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Some years ago, while relating to prof. A. N. Winchell, of Madison, Wisconsin,
the results of readily hydrating and dehydrating autunite with the iormation of

The results, given below, show that such base replacement takes place very
readily and that a large number of such difierent artificial autunites can be made.

These experiments show that base exchange reactions take place very readily
with compounds of the autunite type. All of the products obtained, with the
exception of the lead-containing replacement product, were tetragonal plates
four or eight sided, both uniaxial and biaxial, which had values for the refractive
indices concordant with those found for the corresponding natural minerals.

Like so much of the natural autunite, sorne plates were isotropic when lying
flat and birefringent when turned up on edge, whereas other plates ,ho*ed u *eak
and irregular birefringence in the basal plates. No quantitative refractive index
measurements were made consistently on any of these samples at the time they
were analyzed; neither were they determined where the material was under known
hydroscopic control' rn fact most of the determinations were made several years
after the material was analyzed but on material from the same tube from which
the sample analyzed was obtained. A few check determinations, however, showed
that no material change in the water content of the samples had taken place.

Like the natural autunites and other minerals of this same group, all the
artificial preparations were optically unhomogeneous, a result probably due to the

a Published by permissior,r of the Director, U. S. Geological Survey.
1 The paper giving these results is in course of preparation.
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presence of more than one hydrate in the sarnple.2 The following optical varieties

Larre been noticed in the artificial preparations, often all in one sample, and fre-

quently several varieties form parts of a single crystal'

(1) Strictly isotropic basal plates, uniaxial, negative.

(2) Biaxial, weakly birefringent on basal plates.

(3) Biaxial, strongly birefringent on basal plates.

(4) Polysynthetically twinned, the lamellae being parallel to (100), or (110);

or both.
The value of the axial angle also varied considerably on difierent crystals of the

same sample.

MBrnoPs or PREPARATToN

Several attempts were made to prepare artificial autunite in dis-

tinct crystals. The first attempt was made by boil ing a solution

of the nitrates of uranium and calcium with a solution of phosphor-

ic acid. Theresultingproductwasvery fine-grainedandapparently

not homogeneous. The time element was then introduced and

it was found that a well crystallized product could be obtained

in a month or so by allowing a solution of uranium and calcium

nitrate to mix very slowly with phosphoric acid by difiusion through

a large volume of water. The first precipitate formed had an amor-

phous appearance but by leaving it undisturbed for a month or

,rro.", ,"lutively large sized plates of well crystallized artificial

autunite were obtained. while awaiting the outcome of this proce-

calcium. Tests soon showed that considerable sodium was present

and quantitative analysis showed that these crystals were essen-

tially the sodium equivalent of the calcium-uranium-phosphate.

In this "salting out" process, the action of the soduim chloride

brine may be twofold; first, a reduction of the hydrolytic efiect

2 A study (unpublished) of natural autunite has shown that the variation in

optical properties of autunites and the apparent inconsistency of their optical

character ai related to the geometrical form, is due chiefly to the existence of

several hydrates whose stability range (at room temperature) is dependent on the

vapor pressure of the surrounding air.
3 McDonnell, C. C., and Smith, C. M., The preparation and properties of

Iead-chlor-arsenate, artificial mimetite. Am- J. Sci ', 4th ser', 42' pp' 139-145'

Aug. 1916.
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of the water, second, a repression of the solubility of the phosphate
formed. The starting point was a solution of one gram of di-calcium
phosphate dissolved in just enough dilute hydrochloric acid. It
was later found that the same result was obtained by mixing solu-
tions of calcium chloride and of phosphoric acid in the correct pro-
portions to form the di-calcium phosphate. This phosphate solu-
tion was then added to a nearly boiling solution of sodium chlo-
ride (150 gms. NaCl to 500 c.c. HsO). There was then added the
precipitating agent (3.7 gms. UOg(NOs)z.6HrO dissolved in a l itt le
water), which contained the necessary quantity of UOa for the for-
mation of the compound CaO.2UOr.P2O5.8HzO. A small excess of
uranium is not harmful. No precipitate shoulil form at once. If
the gradual addition of the uranium salt does cause an immediate
precipitation, a little dilute hydrochloric acid is added to clear the
solution before the addition of the bulk of the uranium salt. As this
mixture slowly cools to room temperature yellow platy crystals of
appreciable size appear.

That the degree of acidity is one of the factors controlling the
size of crystals is shown in the formation of the sodium hutunite.
Crystals of the calcium variety were placed in a solution of sodium
chloride to which hydrochloric acid was added in just sufficient
quantity to dissolve these crystals. The acidity was then reduced
by gradual addition of sodium carbonate dissolved in a little water
to the point of re-precipitation. The volume of liquid was then in-
creased to three liters by addition oT water. As this volume of
Iiquid stood for some three months exposed to slow evaporation
at room temperature, crystals of sodium autunite were produced
in size appreciably larger than in the early experiments. The clear
liquid was decanted and the crystals washed free from sodium
chloride. When examined under the microscope, they appeared
wholly crystalline and homogeneous and showed well developed
rectangular and S-sided yellow plates similar to those of natural
autunite.

An analysis of the air-dried crystals, obtained by "salting out"
supposedly the calcium compound by the use of a sodium chloride
brine, showed the somewhat surprising result that only about one-
sixth the quantity of calcium belonging to autunite was present.
The remaining five-sixth was sodium. Such a base exchange might
have been expected, however, in view of the experience of Hille-
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branda who found that the calcium and potassium in the carnotites
were mutually replaceable with ease.

Anrrrrctar- AuruNrrns Pnooucno
The crystals first obtained from a NaCl brine by the "salting

out" process, had the following composition:

Arlrvsrs ol tnr Cnysrlls lRoM NaCI BnrNr.

Per cent Ratios
PzOs 16 .13 . 114 or 1
UOs 64.90 .227 or 2
CaO 1 .10  .0201
Na:o s.62 .;;i l 111 or 1
HrO (ign.) 13.22 .734 or 6.5

100. 97

These ratios correspond closely to those required by the formula
of autunite, after combining the sodium and calcium.

The co indexs of this preparation is about 1.605, and e is not much
Iower, the birefringence being moderate. Most of the plates, averag-
ing from about 0.01 to 0.05 mm. in width (and very much thinner)
are isotropic on basal sections and uniaxial negative.

As the first object in this preparation of artificial autunites,
was to make the calcium compound corresponding to the natural
mineral, the unexpected result of obtaining sodium as an essential
constituent was obviated, though sti l l  retaining a concentrated
solution of a brine as"salting out"medium, bysubstitutingcalcium
chloride (of a density of 1.25 or higher) for sodium chloride. The
precipitation was repeated with the same proportion of calcium
phosphate and uranium nitrate, and a similar well crystalized prod-
uct was obtained. The well washed product, after being air dried
for several days, gave the following results:

Arqer,vsrs ol rnr Cnvsrats FRoM CaClz BnrNn.

PrOu
UOa
CaO
Hro (ign.)

Per cent
1 5 . 9 5
63.00
7  . r 7

13.84

99.96

Ratios
. l l 2  o r  l
.220 or 2
.128 or 1
.769 or 6.7

a Hillebrand, W. F., Carnotite and tyuyamunite and their ores in Colorado and
Utah. Amer. Jour. Science, vol. 8, pp. 20l-216,1924, especially pp. 214-216; also
earlier, same Journal, vol. 7, p. 43.9,lgl3

6 All the optical determinations were made by W. T. Schaller.
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The composition is the same as that of natural autunite, the ratios
yielding the formula CaO.2UOr.PzO*nIIzO. Optically, the mate-
rial was very similar to natural autunite. The 4 and 8 sided plates

were either isotropic or weakly birefracting with a characteristc
gray-blue birefringent color. Twinning lamellae parallel to (100)

are abunddnt. c.r is about 1.600 and e about 1.590, both being slight-
ly variabi'e. Another calcium product, obtained later by a similar
process, gave uniaxial plate's, containing 15.42 per cent H2O, with
r,r: 1.598 and e about 1.586 and sti l l  a third similar product has the
same c,l value.

A sample of this artificial calcium autunite was then digested
with a solution of sodium chloride (about half saturated) on the
steam bath for at least 2 days wheh the resultant product was
found to be free from calcium and to contain much sodium. This
product, with 16.09 per cent H:O, consisted of uniaxial plates with
<,r:1.583 and e :1.566. Similarly, by starting out with a pure so-
dium compound and digesting it with a strong solution of calcium
chloride, the sodium was replaced and the calcium compound again
obtained.

As apparently the sodium and the calcium can replace each other
with great ease, it seemed desirable to make a preparation of the
sodium-autunite entirely free from calcium. As considerable mate-
rial of the first made product-the 5/6 sodium, 1/6 calcium, with
5.62 per cent NazO and 1.10 per cent CaO-was availabe, a sam-
ple of it was first changed to the pure calcium-autunite. This
was not analyzed, quantitatively but only tested qualitatively.
The isotropicplates had an co index of 1.601 and e index of 1.588*.
This change to a calcium-autunite was made in order to verify the
suspicion that sodium and calcium can replace each other in these
compounds with great ease in either direction, the character of the
brine used being the factor determining the composition of the
product. A simpler method for the preparation of the pure sodium-
autunite would have been to treat again the original product
with a second NaCl brine. The calcium product obtained was then
digested with NaCl brine and the calcium replaced by sodium.
The sequence of formation of these three autunites can be expressed
as follows:

f  *Na -au tu r '  
'

< ;^ 
ttt"l-rCu-"utunite---+Na-autunite

( aua-autunlte ,
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Analysis of this end product, given below, showed that it repre-
sents the pure sodium-autunite, with the formula NarO.2UOg.-
PzOs.nHzO. fn size, the plates average from about 0.05 to 0.10
m.m. across.

PzOs
UOa
CaO
NazO
HzO (ien.)

P:Os

UOa
CaO

NazO
HzO (ien.)

ANAr,Ysrs ol Sooruu-AuruNrrn.

Per cent
16 .00
64.51 bydif i .
None
6 . 2 3

13.26

100.00

Ratios
. 1 1 3  o r  I
.221 or  2

. 1 0 1  o r  1

. 7 3 7  o r  6 . 5

Examined optically, most of the plates show a very slight bire-
f r i ngence .  co :1 .582  and  e  : 1 .562 .

One of the sodium-autunites prepared gave an anomalous re-
sult, in that while free from calcium; it contained an insufficient
amount of sodium. There was no reason for suspecting such an
anomalous result during its preparation. The 5/6 calcium; I/6 so-
dium-autunite was used as a starting point. This was changed to
the calcium-autunite which was then treated with a NaCl brine
to change it to the sodium compound. The analysis showed a lower
sodium content than previously obtained but also a higher water
content.

ANALysTS on Al touatous Sootuu-Aururr te.

Ratios
. 1 1 5  o r  1
.223 or  2

.064 or  0 .57

.882 or  7  .81

100.34

Optically, this sample did not differ from the sodium-autunite pre-
viously described except that many of the larger plates had an co
index slightly higher than 1.580 and some of the smaller plates had
an <rr index slightly under 1.580. The variation however was not
greater than was observed in many of these preparations and it
could not be definitely said that the preparation consisted of two

Per cent
1 6 . 3 0
64.20
None
3 . 9 6

1 5 .  8 8
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distinct compounds. There is a close approximation, in the ratios,
to a compound of the type $NarO.2UOB.p2Ob.8HrO, which is sug-
gestive of the fact that Na and not Na2 replaces Ca. On the other
hand, the water content being higher than in the sodium-autunite
previously described, the preparation may be: (1) either a mixture
of NarO.2UOt.PzOs.nHzO with HzO.2UOs.PzOs.nHzO, or (2) some
water may function as NarO (or hydrogen as sodium), its formula
can be written (Na,H)zO.2UOt.PzOs.nHzO. The previously des-
cribed sodium-autunite with 6.23 per cent NazO, however, shows
clearly the existence 6of a compound with the formula Na2O.2UO3.
PzOs.nHzO.

The ease of base replacement so far encountered suggested that
other bases might just as readily replace the sodium or the calcium.
As a quantity of the sodium-autunite, containing 6.23 per cent
NazO and corresponding to the formula NazO.2UOa.PzOs.nHzO,
was available this compound was used as a starting point for the
preparation of the subsequent base-replacements. Using a solution
of the chlorides of potassium, barium, manganese, copper, nickel,
cobalt, and magnesium, the respective base replacement was easily
effected and corresponding autunites prepared. Onty lead was un-
successful as a base replacement.

Potassium. By digesting the sodium autunite with a brine of
KCI for several days, the crystals showed, by flame test, the pres-
ence of considerable potassium with only a negligible quantity of
sodium. These crystals were not analyzed. Thb plates were 8-sided,
and somewhat larger than usual with an average width of about
0.2 mm. Many of the larger plates are not rectangular in outl ine
but have an angle of about 82o instead of 90o and seem to have been

o The composition of the anomalous sodium-autunite raises the question asi to
the replaceability of sodium and calcium. The preparption of the compound
NazO' 2UOs' PzOd'nHzO, with 6.23 per cent NazO, shows that Na2O can replace
CaO, but the formation of the so-called anomalous sodium-autunite with only 3.96
per cent Na2O, brings to attention the question as to whether or not one Na re-
places one Ca, or expressed as oxides, one NazO may replace 2CaO. Prof . Winchell
has ofiered to undertake an X-ray investigation of these compounds a,nd it is hoped
that such a study may reveal relations that are pertinent to the question. The
varying hydration is a factor that must be considered as the quantity of water held
by the material is directly a function of the hydroscopicity of the surronuding air
as well as a function of temperature. It is not practicable to continue the investiga-
tion in this laboratory and the problem is left open for anyone desirous of under-
takbg it.
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changed to a modification that is not tetragonal, possibly related

to bassetite. The plates show a fine rectangular grating structure,
resembling microcline, and most of them give a negative uniaxial
figure though some are biaxial with a variable but small axial angle.
o is  about  1.575 and e about  1.553.

Bari,um. Using a barium chloride brine, the resultant product

contained 15'3 per cent Bao and 11'0 per cent Hzo' The ratio of

HzO to BaO is 6.1 to 1.0. These values for BaO and HzO are l ike

those of the natural mineral uranocircite. Optically most of the
plates are uniaxial, the basal plates showing many broad polysyn-

thetic twinning lamellae after both (100) and (110). c,r is about
1.613 and e about  1.604.

Manganese. A manganese brine yielded a product which con-

tained about 8 per cent MnO and 15 per cent HzO. Ratio of HzO to

MnO:7.6. Optically the plates show all the varieties described

in the introduction. Most of the plates are broken up into a mosaic

of irregular areas, some isotropic and others weakly birefracting'

Some plates are biaxial with a moderately high birefringence. Some

show the abnormal blue interference color. Diagonal twinning
lamellae (after m(ll})) are abundant. c,r is about 1.60, varying from

1 .598  to  1 .601 .
Copper. Treatment with copper chloride showed that copper

readily enters into the mineral, the resultant product being de-

cidedly greenish but complete replacement was not obtained, judg-

ing by the color and qualitative tests. As the copper compound
is well known as a mineral, the experiment was repeated and the
product partially aialyzed. Its color was of a much deeper green

color than the first product and evidently showed a greater re-

placement. The copper, nickel, and cobalt compounds were ob-

tained by an overnight treatment on the steam bath in a covered

beaker with the appropriate brine. As a result of the many experi-

ments made, it seems desirable to let the product react with the

brine for 2 or 3 days, in order to obtain complete replacement.

The copper compound, with <o: 1.608 on the average, but slight-

ly variable, gave on analysis:

Plnrrar, ANarvsrs or Coppnn-AuruNrrE.

Per cent
5 .  6 1
o . 7 3
15.62

CuO
NazO
HtO

Ratios

.313) *' "' '

.868  or  10 .6
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Ni.ckel and. cobalt. These two bases also readily replace the sodium
at least to a considerable degree. Thq nickel product was of a
greenish-yellow color and the cobalt of a pinkish brown.

Lead.. Judging by the fact that lead functions as sodium in the
minerals of the jarosite group, attempts were made to prepare a
lead autunite by similar treatment of the sodium autunite with a
lead brine. The resultant product was not homogeneous nor well
crystallized and the lead content was 9 per cent above the theoret-
ical value. However, a lead.autunite was prepared by the method
of slow precipitation and crystallization from a dilute solution.
A solution of the mixed nitrates of uranium, calcium and lead was
allowed to react slowly through a volume of 4liters of water with
a weak solution of phosphoric acid, (0.01 molar) which was more
than enough to precipitate the bases.

All the salts were present in proper proportion to form calcium or
lead autunite, with a 1:1 molecular ratio between the calcium and
the lead. This arrangement was intended to permit a natural se-
lection of base with respect to the calcium or the lead. After about
two weeks the crystals obtained were washed free from soluble salts
and analyzed for calcium and lead. Found, PbO, 1g.S per cent;
CaO, none; H2O, 13.1; theory for lead, 20.6. Ratio of HzO toPbO:
8.4. The optical examination showed that much of the material
was matted together into compact flakes of irregular shape, with
some square plates. Many of the plates were slightly birefringent
and biaxial. The material did not look as uniform or as perfect as
the other preparations, or at least thr individual crystals were not
so perfect nor so freely developed. The <u index is about 1.625.

Some of this lead-autunite was recrystallized by dissolving in a
litt le HNOB and then neutralizing with CaCOs and letting the pro-
duct slowly crystallize out after dilution to six liters. This product
came out in well formed S-sided plates, very weakly birefracting
on the base and with an <o index of 1.627 .

Magnesium. Treatment with a magnesium chloride brine gave
a product containing: MgO, 4.36 per cent; NazO, trace; HzO,
15.74 per cent. Ratio of MgO:HzO:8.1. The material is l ighter
colored than any of the other preparations. Optically the plates
are either isotropic or weakly.trirefracting on the base. The c,r index
is variable, with a mean value.of about 1.58.
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Suuuanv

Artificial autunites were made by slow crystallization from

dilute solutions and by a "salting out" process' using a chloride as

the precipitating agent. Starting with sodium-autunite, and to a

lesser degree with calcium-autunite, a series of base exchange autu-

nites were prepared by treating the sodium-autunite with a strong

solution of the chloride of the element which it was desired should

replace the sodium. In this way, calcium, patassium, barium,

manganese, copper, nickel, cobalt, Iead, and magnesium autunites

were easily prepared. Treating the sodium-autunite with a CaClz

brine readily changed it to a calcium-autunite and treating the

calcium-autunite with a NaCl brine readily changed it to the

sodium-autunite. Apparently this change can be repeated alter-

nately as often as desired.
Most of these autunites so prepared contain less than 8 mole-

cules of water. Their refractive indices are summarized in the fol-

lowing table, the values being expressed as c.r and e, even though

some of the products are biaxial and have the indices 7, p,anda.

For these biaxial modifications, "y is represented by o and p is very

close to 7(<,r). The quantity of water present changes the indices

appreciably, but no attempts were made to correllate the hydration

of the substances with the humidity of the air, or to closely connect

the indices with their water content.

Rrructtvn Imrcrs or Veuous Anrrucrer Autunrtrs.

Composition
of exchange-
able base

Ca Ba

6 . 1

Anom-
alous

Na

7 . 8Ratio of HzO
to exchange-
able base

6

As already stated in a footnote, the investigation can not be

carried any further in this laboratory and the entire problem is

open to anyone interested. In addition to the problem of base-

replacement, there is the similar one of acid-replacement, for the

PzOs can probably be replaced with AszOu, V2O5, etc., with similar

relative ease.
The ease of such base-replacement is a confirmation of earlier
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work along similar lines, some of which was done many years ago:
For example, Clarke and Steiger noted? the "easy replaceability
of the soda in analcite! by ammonia and by silver oxide. Incident-
ally such equivalent functioning of Na2O, (NH4)2O, and AgzO, has
been strikingly verified mineralogically by the later discovery of
the minerals natrojarosite, ammoniojarosite, and argentojarosite.

7 Clarke, F. W., and Steiger, George. The action of ammonium chloride upon
silicates, U. S. Geol,. Surztey Bull. No. 207, 1902.




