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Agsrnacr

Differential thermal analysis studies were made on eight different samples of aragonite,
seven of calcite, and one natural mixture of aragonite and calcite. The transformation of
aragonite to calcite gave a thermal efiect that was easily observed with the continuous-
photographic-recording type of difierential thermal analysis apparatus This transforma-
tion serves to identify aragonite. The aragonite-calcite transformation and the formation
of unstable polymorphs of CaCOr are discussed.

fr.trnooucrtoN
'Ihe writer started his studies on the thermal analysis of carbonate

minerals at the U. S. Department of Agriculture in 1942. These data
formed the basis of a method for differentiating magnesite and dolomite
which was later developed at the U. S. Geological Survey (Faust, 1944).
A comprehensive study by thermal analysis of the carbonates and of the
hydrous magnesium silicates which was begun in 1944 is now well under
way; this paper is the fi.rst of a series to be published on studies on carbo-
nate minerals.

A preliminary note regarding the use of the differential thermal analy-
sis method for differentiating between aragonite and calcite was recently
published (Faust, 1949).

1 Published by permission of the Director', U. S. Geological Su;vey.
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DnscnrprroN lNo CHBMrcar- CouposruoN oF rrrB MrNonA.rs

Some of the specimens used in this study were obtained from the U. S.
National Museum through the cooperation of Dr. W. F. Foshag and E.
P. Henderson, and some were supplied by Drs. C. S. Ross and W. T.
Schaller of the U. S. Geological Survey. Some of the specimens were
collected by the writer.

The samples used in this study were all carefully selected by hand
picking under the binocular microscope. This selected material was
then crushed to pass a S8-mesh cloth sieve and re-examined for impurities.
The samples were then examined in immersion liquids under the petro-
graphic microscope. Spectrographic analysis of the material and r-ray
diffraction studies served to verify the purity and the identitity of the
minerals.

(a) Aragonite

Ana.coNrra fg.Locality: Chile, South America. (U.S.N.M.-R2554) Labelled cupriferous

aragonite. Very pale greenish-blue aggregates. Spectrographic analysis shows 0.01 per cent

CuO, 0.12 per cent ZnO, and.0.09 per cent SrO.

Auconrrn ff3 (Zeyingite). Locality: Zeyring, Flatschach, Styria, Austria. (U.S.N.M.

#R2548) Green to white masses. This mineral was supposedly nickel-bearing, but spectro-

graphic analysis fa,ils to show nickel as a constituent. The color is probably due to the

copper. The chief impurity is strontium,0.18 per cent SrO corresponding to 0.26 per cent

SrCOs. Strunz (1941) states that zeyringite is partly saddle-shaped calcite and partly the

variegated variety of aragonite, flos ferri.

AnecoNrta f5. Locality: Enos-Lindsey Cove, Batesville district, Arkansas. White to color-

Iess radiating needles. This is a strontian-barian aragonite containing 0 86 per cent SrO and

0.56 per cent BaO, corresponding to 1.23 per cent SrCOa and'0.72 per cent BaCOr.

Anl.coNrrB 16 (Nicholsonite). LocaJity: Robert Emmett mine, Leadville, Colorado

(U.S.N.M. #R2550). White radiating blades arranged in asteriated forms. This variety of

aragonite was never fully described. Butler (1913) reports up to 12 per cent zinc' Spectro-

graphic analysis shows the chiel impurity of the specimen studied in this investigation to

be 0.19 per cent SrO, and no zinc was found.

Anacomrn 115 (Pr.uunonn). Locality: Mine la Motte, 5-6 miles northwest of Fredericks-

town, Madison County, Missouri. Colorless to white radiating needles. Spectrographic

analysis shows 1.8 per cent PbO (equivalent to 2 15 per cent PbCOr) and 0.04 per cent SrO'

Ar.ecoNrre f 12. Locality: Fif ty miles southeast of Roswell and 17 miles east of Lake Arthur

New Mexico. Pseudohexagonal cyclic twins Some of the crystals have a surficial coating of

iron oxides. Only the clear cores were used in this study and the success of the separation of

the coated grains from the core is attested to by the spectrographic analysis, Table 1, which

shows only 0.005 per cent FeO. This aragonite is a strontian aragonite containing 0.73 per

cent SrO, equivalent to 1.04 per cent SrCOa.

AnlcoNrm 14 (Pr,uunom.r) (Tarnowitzite). Locality: Friedrich mine near Tarnor,vitz.

Silesia. (U.S.N .M. #C-2101). Greenish, needlelike crystals of the so-called "grtner st:nge-

liger" variety. Spectrographic analysis shows 3.5 per cent PbO, equivalent to 4.19 p3r cent

PbCO3, and 0.09 per cent SrO. A wide variation in composition for this mineral from the
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Friedrich mine is reported in the literature. Doelter (1912) Iists an analysis by Traube of

the gfiiner stengeliger variety which shows 4.26 per cent PbO (5.09 per cent PbCO) and

0.25 per cent SrO.

AnecoNnB f10 (Mossottite). (U.S.N.M. #P'2547). Locality: Lias of Gerfalco in Tuscany,

Italy. Pale greenish-blue radiating masses. Spectrographic analysis shows 0.18 per cent

SrO, 0.10 per cent PbO, and 0.13 per cent ZnO. Doelter (1912) lists an analysis by Lucca of

material from this same locality which contains 6.68 per cent SrCO:, 1.21 per cent CuCOr,

0.82 per cent FezOs.

(b) Colcite

Crrcrrr fi2.Locality: Ala-Mar deposit, Currant Creek, Nye County, Nevada. White fine-

grained masses containing about 10 per cent of admixed dolomite.

cer,crrn 113. Locality: Joplin district, Missouri. colorless cleavage fragments. This calcite

was analyzed by Dr. R. C. Wells (1915) and found to contain SiOr, 0'09 per cent; MnO,

0.05 per cent; FeO, 0.19 per cent; CaO, 55.80 per cent; MgO, 0.00; CO: (calc'd.),43.99 per

cent; total 100.12 per cent. A comparison with the spectrographic analysis by Murata

shows Wells' FeO to be too high and his MgO figure to be in error.

Car.crrn #Fll02. Locality: Franklin F'urnace, New Jersey. Orange cleavage masses ex-

hibiting coarse polysynthetic twinning lamellae.

Cer,crre f11. Localily: Soda Dam Springs, two miles north of Jemez Hot Springs, Sandoval

County, New Mexico. White, radiating columns, paramorphous after aragonite'

C.cr,crre 17, (Schaumkalk). Locality: Myokenzan, Ilarima, Japan. (U.S.N.M. #61,492).

Snow-white scaly masses, paramorphous after aragonite. Spectrographic analysis shows

1.2 per cent MnO.

Cer-crra lA-3. Locatity: Highway cut, one-half mile northeast of Myersville, Maryland.

White cleavage masses, showing polysynthetic twinning' See figure I-c in Faust (19t14).

Carcrrr 118. Locality: Champion Mica mine, Amelia County, Virginia. Vug filling.

(c) Ar agonite-calc ite mixtur e

Atecourre-C.tr.crrE #8. Locality: Monte Neva (formeriy Melvin) Hot Springs SWiSWi

sec. 24, T.21N. R.63E., 18 miles north of McGill, White Pine County, Nevada. A natural

mixture. Spectrographic analysis shows MgO to be the chief impurity.

Complete spectrographic analyses for the minor elements present were kindly made by

K. J. Murata of the U. S. Geological Survey and are given in Table 1. It is noteworthy that

strontium was noted in all the specimens and barium in most of them.

Tnenlr.q.r, Awalvsrs
(a) Static rnethod,

The static method of thermal analysis was developed many years ago

by mineralogical chemists for the analysis of hydrated minerals. The

earliest method of study, and one still used today, consists of heating

the sample at a given temperature, cooling in a desiccator, weighing,

and then repeating the heating at this ternperature until the sample

attains constancy in weight. The process is then repeated at other tem-

peratures. The results are commonly plotted as loss in weight of sample
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versus temperature. Various improvements in this technique were added
from time to time and the apparatus designed and used by Dr. P. G.
Nutting (1943), of the U. S. Geological Survey is typical. In this appara-
tus, the crucible is suspended in the furnace from the balance, which per-
mits the sample to be weighed while in the furnace and eliminates errors
introduced by removing the crucible from the furnace.

The static method involves only the determination of the weight of the
sample and the measurement of the temperature. It can, therefore, reveal
only phenomena associated with a loss or gain in weight. Changes in weight
are involved in such reactions as the loss of water or carbon dioxide, and
in the oxidation of iron or manganese. The static method cannot detect
inversions, for such phenomena are not accompanied by changes in
weight.

Dr. Nutting (1948) very kindly examined for the writer by this
method two specimens-a calcite from Joplin, Missouri (113) and arago-
nite from Enos-Lindsey Cove, Batesville district, Arkansas. The results
are given in Fig. 1; they are essentially identical. The temperature of
decomposition for both is 6150 C.

In the static method of thermal analysis as described here, the process
of dissociation is not reversible because carbon dioxide is lost to the
atmosphere. The reaction is written:

[ C a C O s * A + C a O + C O r l ]

the single horizontal arrow implying thermodynamic irreversibility. The

r.oo
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temperature of dissociation is, therefore, not an equilibrium value and
may vary, depending on such factors as grain size, intergranular texture,
presence of impurities, etc"

The data in Fig. 1 are based on relative weight and show a constancy
in weight at 0.56. Pure calcite and aragonite contain 56.08 per cent CaO,
43.92 per cent COz. The data in Fig. 1 are in accord with this theoretical
value and hence the samples were completely dissociated.

The static method is unable to difierentiate between calcite and arago-
nite as it does not reveal the thermal effect that accomoanies the tran-
sition.

(b) D ynami. c met h o d.-dif er ential ther m al aro oly sis

(1) General statement

A brief description of the technique employed in this laboratory in
making difierential thermal analyses and references to the original liter-
ature on the apparatus and method are given in a previous paper (Faust,
1948). The curves are produced by the reflection of a l ight beam from the
galvanometer mirrors upon sensitive photographic paper and represent
continuous, unhampered recording. The rate of heating for the samples
was approximately I2o C. per minute; a complete run required about
80 minutes.

(2) Aragonite curves

The thermal analysis curves for aragonite are given in Fig. 2 and the
data are summarized in Table 2. The first four curves C-486, C-484,
C-471, C-131 show clear-cut relationships free from complications. In
each sample the transition from aragonite to calcite, when it starts,
takes place promptly, and the curves show well-defined breaks. In the
sample of aragonite from Arkansas (curve C-131) the break is flattened,
and this arises from the slightly larger spread in the temperature range
over which the transition takes place. The slight hump before the transi-
tion break, which appears in this and other records here included, is the
result of an accidental instrumental efiect and has nothing to do with the
aragonite. The straight portions of the curve before and after transition
are not noticeably offset, indicating that in this temperature range these
two polymorphic forms of CaCO3 have nearly identical specific heats.
In the curves showing the inversion ol quartz from the low to the high
form, the offset in the height of the curves is easily observed (Faust, 1948) .

The subsequent dissociation of the calcite paramorphous after arago-
nite is accompanied by a very large thermal effect. As mentioned previ-
ously, the loss of carbon dioxide is approximately 44 per cent of the sam-
ple weight. The next six curves, although they show normal relationships
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Increasing temperature-----+

Frc. 2. Difierential thermal analysis curves for aragonite. C-486:aragonite ft9, C-4,84
:aragonite {3, C-47|:aragonite #3, C-131:aragonite #5, C-487:aragonite #6, C-545
: aragonite #15, C-506: aragonite {12, C-527: aragonite fi4, C-132:aragonite {15, C-492
:aragonite 110. The diagonal line intersecting the curves is a portion of the curve register-
ing the temperature.
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at the transition, are complicated at the close of the dissociation of the
paramorphic calcite by additional breaks in the curve. These breaks in
the curve range from the inflexional change in C-487 and C-545 to thefor-
mation of subsequent independent breaks which, for some samples, be-
come more widely separated from the main break, as is shown in records
C-506, C-527 and C-132. The sample of aragonite (curve C-492) repre-
sents an extreme in that it shows both inflexional alterations of the
curve and many subsidiary breaks. The probable origin of these subsid-
iary breaks will be considered with the discussion of the aragonite-calcite
mixtures.

A summary of the observations on these curves is given in Table 2.
The temperature of the transition from aragonite to calcite is variable
and no relation between this temperature and the content of substituents
such as Sr and Pb could be established. The variability of the transition
temperature, T1, &nd the dissociation temperature, T2, for duplicate runs
is shown clearly in curves C-484 and C-471 obtained with aragonite
from Styria, Austria, and C-545 and C-132, aragonite from Mine La
Motte, Missouri. These reactions are not reversible and many factors
contribute to departures from definite agreement between duplicate runs.

(3) Calcite curves

Thermal analysis curves for calcite are given in Fig. 3, and the data
obtained from the curves are summarized in Table 3. All the curves are
similar. They all exhibit sharp thermal dissociation breaks. The size of
the particles affects the temperature at which dissociation begins, for
fi.ner sizes tend to broaden the base of the break.

Theoretically we would expect that the finer particles would cause
a spreading of the curve through the onset of dissociation at a lower tem-
perature. Small particles have a much greater surface area than large
particles and hence a proportionately greater number of broken bonds.
Broken bonds reduce the thermal stability of solids in the boundary
layer. As the particles become finer and finer, the importance of the
boundary layer increases. Smaller particles also have a greater vapor
pressure than larger particles. None of the samples discussed here con-
tained a significant proportion of exceedingly fine particles. It is likely
that such fine particles would spread the base of the curve more than
was observed.

Twinning of calcite apparently has little if any efiect on the character
of the thermal analysis curve.

(4) Aragonite with calcite curves

A natural mixture of calcite and aragonite was fortunately available

215
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Increasing temPerature+

Frc. 3. Thermal analysis curves for calcite. C-148: calcite fi2, C-89: calcite #13, C-558

:calcite #F-llo2, C-S2T:calcite #13, C-S2l:calcite 113, C-533:calcite #ll, C-485

:calcite #7.The diagonal line intersecting the curves is a portion of the curve registering

the temperature.
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for study. This material, a spring-water deposit from Monte Neva Hot
Springs, Nevada (sample /8), consists of prismatic crystals of aragonite
and equant rhombs of calcite. The temperature of the springs that de-
posited these minerals ranges from 173o F. (78.30 C.) to 193o F. (89.4' C).
The thermal curve, C-504, (Fig. 4), shows a small but well-formed peak
that corresponds to the transition of aragonite to calcite. The dissociation
curve of the calcite is sharp.

rncreasingtemperature---+ 
898

Fro. 4. Differential thermal analysis curves for natural and artificial mixtures of
aragonite and calcite. C-504:natural aragonite-calcite mixture 18, C-508:mixture of
50/s aragonite ffS and 50/s calcite 113, C-510:907o aragonite #5 and l07o calcite #13.
The diagonal line intersecting the curves is a portion of the curve registering the tempera-
ture.

In addition to"this natural'mixture, two artificial mixtures were pre-
pared. The sample used to obtain curve C-508 was made up of 50 per cent
of aragonite 15 and 50 per cent of calcite f13, whereas that for curve
C-510 was made up of the same minerals in the proportions of 90 per cent
aragonite to 10 per cent calcite. Both of the minerals used in the mixtures
give normal uncomplicated patterns. The curves, C-508 and C-510,

a
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both show the transition of aragonite to calcite as was anticipated. The
break showing the dissociation of calcite is markedly difierent from that
of either of the pure minerals used. This break in the curve is a compound
break and arises from the presence of two types of calcite, that which
results from the transition of aragonite to calcite and that used in the
mixture. Each of these types of calcite dissociates at slightly different tem-
peratures, hence the reactions overlap. The break in curve C-508 due
to the dissociation of calcite has a very wide base and a rounded top.
The temperature of this break is 9020 C., much lower than the mean
valrres of the pure minerals used, namely 9630 C. The shifting of the
temperature of the break in thermal analysis studies on mixtures has
been pointed out by many workers. The temperature of this break
for the mixture of 90 per cent aragonite and 10 per cent calcite is even
lower than that mentioned previously (8980 C.) for curve C-510. A curious
subsidiary break, of very small size, occurs in curves for mixtures after
the curve for the principal dissociation of calcite. This break does not
appear in either of the pure mineral curves and is believed to arise through
the delayed dissociation of some of the larger grains of calcite. Measure-
ments and observations on these curves are given in Table 4.

The appearance of the subsidiary breaks on the aragonite curves,
mentioned earlier, may arise in part as a consequence of difierence in
size of the particles. It may also be due to intra-particle texture or to the
presence of substances in solid solution not uniformly distributed through
the fragments, as in zoned crystals. The presence of small amounts of
calcite, not produced by the present rapid inversion of aragonite to cal-
cite in the sample, and hence Iacking in the strain induced by paramor-
phism, could also give rise to subsidiary breaks. It should be noted (Fig.  )
that the curve for 50 per cent aragonite and 50 per cent calcite almost
was resolved into two breaks (curve C-508).

(5) Measurements of areas under the thermal curves

Areal measurements were made, using a polar planimeter and check-
ing with a simple grid, on five records, all with 999.9 ohms resistance in
the galvanometer circuit. These measurements were repeated at least
five times for each curve; the agreement between successive measure-
ments on the same curve was satisfactory. From the data for each curve,
the area corresponding to the transformation of 1 gram of aragonite to
calcite was calculated. The complete lack of agreement among the calcu-
lated results was disappointing. The average area arising through the
transformation of 1 gram of aragonite to calcite was found to be 30
square millimeters, the maximum being 43.8 square millimeters and the
minimum 17.5 square millimeters.

219
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The heat of transformation of aragonite to calcite is given by Goran-
son (1942) as A11: f 21 joules per gram. The positive sign indicates that
the reaction is endothermic. The area under the curve, given above, is
produced by heat effects of this order of magnitude.

The heat of transformation is given ofi in the rearrangement of the
atoms and groups of atoms in the crystal structure of aragonite as they
shift to their new positions in the calcite structure. This rearrangement
has been studied by K6zu and Kani (1934) and the reader is referred to
their paper for the details.

The area under the curve for the dissociation of calcite paramorphous
after aragonite was also measured for the same series of curves mentioned
above. It was found that the dissociation of 1 gram of calcite produces
an average area of 5,646 square millimeters, with a maximum of 6,836
square millimeters and a minimum of 4,743 sqtare millimeters. These
results apply to curves obtained with 999.9 ohms in the galvanometer
circuit. The value of the heat of the reaction, A11, for the dissociation of
calcite is given by Smyth and Adams (1923) as follows:9,680 joules at
800" C. ;8,132 joules at  1,000o C. ;  and 8,654 joules at  1,200o C.  The
value of AH at 898.6" C., the temperature at which p:760 mm. is 9,426
joules. These values of All cover the range of temperatures of 800o-
1,2000 C. and are computed from data for the system at equil ibrium.
They indicate the order of magnitude of the heat effect which produces
the curves.

The chief difficulty in accurate areal measurement is connected with
construction of the straight line used to close the base of the curve. This
is further complicated by the steepness of the curve at the onset of
transformation. The observations on the measurements of the area under
the curve suggest that the use of a simple grid for measurement of the
area is entirely adequate.

The variation in the area associated with the transformation of
aragonite to calcite imposes a limitation upon quantitative estimates of
mixtures of aragonite and calcite. If such estimates are made, it will be
necessary to first determine the area under the curve associated with the
transformation for the particular aragonite being studied.

Tsn Anecowrrr-+CarcrtE TRANSIoRMATToN

The aragonite---+calcite transformation is monotropic in character. It
is therefore irreversible and does not take place at a constant tempera-
ture.

It has long been well established that merely heating aragonite in air
to about 450o C. is sufficient to convert it to calcite. Johnston, Merwin,
and Williamson (1916) found that this transformation could be brought
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about in a few days at temperatures as low as 100o C. by heating in the
presence of water. They found that pure dry aragonite was changed to
calcite in a few minutes when heated at 47Oo C., in 90 minutes at 425" C.,
and in 3 hours at 4000 C. K6zu and Kani (1934) in their studies on the
thermal expansion of aragonite crystals observed that the transformation
took place, in air, in the range of 450-4900 C. More recently, Zimens
(1937) using the Hahn radioactive-emanation technique, showed that
the transformation of aragonite to calcite begins at about 4500 C. These
observers all agree on the irreversibility of the aragonite-calcite trans-
formation. The present study shows that at a heating rate of 12" C. per
rninute, the transformation takes place between 3870 and 488" C.

Tnu FonuarroN or UNsrenr,B Porvuonpgs

-Credner (1S70) made a very thorough study of the synthesis of calcite
and aragonite. He found that calcite is precipitated from pure solutions
of "doppelt kohlensaurem Kalkes," whereas both calcite and aragonite
are precipitated from solutions of calcium bicarbonate that contain
limited amounts of lead carbonate, calcium sulfate, or strontium carbo-
nate. He also observed that temperature of precipitation and strength of
the solution were not "unique" factors in the cause of the dimorphism of
calcium carbonate. This study of Credner is noteworthy, considering the

early date of the"research. He supported his chemical studies by micro-
scopic examination of the phases and reproduced drawings of the crystals.
in his paper. He further tested his conclusion that strontium entered into
the aragonite crystals by using a spectroscope to determine its presence'
The standard French reference books on mineral synthesis paid no at-
tention to his work and it was soon forgotten. Johnston, Merwin, and

Williamson (1916) also observed the formation of aragonite from solu-
tions to which Pb, or sulfate was added.

Bloom and Buerger (1937) have discussed the genesis of polymor-

phous forms, including the aragonite-calcite relations, and conclude:

Certain types of impurities present in solution during precipitation of a solid phase

often efiect the generation of an unstable polymorphous modification. The modification

thus generated often contains this impurity, sometimes held so tenaciously as to defy usual

chemical treatment for its removal. Under these conditions, the structure containing this

impurity shows a remarkable resistance to transformation to the stable structure of the

pure substance. The complete removal of the impurity is apparently necessary for the

realization of the transformation.

Spectrographic examination showed the presence of barium, stron-
tium, or lead in all of the aragonites used in this study. The total amounts

of the oxides of these metals are 0.1 per cent or more. The two specimens
of calcite paramorphous after aragonite contain a total of 0.03-0.06 per
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cent of these oxides. Calcite from Joplin, Missouri, has only 0.01 per cent

of these oxides. These results suggest the desirability of further spectro-
graphic studies on these minerals.

Tesr-n 5. Ioxrc Rnorr (rw ANos:rnou UNrrs) ol rne C.lrtoNs or tnn Cer-cnr
exn Anaoorrtr Gnoups (Arrnt Bnlcc, 1937)
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Mg Fe Mn

0 . 9 1

Cd

1 . 0 3Calcite type
Aragonite type

The presence of barium, strontium, and lead in solid solution rn

aragonite is well known. Ifowever, zinc does not form an orthorhombic

carbonate, and one would anticipate, from consideration of the atomic

radii listed in Table 5, that substitution of Ca by Zn would tend to favor

the formation of a rhombohedral carbonate. It was of interest, therefore,

to re-examine nicholsonite, the reputed zincian aragonite, which Butler

claimed (1913), contains as much as 12 per cent zinc. The specimen used

in this study was from the Canfield collecticn of the U. S' National

Museum and consists of white radiating blades arranged in asteriated

form. spectrographic analysis failed to reveal determinable quantities ol

zinc in this sample. The d spacings of the powder photograph agree with

those of aragonite. Zinc was, however, found in two of the aragonite

specimens, which contained 0.12 and 0.13 per cent ZnO. Both of these

samples are fine-grained, and neither r-ray study nor microscopical ob-

servations can unequivocally rule out the possibility of the presence of

some minor amount ol a zinc mineral. The presence oI zinc in solid solu-

tion in aragonite thus needs further study.
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