. 

Near UUllo·81anco·Cillc5pie COUllt)' cor­
ner.- A lolal of 13 serpentine deposits 
rangin g from about 50 10 100 feet in dia· 
meter are arranged in an easHllest 2,000· 
foot bell in Llano County about 4.00 to 
800 feel nort h of the Blanco County [inc. 
The westernmost deposit is 600 leet north­
east of the county corner. The serpentine 
is associated with soapstone, both of which 
are in Packsaddle schist. A geologic mal' 
of the area by Barnes (1945a, fig. 24 
shows the location of the serpentine. These 
deposi ts are 100 small to be of much value 
C5pecially since they are situated so near to 
the big Coal Creck serpentine mnss. 

SERPENTINE IN OXFORD AREA, 
LLANO COUNTY 

Loci/lion.- The serpentine in the Oxford 
area is the most accessible in the Llano 
uplift. It is located about 8.5 mi les south 
of Ll ano which is a railroad terminus and 
aboul 1.5 miles north of Oxford. The de· 
posits are a fourth of a mile wesl of the 
paved Llano·Fredericksburg highway and 
are mostly hi gh 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. Allalyses of 5crpCIJ/itlc and IIs50cinled rock mostly 'rolll vicinity oj Packsaddle scllist­
Valley Swing gneiss boundary. 

478 86T-4-8D 
479 86T414E 
480 86T414F 
481 86T·4-15C 
482 149T-5-301 
483 149T-6·31F 
628 5Se 
629 63), 
630 81 
631 550. 
632 63 
633 630. 
634 112 

SIO, 

4028 
40.61 
39.32 
36.60 
39.39 
40.11 
38.43 
35.73 
49.62 
28.56 
52.55 
48.51 
52.02 

I." .... 
2.98 
2.67 
0.84 
2.12 
1.21 
1.21 
1.38 
9.8t 
3.86 
5.01 
2.12 

"~,o,' 

8.34 
7.12 
8.27 

11.98 
7.69 
8.3~ 
9.13 
9.94 
9.81 

B .38 
4.% 

17.42 
12.04 

0,0 

0.67 
0.06 
1.25 
0.06 
0.25 
0.38 
2.22 
9.49 
0.37 
3.80 
3.9·1, 
2.68 
4.12 

34.n 
32.11 
33.77 
33.69 
37.38 
34.78 
33.52 
25.81 
27.92 
29.19 
27.5<\. 
17.15 
2·1,.38 

0.56 
0.42 
0.46 
0.95 
0.44 
0.88 
0.44 
0.41 
OM 
O.1<\. 
0.27 
0.18 
0.53 

1\;0 11~ItI"n j.o,. 

0.18 14.06 
0.28 13.34 
022 1329 
0.53 1M3 
0.28 14.52 
0.29 12.51 
0.32 H·.BO 
0.31 17.81 
0.51 10.40 
0.19 14.47 
0.16 6.15 
0.14 8.9·1 
0.18 4.47 

." ..... Lla-ISl .".1 64-6l0 "0 ..,'pon'i",,: nO. 1131 i. <b!o,i'.·YOIDlKnli, . .. hilt: nO. Gl~ 1. _pit"".: nO. 613 
I, « .. "I<u l!t< .. hi", no. MI i. ' ..... oli'e Took. 

-r ... lD<~lio. of umpl ....... '0' ~('T" .. foil"." I16T .. I..aD. &~. ~: NiT. I.] ·I!: u~ I6"f·'.IIF. 6;. $: &riT-4.I~C. ~I. 
6: 119T">·JQI. ir. 3: 149T-6·l1f. fi:. 7: Me. 631>. al.~. 63. 6J.o. Il~. In B~,.'" (191.>; •• ~ •• U). 

<The ........ 'nJ<r ~f R,O, .fln J.d""I"" 01 •· •• 0 •• "d CT,p~ 10 to_,.d •• AI,O •• n.1 ind.<k1t P.O,. 
'\111,"" i, «pG" e<l .. Fo, O.",""" .houJb PO" it l"c",,'" o. roO; .1.., Inclu<Le. 110,. 



16 The Um:versity of Texas Pnblication No. 5020 

Ceology.- 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 feel apart. The soapstone extends lor 
about 1 mile and has serpentine associated 
with i t mostly in its northern parL One 
outcrop of serpentine outside this belt has 
some vermiculite along its norther n mar· 
gin. The serpentine·soapstone belt is 
roughly parallel to the gradational Valley 

~ l1i' , or1 >Gnd.lon, 

~ Po",odole ,,~.! 

c:::;Q VaHey S prin~ gooiu 

[LJ So"",tont 

I!lml!I! Serpen!in. 'I 
~ · -ohl .. ........ Il~,!e 

~ Fr,.";in"". qUOtt. 

~-30A Sompl, 

II I 

.. I I .. 

.. 

Fig. 3. Geologic map 5howing 5e"penline Qut· 
crops nelir Oxford, Llano County, Texas. 

Spring gne iss-P acksaddle 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 
T able 2. 

Barnes, Dawson, and P ark inson ( 1947, 
p . 112) descr ibed the serpentine from the 
road material pit (Ll-16) as follows: 

The 5erpentine has a r~ther uniform medium 
g; rcen color and contains a few narrow discon­
nected white veinlets and many small black 
areas of magnetite. The serpent ine takes a dull 
poli~h. 

The serpentine (thin-section examination) is 
composed predominantly of serpentine and a 
rather large amount of maJ;netite. The ser~ntine 
vsries considerably in structure and optical 
properties. sllgJ;e5ting that it has fonn ed from 
more than one mineral. S.wernl b18des of serpen· 
tine I1p to I em. ;11 length have n higher and 
more variable birefringence than docs most of 
the serpentine. This mineral appears to hal'c 
been originally one of the nmphiboles. Some 
~rcas of magnetite arranged in the manner of 
Schi1lu inclusions suggests Ihat enstatite 01' hy· 
persthene may have also heen one of the original 
minerals. Much of the serpcntine has a net 
structure which gives very little indication of 
the original mineral. Much of the magne tite of 
the serpentine is in !"rains, and the rest is in 
a form sl'ggesthe of Schiller ~t rHct.ure. No ~ec­
ondary magnetite produced during serpentini.a· 
tion was seen. 

Another sam ple (Ll.46) from the larger 
serpentine mass on t he high hiH to the 
north is described ( p. 112) as {oHows: 

This 5.1mple of ser!Wntine is the lightest col· 
ored of those examined. The color is grayi~h 
green Lut some areas apP3reutly localized along 
joints are of much liJ;hter color. Small black 
grains of magnetite arc rather sparsely di s­
tributed throughout the rock. The serpentine 
lakes a dull polish. 

The serpent ine (thin-section exnmination) .;$ 
c(lmposed pred(lminantly of serpentine minerah. 
A small amount of talc is present, most of which 
has a shredded appearance with serpentine del·el· 
oping around the edges and along the clenvage~ . 
The serpentine in many of these areas is stnilled 
by n limonitic appearing material. Magnetite is 
ralher ahundnnt mostly liS oriJ;inal grains, s(lme 
(If which have been broken, with serpentine pene· 
trating the cracks. Only a very 5mall amount of 
secondary mngneti te is present. The serpentine 
is (I f a network type and d(les n(ll give much in· 
dication of the original mineral from which it 
was formed . 

Reserves.-The serpentine deposi ts have 
been mapped 011 aerial p h otogr aphs, scale 
1. inch equ als 660 feel. From these photo­
graphs the approximate areas of the fi ve 
largest deposits were measured. T he area 
of the deposits is ahout 235,000 squarf' 
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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 

LEGION CIlEE K Am,;A, Glf.L!:Sl'lE COUNTY 

LocatiOIl.- The serpentine IS located 
about 1 mi le west of the pal'ed Llano· 
Fredericksbu rg highway and about 1 mile 
south of the Llano County line. Tbc de· 
posit is 22 miles by road, 21 miles of 
which is paved, from Llano, wh ich is the 
nearest railroad terminus. 

Geology.- A map of the area (fig. 4) 
shows that the serpentine and soapstolle 
form a bell of deposits which parallcfs the 
Packsaddle schist·Valley Spring gneiss 

EXPL"tlATIOtl 
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~ Town lIIo""loin 
9'"onit~ 

~ -Ant1\t!l>ltJ~~ . 

boundary and is within the Valley Spring 
gneiss. The serpentine and soapstone a re 
not as closely associated as in the Oxford 
area, but otherwise the occurrence is yery 
si milar. The deposits arc mostly on the 
western limb of a sharp syncline, the 
trough of which has been invaded by Big 
Branch gneiss. Towll Mountai n granite 
has irregularly intruded the rocks of the 
area, and the western edge of the Legion 
Creek granite mass is within thrce·fourths 
of a mile of the serpentine. Rackel Moun­
lain is a hi gh 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. 

Rcserues.- The three deposits (hat arc 
large enough to quarry have a surface 
area o[ about 180,000 square feet, which, 

.. 

Fig. q. Geologic map showing ~crpcntine outcrops near Legion Creek, Gillespie County, Texas. 
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with a speci fi c grnvity of 2.5, gives about 
14,000 tons of serpentine per foo l of depth. 

EAST SlOg or CKABAPI'L£ CREI:I.:, 
GILl.£5I'I& CoU~TY 

Local_iofl.-The serpentine ( fig. 5) ex· 
lends from the Liano County line on the 
west blink of Crabapple Creek so utheast· 
ward inlermiLlcnLiy for 1.7 mi les. The 
dist ance from Llano, the nea rest point on a 
rail road, is 21 miles by road. of which 16 
miles is pa\"cd. Much of the soapstone as­
sociated wi Lh the se rpentine has been 
trucked to II grindin g plant in Llano. Fig­
ure 5 was mapped before the soapstone 
was removed. Another deposit of serpen ­
tine ( fi g. 6) is sit uated about 1 mile to 
the south in a rough, ral her inaccessible 
area. 

Ceology.- The serpentine Ilnd soap­
stone (fig. 5) form a na rrow belt of de· 
posits parallel to the contact between the 
Valley Spring gneiss and the Packsaddle 
schist. Most of the serpentine is in Ihe 
southeastern end of the belt Ilnd within 
rocks mapllCd as Valley Spri ng gneiss. 
The soapstone deposits in this l)8rt of the 
area are either marginal to or within the 
serpentine. The northwestern end of the 
belt is mostly soapstone, and it is just 
within lhe Packsaddle schist. T he serpen· 
line contai ns soapstone deposits and in 
gelle"al is rather impure, making it un· 
suited for some of the uses mentioned 
later. Towll Mountain granite has invaded 
the Valley Spring gneiss alld the Pack· 
saddle schist. in the southern part of the 
mal) a rea, an d aplite is common. Chemi cal 
analyses of lhe se rpentine (localities 86T· 
4·14F. and 86T.4.14.F') are included in 
Table 2. 

The serpentine (fig. 6) is in an area 
lhat has been invaded by both Bi g Branch 
gneiss and Tow'l Mountain granite, ob· 
scu ring the relationship of the serpentine 
to the Valley Spring gneiss-Packsaddle 
schist boundary. However, the Valley 
Spring gneiss-Pa cksaddle schist contact 
is cut ofT ncar the northwestern end of the 
serpentine mass in such a manner as to 
suggest thaI the serpentine is within Pack­
saddle schist but near to its boundary with 
the Va1le}" Spring gneiss. A chemi cal 
analysis of the serpentine (locality 86T-4· 
15C) is included in Table 2. 

Reserlles.-The deposits mapped in fi g. 
ure 5 are ir regular in shape, contain soap­
stone deposits, and in general are rather 
impure. Upon rev isiting 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 thousan d tons of serpentine could 
be quarried . 

The serpentine mapped in figure 6 is 
irregular in shape, contains inclusions, and 
has been int ruded by aplite and pegmatite 
dikes. Its area is aboul 300,000 sq uare 
fee l, which gives about 23,000 tons of 
serpentine per foot of depth. 

KU;;SER BIIANCII AREA o ~· CMOAf'I' L£ CRtF.K, 
L UNO COUNTY 

Locatiolt.- The Keener Branch serpen­
tine deposits (fig. 7 ) a re located a short 
distance northwest of those shown in fi g. 
ure 5. The deposits extend {rom near the 
Enchanted Rock road northwestwa rd fo r 
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 th is area has been 
trucked to a grinding plant at Llano. 
Figure 7 was mostly mapped before the 
soapstone was removed. 

Ceology.-T he serpentine and soapstone 
deposits are roughl)' parallel to the Valley 
Spring gneiss-Packsaddle schist bound· 
ary and are mostly located within the 
Packsaddle schist. Those mapl>ed as being 
in the Valley Spring gneiss may actually 
be in Packsaddle schist, down warped into 
the Valley Spring gneiss. Small, ilTegular 
masses of coarse·grained, pink to gray 
Town Moulltain g ranite have int ruded 
both the Valley Spring gneiss and the 
Packsaddle schist. The serpentine forms a 
low ridge, and pits dug 011 the ridge expose 
the serpenline, liS well as anthophyllite, 
vermiculite, and several olher minerals. A 
chemical analysis of the serpentine (lo. 
cality 149T-6·37F) is included in Tohle 2. 

A slllnple from this locality was de· 
scribed by Barnes, Dawson, and Parkin­
son (194.7, p. 111 ) as follows: 

The serpentine is somewhat mottled and i~ 
composed of dirly while, grayish·while, and 
greeni5h·b1aek areas. The grayisll while ".,Ior 
forms a ralher broken background for the other 
colors. Narrow green veins having lillie con· 
tra$t wi.h Ihe resl of the roc;k nre present bui 
are no\ numerous. The serpentine lakes a dull 
poli~h. 
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The serpentine (thin-section examination ) is 
composed predominantly of net·structured ser· 
pentine, considerable talc, and a &m~lJ amount 
of tremoli t" and magnetite. Thc magnetite i& 
present bolll as primary grains and as finely 
divided secondary materia l mostly present at 
grain boundaries of the serpentine. l\Iany of 
the serpentine grains arc very light yellowish 
brown at the ed ge& witb II marked increase of 
color inten~ity at the centers. The serpentine 
grains :Ire uniformly small and average about 
one·fourth of a millimeter in size . 

.. 

Reserves.-The six small dCJlosits 
mappcd in figure 7 have an area of about 
170,000 square fee t, which, using a density 
of 2.5, gives about 13,000 tOilS 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 lIlap showing serpemine outcrops near Keener Bnl1Jch of CTabapple Creek, 
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ORIGIN OF SERPENTINE DEPOSITS IN 
VIClNITY OF P,\CKSADDLE 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 gneiss- Packsaddle schist 
boundaq·, Parl 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 Kinm pros­
pect on Honey Creek in Llano County, 
Barnes (1945b, Ilg. 31, p. 95 ) mapped 
this boundary where gradation of two 
types is present; one, an alternation of 
beds of different lithie type~ 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 mi ght 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 CroO •. The anal· 
yses are given ill Table 2.- It is obvions 
that these rocks are higher in NiO and 
Cr ~O~ 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 · 
taus or he controlled by the boundary 
along which they are situated . 

Igneous rocks are oft en emplaced along 
boundaries between rocks of different 
lithic types, and Stenzel (l935 ) 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 oI the deposits in tlle Crab­
apple Creek and Legion Creek areas and in 
the Big Branch area is the host for all oI 
the serpentine deposits. Such a relation· 
ship suggests that the pa rent rock of the 
serpentine was emplaced beIore 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 STHUCTURE Of SERPENTINE 

D. A. Shock 

INTRODUCTION 

The word "serpentine" is generally ac­
cepted as a rock name; it is also widcly 
used as a mineral name. For the sakc of 
clarity and in accordance with c;<; isting 
litera ture, serpentine is herein considered 
to be a rock containin g lhe "serpentine" 
lind associated minemls. Serpentine may 
be massive, compact, fibrous, lamellar, or 
col umnar ; most seq>enlines are briule but 
some are fibrous and tough. Tile 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.Mg3Si20 D• Two principal min­
erals which are recognized are chrysotile, 
a fibrous asbestiIorm mineral, and antigo 
orite, which may be a fibrous or a non­
fibrous mineral. Replacement of mag­
nesi um by iron and nickel is common; cal­
cium is found as a replacement less oft en. 
Aluminum is sometjmes found, and it is 
believed that it can subst itute fo r either 
the silicon or magnesium depending on the 
co·ordinate bonds, as it does in other sili­
cate minerals such as the clays and micas. 
Other di valent metals may parti all y replace 
tlu} magnesium, although lhey are of lesser 
importance than the metals mentioned 
above_ 

MINERALS OF SERP ENT INE 

Cail h:re (1936) states thaI X-ray and 
thermal analyses show ant igorite, metaxite, 
picrolite, williamsite, dcrmatine, picros· 
mine, bowenite, schweizerite, deweylite, 
chrysot ile, baltimorite, marmolite, and 
cerolite to be identical. Nickeliferous gar­
nierite, noumeite, pimplitc, nepouite, 
niekel-gymllite, roettisite, rewdanskite, 
gellthite, and ferriferrous forms of anti gor. 
ite also have been described as separate 
minerals. She states that the antigorites can 
be divided into 0: and P groups according 
to their thermal analysis behavior. Elre­
mov (1940) gives data contrary to this 

separation, while Hargreaves and Taylor 
(1946) state that their work partially sup· 
ports Caillere's data. The 0: form of 
antigorite is descri bed as e;<;hibiting an 
endothermic heat effect at 6500 C. and a 
very sharp exothermic effect at 7500 C. 
The first heat elTeet is accompanied by loss 
of H20, and the resid ue is amorphous. The 
exothermal heat elIect is due to the rapid 
crystallization of enstatite and olivine_ P­
anti gorite exhibits only the endothermal 
heat effect at 6500 C.; the loss of H20 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 
ex: ·antigorite and p-antigorite do not exist. 
Grune r (1939) also states that there is no 
indication of the formation of enstatite at 
temperatu res between 5600 C. and 6500 

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 Caillcre. 

COM.POSITION OF S ERPENTINE 
.MINERA.LS 

The analyses of 16 "serpentine" and 11 
antigorite samples have been compiled by 
Selfridge (1936) from the literature, and 
these are repeated in Table 3 to illustrate 
the va riation in composition and distri­
bution of constituents. For comparison the 
theoreti cal composition of the oxide com­
ponents of the pu re mineral H4Mg3Si :O~ 
(3MgO . 2Si02 • 2H.O) are as fo llows: 
MgO, 43.5 percent ; Si0 1 , 43.5 percent, and 
H20, 13.0 percen!. 

CRYSTAL STIWCT URE OF SERPENTINE 
MINERALS 

X- ray studies show that the complexity 
and large number of silicate minerals lire 
due largely to the abili ty 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, 
strai ght 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 he of the chain or 
layer type not unlike that of the nmphi. 
boles and some days and micas. 

Cronstedlile, chrysotile, and antigorite nre of 
oarticular illtercst in that they bear the same 
formal relationship to the usual kaolin minerals 
as do the oc\ophyllite 10 heptaphyllile micas. In 
olher words, the positions having octahedral co­
ordination arC complcte lr filled ... 

Table 3. Analyses 0/ serpentine and antigorite; a/ler Sci/ridge (1936), ' 

No. 5iO, ",0 NiD ~1"O T~ .. I 

I 
2 
3 
4 
5 
6 
7 , 

43.50 
41.58 
4-2.4·2 
40.23 
42.38 
42.72 
42.05 
41.47 
4,159 
41.87 
42.00 
42.73 
41.1-8 
4-3.66 
43.12 
41.21 

0.40 
0.42 
0.63 
2.18 
0.07 
0.20 

2.08 
1.69 

SERPENTTNE 
40.00 13.80 

13.70 
15.64 
14.24 
14.12 
13.40 
14.66 
15.06 
13.55 
13.'10 
15.00 
12.17 
10.88 
13.57 
13.13 
16.16 

98.78 
100.00 
100.55 
100.13 
99.85 

100.76 
99.73 

100.05 
99.89 

H)().OO 
!}9.16 
99.93 
99.70 

100.95 
99.36 
98.63 

9 
10 
lJ 
12 
]3 
14 
15 
16 

0.62 
4.02 
0.97 
0.68 
0.30 

1.73 
2.43 

2.30 
0.26 

5.49 
0.64 
4.91 

0.17 

0.10 
0.09 

0.90 
2.79 
1.59 
1.96 
1.99 
LiZ 

4·2.61 
41.01 
39.46 
42.14 
43.38 
42.57 
41.70 
42.32 
42.~:-) 
41.00 
QO.37 
37.42 
,U.l2 
34.37 
39.24 

0.38 
0.05 

0.10 1.52 
2.84 

1.33 

0.23 

0.30 

I 
2 
3 
4 
5 
6 
7 , , 

10 
lJ 

41.58 
41.14 
42.94 
43.79 
41.13 
42.40 
42.50 
42.60 
44.50 
40.95 
44.08 

2.60 
3.82 

7.22 

ANTIGORITE 
36.80 12.67 

11.85 
13.21 
12.47 
12.46 
].3.28 
12.84 
12.70 
12.75 
12.60 
13.70 

l OO.n7 
9').:m 

100.22 
99.34 

100.13 
\)9 .. 'i'l 
99.50 
99.22 
99.99 
99.RO 

100.49 

1.23 

" " 
0.75 
1.50 
0.30 

3.01 
3.33 1.88 

2.05 
1.49 
1.56 
0.95 
1.62 
1.39 

10.05 
1.17 

39.16 
36.53 
41.03 
4.1.65 
42.50 
43.15 
41.90 
39.70 
34.70 
40.87 

One of Ihe most recent oiscussions of 
the strudure oI the serpentine mi nerals 
and their relationship (0 the clay minerals 
is by Hendricks (1942, p. 276 ) . In an 
abstract of hi s paper lle states; 

I\liner a]s appearing in clays generally have 
layer lattice 5trnC!llres formed from 0) nn­
charged laycrs with hydrox y! ion, on both sur· 
faces ; (2) hyd roxyl ions on one surface and 
oxygen ions On the other; (3) oxygen ions on 
both ~ urfaces; (4) charged laycrs with oxygcn 
ions on both sudaces; or (5) two types of layers, 
onc with hydl"Oxyl ions on both snrFaces, and the 
other with oxygen ions on both surfaces. 

5I:rpcnline is dassed as group (2) along 
with kaolin minerals and eronstedtite. This 
relation is expanded upon by Hendricks 
(pp. 279- 28]) in his discussion on what 
is now known about the structure of tIle 
serpentine minerals and their relationship 
to the other silicate minerals as follows: 

0040 

0.17 

1.61 

0.40 
0.90 

A ,Iructure lor d Hysotile asbestos w~s ad· 
"anced by Bragg and B. E. Warren [Warren and 
Bragg, 1930] which ~a tis fac torily explained its fi· 
brous character. Howe"er, ma ny of us. inciud ing 
Warren, knew that snme of the X· ray diITraction 
data were ntH satisfactorily explained hy this 
strllCI\II'C, particularly the peculiar diffuscncss of 
rellectiolls from planes with the k index other 
than 7.ero. Warren and K. W. Herring [l9.H] 
now apparently ha"c found the correct structure, 
which is simply that of kaolinite with 3 illg ions 
substituted for 2 Al ions. Panling [l93lJ] had 
pointed <!III that such u suhst it"tion wouid be 
expected so to distort the lauice. owing to the 
greater ~ile- of the lIIg" ion, as to render it 
unstahle. Actually, this strain seems rather to 
re.tric! th~ width of a layer to a few units of 
;;tnu: ture "ay 30- 100A as . hown 1>)" electron mi· 
croscope photographs [i'l"ru])er and Ruska, 19;1.1] . 
Growth along the plate, howHcr, is still per­
mit led ; in other words, the st rain is taken up 
in one d irection. Chrysotile is thus considered to 
be an aggregate of kaolin·like plotcs perhaps enly 
flue or a few layers thick. The fibrOIlS character 
is due to the extreme extcnsion of the plates in 



Par' /I, Minerals, Composition, and Structure oj Serpentine 25 

one direction. Other clay minerals probubly also 
will lie found to develop as fiheTli under j!.ome 
condi tions. 

A pO!l!lible structure hal no t yet been advanced 
for antigori te, and caution should be exerci~d in 
discussing it. Groner [1937] hn ~hown lhal 
chrysotile and antigorite have powder·diffraction 
patterns that do not :tppeaT to be similar. In· 
spection of his dat~, however, indicates Ilmt the 
underlying ray« strueturtli are poMibly the ~ame 
lind that antigorite might differ from chrysotile 
only in the type of lattice limitation. The 
Mg,Sl,O.(OIl) kaolin·tYIJe [ayers 01 antigorite 
might be more ncarly equidimensiuna [ lind S<lme· 
what broader than those of chry~tile. Til other 
words, the straill caused by the pre!ence of 
Mg" ions would be is<lt ropifa li y distributed in a 
layeI'-~ condition that could arise from a differ· 
ent r~te of formatilln. Limitation of length would 
be more likely 10 permit .evera[ layers to be 
superimposed as in the kaolin mineral~. We thus 
have the following series: (I) Nacrile, latt ice 
nol limi ted; (2) Chrysotile. [alliee limited in 2 
dimen~ion~, width of layt:r. and their number; 
(3) Antigorite, lattice limited in 2 dimensions, 
width lind length of layel'li. Optical I.roperties 
are dctermined by the [attiee /imilation~, and 
thus nnl;;orite and chrysotite eonl\1 readily have 
different opric signs. 

Will'l'CIl all d Bragg ( J930, p. 201) in (lis­
cussing anli gorile sta le: 

The unit cell is monoclinic, with a = 1<1.66)" b = 18.5A, c = 5.33A and {j = 93"46' ..... The 
61rllctllre indicates a formula expressed by doub­
Hnll- (lie u~u .. l mo[ecule fl.Alg~i:01 and writing 
it (OIl).11lg.5i.O".II,O. There li re four of lhe~ 
molecules in the unit cell. 

E~ch ~i1icon is ~u'·rounded by four oxy· 
gens tetrahedrally arranged. Part of the oxygens 
are shared between neighoouring tetrahedn, 
forming endless chains of silicon·oxygen letra­
hedra lying plI ral1el to the "e" axis. The chains 
have a eompO!lition S;,O", and are simila r to the 
chains previously found in the amphibole$. Be­
tween the &CIS 01 chains are !;Cctions of M. and 
011 arranged a~ in Bruci te. 

This st ructure as <Iepicted by Warren 
and Bragg consists of a chain of 4 silicon­
oxygen let rahedra, 5 Mg++ ions holding 
6 OH- ions with one i\'Ig++ bonded be­
tween the layers, and one H20 held 
between the. 4 silicon-oxygen tetrahedra . 
Hendricks, as noted above. believes that 
the s\ l'uctnre of antigorite is similal'. 

A knowledge of the exact structure of 
the serpentine minerals is helpful in pro· 
j ecti n ~ ways that their structu re mi ght be 
altered to advantage. Chemical and phys­
ical means can be use" to produce desi red 
alterations itt rhe structure of the serpen­
line minerals, aud a possibility of other de· 
si red cllangcs being feasil)le should not be 
o\·erlookcd. Thus if the structu ral l'equire­
mellts were defi nitely known, it may be 
possihle to produce chrysotile ashestos 
from antigorile, 0 1' the serpentine minerals 
mi ght be made to behave as the catalytic 
clays. It is wilh these [lOi n ts in mind that 
Ihe structu re and physical propert ies or 
the mincrals 11Il\'c been Si ressed. 





PART 3 

EXPERIMENTAL DATA ON SERPENTINE 

D. A. Shock and W. A. Cunningham 

HEAT TREATMENT OF SERPENTINE 

ACTIVATIOK- DECOMI'OSITIO N WITH HE:AT 

The decomposition of serpentine has 
been demonstrated by the work of Rud· 
neva (1939), Kurn~kov and Chernuikh 
(1926), Hargreaves and Taylor (1946), 
and Caillere (1936) . As the serpentine is 
heated it loses water and its crystalline 
structure becomes so disrupted that an 
X·ray dilTraction pattern cannot be ob· 
tained. With continued heating al any 
given temperature, or with increase in 
temperature, rearrangement takes place 
and new materials form. Brandenburg 
(1940 ) discusses the possibility of makin g 
the magnesium more available through 
control of heat treatment. He points out 
that within certain prescribed temperature 
limits, the extraction 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 
(1 940), but, in addition, ralher important 
data were obtained which appear to be ap· 
plicable to other serpentine rocks. 

]}ECOlII'OSITION Cll/lI·ES 

The term "activation" is used herein fo r 
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 reo 
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 
materia! passed a IOO·mesh screen and 75 
percent passed a 200·mesh screen. Ather· 
mostatically controlled laboratory mume, 
in which the temperature could be maill· 
taincd wi thin So C. of that desired. was 
used for activating the serpentine: The 
weighed samples, dependillg upon the 

amount, were placed in either porcelain 
crucibles 01" flat dishes so that loss in 
weight could be determined at various 
time intervals. 

Wei ght 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 6000 C. At 600° C. the decompo· 
sition approaches a limiting value ill four 
hours; at higher temperatures the limiting 
value is approached much more rapidly. 
At temperatures of 5000 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 
5000 C. 

• 

, 

'.;-----;-----;-----,,-----. . .-----. .---

Fig. 8. Loss in weight versus time of calcina­
tion at various temperatures for Coal Creek 
serpentine. 
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)It,,"SUIlUltliT or i\crI VITY 

Brandenburg ( 1940) measured the ac­
ti\·jty, o r available base, by determining 
lhe amount o f benzoic acid with which a 
given weight of acti vated serpentine would 
react in a standard time. A test which 
gave comparable results was used in this 
work for evaluation of aCli vatioll which, 
while similar ;n nalure to that of Branden­
burg, gave results in much shorte r time. 
The evaluation was made in an apparatus 
shown ill fi gure 9 accordin g to the follow­
iug procedure: 

INTH!V"L 

~ER 

~ 

COllSTANT SPEED 
AG ITATOR • 

8lJNSEN BURNER 
e 

FiG. 9. Apparatu5 for evaluating lhe activation 
of serpent ine. 

Two hundred mt. of di stilled water were 
placed in a 4QO-ml. beaker and the laller 
inserted in a holder in such ma rmer thaI 
the liquid could be heated by 11 bunsen 
burner and agitated with a motor-driven 
stirrer_ The beaker position was fixed so 
that the agi tator I.'as alwars in the same 
position in the beaker. The speed of agi­
talion was kept constant by a voltage regu­
lator. Ten ml. of 1.0 normal hyd rochloric 
acid were added to the beaker along with 

two drops o f methyl o ra nge indicator. The 
solution was then heated to boiling whi le 
being vigorously agitated. 

A 2.000·gram sample of the serpentine 
was added to the boiling solut ion, and the 
length of lime required to lurn the red of 
methyl orange to a definite yellow was 
noted. The values thus obtained are reo 
producible to within .:!O S percent of the 
total time, which, in the more acti,'e 
ranges, is less than one minute ; neutrali ­
zation times of more than five minutes 
were not so consistently reprod ucible. The 
activity of the sample " 'as taken as the re­
cillrocal of the neutra1i1.Qtion time in min­
utes. The most reacti\'e samples required 
0.25 minute to neutralize or had a n ac­
tivity number of 4, By this method the 
relativel y unreactive samples requiring 
more than one minute to neutralize would 
have activity numbers less than 1. 

TIlc acti vities of the S3mples which fur· 
ni shcd tile data fo r fi gure 8 were deter­
mined ill the mnnne r j ust described. The 
results of plotting the acti vit y number 
agninst the heating time on logarit hmic 
coordinate pal}Cr at various temperature 
levels are shown in fi gure 10. 

0,... . , " ' '-0 •• 
Fig. 10. Degree of aClivalion of Coal Creek 

serpenline II I variOUli temperalure Ic'·els. 

It is evident that the acti vity of the ser­
pentine is a funcLion of both time and 
teml}Crature, that is, the same degree of 
activation can be obtained by heating at 
a lowe r lem rle ratll re for a longer period 
of time which can be obtaincd ill a shorter 
period of time at hi gher temperaturc. It 
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is also evident that there are limits on both 
temperature and time of activation. Figure 
11 is a graphical representation of the 
active area, compiled on the basis of lhe 
data in figures 8 and 10. The shaded area 
represents activated serpentine with under­
activated material on the lower tempera­
Lure side and dead burned material on the 
higher Lemperature side. The activated 
area practically disappears above 7500 c.; 
yet it is possible that higher temperatures 
and very short time intervals may accom · 
plish activation along with disruption of 
the crystal structure. If so, a superior actio 
vated product might be obtained by using 
a treatment similar to that used in flash 
expanding vermiculite where the problcm 
is of a similar nature. Laboratory equip­
ment suitable for conducting such trials 
was not availahle. 

" 

" 

• 

, L-____ .~~-------== .. ~ 
.~ 

Fig. 11. Optimum time and tempera ture ranges 
for activation of Coal Creek serpentine. 

F.FHCT OF PAnTrCLt SIZE 

The experiment just described gives 
activation data for rel atil'ely finel y grout}(\ 
material, 75 percent of which passes a 200· 
mesh screen. In order to determine the 
effect of particle size on activation, sam· 
pies of different screen size were activated 

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

Raw serpentine was ground, screened 
into six sizes, heated at 7000 C. for three 
hours, anu 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 su rface areas of a 2-gram 
sample of the indicated size. The calcu­
lated surface areas shown arc for com­
parison purposes only and cannot be con­
sidered as absolute. The calculations were 
based on the following assumptions : ( I ) 
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 alld on which it was re­
tained. 

Though qualitati ve onl y, the data indio 
cate that maximum activit\' numbers can 
bc obtained with particles' no finer tha n 
100 mcsh (0.14.9 mm.). Th is, of course, 
was anticipated since reactions between 
~olids and liqui<ls are [unctions of the sol­
ids surface area and the latter increases 
very rapid ly as the average particle <lia ­
meter decrea~es. 

The mo.".t intcresting point about the 
foregoing data is tim! it i~ unnecessary 
to ~o to the expense of extremcl~' fine 
gritJrling to olltain maximum or near­
maximllm fH·livity. 

X-!lAY !ItFFllACTION STUDIES 

Caillere (1936), Rudnel'a ( 1939) , f-Tar­
greaves and Taylor (194.6), Efremov 
(1940 ) and Haraldsen (1928) have fol· 
]owe<1 thc cOl1l'se of heat trcatment of 
serpentine by X-ray dilTractiotl studies in 
order to determine the resulting changes 
that take place in the crystal structure. 
From their work it is evident thaL the ser· 
pentine minel'nls decompose, losing water 
on heating, \"iLh a subsequenl loss of crys· 
talline structu re . 'iVith in creasin g tern· 
peratures, a rearran gement takes place, 
ami X-ray patterns show the presence of 
nell' c ry~ta llitle materials. In general it 
is 1l01eJ that the characteristic crystalline 
structure of serpentine disappears almost 
entirely between 5000 to 6000 C. Olivine 
is formed after decomposition at tempera­
tures above 6000 c.; at higher tempera· 
tures. abo\'e LOOO° c.. other minerals 
haye been noted; such as 'peric1ase (l\IgO), 
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Table 4. Effect oj particle ~ize on activity oj Coal Creek serpentine. 

E, tI",.teJ 
N .. ion.1 Bu",, " ,",I.ee 

of S .... d .. d. Sie.e openle, aro. of A.ti'i(y 
.ioo< Dumb" Millim e .. ,. ~·c'.m nu",b. , 

Th,"u Cb O. T hroll ~h O. 

8 16 2.38 1.19 
16 25 1.19 0.71 
25 40 0.71 0.42 
OJ 80 0.42 0.177 

100 200 0.149 0.074 
200 0.074 

• .... oum.d . 

enstatite (MgSiOa), and amorphous silica 
(SiO, ). The literature is not in good 
agreement on the temperatures at which 
the transformations take place; this may 
be due ill part to the variation in mineral 
constituents in the different samples. It 
is evident, ho wever, that the crystallillC 
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 

.~ ~ 
) JL.... A 

'" --"-

A ,IJl 
r-.. ~ ,~A Jl 

, , ~ 

" ",p l . 'iT 
klth", •• i. SQ"." 

A.enl D a",ime"" 

1.735 SO 0.92 
0.95 9() Ll3 
0.565 155 1.39 
0.298 288 1.58 
0.112 760 2.00 
0.05- 1,710 2.00 

treatment checks the general behavior 
noted in the literature, showing gradual 
disappearances and dispersion of the lines 
in the X-ray diagrams, wiLli the apllear­
ance of olivine at higher temperatures_ 

Figure ]2 shows a comparison of sev­
eral X-ray patterns obtained 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 ehallged 
crystallille character of the serpentine 
above 600° C. is demonstrated by a com-

YN~(ATED 
5ERPE~TON[ 

• • • .,uno AT ..J 

:.:Q.o·c, 3 t!~. ::; 

> 
" " z • HUTlD AT " 500·C, 3 ~IIS . :!": 

~unD AT 
aoo-c, 3 ~IIS. 

~ .. UHD AT 
lOOD"l:, ~ ~RS_ -

• •• 
OIFFRACTiON ANG LE 26 

Fig. 12. X-ray diagrams of Coal Creek serpentine, both raw and heal treated. 
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parison of the curves for untreated serpen­
tine and for serpentine heated to 4000 C .• 
with curves for serpentine heated to 8000 

C. and 1,000° C. That the end product at 
1,0000 C. contains mostly olivine or ensta­
tite is indicated by a comparison of the 
crystal planc spacings found ill the heated 
sample with those of natural olivine, as 
shown in Tahle 5. 

Table 5. ComRarison of crystal planes oj 
olivine and heal·treated Coal Creek serpentine. 

1I< . ... tO,,~d Co.l C«ok Oli.i"e 
.crpen,;no 

1.()(H)· c. . J ho"" D ... from AST~I T. bl e, 
dhkl ,/ dhld ,/ 

A I'. A I '. 
5.03 0.1 5.10 0.' 
3.87 0.5 3.% 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 
2.755 0.7 2.792 0.7 
2.690 0.2 
2.5lO 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 
1.114 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 
1.477 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 e:<plained by this particular 
olivine structure are shown to match some 
of those in the enstati te (MgO' SiOz) 
structure and nephritc (2CaO . 5(MgFe) . 
8SjO~ . H.O) structure. It is also possible 
that some of the weak lines are from hema­
tite (Fe20 a). The crystal structure pat­
terns did not show any indication of the 
formatiou of crystalliue MgO or Si02 • 

Tlle.IIMAL ANALYSES OF COAL CREEK SEnPEI'iTINE 

The thermal analysis curves of the Coal 
Creek serpentine are similar Lo those ob­
tailled by Caillcre (1936) from material 
which she identified as a: ·antigorite. The 
curves probably indicate iustead that both 
antigorite and chrysotile are present. 
Curves for both Taw aud activated serpen· 
tine arc shown in figure 13. Raw serpen· 
tine exhibits a large endothermal peak at 

675 0 C. and a sharp exothermal peak at 
7900 C. The activated serpentine, having 
lost its water of crystallization, does not 
gi\'e the large endothermal peak; the sharp 
exothermal peak, however, remains. The 
small endothermal peak at about 2000 C. 
is not explained; it is also present on some 
01 the curves obtained by Caillere. 
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Fig. 13. Thermal analysis eurves for raw and 
Beli'·Bled Coal Creck serpentine. 

MISORI"TION I'ROI'&lT!£S OF ACTIVATED COAL 
CREEK SE;RPEl'\T!/I;E' 

Acti\'ated serpcntine was compared with 
a number of commercial adsorbents used 
to dccolorize oil and was found to have 
some value as an adsorbent. Tcn-ce. sam· 
pies of crankcase oil were thoroughly 
shaken with the adsorbent and allowed to 
senle. The comparison was made by meas· 
urin g the amount of light transmitted 
throu gh the liquid by a tungsten lamp, 
using the amount of light transmitted 
throu gh water-white kerosene as a stand­
ard. TIle transmitted li ght is allowed to 
faU on a photocell, and the readings are 
recorded in micro-amperes. Comparative 
data for the various materials tested are 
recorded in Table 6. 

Runs I and II were made on different 
instruments so that the values for the oil 
and kerosene were not the samc. Both 
runs .show by this method 01 testing that 

'I" ... d,.tlo~. now in pro; ..... ".Inc . dditlon,l ,.,"pI • • 
uf Cool C",.k "" pon')".. ho,·o no' <o"r."" cd 'I.e 01 .. . 
ob,. inod ."Ii", . nd ,<po.ted in ,hi, """ ,ion. h"he, 
",".I,,,, ",HI bo mo.d •• W. A. C"nnin,h.m. Jun e 1950. 
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the activated serpentine retains about the 
same amount of color bodies as the com­
mercial clays. Acidic compounds shoul d 
be removed beLter by activated serpentine 
Lhall by most clays because of the basic na­
l ure of the reactive magnesium oxi de. 
H OII"eVer, no data have been gathered to 
support this . The tests which were run 
ind icate that acti vated serpenti ne should 
have some value as an adso rbenl. 

Table 6. AdsQrptive cbaracteristics of actio 
vated Coal Creek serpentine. 

Run I 

T ,.".ml .. lo" 
,". d;n~ 
.II ;«Q­

''''r'''' 

Oil hefore trea tment 4.5 
Kerosene (1000/" transmis,ion ) _ ... ___ . 37.0 
Fluoriuan G, 60/ 100 mesh _. 18.0 
Fuller's earth ... _ ....... ~. __ ._ . ______ ~ .. 18.0 
Activated serpellline _._ ....... .... __ ___ .. 18.0 

Run II 

Oil before lreallnent ..... __ ............. .......... 3 
Kerosene (100% transmission) 23 
"Riverside'· clay ZOO _ ....... _._ ........ 14-
WestvaGO ndsorhent, Percolent grnde 

30- 60 ._ ..... ___ __ ._ ..... ...... _ .... _ .. _ .... 14-
Fuller's earth, Bennett & Clark, 

ZOO·mesh . __ .. ____ .. ____ .... _ ... _. 13 
FIllle r's eart h, £umple from BLock 

room 01 The University of Texas, 
Dcpartm(~nt of Chemistry .. _ __ IS 

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 strucLure Lhrough removal of water, 
thus causing a tremcuuotls increase in 
surface are:I ; and (2 ) production of un· 
satisfied bonds whcre the water was reo 
moved. 

CHEi\IlCAL TREATi\IENT OF SERPENTINE 

SOLUBlU-rY OF R AW SEIli'ENTlNE 

The raw serpentine minerals, contrary to 
most silicate minerals, are readily arne· 
nable to chemi cal treatment. The serpen· 
tine minerals are attacked by the mineral 
acids as shown by Terpugov and Port II· 
galova (1938) and B. A. Peacock (1919). 
Mellor (1925) reporLs Lhat Lhcy are at· 
tacked slightly by cvcn such weak acids as 
carbonic. Two patents have been issued 

co\'eri ng the treatment of serpentine wi th 
caustic soda (sodium hydroxide). Samuel 
Peacock (1917b, U.s. Pat. 1,250,216) 
claims that the silica is dissolved in the 
causLic soda, leaving lhe magnesium oxide, 
and Jackson (l918, U.s. Pat. 1,254,230) 
claims thal an acid·soluble magnesium sili· 
cate is fo rmed. Decomposition of serpen· 
tine minerals by chlorine gas al high tern· 
peraLures, by cOllcentraled solutions of 
ammonium chloride, and ·by concentrated 
solutions of calcium chl oride and of fe r· 
rous sulfate nave been reported by V. F. 
Belik (1939), iH. A. Ogancsyan (1938) , 
and S. Peacock (1917a ) . The latter's ,,'ork 
is covered by U.S . Palent 1,250,216 
(1917b) . 

Laboratory im·estigalions of the acid 
and caustic sodll procedures found in the 
literat ure cited above demonst rated cerlail} 
processing d ifficulties which may make 
their commcrci,11 utilization impractical. 
Hydrochloric acid treatmenL dissolves the 
maj or portion of the magnesium in the Coal 
Creek serpenti ne, but the gel cha racteris­
tics of the residual silir:! make lhe removal 
of the magnesium chloride quiLe difficult. 
T reatment with caustic soda solutions pro· 
duces soluble silicates and insoluble mag· 
nesium compounds. Efficient remo\'al of 
lhe highly adsorptive magnesium com· 
poun ds from silicate solutions is even more 
difficult Lhan lhe separation problems en· 
countered in llcid Lreatment. Treatment 
with CO, (ca rbonic acid) gave low yields, 
and its use appears to he uneconomical. 
The reported processes fo r decomposition 
of the serpentine wit h chlorine gas at high 
temperatures and with concenLrated salt 
solutions other than the magnesium salts 
have not been evaluated. 

TRMTME:'<T OF RAW Sf- lU'ENTINF. WITH 

HYOROCHI-OIUC ACI[) 

Effect of reaction tillw.-When unacti· 
vaLed serpentine is treated wi Lh hydro· 
chlo ri c acid, the ma gnesium and oLher 
metallic iOlls go into solution first and then 
the silica is converted to sil icic aci ds and 
silica gels. As the attack on the sili ca in· 
creases, separation of the insoluble porti on 
from the solu Li on by filtra tion 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 imllossible 
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by normal filtration methods. Acid con­
centration, reaction tcmpernturt!, and size 
of the serpentine Jlartic1e~ ure some of the 
major factors which lllay influence the 
rale of magnesium solution and fo rmation 
of silica gel. Crawfo r{l (1946) showed 
that the former two factors were of rela­
tively minor imporlance SO long as the 
mole ratio of acid to alkali was more than 
about 0.75 to LO. 

Expcrimental data presented in Table 7 
were obtained in the treatment of minus 
60·mesh serpentinc with 20 percent com­
mercial hydrochloric acid at approximately 
100° C. In each in stan cc 100 grams of 
raw scrpentille were allowed to react with 
68 grams of acid (100% basis) (0.5 mole 
MgO to LOS mole HC1) for the indicated 
time and then fil tered im mediately in a 
ll·em. Buchner funnel lilted with a #41 
What man filter paper under a vacuum of 
24 inches of mercury. 

T(lble 7. R eaction of r(lW Cool Creek supen­
(in e with II)'drocMoric acid. 

Ik~< ';"n FII, .. ,;" " Reo".Ny,,1 
S,mol . ,i",. ,i ... "'.p,.,.i~m 

!>~. ,IUult, Mi.", •• ,.~,C<'.,~~~ 

1 5 1.83 85_5 
2 10 2.67 90.1 
3 15 2.83 91.8 
4 20 3.07 92. 1 
5 ,--, 3.25 91.2 
6 30 3.59 91.8 
7 60 5.1 0 93.2 
8 120 9.00 93.2 

These data show clearly that magnesium 
recovery, that is, percent of Iota! magne· 
sium obtained in the clear filtrate. reaches 
a maximum very rapidly, whereas silica 
gel formation, as indicated by longer fiI· 
t ration lime, increases linea rly with time 
of react ion. Optimum reaction lime is 
about twenty minutes. 

EDect of particle si:c.-Since any re­
action of a liquid and a solid will be mark­
edly affected by the exposed surface area 
of the solid, it was anticipated that both 
the amount of magnesium extraclcrl and 
the time of filtration would vary with 
particle size. Data (Table 8) coveri ng the 
results of acid treatment of crushed and 
sized serpentine show that, at least quali· 
tati vely. the reaction with acid is a func­
tion of particle size. 

Ta ble 8. EO<:cl 0/ p"'lic/e siu on m"gnesi(ull 
extraction frQIl" CQal Creek serpentine by ncid 
Irealment using 4 stand(!rd reaction lime 0/ 15 
minutes. 

;0.'. 11_.1 8",<,. 
01 Sund."I. 'f;h"'t i~n 1I«".c" o f 
. lnc " u",bu ' ime "" ,nr. /uM 

ThTOU, b o. ~fju'" P ..... ,.u 
100 " 88.2 
<0 '" I., 86.0 

'" <0 1.5 85.7 
10 '" 1.7 85.0 
4 10 1.2 68.7 

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

Siliceolls rcsidlle.~l n the treatment of 
Coal Creek serpentine the hydrochloric 
acid also extracts some materials oilier 
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 ns the magnesium. Practi cally 
all the fe rrous iron and nickel a re re­
mo\·ed . The iron and chrom ium whi ch are 
held in the magnetite and chromi te min­
erals are virtually unafTeclc(i and remain 
as a magnetic fraction in the siliceous 
residue. Thc sili ceous residue, which is 
essentially {\II amorphou s hyd rous silica, is 
discllssed at greater length on page 39. 
Its reactivi ty in the amorphous slate sug­
gests po~sib le uses for this material. 

SoLUIIILIT V OF ACTW~T£D SDlPEI\"TI I\" F. 

Serpenune wh ich has been activated by 
heat treatment is more soluble. and, in 
general, is more readily allacked by acids. 
Brandenburg (1940) claims that hfgO and 
MgSiO" are formed by the decomposition. 
X·ray stu(lies discussed previously show 
that the acti~'ated rock gives no X·ray dif· 
fraction pattel'lls ; th us 110 identification of 
speci fi c compou nds is possible alld all crys­
tal structures present in the raw serpen· 
tine seem to be destroyed. It is believed 
that the incrensed solubi li ty is due to de· 
struction of the crystal structu re alld re­
sultant d isruption or the chemiCllI bonds. 
Acti vated seq>entine gives an alkaline test, 
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thus showing the presence of free mag­
nesium oxi(ie. Brandenburg (1940) re­
ports that 30 percent of the total magne­
sium oxide is "free MgO" and call be dis­
solved by passi ng carbon dioxide into an 
aqueous suspension of the calcine. With 
Coal Creek serpentine approximately 25 
percent extractioll was obtained by this 
process. 

Trials wilh other soh'ents showed that 
of the lotal magnesium oxide, 6 perecn! 
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 ca r­
hall dioxide. 

TR~:AnlENT OF ACTIVATr.n SERPE!<"TlNE 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 at· 
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 se rpcn· 
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. Tf such a gel 
could be formed , the solutes probably 
could be leached from it, leaving the silica 
gel as granules. The hardest gcl produced, 
under the numerous conditions investi· 
gated. was a soft plastic mass 110t 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 wi th the 
total magnesium. When the aci(i is added 
to the <hy serpentine and stirred slowly, 
the gel' formation starts within a fell' min· 
utes, and tbe gel reaches a maximum 
hardness in about an hour. at which 
time the heat frOIll the reaction has 
dissipatccl . Upon leach ing the gel, any fil· 
ler medium used lI'as 500n plugged by the 
sil iceous 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 
parLially soluble silicates. Iron and nickel 
are also dissolved by acid treatment and 
lIlay need to be removed. h has been 
noted that heat treatment causes some oxi· 
dation of iron in the activated serpentine. 

,"<!:AnIEI'T or ACT\VATED SERPJ:NTIl\'!: WITH 

SALT 50LUTIOl\'S 

Extraction of "Free /IIg0" by Solution in 
Magnesium Sulfate 

On the assumption that the magnesia 
contained in activated serpen tine could be 
considered as "free l\'igO", the solubility of 
the magnesia in magnesium sulfate solu· 
tions was investigated. Feilknecht (1926) 
and Delyon (1938) show that magnesium 
oxide exhibits a marked solubility ill 
aqueous solutions of such salts as ·mag. 
nesium chloride and magnesium sulfate. 
Thus if " free MgO" exists in activated ser· 
pentinc it should be extractable in solu· 
tions of these magnesium salts. The use 
of activated serpentine as an alkaline rna· 
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 illVesti· 
gate(l. 

lHERMOM£TER 

SAMPLE 
PORT 

RfFLUX 
COIIOE IISE R -

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

Fifteen hundred m!. of magnesi um sul­
fate solution were placed in the 2,OOO-mL 
round boltom, 3-necked flask and heated to 
100 0 C. in the steam bath; water loss was 
pre~·e\lted by a CondeJlser on one neck of 
the flask. The agitator was placed in the 
center neck m.ld the serpentine was intro­
duced and samples withdrawn from the 
third . Ten-ce. aliquots were used except 
in cases where the magnesium oxide con­
ten t was very low; 25-ce_ aliquots were 
used in such cases. 

A glass tube filled with glass wool was 
pla<.:ed over lhe pipet so that the aliquot 
drawn was free from the serpentine. The 
amount of alkaline malerial in the aliquot 
as measured by the titration was con­
sidered to be MgO. In each instance the 
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initial solution gave no test for alkalinity. 
This system of measuring MgO contelll 
was the same as thaL 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 bv the titration. The 
serpentine used was ground to pass a 100-
mesh screen, was activated 3 hours at 6500 

c., and had an activity number between 2 
and 4 according to the evaluation s}'stem 
previously described . Five-gram samples 
of the activated serpentine were used. 

Data covering the solubility of the mag­
nesium oxide of activaled 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 obtailled by Delyon (1938) 
with pure materials, the sa llle characteris­
tic decrease after reaching a ma:ximum 
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· 

'~--~----~--~----~---7~--~--~~--~--~~ o 5 10 15 2 0 25 J O 35 40 45 

TIME IN MINUTES 

Fig_ 15. Solubilities of magnesium oxide from activated Coal Creek serpentine in magnesium 
sulfate sohuiolls. P~rametcrs used are cOHcentra tions of I\IgSO, . 7H:O in grams per )iter. 
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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 fi gure 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~O 
per liler. 

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 Mg50., . 7H~O per liter for in­
creasing MgO/MgSO~ ratios. Pred icted 

• 

00 ~'-----",------C,o,-----c"~----C,~o,----c,~,,-----~,,~----~,,,-----,.oo-----..,,------,'" 

Fig. 16. Solubility cun'cs fOT varying amounts 
!KJ]ution (600 grllll\~ ~lgSO.· il-i,O per liter). 

MgS01 . 7H,O per liter and different 
amounts of serpentine added. The genera! 
shape o{ the cun 'es for the different 
MgO/MgSO~ ratios used was similar to the 
curves of fi gu re 15. The increase in total 
magnesium oxide extracted, however, was 
not equal 10 the increased amount avail· 
able in the larget· amounts of activated 
serpentine added . These data show that, 
though the efficiency is never higl], 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· 
sented in figures 17 and 18. 

By plotting the maxima of the several 
curves of figure 15 it is clearl y evident in 
figure 17 that for 5·gram samples of actio 
vated serpentine the solubility of magne· 
sium oxide increases linearly for ma g· 
nesium sulfate in concentrations ranging 

01 Coal Creek ~erpentjne in magnesium sulfa te 

• 
" V • 
~ ., 

• 
., / 
• 
• 
• .. 
• ., 
~ ~ - - - - -

'1 ~ M9S04'7~O 

Fig. 17. Curve showing solubil ity of Coal 
Creek serpentine in magnesium slilfate solulions; 
maxima plotted from figure 15. 
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solubility data to be expected for mag­
nesium sulfate solutions of 900 grams 
MgS04 • 7H20 per liter are plotted by 
dashed lines in the same figure. These lat­
ter curves indicate quite clearly that very 
poor recovery of magnesium oxide from 
activated serpentine can be expected even 
where using hot solut ions of magnesium 
sulfate of even near·maximum concentra­
tions. 

0' " o 
o . , 

, 
• ; 

per liter an d since the solubility of MgO 
could be expected to decrease at higher 
temperatures. 

Because the solutions were basic, no 
iron or nickel was (jjssolved . The results 
also show quantitatively, as was indicated 
by qualitative observations, that in raising 
the pH of magnesium solutions with acti o 
vated serpentine it is more effective to 
add the serpentine in small increments 

I "L,--",',-..-","'-_"",c,'""'-,;;,-''',----;;'''-;, •• -t,,'-;,.,-t",-;,.,-t",--"",,,,, 
",,0 11'1 prRC ~ NT 

Fig. 18. Hecovery cUrI'es for magnesia from Coal Creek serpentine in magnesium sulfate solu­
tions of I'arioos concentrations. 

The data also show that an extraction of 
activated serpentine by the batch method 
probably would not be economical since 
large amounts of liquid are required for 
smal! amounts of serpentine processed, and 
the efficiency of extraction is relatively 
Jow. There is a possibility, howe\'er, that 
concentrated solutions of magnesium sul­
fate could be circulated over thin beds of 
lictivated serpentine and fair extraction ob­
tained. The depth of the bed would be in­
dicated by the time of travel of the solu­
tion through it, which should lIot be 
greater than the time it takes to reach the 
maximum extraction of magnesium oxide. 
Slightly higher concentrations of magne· 
sium sulfate and higher temperatures could 
be used if the extractions were made under 
pressure but 110t much improvement could 
be expected of these since the limiting solu­
bility of l'\'IgSO •. 7H~O is ahout 900 grams 

than it is to add the total amount at one 
time. The above data show that the mag­
nesium oxide is not dissolved from the 
large additions but more is extracted from 
small additions. The amounts of extracted 
magnesium oxide expectcd for a given ser­
pelliinc addition are indicated from the 
data in figure 18. 

Solubility of 1'.IgO in Acidified Magnesium 
Sulfate Solutions 

Since the quantity of soluble magnesium 
oxide decreased in a relatively short lime 
on extraction in MgSO'i . 7H20 solutions, 
solutions acidified with sulfuric acid 
should increase the amount of magnesium 
oxide dissolved. One gram of activated 
serpentine was placed in 600 gi l MgSO •. 
7H,O solution which was heated at 100° 
C. ~Ild agitated as in the previous experi. 
ments; enough normal sulfuric acid was 
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added to he equivalent to the magnesia in 
lhe 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 o[ the total mag­
nesium oxide had been removed. In this 
manner a better recovery of the magnesia 
could be effected, filtration time decreased, 
and little or no iron dissolved. 

The extraction of magnesia from actio 
vated serpentine in acidified sol utions was 
investigated at The University of Texas 
in 1946 by R. Pal Lightfoot and O. A. 
Shock. Sulfuric acid \"as added to a sam­
ple of activated serpentine in MgSO.· 
7H~O 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 ivIgS0, . 7H ~O 
if all the magnesium oxide were extracted. 
The serpentine was prepared by grinding 
and si7.ing 10 minus 4.0 plus 80 mesh and 
activating by heating 3 hours at 7000 C. 
It was observed that when there was little 
salt sol ution compared to activated serpen­
tinc: 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 gi l 
MgSO, - 7H~O solution, were investigated 
to find which ratio is best, and the results 
are shown in 'fable 9_ 

In order to keep the production of gelat­
inous silica at a low point so the filter 
rate would not he too greatly reduced, a 
solids-to-liqu id ratio of about 50 gil was 
mai'ltained. 

The amount of magnesi um which could 
be cxtracted in th is manner, related to fil­
ter lime of the sample, was studied by re­
aCI!ng for various len gths of time 10 
grams of activated serpentine !ll 200 cc. 

of 760 gi l MgSO~ . 7HoO at 100° C. with 
an amount of 48 ]lercent H2SO. 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
lered in a Buchner funnel under constant 
vacuum and the filler time noted. The 
residue was dried and analyzed for the 
remaining magneSIum content. Figure 19 
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Fig. 19. Rate of magnesia e."tlract ion from Coal 
Creek serpent ine in 760 gil magnesium sulfa te 
solution lind sulfuric acid and filtra tion rate of 
solution. 

shows the efficiency of Mg extraction and 
comparable filler lime for minus 4.0 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 oct;vated Coal Creek serpe1!tine 10 /iqllid for extraction of magllesia in 
magnesium sulfate-sill/uric acid solutio1!s. 

Ae,;'· ... d . 01'1' Ont;M 

in ' ' '",. 
)]jnu . 4(1 pl. , ~O on« ], 

10 
10 
10 
10 

760 ell 
)I ; SO, • 711,0 plus 

1J.,SO, 

18.6 
37.2 
74.1-

186 

ObO¢,,"ion. 

Gels solidify immediately on acid addition 
Gels solidify in 10 minutes after acid addition 
Fillers very sluwly; some gelation 
Filters rapidly 10 minutes aller 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 resul ts it seems 
possible that a one·step process of reason· 
able efficiency for making magnesium suI· 
fate from activated serpentine may be 
feasible. 

SILICEOUS RESIDUE FROM SERPENTINE 

RESIDUi: Af"ftR STRONC ACID EXTRACTIO:< 

Since about 40 percent of serpentine is 
silica (SiO,) and remains as re5idue rna· 
terial after the metals are extracted, its 
properties were examined to determine 
possibi lities 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 call 
be made. The silica residue resulting from 
extraction of the ground ore with either 
hydrochloric or sulfuric acid retains its 
combined water atld a small amount of the 
cationic constituents of the serpentine. It 
is non·crystalline, giving a diffuse X·ray 
diffraclion pattern; there were no lines 
found showing any silicate structure. A 
sample exposed to the atmospllere 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 Jines 
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 
(1.5 gl cc 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. Hydrochlori c 
acid extraction removes more of the col· 
orcd ions, iron and nickel, and glves a 
whiler residue than extraction with sui· 
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 lhey 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 Iorm as are· 
suit of oxidation during heat treatment. 
These activated serpentine residues are 
generally Jess reactive than those obtained 
by acid extraction of the raw ore. 

R ES\l}UE FROM HYDROC!{LOruc ACID E:nRACTlol'( 

The silica residue obtained from the ex· 
traction of the raw serpcntille with hy· 
drochloric acid, according to the pro· 
cedure described in the previous section, 
I~as 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 tern· 
perature is as follows; 

Composition of Jiliceous rC5iduc (after h)·Jro. 
chloric acid extraction ). 

Percent 
19nilion 10$5 (combined H,O) . __ ... __ .. 18.7 
SiO, . __ .......... _._ ...•...... _ ...... _ .... _ .......... _ .... 76.6 
R,O, _. __ ... _. __ ... .. _. __ .. _ _ .... ____ .. _ 3.8 
Fe.O. . .... _ ..... .. _ ...... ____ .... _ ...... _........... 0.2 
,\[gO ._._ ..... _._ ... .. . _ .... _ .. __ .... __ .... ___ .... 1.5 

RoO. by spectroscopic qualitative analysis 
showed chromium as a major component with 
iron and aluminum next in concentration. 

SOLUBILITY IN NaOH SOLIJTJOr;s 

The silica residue, being finely divided 
and non.crystalline, exhibits a greater reo 
acUI'ity 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 Si02 • 

Solubility ,,'as considered to be the amount 
of silica in solution as determined by anal· 
ysis. The effect of time on the solubility 
of a 2.5 SiOjNa~O ratio mixture (10 per· 
cent NaOH concentration) held at 100" 
C. is shown in Table 10. TIle difference 
hetween batches A and C was in their 
particle size, which is given in Table 14. 
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Table 10. EDtct 0/ reaclion. lime QII Joirlbilily 
oj silica rC5idue at 100· C. 

R •• ellon tino~ 

Balch A" 

10 minutes 96 
15 " " 20 93 
25 100 
30 " 97 

1 hour 101 
1.5 " 100 
2 98 

Balch C 

5 minutes .. 
10 " 95 
15 " 91 
20 95 
25 " 91 
30 93 

"5<ce T.~,~ I~ 10 • • h ... . ,ul ,,1 .. 01 b. le .... " ond C. 

These results, while somewhat variable, 
indicate that for 2.5 Si02/Na~O ratio at 
lOa" 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. EDtCI oJ Teoction lime 011 solubility 
0/ ~ilica residue Qt 30" C. 

R .. ction ' :me 

H""" 
L5 
2.5 
'.5 
6.0 
8.0 

rete"o, .. II •• 
dloooh'''' 

79 
B3 
86 

" 99 

EFFECT or sio,./Na.o RATIO ON 50 I.U BII .. ITY 

In order to determine the solubility of 
the sil ica when different amollnts of so­
dium hyd roxide 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:O and SiO, con tent and the rate and 
yield thus determined. 

These results would indicate that below 
a rat io of 4 the solubility is independent 
of the SiO~/Na40 raLio, bUl above 4 the 
solubility decreases as the ratio increases. 

The solution ratio seems to reach a maxi­
mum value at 5.1- 5.4 in solution. h is 
possible to remove so me of the undissolved 
magnesium oxide and ferric oxide by 
settling. Experiments on settling time show 
that as the SiO!/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. EDec' 0/ SiO.,/Na.o ralio on solu· 
bilily 0/ silica residue. 

P.,«nl 

S IO,lNo,O R ••• lion , ... 1 

SIO,lN.,O delemllnod 11m. 510. 
calculat.d IB ... lulloD Ho. " dwol.d 

2.0 1.96 2 98 
2.5 2.32 2 93 
3.0 2.9:1- 2 ,. 
3.5 3.43 2 98 
'.0 3.6 2 00 
2.0 L" 0.25 97 
2.5 2.42 0.25 97 
3.0 2.91 0.25 97 
3.5 3.40 0.25 97 
4.0 3.88 0.25 98 
5.0 4.20 0.25 " 6.0 5.10 0.25 B5 
7.0 5.' 0.25 77 

EffECT or NaOIl CONCEr."T/lATION 0:'1" SOLU81L1TY 

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

Tuble 13. EOecI oj sodium hydrorid~ CO'lcen· 
In}.lion on solubility f)/ silica r~sidue. 

N.OH P<K'~' 
c .... n. Reo., loD , Ield. 

u .. loa II ... SpU;~" 510~ 

1'., •• ~. H"",,, 1,.· 11, dl_I".,d 

10 2 1.185 97 
15 2 1.195 98 
20 2 1.193 95 

EFrF.CT O~' INITIAL PARTICLE SIZE ON 
SOLUBl~ITY 

Since solubility characteristics can be 
changed by the particle size, three balches 
of silica resid ue were sized and samples 
from lhe batches were then dissolved ill 
10-percent sodium hydroxide. Screen anal· 
yses of the batches are shown in Table 14. 
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Tllble If. Sertell QII1I1,$(S of $iliCQ rt!sitllle. 

1'("loaal B~, .. u 
.IS' ..... d. 
~ •• ~ .. I>c, a.,<1 • Bol<h B.,.h 

n'_I~ ... A , D 

10 '" 4.1 0.0 0.0 

'" 40 12.4 1.5 0.0 
40 60 7.7 '.2 2.0 
60 100 14.1 25.4 19.0 

100 6 1.5 55.6 62.9 

Pcrcent silica dissolved from the batches 
Bbo\'e in 2.5 SiO:/N8~O ralio l O.percent 

NaOH solution at 100° C. i~ shown in 
Table 15 whicb indicales little effect of 
partide size on sol ubility over this range. 

Table 15. EDtet 01 particle $iu 011 $olrs.bility 
of $i1iea rnidut!. 

R ... tion Yldd. YIeld. Yld • • ,,- u.1<~ 1I.,.h u.,.~ .lI,u,., A D C 

10 .. OS 
IS '4 ,I 93 
30 97 93 95 
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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 no r magnesite is present ill signifi­
cant amounts. This fact alone, however, 
does not necessarily imply that this min­
erai 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 water, 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 011 commcrcial uti1i~ati oll than 
does the amount of magnesi\lm present in 
an orc or mineral. 

In considerin g the possible industrial 
uses of all y raw material, it must be kept 
vcr)" clearly in mind that the mere avail· 
ability of la rge quanti ties of that material, 
even if it contains a relatively high con· 
tenl of potentially valuable elements or 
compounds, does 1I0t mean that it can he 
processed economicaHy. This is parti . 
cularly true of a mineral as complex as 
serpentine. Hellce, in the rollowing pages 
some of the othcr 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 feas ible. Changes in demand 
or advances in technology can alter com· 
pletely the present status. 

Since lillie serpentine is now being used 
co mmercially, 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 
i\IAGNESIlJ!\! COMPOUNDS 

M ACNESIU)I CIII.ollm!: FOR l\1.l. C1iESlUM MI:TlIL 

MA!'IU F.l.CTURF. 

The rapid expansion, and atlendant pub· 
licity, of the magnesium metal industry 
during the past decade quite naturally 
raises~a question ahout 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· 
in" approximately 50 percent magnesium 
chloride. Hence, the possible use of ser· 

Tuble 16. P(Js,ib/e S(JI'Tces of magnesium available in sOUlhwestem Uniled SlaleS. 

50""0 

ROCKS 
Brucite 
Magnesite 
Serpentine 
Olivine 
Dolomite 

S,\LTS 
Kicserite 
Lllngbeinite 
Kainite 
Carnallite 
Poll"haJite 

BRINES 
\1;lcsl Tcxas brines 
Michigan brines· 
Grcat Salt Lake"' 
Sea w~ter 

'l.i ,,~J foe comp.c; , on only. 

l\fg(OH). 
lIIgCO, 
H,l\fg.5i,O. 
i\fgSiO. 
i\IgCO,. CaCO, 

i\f!(SO,. H,O 
2"IgSO,. KoSO. 
MgSO,. KC! . 3H,0 
MgCl,. KC!. 6H,O 
2CaSO •. MgSO • . K,SO, . 2H,O 

NaCl· 
~[gCl: 
MgC]' 
MgCl, 

KCI; :MgSQ.; 
Cael,; NnC! 
NaCl; etc. 
NaC!; etc. 

CaSQ, 

42 
29 
26 
21 
13 

17 
11 
10 
9 , 
1 
0.8 
0.6 
0.13 
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pcntine for this purpose becomes essen­
tially a process for the efficient and eco­
nomical manufacture of magnesium chIa­
ride. 

Durin g the war the research staff of lhe 
International "Minerals and Chemical Cor­
poration, which operated a magnesium 
plant near Austin, Texas, in which the 
fused salt c1Cclrol},ti c 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 ma gnesium chloride as a possible reo 
placement of the company's process in 
which dolomite was llsed as a basic raw 
material. 

Belik (1939) describes a l)rocess of 
manufacturing MgCl z from serpentine by 
reaction with chlorine and cadmium metal 
at 1,0000 C. A relatively simple process 
of controlled reaction of HC] with serpen­
tine was described by BuH cl at. (l946) 
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· 
pentille in 20·percent HCl. These data 
have been presented previously (po 39) 
and will lIot be discussed in detail here. 
Two general processes were proposed 
using this method. One process required 
the solution of the cations in hot 20-
percent HCI under controlled conditions, 
oxidation of the ferrous to ferric iron, 
treatment with small amounts of activated 
serpentine to precipi tate the iron , filtration 
and then dehydrati on to i\'Ig-CI.. 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 tOil of cell feed was 
estimated as shown in Table 17. 

Table 17. Compara/h·e C05t 0/ cdl feed from 
d%mile and .• erpcnli'le. 

Dolomi le 
Serpentinc. r 
Serpentine, II 

NooJ«1 '0 ",oJ ,,,·,· 
ISO '0" ' <..I I lood 

300 tOilS dolomite 
16.1 tons ~erp eill ine 
131 tons serpentine 

'"' pot 'on 
.. M% 
!i'I"OT 

514.82 
9.65 

11.93 

It is apparent that either of the serpen­
tine processes had the possibility of mak· 
ing savings o\;er the dolomite process in 
use, with the first serpentine process 
making a substantial saving, though dis· 
posal of the siliceous residue 1I'0uld have 
presenter! a major problem. 

The cost values presented are peculiar 
to the conditions and manufacturing proc· 
ess used at the Austin plant and are of 
value lor 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 heen to use serpentine 
for raw material rather than dolomite. 
Should aoother such emergency demand 
arise, this source of magnesium should not 
he ignored. 

If the fundamental data on the chemistry 
or the serpentine minerals are sufficientl)' 
ad vanced, it is possihle that other more 
economical processes can be developed for 
the manufacture of magnesium metal. 

l\1."CNESIIJ~1 SULFATE (EpsO~1 SALTS ) 

l\IA" U"ACTURE 

From the data del'eloped on the ex· 
traction of magnesium from serpentine by 
sulfuric acid, it is evident that it is tech· 
nically feasihle to make magnesium sulfate 
and Epsom salts in that manner. Whether 
or 110t the processes would be economically 
aLtractive has not been ascertained. 

From the acid ex traction data it seems 
that either of two methods may be em· 
ployed. The first method requires the ex· 
traction of magnesium from the rail" ser· 
pentine for a limited time, filtration, oxi· 
dation of the iron, precipitation of the 
iron with magnesium oxide Of activated 
se rpent ine, separation of the ferric hy­
droxide, concentration, and crystallization 
of the magnesium su lfate. The second 
method involves extraction of the activated 
serpentine with su lfuric acid in concen­
trated magnesium sulIate solutions, filtra· 
tion. co ncentration, and crystallization . 
While the !'Cl:ond process appears to be the 
more direct, it requires the activation of all 
lhe ore wllercas the firs! process uses 
lar::;ely fall' serpent ine. Some Epsom salts 
is being made from serpentine by acid ex· 
traction in Georgia; this is the onl}' plant 
noll' known to be utilizing serpentine as a 
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raw material, and the quanti ty produced 
is small. 

W. H. MacIntire (1942) patented a proc­
ess whereby a ferti lizer grade of magne­
sium sulfate ca n be produced by mi xing 
ground serpentine and relatively concen­
trated sulfuric acid l77 percent ) together 
in a mixi ng device similar to that used to 
produce rock phosphate. The slurry of 
acid and serpentine reacts and gives off 
heat enough to dry the mass, producing a 
gran ular material high in soluble mag­
nesium. 

One of the major costs in producin g 
magnesium suUate by sulfuric acid ex­
t raction of serpentine is the cost of suI· 
fu ric acid. A cheap acid is prerequisite 
to an economical process. The cost could 
he considerably reduced if the magnesium 
sulfate could be produced from elemental 
sulfur or iron pyri te. 

Bran denb urg (1940) refers to a process 
for manufacturing magnesium sulfate by 
heating a ground mixture of iron pyrite 
and serpentine; however, no data are 
given concerning efficiency of extraction 
or economics of the process. The major 
amount of the Epsom sa lts nOI,' produced 
in this country is made by a process in 
which magnesium hydroxide. made by 
addi ng lime to a brine. is reacted with 
sulfur dioxide, made by burning sulfu r or 
iron pyri te, and the sul fate produced by 
introduction of steam and air. A method 
of produci ng magnesium sulfate directly 
from serpentine and sulfur could cut the 
production cost to such a poi nt that the 
utilization of serpentine might be very 
attractive. 

MAGN[s I U~1 OXIDE A~O OTU&R ClltMICALS 

Numerous patellts disclose methods for 
con\'erting se rpentine into salts and com· 
pounds which can be processed to make 
ot ber compounds. Samuel Peacock holds 
tll'O patents on processes uti li1. ing serpen­
line. One (1917a) claims the prod uction 
of magnesi um oxi de and soluble silicates 
by soluti on of serpenti ne ill sodiu m hy­
droxide. The ot her (19171,) claims the 
production of magnesi um chloride by ex­
traction of scrj".ent ine in concentrated salt 
solutions of calcium chloride and pro­
duction of magnesiu m oxide or other 
chemica ls by base exchange or precipita· 
tion. B. A. Peacock's patent ( ]919) 

claims that serpentine can be mi xed with 
potassium-bearin g silicates, such as the 
feldspa rs, and healed with concent rated 
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 ca rbonate and filt ration of 
the soluble potassium salts_ Norwegian 
patents 37,109 and 37,784 (Aktieselskapel 
de Norse Saltverker, 1923a·b ) disclose 
methods of obtai ning salts, pa rticularly ni­
trates, and the sili ca in filterable form by 
additi on of the acid to strong salt solu· 
tions. Oga nesyan (l938) claims that mag­
nesium is extracted from serpent ine by the 
ammonium chlori de liquor such as is ob­
tained from the Solvay process. Jackson's 
patent (1918) claims that serpenli ne 
treated wi th sod ium hydroxide under speci­
fi ed conditions yields an acid-soluble mag­
nesium silicate which can be converted 
into the desired salts. Terpugov and Tik· 
ti na (1938) describe a process of acid 
solution of serpen tine and precipitation of 
magnesium as the basic carbonate which 
is calcined to yield MgO. Brandenburg's 
patent (1944) an d arti cle (1940) claim 
that magnesium can be extracted from the 
act ivated rock by carbon dioxide forming 
soluble magnesium bicarbonate. Magne­
siUln oxide is produced by heating the bi ­
carbonate solution, precipitating the basic 
salt, fi ltering the insoluble precipitate, and 
calcining to the oxide. 

So far as is known there is al presen t 
IiO production of oxi des or other mis­
cellaneous salts in this country whi ch 
utili zes serpentine as a raw material. The 
competi tive production of magnesia from 
magnesite, brucite, or possibly dolomite 
for such pu rposes as insulation and re­
fracto ries would limi t seriously the eco­
nomic production of magnesia from se r­
pentine which would require numerous 
chemical sleps_ It is bel ieved that on ly 
in cases where a peculiar set of processing 
cond itions was present would the pro­
duction of magnesia be economical. 

SILICATE COM POUN DS FROil l SILI CA 
RESIDUES 

The silicate portion of serpentine has 
been considered the least soluble and there­
fore the waste product from the mag­
nesium extraction processes. Samuel Pea· 
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cock's patent 0917a) describes the forma­
tion of a soluble silicate in the process, 
though its major emphasis is on the pro­
duction of the magnesia, 1101 the soluble 
silicate. Since the silica content repre­
sents the major constituent ill seq>entine, 
the possibilities of uti lizi ng this portion 
must be given serious consideration in any 
process requiring chemical deeomposilion 
of the mineral. 

SODIU~! SILICATE 1!A;':UUCTURI'; FROM 

Sn .. ICA R E.S !DUE 

The insoluble residue left rrom the hy­
drochloric acid ext raction of raw serpen­
tine in the production of ma gnesium chlo­
r ide was found 10 be soluble in sodium hy­
droxide. The solution of this silica residue 
showed thaI the format ioll of sodium sili­
cate of technical grade was easily accom­
plished. Data (p. 40) show that prac­
tically all the silica di ssolves (95 percent 
solution ) and that the solutions can be 
made ill numerous Na .. O/SiO" ratios. Re­
moval of the last traces of -magnesia is 
diffi cu lt, but iron and the heavy metals 
are separated easily. Chromates are 
formed if the magnet ic portion (magne. 
tite aJl(1 chrornite) is not removed from 
the residue berore solution in caustic. The 
dala indicate that production of sodium 
sili cate usin g the silica residue and caustic 
soda should give commercial grades of 
sodiu m silicate. 

S ILICA GEl. i'lIAN UFACTURE FROM SILICA 
Rr.S10UE 

From the producti on or sodium silicate 
it is a simple step to Ihe production of 
silica gel by neutralization with acid and 
leaching the gel formed until the soluhle 
salt is removed, then drying, and acti­
vatin g. Si lica gel was made from serpen· 
tine in this manner for a ti me during 
World War II at the Georgia plant which 
makes magnesium sulfate. 

OTHER US£S OF Sit-ICA RESIIlUE 

Tcrpugo\' and Porlugalova (1938) de­
scribe a process for usin g the silica acid 
waste from serpentine extraction as an ad· 
sorbent for decolorizin g mineral and vege· 
table oils. IL is reasonable to ex peet the 
siliceous residue to have surface·active 
properties and, in fact, 10 be quite si milar 
to silica gel. Dehydration should further 

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

The fact that the silica residue after 
acid extraction is amorphous, reactive, and 
fa irly pu re, 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 ca talytic and adsorptive 
properties. With the increasin g import­
lance of the organic silicates, the organic 
compounds shou ld not be overlooked as 
possible end products. 

THE USE OF SERPENTINE IN 
FERTIT_IZERS 

Agricultural resea rch has shown that 
magnesium is one of the elements which 
should be included in fcrti lizin g many 
soils. The necessity that it be a<lded in 
an avilahle form is apparent ; however, 
most soluble magnesium compounds which 
can he used are so soluble that they are 
rapidl}" di ssolved and leach out of the soil 
and are carried away by the surface water. 
Untreated serpentine has been evaluated 
for its compa rati"e I'alue as a ma gnesium 
source by Vlasyuk (1940) and Lell and 
Smith (1938) who found that little of 
the magnesium is in al'ailable form. How· 
ever, when treated with acid along wilh 
phosphate rock to make a serpentine super­
phosphate, better results are obtained (EI­
liou, 1940 ; Elliott and Lynch, 1941 ; As· 
kew ana Stanton, 1942 ). Elliott and Lynch 
(1941 ) claim that the serpentine super· 
phosphate gives better performance than 
su pe rphosphate alone. Recent work re­
ported to the Ferti lizer Di\'ision at the 
11 21h Meeting of the American Chemical 
Sociel), shows that serpentine additions in­
crease the available magnesium in phos­
phate fertilizers as well as or bette r than 
olivine or magnesite. The magnesium salts 
formed by this treatment have a limited 
soluhility' which permits sufficient ma g· 
nesium to be libe rated for plant use with· 
out bcing soluble enough to he rapidly dis· 
solved awa ), by the surface water. 

TI\e heat.treated activated serpentine 
should find some usc in soil conditioning 
as a treatment fo r acid soils. The experi­
ments on activation have shown thaI pro· 
per treatment wi111iberate magnesia. Sam· 



Part IV, Review of Possible Indu.strial Uses of Serpemine 47 

pies 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 

Olivillc./orstcrite refractories. - There 
are numcrous references in the literature 
on the use of olivine lind forsterile 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 refractory seems possible. 
Pieper (1937) discusses the use of ser­
pentine: in German refractory materials. 
Goldschmidt ( 1938), Malquori , Sollazzo, 
and Giannone (1938) , and 'fsynkina 
( 1938) review the use of olivine·forsterite 
rcfractories. Harvey and Birch (1935) 
have patented a refractory using Iorsterite 
and magnesia. The use of this type of re­
fracto ry 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 se'l>eJl' 
tine may be found in the manufacture of 
refractories. 

Sur/ace-active male,ial. - Laboratory 
work has shown that on controlled heating 
the crystal structu re of seq>enti ne is de· 
stroycd and the resultant material be· 
comes relatively active chemically. Though 
lahoratory test data have shown connicting 
results, the possibilities of obtaining a 
good basic adsorbent by calcining serpen· 
tine must not bc o\'crlooked. 

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

laboratory data have been gathered on the 
possibility of using surface·active serpen­
tine ill catalytic reactions. Eisenack 
(1939) states that serpentine has a cata· 
lytic action on compounds with amine 
groups and phenol, giving rise to colored 
dyes. Other reactions may be found in 
which serpentine, raw or acti\'atea, would 
serve as a catalyst. 

Ion exchange mil1erals.-Like many 
complex silicates, serpentine exhibits some 
ion exchange properties. Data from the 
li teratu re 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 capacit}' of numerous nalural sil i· 
cates which included seq>entine, 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 
exhi bit some useful iOIl exchangc capacity. 
There are no laboratory data to substan· 
tiate thi s hypothesis, however. 

Use as rock.-The principal discussion 
of the uses for scrpentine has been CO Il ­

fined to its use as a raw material for some 
chemical product or in some considerably 
altered form. This was due to the fact 
thal so little market exists for the material 
as the native rock. Some rock is used for 
green·colored chips for terrazzo floors, and 
thcl'e is a limited market 101' finely ground 
serpentine. Bradley (1937) mentions its 
use as a weighting and flattening a~ent in 
the paint industry. Bowles (1944) lists 
a small consumption as ground rock. This 
market is small and products have lillIe 
value to su pport a continuous operation. 
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diorit." 8 
doIomile: tao 43. 44 
Epsom pit. man"C ... I" .... : 44 ..... 5 
elfect o f ""rllcle .Iu: 33 

of reaction Um.,: U 
Ell_tad. R. C.: 10 
Enchanted Rock >'OOId: 18 
enstatite' 12. 16. n 
extraction, ..... idue after: 89 

(aullin,. normol: 8 
bult zan •• naleon ... : 13 
fertil iun. uu of , .rpentine in , 46-47 
H"oridan G.: 32 
Fred.,rlckoburlf rock.: 8 
fuller', ... nh: 32 

I' ... n;.,ril.,. nlekeliferOll ' : 23 
!ftnthite: 23 
Gill~pie CounQ-: 6. 7. 10. 14. Iii. 11. 18, 19. 20. 21 

Coal C reek .. rpendne ....... in: 11--13 
rnn i .... : I. 13 

man. Legion CTftk: 11 
g ...... it»' observaUonl . Cooo! Creek ,eraentin., U 
gnvit»' . u ..... ..,.: i3 
Gr ..... I Salt Laka: U 

heat-treated ... .".."tlne. reactivity 0(: 2l-29 
heatl .... lm.,nt of "" Pl ntlne: 27-37 
lIen.tll .and member: B 
Honey Cr ... k! 2t 
ho.nblendite: 8 
h yd rochlo r Ic aeld ex~ ... cdan • • ",idue .rter: a9 

trcatme nt ot actl~.ted Hrpentin. : 3( 
tr .... tm en l of raw I .. penllnc : 32-33 

hypenthene : 16 

ignlWlll roeb: 8 
ind ... ion.: I I 
indus trial " .... of " ",enllne : 43 ..... ' 
Inlliol parUe" .Iu •• tr,oct on ..,tub ility: 40. U 
InternaUonal Mlnerall a .. d Cherni",,-I Company: t, 10, 44 
interpianRr .pacln,: 12 
ion eIe .... nll'& mlne rall: 47 
Iron: 10 

kainite: 43 
Keener Dranch: 21 

......... ..,rp.,nUne In: 18. 21 
Kiam ProlPect: 22 
kiel ... it." 43 
K lnl< Mounta in, 6 
Kin gSland: 8 

langbeinil." 4S 
Le,rlo n Cre<:k draln .. ,e 1:> .. ln: 22 

lI''''nil. m ... : 11 
..,rpenUna In, \7 

LIlI'hUoot. R. P,t: 38 
lI~nlt. dlk ... , 8 
Llano: 8. 14, 11. J8 

Cou nty: B.1. 15. 16, 18. 19. 21. 22 
rea-Ion , ... eo\oJrlc hi. tory oI: 7 
RI" .... : 8 
"plift. " rpenUn. d,poslta In: 1& 
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Lon", Mountain : 6 

m l ll'nf-. !a axtro.tuon from Coal Creek .".""nUne' 38 
recovery ..... 'v<$: 31 

ma,na;t", 23 . 43 
""'lI:nn;o"". sou...,.. of : f3 

thloridtt: ~:l-I;., 4& 
Oldd. : U 

lolubllitlea of: 35 
lullat .. , 34 

manufactu.e , 4~-45 
malln"t it. : la , 1\, 12, 17, 21. 23 
rtlIInIl'Gn •• : 10 
Muble FlU. : 8, 14 
mumolite: 23 
.wa thi. , R. W.: 10. U 
m .... u._en! of aetlvlt, of iIel'J)t!n lill": 28 
mgal m l nuracture : 43-4 4 
motaKit,,: U 
mlcu: 24 
JIllchi""" brinea : 43 
mineral 0111: 46 

n •• rlte: 26 
","pOui"" 23 
niehl: 10, 11 

_ym"lto: U 
nlck.lIte'OIll lI'arn~r1t.: 28 
no ...... . l ra ullinll' : 8 
noumelt.: U 

Ol tma n "anit ... : II 
C. -ek .unlt.os: 8. 17 

oliwln.: 11.23,43 
c.,.11AI plan." of : ~l 
- forsterlte l'\'fraclorlea: (1 

op.ol: II 
opaQul minerals: 11, 12 
orranl. allie"teo : 46 
oelil .. of l erpentine , 13 
Oxfo.d: 7, 8, 16 

u",,22 
• • r ""nl;,," in: 15-17 

P •• haddle Mounuin: 8 
"fllll t : 1, a, 9. I \. 14.1&, 11. 11. la, 22 

p"'nt IndUltry: 41 
P aleozoic aedhn .... to: 8 
Piltn . O. H . , 6 
Pl rtlcle 11u. e lfect of: 2&, 30, 33 

on 10Iubl1!ty: 40. 41 
p ... tnotlt .. , 8. 13 

dlk .. , 9 
p.e.ldotlt4:: i, 13 
Phillip". W. B., 6 
p krollt.: 2S 
pkrwtnin.: n 
pi",pl1te: 2J 
polyhal1te : 43 
pyrite : 11 

qu .. rl .... t . .. uzo chip: 9, 10 
qu .. t~ y~; ... : 13 

Ract. t Mount"in: 17 
.... Hmentin • • oolubIHty ot: 32-

lrut",ent w ilh hydrochlo~l •• cid: 32-13 
ruction time, e ffect of: 32 
..... ctlvi1,y ot hent_t~"ted ••• pm!;n.: 28-20 
",.overy curves for "'3gn" t3: 37 
Red Mounta tn: 7 

Jln. ~., 7, g 
.... rr • • «>rln. olivine-font,.lte: 47 
..... rYes-

BII" B.anch .. reo . orp, nt1ne: IS 
Cool Cfftk •• rpontlne : 13 
C ... balll, l. C .... k . er"entlne : 18 
K" ".r nraneh RrU .,.pen1ln. : 21 
Lel:inn Creek a.03 • •• pen \;ne: 17 
Oxlot"d "e": I G 

residUe, . lIie..., ... . from ... pcntin.: 3~"""1 
. e ... de""kite: 23 
'"Rlvenld." day: 32 
Rock A nllys t. Labora tory: 10 
r-oc:k ...... of • .,rpentlne DO: 47 
...,.,ttk ll.: 23 

. llt .01utlon •• I"'alment of •• liva ted • •• pe .. tl ... , 34-39 
SRndy Creek : S 

. ch",.lu .ite: 23 
.erHn a n a lY""" of , m." r uld ... : 41 
. ... ",.te r : U 
. .... p' nUn . : 43 . 44 

" c,lvate<!, oolublli~ of' U -3!1 
tr".tment ",ith hydnoc:hlo.ic a"id, 3~ 
' ...... menl with .llt ooIuUo,,-, 34....J!i 

a .. al,... , l~. 24 
.,hf mkal 1 .... lment of ' 12-39 
c.,mpooition : 23_25 
dopoo ibl. prill"in of , 22 
upcr!m~ntal data on: 27~1 
hut Iresl",,,n t of: 27-32 
mln ... 1. : 23-25 

c ryslll struclure of: 2S-2S 
m io.tll.neou. u •• at : 47 
. iliceouo .",,;due from , n ... l 
l olubilily of ... "" 32 
onu ...,. of magn"" ium eompOu nds: 43 ...... ' 
atructure: 2:!-25 
. uJH!. phOll l'hdt : 46 
" '" In rerWhen' 46-17 

Shin"l. JliII~ (orm~tlon: 8 
Shock, D. A.: 12. 38 
1m"" ,.1 "'.nut •• t .... , 4G 
. lIiea residue, IOC rHn an.u,.es : 41 

. ilie. I:el mlnufaclu.e from ' 46 

. meat., eom""unlla from, .~6 
l odlum ,iIi".t. m anu radu .. fro,..,: 46 
olh .. ullR for: 4G 

. m ". t. compound. f rom . Uie ........ idue: 4546 
l lli •• t H . o""a nle: 46 

ooluble: 4S 
, i\lCIO\I' resid"", a3 

( rom u r!>entin .. , 3t-<t 1 
ooIubility of: 39 ...... 0 

SI"mil. I!"ranltes, 8 
lOa~lo .. a : II. U, 15. 16, 17, 18 

1 ...... :9 
. 000Ium: 10 

.mcl te ",.nuh.clu ... : 46 
olll.at.: 45 

lo\ubllil y­
"u.veo: 36 
of adivated ur!>enUne: 3a-3!t 
of "'"lInesinm o"ide, 35 
of raW .emenUne: 32 
of , Hie,",,"" .... >du. : 3$-40 

IOlI r" .. of mall'n ... lu", : 43 
, plelnl!" . interplanl r: 12 
. pe-eln" I: . a vity of .erp,ntlne: 9 
IPeclrol: •• phic a n . I"."" 10 
lurl.U-.CtlVt mlterial , 47 
l u""rphOlp,,"',,, ... ptnll .. e , 46 

ta le : 10. 11, 12.16.21,23 
terrn.o .hi" . : 41 

~u.rrles : 9. 10 
thermal Inlly.is "urV es: 12 

Coa l C'''ek aerpentlne: 31 
Tow n Mountain o: .. nh •• : 8. 9, 13, 17. 18, 22 . 
I..-Im,nl of activated IIt"))entlne .. Ith h ydrnch!o .. " 

.dd, 34 
trt molite, 14. 15. 21 

.. btlIOI ' 10, 11 

.... for . iliea ..... Idu. : 46 

... eo of .. rpe nlln .. : 47 
indus trial: 43 ...... 7 
In futlll·ten : 4Ji...47 

Viney S"rinll' ",n .. iss : 1, a, U. 14. 16, 17. 18, 22 
vlOll"ellble oils : ~6 
vermlculil., 16. 18 

" hlot: 15 

Westv. co ad o".~"I: 32 
Wheeler. R. M., U 
wlU!QmoUe: 23 

X ..... y dial!"ums of Co~l Cr..,k .... rpenlin.: SO 
diffraction . ~udi .. : ~!l-3 1 
powder diffr~ elion " . Itern' 12 
. Iudl ... : 23 

Younl!"blood Cfftk I~"' 15 

..... "Ilt .. ' HI. 11 

.ine, 10 


	QAe5509_PB5020-book_Page_00
	QAe5509_PB5020-book_Page_00a
	QAe5509_PB5020-book_Page_01
	QAe5509_PB5020-book_Page_02
	QAe5509_PB5020-book_Page_03
	QAe5509_PB5020-book_Page_04
	QAe5509_PB5020-book_Page_05
	QAe5509_PB5020-book_Page_06
	QAe5509_PB5020-book_Page_07
	QAe5509_PB5020-book_Page_08
	QAe5509_PB5020-book_Page_09
	QAe5509_PB5020-book_Page_10
	QAe5509_PB5020-book_Page_11
	QAe5509_PB5020-book_Page_12
	QAe5509_PB5020-book_Page_13
	QAe5509_PB5020-book_Page_14
	QAe5509_PB5020-book_Page_15
	QAe5509_PB5020-book_Page_16
	QAe5509_PB5020-book_Page_17
	QAe5509_PB5020-book_Page_18
	QAe5509_PB5020-book_Page_19
	QAe5509_PB5020-book_Page_20
	QAe5509_PB5020-book_Page_21
	QAe5509_PB5020-book_Page_22
	QAe5509_PB5020-book_Page_23
	QAe5509_PB5020-book_Page_24
	QAe5509_PB5020-book_Page_25
	QAe5509_PB5020-book_Page_26
	QAe5509_PB5020-book_Page_27
	QAe5509_PB5020-book_Page_28
	QAe5509_PB5020-book_Page_29
	QAe5509_PB5020-book_Page_30
	QAe5509_PB5020-book_Page_31
	QAe5509_PB5020-book_Page_32
	QAe5509_PB5020-book_Page_33
	QAe5509_PB5020-book_Page_34
	QAe5509_PB5020-book_Page_35
	QAe5509_PB5020-book_Page_36
	QAe5509_PB5020-book_Page_37
	QAe5509_PB5020-book_Page_38
	QAe5509_PB5020-book_Page_39
	QAe5509_PB5020-book_Page_40
	QAe5509_PB5020-book_Page_41
	QAe5509_PB5020-book_Page_42
	QAe5509_PB5020-book_Page_43
	QAe5509_PB5020-book_Page_44
	QAe5509_PB5020-book_Page_45
	QAe5509_PB5020-book_Page_46
	QAe5509_PB5020-book_Page_47
	QAe5509_PB5020-book_Page_48
	QAe5509_PB5020-book_Page_49
	QAe5509_PB5020-book_Page_50
	QAe5509_PB5020-book_Page_51
	QAe5509_PB5020-book_Page_52
	QAe5509_PB5020-book_Page_53
	QAe5509_PB5020-book_Page_54



