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ABSTRACT 

A large number of minerals and synthotic compounds belonging 

to the torbernite klineral group can be represented by the ronaulit 

AzTJW04) z snli20, where A may be one of a large variety of sionovalent 

and divalent cations, and where Y. = As tact/or P. In wder to learn 

more about these minerals and compound', detailed crystal structure 

analyses of (UO2AB04).3110 (abernathyitc), 

KR00(1n2As04)2•6H00, 14114(UO2As04)4.3112C, Cu(UORP(4)24142Q (mettl-

torbernite) were mHde. New nrystallographic cherdiQa1 data Nre 

also given for these compounds. In add!tion, new crystallographic 

data were obtained for meta-autunIte (I), Ca(UO2PO4).zni120; 

ursnocircite, Ba(t101004)eng20; and meta-vranocircite (I), 

Ba(UO2PO4)2.4120. 

The strwturef; were refined by two end three-dimensional least-

squares analysis of intensity data measured on Buerger precession 

photographs made with molybdenum radiation. The well-known waffle-

like (UID2X04) sheet strucature proposed by J. Beintena for meta-
n 

autunite (2) is confirmed in 211 four crystal structures examined. The 

sheets are arranged relAtive to one another in the same nanner tin those 

of meta-autunite (I). 

In theae compounds, the positions of the interlayer water 

molecules are besed on an ideal arrangement in which four 1101 molecules 

are hydrogen-bonded together to form squares about the four-fold rotation 

axes, lying between the uranyl ions of su:'.7e.1,- sive sheet. In ,Abernathyite, 



10UO2As04)83H20, K substitutes randomly for one out of four water 

molecules. In the IC060(U0pAs04)ee6R20 structure potassium and oxonium 

(11301 ions subititute randomly for two out of eight 1120 molecules. In 

NHi(U0eAs04)4.3120 ammonium ions aubiititute for one out of four H20 

moleculed. In the meta-totbeemite structure cation substitution of water 

does not occur, but rather Cu2* occunies special positions 'it the center 

of half of the square groups of Inter molecules. 

In all four at.: each wster molecule of a square :ivup is 

also hydrogea-"ooedad La a marly tetzubearal linamer to a water molecule 

of an adjacent square, and to an arsenate or phosphate oxygen atom. 

The latter bond causes a slight distortion of the (UP4704)n- sheet from 

the ideal symmetry. 

The presence of le, H30+, and na4+ within the squares must modify 

this system of hydrogen-bondinz to the extent that cert*in H-bonds may 

be randomly missinc. 'ithin the unit cell of sbernathyite there are 

40 possible hydrogen bends and 2) prctons. When four notassium atoms 

are randomly distributed over the 16 water molecule positions, 16 of 

the possible B,-bonds are destroyed giving en equal number of real 

hydrogen bends; and protons. The presence of H1144 instead of ie 

within the Y4(W2As04)•31120 structure gives enough protons to form 

40 hydroeen bo13d per unit-cell, the maximum number possible it these 

structures. In ne0(i02As04)2e6H20 or,e le and one lase ion replace 

randomly two out of eight He molecules. The two potassium atoms per 

elializete eight of the 4e possible H-bondis. There art only 

30 protons to satisfy the 32 remaining hydrogen bonds; thus a further 

statistical distribution of 30 protons over 32 positions in invoked. 



 

An isomorphous series probably exists between the end-members 

K(UO2A804) •3Hp0 (abernatbyite) and 1130(UC2As04)*34p0 (troegerite) and 

also between NH4(1102As04).31120 and troegerite. These solid-solution 

neries may be expressed as 

(1) X1(g00)(02X04).3H20y

rid 

( 2) (11114) 080) (UO2x04)*311p0
1-y y

:here X es As and/or P. 

The abernatbyite structure was refired by three-dimensional 

least-squares analyses using 330 non-zero structure factors. The final 

reliability factor (R) is 8.4%. The uranyl oxygeu-urunium bond lengths 

are 1.70 and 1.81 ± 0.05 A. The arsenic-nruenate oxygen bond lengths are 

1.68 t 0.03 A. The uraniem,exuendte oxygen bond distances are 2.35 I 0.05 A. 

and the hydrogen bond lengths are 2.80, 2.8';i, and 2.75 !. 0.05 A. 

The N114(u00As04)•3He0 and Kli600020As046°6120 structures were refined 

by two-dimensional least-squares analysis using b2 end. 64 non-zero structure 

factors respectively. Tbe final reliability factor for 1414(WpAs04).31120 is 

9.2%, and for 10130(UO2As04)2.61120, 9.4. The bond lengths found in these 

structures are cline to the values obtained for the Isernutbylte bond 

distances. 

The meta-torbernite structure was maned by three-dimensional least-

squares techniques using 672 non-zero terms. The final reliability factor 

is 9.7%. In this structure two Cu atoms lie at tbe center of two (H20)4 

squares, one at 1/4, 1/4, 0.810, and one at 5/4, 3/4, 0.190 cycles. The 
0 

distance between the copper atom and water molecules is 1.91 t 0.03 A. 



The next nearest ton the copper atom are the uranyl oxygen 

in the (UCAPO4):- sheets above and below the 01020)4 squaren. 

These C111-0 dist,.Ences are 2.40 and 2.66 ± 0.07 A. The coordirptlnr. 

polyhedron about the copper atom is thuo in the form of a dittorted 

octahedron. There are no II-bonds between the water molecules of the 

Cu(Hp0)4 3quzAreo. lUght Aditional H2O mclveules form two :squares at 

1/2+, 1/4, 0.311 sad 3/1k,'A I 0.609 cyclek4. The water molecules of these 
squares are hyd ri-rocebonded together (2.81 + 0.0 ;) gym. are elso 

U-bonded to a water nolecule of au adjaeeLit eu(HnO)4 square 

(2.67 ± 0.05 ;) z;nd to a phosphate oxygen atom (2.77 ± 0.05 I). The 

hydrogen bond length between the water molet.:uieb of the eu(H20)4 squares 

and the phosphate oxygen atoms is 2.89 t 0.05 A. 

The mineral uranocircite, Be(UO2PO4)2.41120, not previously found 

occurring naturally, IX; described. This mineral is found in specimens 

from Freiberg, Saxony und. WZ1zendorf, Bavaria. The uranocirlite 

crystals, post eating a "gridiron" atructare resembling that of microcline, 

Lae composed of two sett- of lumellae. 01 set of lamellae, uniaxial in 

character, in mrnnoctrcite. The other set of lamellae, nhowing marked 

birefringence, ins neta-uranccircite (1). UtLnocircite is found to be 

.6 •• 17 5 A. The space group istetragonal with a m 6.97 A and c m 

104/2 or P4p/m. 
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INTRODIXTION 

The minerals autunite, torbemite, and related species have long 

interested mineralogists and chemists because of their unusual physical 

and chemical properties and also because of their uranium content. 

Torbernite was first found at the famous mines at Joachimsthal„ Caxony 

in 1772 but it was not until 1797 thA its uranium content wan discovered. 

A whole series of closely related minerals has since been described. 

Frondel (1958) h.-is presented the systematic mineralogy of these minerals. 

The torbernite-like minerals are characterized by the formula 

Az4.002X04)7.n1120, where X a P and/or As, and A, a large variety of 

cations. Also a large number of synthetic compounds isostructuraY 

with these minerals is known. The role of hexavalent uranium in these 

compounds and minerals has been the most important impetus for the 

early studies of thin group. More recently, however, the role of eater 

and the interlayer cations has received more attention and it is to this 

subject that the present study is particularly directed. 

It is the purpose of this investigation to study in detail by X-ray 

diffraction techniques the crystallography, crystal structure, and 

crystal chemistry of a number of minerals and compounds belonging to the 

torbernite group. Of particular interest is the crystal chemical role 

of the water moleeules and interbiyer cations which lie between the 

sheets of these mica-like compounds. The variety of formulas which 

appear for these compounds and mlnemln indicate the complexity that 

exists in the interlaminar region. It is hoped that the solution of a 

number of crystal structures of these interesting hydrates will help 

1 



establish their crystal chemistry, contribute further to their 

laineraloGy and crystallograpiv, and also give more exact bond 

distances for structures containing tue ural41 io. The X-ray 

crystallo&Taphy of meta-autuLite (I), Ca00,21204)eh420; meta-

torbernite, Cu(Up2PC4)241420; abernathyite, K(UO2AsC4)•3140; 

uranocircite, Ba(U0004)sea420; meta-uranocircite (I), 

Ba(U021304)en/40; VH4(UO2As04) •340; and KH(UU2As04)2•7140 will be 

given. The detailed crystal structures and ',,he crysal chemistry of 

abernathyite, Nii4(U0eAs04)•3420, KHOPeAs044,-740 and meta-torbernite 

will be presented. 
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TEE CHEMICAL AND GEOLOGIC HMHAVIOROr HEXAVALENT URANIUM 

General 

Aqueous solutions containing hexawlent uranium are characterized 

by the presence of the uranyl ion (U144), and by the tendency of this 

ion to form Lioluble complexes with a number of common anions such us 

, 2- - 2-
b04 NO and CO, . Ahrland in 1949 showed that the ionic species 

116+ does not exist in aqueous solution. Hexavulent uranium exists in 

the form of the uranyl, ion over a pH range from the most acid solutions 

up to about a pH of 2.5. As the pH is further increased, hydrolysis 

occurs with the formation of complexes that were first thought to be 

(UO2)202+ or (UO2)2(04+. In a more recent study (Ahrund, Hietenen, 

and it n, 1954) it is shown that the most probable complexes have the 

formula 0302 [(OH)2UO4+ or UO2(0U0m):+. The former agrees more closely 

with structural data, which indicates that in crystals the complexes are 

probably sheet-like, with double (oh) bridge:. Garrels (1955) has 

given the fields or stability of uranium (VI) and uranium (IV) hydroxides 

and oxides in aqueous solution at 25° C. 

The theoretical model of the uranyl ion proposed by Connick and 

Hugus (1952) consists of a dumbbell-shaped linear 0-1i-0 group. In a 

zone perpendicular to the length of the uranyl group and bisecting 

the uranium atom, the .I.ranyl ion appears as a charged cation. 

When viewed fram the end of the dumbbell, the uramyl group appears as 

a weakly charred cation. 



Crystal-chemical studies of compounds of hezavalent uranium, 

summarized by Zacharlasen (19514b), have shown that the urunyl ion is 

invariably present; and in all structures in which the shape of the 

uranyl ion has been directly determined, it is symmetrical and 

collinear. Fankuchen (1935) was the first to demonstrate that the 

uranyl ior. is collinear in the crystal structure of sodium uranyl 

acetate. 

In aadition to the two uranyl oxygen atoms of the uranyl ion 

the uranium atom in crystal structures is coordinated by tour, five, 

or six additional atone lying in a plane perpendicular to the 041-0 

axis of the uranyl ion. The uranium atom is thus found in 6,7, or 

8-fold coordination. The coordination polyhedron around the 

6-coordinated uranium atom is a distorted octahedron; about the 

7-coordimtted uranium atom, a pentagonal bipyramid; and about the 

8-coordinated uranium atom, a hexagonal bipyrwaid. In the succeeding 

pages only the coordination of the uranyl ion will be given. 
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Wanyl Sulfate Complexes 

The reaction of uranyl ions with sulfate ions in acid solution 

where hydrolysis is negligible, has been investigated by Ahrland 

(1951). He found by electrometric and extinctiometric methods that 

mononuclear complexes with the following association conrtants were 

formed: 

2+ 
UO 4- e'e ---> U02604 50 10K1 ''.22 4 

UO2+ 4. 2S02- --> U02004)2 Ke =350 : 150 
2 4 2 

U0°. + 3502- ----- U02004)4- Ka m2500 t1000
2 4 3 

Appletun (1957) in the crystal structure determination of johannite, 

Cu(UO2)20046(OH)266420, shows that discrete uranyl sulfate ions are 

not present. The structure instead contains sheets of the type 

2n-
[002)P(504)2(0/)2i n • Rosa and Evans (1960) found in the compound 

Cs 20002(504)s sheets of the type [(M2)2(504)s.]2n . In !lotIL n 
2+ 

johannite and Cs2(UO2)p(304)3, the UO2 ion is coordinated by five 

sulfate oxygen. This five-fold coordination of the uranyl ion also 

has been found in KaUO2F5 (Zachariasen, 1954a); uranophane, 

Ca00,2(v02)2010.02°31120 (Smith, Gruncr, and Lipscomb, 1957); and in 

the potassium analogue of carnotite, 4(02)2V203 (Apple man and 

Evans, 1957). 
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Uranyl Carbonate Colplexes 

Bullwinkel (1954) has found that in solutions containing a high 

concentration of carbonate ions a very stable anion complex is present 

which has the formula IngtC003 • This complex is unstable at lower 

2-
Co concentrations and alters to UO2(CO3)2($20)2 In the reaction 

4 - -
V02(CO3)3 + 240 We(CO3)2020)22  + CO3 

the equilibrium lies far to the left. The equilibrium constant is 

1.7 x . The UO2(c03)34- complex is one of the nost stable ones 

involving the urunyl ion. 

4-
Appleman (1956) has found the UO2(C003 complex in the structure 

of liebigite, c42m2005-101‘20. In this structure the linear uranyl 

ion is surrounded by three carbonate ions which lie in a plane 

perpendicular to the 0-U-0 axis. Two oxygen atoms from ouch of the 

three COi- groups coordinate the uranyl ion. 

The uranyl ion is also found in six-fold coordination in 

rutherfordine, UO2CO3 (Christ, Clark, and Evans, 1955). in this 

structure instead of discrete UO2(CO3)3 groups appearing, each C0f-

group coordinates three different uranyl ions to form an infinite sheet 

of the composition UO2CO3. Probably most of the uranyl carbonate 

minerals have structures related to either rutherfordi:le or 

liebigite. 
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Other Urapyl Complexes 

The uranyl ion also complexes with acetate, zhloroccetate, 

thiocyanate, chloride, bromide, nitrate, phosphate, and arsenate ions. 

Applewan (1956, p. 32) has summarized the equilibrium constants of some 

of these complexes. In both the nitmte and the acetate complexes the 

uranyl ion has six-fold coordination. This coordination is also found 

in the compounds X)3, UO2F2 and CaU04. The phosphate and arsenate 

complexes which are of particular interest to us will be discussed in 

greater detail in later chapters. 

Geoltcic Implications 

Carrels and Christ (1959) have described the crystal chemistry 

of the uranium minerals of the Colorado Plateau in some detail. The 

following discussion is based partly on their work. 

The predominant U(IV) minerals on the Colorado plateau =tr. 

uraninite (ideally UO2) and coffinite [probably U2(8104), (OH)hx]. 

It is believed that uraninite and coffinite slowly oxidize by solid 

state reaction to U(VI), perhaps as ancrphous UO3. U0s is relatively 

unstable in pure water and will hydrolize to give various soluble 

, 2+ 2+ 
complexes such as (702(OH)3+ UO2 and (UO2)3(0 )4, (),A0H)2 described 

by Hietanen and (1959) and Peterson (1961). /f the pH is 

sufficiently high various uranyl hydroxide hydrates [e.g. UO2(0024120, 

and UO2(08)21wil1 precipitate. Structurally these hydrates are members 

of a more general class of compounds represented by 1X) F2 and Ca(UO2)02 
2n-

which contain layers of the type (U0202)n with the cations lying 

between the sheets. Christ and Clark (1960) discuss these urupyl 
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oxide hydrates in detiil. Examples of these minerals :era: 

3cthoepite I, 042(002.Hei becquerelite, Ce(ON):7•61,32(0U)2•4420; 

billietite, Ba(OH)2051 (aH)2°41120; and fourwrierite, 

Pb(002•4102(04e2Hp0. The general format: of these cop pounds may 

be written as xNe(0102.71J02(OH)e(z-x-y)ap0 (Christ und ClArk, 1955). 

If the ground water precipitating the uranyl salts is 

-sufficiently high in CO3 the U (SCI) may complex as W2(COs)241120)2 
-

or 102(005)3 Rutherfordine, UO2CO3 or other qarbonetes such as 

liebigite, bayleylte, sharpite, and andersonite may than cryrtallite. 

The uranyl ion may combine with sulfate ions to form vurious 

,2-c.olpplexes ouch as UO23044 UO2004 )2 # aid U020003 (Ahr144:44 1951). 

In more alkaline solutions the sulfate ion may combine with urapyl 

hydroxide complexes such U4 (14)2(0H4+ to form (W0)2(M)2504 or 

with (4102)6(OH); to form (UO2) 6(00203:4. The minerals zippeite, 

('02)114OR)280040?; johaunttc, Cu0CO2(0E)2(04)2.6R00; and 

uranopilite, 0006(OH) 10( -.°4)*12H20 may precipitate from solutions 

such a4 these (Peterson, 1961). 

With small amounts of vuundate, phosphate, or arsenate ions in the 

vouud water containing hexavalent uranium, the very insoluble minerals 

such as carnotite, 42(U0002080311,20; autunite, Ca002P(?4)2-21420; and 

mets-zi•:maeri‘th, Cu(14t)AsO4)p..8K20 may precipitate. These minerals have 

structures which consist of (sheets made up of a combination of uranyl 

ions and vanadate, phosphate, or arsenate ions. Between the sheets 

lie the variow cations and rater molecules. In carnotite the 



coordination of the urapyl ion is five-fold whereas in autunite and 

meta -torbernite it is four-fold. 
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THE TORBERNITE GROUP 

Crystal Chemical Considerations 

The designatica4 torbernite group, is used here to include 

all uranyl phorphates and uranyl arsenates which possess Infinite 

sheets of the type 002PO4)irl- or (1102A1504):-, that are isontructurn1 

with the sheet; proposed for autunite and meta-autunite(I) by Beintema 

(1938). These sheete consist of dumbbell-shaped uranyl ions coordinated 

by four oxygen atonic, of four different POr tetrahedra. The tetrahedra . 

and uranyl ions link into two-dimensional sheets hying parallel to (001), 

(Fig. 1). The sheets are puckered with the uranyl ion deviating upward 

and downward tram the plane of the phosphorus atoms. In the fully-hydrated 

autunite, adjacent sheets are related to each other by a mirror Diane 

lying halt-way between the uranyl ides and perpendicular to the c-axis. 

As can be seen in Fig. 1A, large cavities appear between alternate uranyl 

ions in which a large cation and/or hydration sphere can lie. This 

structure (excluding the symmetry of the interlayer material) is body-

centered. If the sheets are translated with respect to one another by 

the vecto4. [1,-1/2, 0] the structure proposed by Beinteme (1938) for 

meta-autunite(I) is obtained (Fig. 1B). This structure has a primitive 

lattice and the large cavities between the sheets are eliminated. The 

translation of the sheets accounts for the loss of water and permits the 

sheets to move closer together. 
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(A) 

c 

(B) 

Figure 1. (A) The structure of autunite projected on (110) 

(after Beintema, 1938). 

(B) The structure of meta-autunite (I) projected 

on (110) (after Beintema, 1958). 
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Beintema (1938), in what is now a classic paper, first solved the 

basic structure o the sheets with data obtained from X-ray rotation 

photographs. Bb was able to locate the positions of the uranium „:torn 

within the sheet experimentally and by astute crystal-chemical re4soning 

positioned the other :atom:,; of the Sheets with fair accurucy. The 

techniques of the tine would not permit the locution of the light atone 

such az oxygen in the pre3ence of heavy atoms such as uranium. The 

structure of the layers is essentially confirmed by the present work, 

and will be discwsed in more detail in later chapters. 

The N[ineruln of the Torbernite Group 

There appear to be at least three hydration states for autunite, 

Ca00004)enH20. Autunite is the fully-hydrutedpbmies meta-autunite(I) 

is in the next lower hydration states and ueta-autunite(II) is in the 

lowest hydration state. The exact number and vositiona of the water 

molecules in the autunites are not known. 

L the following discussion the term "n eta" will be used for all 

but the fully hydrAcd species. since the names of these minerals have 

been given without regard to their structure the various hydration states 

nay not be structurally identieel to the similarZy designated autunitea. 

:'one of the comgxunds probably have only one hydration state whereas 

others nay have ae many as three or four. 

Pr(pably the bent known minerals, whence the nuns of group is 

derived are torbernite Cu(1,02PO4)enH20 and meta-torbernites 

Cu( 92PO4)2'eRe0. The arsenate analogt4es axe zeunerites CuMpAs04)sena2;4 

32 



and meta-zeunerite, CuOU2A304)2'6420. The exact hydration state of 

the fully-hydrated phases is not known. 

Synthetic urunocircite, Ba(t02iO4)2.10a20; nei„a-urunocircit4(I), 

Ba(UO2PO4)2'd420; and wel,a-uranocircite(II), ild(U-'2AJ4)42'242C tuAve teen 

studied by Nuffield and Milne (1951). Heinrichite, Bet(UO2A504)2.10-12H20 

and meta-beinrichite, Ba002AsQ4)2*aH20 are the arsenate anaIogules t.ef 

uranocircite and have only recently been 4escribed by Gross, Corey, 

Mitchell, and Walenta (1958). The uumber of water molecules given in 

the above formulas of these barium coarpckindn is only approxinate. 

SalL'*eite, Mg(UO2F04)2•11H,20 and the arsenate analogue, novacekite, 

Mg(UO2A804)eng20 are known to form a solid-solution series between the 

end-member; (Prondel, 1958, p. 178). This series it; probably the best 

evidence that phosphorus and arsenic substitute mutually, forming 

perhaps a complete series between these end-members. 

Uranospinito, Ca(1.702As 04 ) 2 8g2 0 is the arsenate analogue of 

meta-autuzLite(I). The exact number of vater zlaer,ules Der formula unit 

is also not known. 

Other minerals of the torbernite group are: troegerite, 

1002A804) 41a0; sabugalite, AlE1(1Y02F04)en420; bassetite, 

Pe(U021:04)2•Iliz0; kahlerite, Fe(1012Ase4)enR20) aberrathyite, 

gtE2As04)•3$20; sodium-autunite, Na(M2F04).n420; uromrhite, 

NR4(U0p1104)•31;20; and sodium uranospinite, Na(UO2AB04)•5g20. The minerals 

uranosputhite and fritzscheite once attributed to the torbernite eroup 

are considereddby Frondel (1958) to be ill-defined speciei,. Fronde' (1958) 
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gives the detailed mineralogy of the torbernite minerals. The physical 

and chemical properties of the minerals described since Frondel's study 

are presented in Tables 1, 2, and 3. 

A large number of synthetic compowada belonging to the torbernite 

group have been prepared. Frondel (1955, p. 167) gives u list of these 

conpounds. '2 iwauyi phosphates of Cu24', Ca2+, (HAI)", 3r2+, Nu +, 

re+  me+  m 2+  Hi24; 2+, em B.% 
, , n , co ()Jeff)2+, NH4, and Li have been 

146.52+, 1444+,synthesized. The uranyl arseeates of Cu2+, t" 2+, Na F, es 

ep and Le hew been described. AU of these uranyl phosphates and 

arsenate:) crystallize with water of hydration but in most cases the 

exact amount of water present has not been determined. 

Physical and Chemical Properties 

The torbernite minerals are sometimes referred to us "uranium 

micas" in allusion to the perfect (001) cleavage. Often indistinct 

(100) and (110) cleavages are also noted. The hardness is about 

2 to 2..V2 and specific gravities vary from about 3.0 to 4.1. Luster 

is often vitreous in fresh material but dull in dehydrated specimens. 

The color is usually yellow, yellow-green, or green. The most common 

forme are 10011, [1003, and 11101. 

The optical properties of these minerals are very confusing. 

Ideally the minerals are uniaxial but in many specimens an anomalous 

biaxial character is observed. Apparently the optical properties can 

vary from specimen to specimen of the sane mineral. Leo (1960) and 

Volborth (1959) have studied the unusual optical properties of autunite 

which will be disuussed in greater detail later. 
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Table 1. Crystal Data for Various Torbernite fir: ral; 

Mineral and Space r3pecifir7 
Formula` Ref. Syateca a (A) c ( ) Group Gravity (Ups.) z E CA.) 

heinrichite 
Ba(UO2As04)2•113-12020 1 tetragonal - - - - 1.573 1.605 

meta-beinricbite .42,P42/Ja 1.609 1.637 
Ba(U0eAs04)2.8320 1 tetra oral 7.07 17.74 or P4222 4.04 2 1.609 1.641 

arsenur,nocircite 
Ba(UO2k;04)2.8420 2 tetragonal - - - - 1.623 1.632 

Iramphite
t-. tetragonal _ - - 3.7 - 1.564 1.585vl Nii4(1102'04) *)112C 3 

synthetic 
11114(02E04)-3H20 tetragonal - - - - 1.564 1.5853 -

sodium-ante 1.559 1.578 
Na(U021)04).41120 4 tetragonal _ - - 3.584 2 1.564 1.585 

sodium-autunite 1.617 
Na(U0,004)•na20 5 (biaxi:-1) - - - - 1.618 

1.641 
sodium-urunoopinite 
Na2(UO2:,s04)2-5Hr:.0 6 tetragonal 7.12 8.61 - 3.646 - 1.585 1.612 

1. Gross, Corey , Mitchell, and ;:aleuta (1956) 4. Chernikov, Krutetskaia, and. Organova (1957) 
2. Pollkarpova and Anthartsumian (1958) 5. White (195E) 
3. Nekrasova (1957) 6. Kopcbenova and Skvi-rtsova (1957) 



 

 

 

• • • 

- - - 

_ _ _ _ _ 

Table 2. Cbesdcal :malyses of Various Torbernite Minerals 

1. L. 4(,. 4b. 6_ 

DaO 13.5% 12.99 - .. -

V33 52.5 50.03 61.9 62.53 5b.29 

As205 15.8 23.46 .. .. 20.84 

1)205 2.4 .. 15.56 14.69 1.65 

Pb0 0.9 -

Ca© 0.1 - 1.2 0.14 1.87 

co2 0.6 - 0.24 - -

sioe - 1.6 .. 2.39 

Ae6 - - 0.43 - -

J\1203 .. - 0.32 - 0.91 

Fe20., - - 0.97 - 0.57 

X20 

Nu2C - . 5.62 3.91. 

4204- 0.8 4.05 6.88 3.49 
12.00 

1120- 10.6 9.02 14.84 6.00 

Insol. 2.4 - - -

Total 100.2 98.48 100.91 99.08 99.92 
• 

1. Meta-heinrichite (Gross, Corey, Mitchell, wad Walentu, 1958) 
2. Arsenurunocircite (Polikarpova and Ambartsumian, 1958) 

4a, b. Flodium-eutumite (Charnikov, Krutetaksia„ and Organova, 1957) 
6. sodium-uranospinite (Kopchenova and Skvartsova, 1957) 



Table 3. Chemical Analyses of Wumphite and Synthetic 

1014(UO2PO4)63H20 (Nekrusova, 1957) 

Tamp cite 161400004).349 
Wt. % Ratios Wt. 96 Ratios 

Na4 4.6 1.07 5.09 1.23 

U 57.0 1.00 54.45 1.00 

6.92 0.94 6.56 0.93 

11.0 2.56 12.35 3.00 
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The thermal behavior of these minerals has been the subject 

of a large number of studies most of which have led to inconclusive 

results because of the inability to determine the exact hydration 

state. Additional work is needed to establish the transition 

temperatures and water content of these hydrous compounds. Also, it 

is necessary to ascertain whether the water content varies continuously 

between certain limits and if hydration and dehydration is always a 

reversible process. Fronde' (1958, p. 164-166) has given h good 

summary of this subject. 

The minerals of the torbernite group are tetragonal or pseudo-

tetragonal with a 7 A and c 11 8-10 ; or 16,20 A. The phosphate-

end-members have a-dimension of 6.94 t 0.06 A and the arsenate 

end-members an a-dimension of 7.14 ! 0.06 .. The measurement of the 

a-pernmeter is a useful way of distinguishing between the two types. 

Some of these minerals although pseudo-tetragonal show lower symmetry 

in the X-ray photographs (e.g., meta-uranocircite (I) and bassetite). 

Bassetite (Frondell 1954) exhibits a monoclinic habit albeit with 

marked tetragonal peeudosymmetry. 

One of the most remarkable properties shown by these minerals is 

that of base exchange. Fairchild (1929) was apparently the first to 

observe the phenomenon in this group of minerals. He showed that on 

treating synthetic autunite crystals with a concentrated solution or 

sodium chloride sodium-autunite could be produced. On treatment of 

the product with a calcium chloride solution autunite could be reproduced. 



laftose (1953) prepared sodium and ammonium-uranospinite by base-exchange 

with hydrogen-uranospinite. 

Problems Concernin6 the Study of TOrbernite Compounds 

The large variety of cations which lie between the layers of these 

minerals and compounds presents a unique opportunity to study their 

hydration properties in the essentially identical environment formed by 

the infinite (tX2PO4):Or (02As04):-Sheets. 

The primary difficulties in studying these minerals are: (1) 

unavailability of adequate amounts of pure material for chemic4.11 analysis, 

(2) difficulty in determining the exact amount of water present, and 

(3) the tendency of the minerals to hydrate or dehydrate during analysis. 

The latter problem can be made apparent by the following observation. 

During the present study "single crystals" of so-called meta-urftnocireite 

showing a "gridiron" structure were photographed by Buerger precession 

techniques at a relative humidity of about 70 to 90% and at temperatures 

of about 25.C. The precession photographs of the 0k1 net *hotrod the 

presence of two phases: meta-uranocircite(I) and the hydrated phase 

uranocircite. During the study, lasting for several weeks, the crystals 

were subjected to hydration and dehydration experiments while undergoing 

X-ray pbotograPhY. The "meta" phase disappeared when air saturated with 

water vapor was; passed over the crystal. TWe phases would reappear upon 

discontinuing the current of vet air. When dry air Or use of a column 

of auhydrous calcium sulfate) wan passed over the crystal the more fully 

hydrated phase wou24 disappear. The changes described above were completely 

reversible and the diffraction patterns were always sharp indicating no 
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progressive machanical disorder. A chemical analysis of this material 

would obviously give erroneous results if conducted at the temperatures 

and humidities given above. 

Another problem encountered in describing these capricious 

minerals io in obtaining X-ray data that truly reflects the symmetry 

of all the atoms within the unit-cell. The difficulty here is due 

partly to the fact that the large contributions of the heavy uranium 

atoms to the observed intensities tend to obscure the contributions 

of the light oxygen atone. Also, coepounds which contain heavy 

elements such us uranium absorb X-rays to a much greater extent than 

compoundn composed of only light atoms. since absorption varies with 

peth-length of the incident and diffracted X-ray beam the absorption 

errors will vary with each particular hk2 reflection. These errors 

will generally be rather large and will tend to further obscure the 

contributions of the light atoms. 

To overcome these difficulties one must make every attempt to 

secure very mall vell-crystalized samples. The Buerger precession 

method should be employed. Weiasenberg or rotation methods often will 

not give evidence for the large super-cells found in some of these 

urani mlinerals. Lastly, nolybdenu413:0(mdiation r...hould be used to 

mtnimize the absorption errors. For example, the linear absorption 

coefficient for t1 mound, Ba(U 21%)2.81120, is 1226 em-1 for 

mower Kocradiation and 342 am-1 for molybdenum X radiation. 

The scatterina contributions of the interlayer water moleculea 

and cations to the observed intensities are usually very small because 

of the reasons given above. Mee the syaetry cr these atoma is lower 
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than the symmetry of the heavy ate= within the :sheets and they thus 

produce weak super-lattice reflections which are particularly diagnostic. 

It is then extremely important, if we rare to describe the interlaminar 

structure, to record these often very weak super-lattice reflactiow. 
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X-RAY CRYSTALIDGRAFM 

Experimental Procedures 

3ingle-crystal X-ray diffraction studie:5 were made using quartz-

calibrated Buerger precession cameras with molybdenum radiation. Film 

measurements were corrected for the horizontal and vertical film 

shrinkage. A large number of small crystals of each specimen were 

photographed before one wus chosen which appeared to give exceptionally 

good photographs. Usually photographs were rade of the hhi * hk0* hkl* 

hk2* Oki * and LEI it reciprocal lattice nets. Exceptionully long 

exposures were made to insure that any possible super-oells would be 

observed. No particular reliance was placed on the Oia * 110 * and bh/ 

photograpas to indicate the conditions limiting t possible reflections. 

The best results in finki% the correct extinction criteria .sere obtained 

from the hk0* hkl* and hk2 photographs. Because of the use of tabular 

crystals which are very thin in the c-direction4 absorption errors are 

ranimized in those reciprocal lattice nets which lie perpendicular to 

the c-axis. Donny and. Bonnay (1955) explain the reasons for this 

minimization of absorption errors. 

Bathe photographs of awe of the mineral; stied the doubling of 

the c-dimension was indicated only by long exposures of the hkl reciprocal 

lattice net. Often the Oki* 1k), and Jahl * 4.sts dia not show evidence 

for this. 

The emerald studied were also examined by optical techniques. Often 

the optical properties of these minerals indicate a lower symmetry than 
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do the X-ruy photographs. Ve shall try to explain some of the reason, . 

for the:le findixey front the experience gained in examining uranoeircite 

and meta-Arranocircite (/). It must be emphized, however, that light 

S. much more eensitive to small deviations of crystal symmetry then are 

X-rays. The technique of X-rny diffraction is not cnpcble in ^;'430b 

of giving the true symmetry of the crystal e.nd it must remoin for more 

crensitive technique::. such as neutron-diffraation to give more precise 

informition. 

Meta-uutunite (I) 

Aeta-autunite(I) crystuls from the Daybreak mine, Mt. Spokane, 

Washington were studied. This material pas been previously examined by 

Leo (1960) and Volborth (1959). The Mt. Spokane material appears both 

as light green and very d.irk green or black tablet. Leo (1960) found, 

f 04+ content of the darker crystals to be higher than in the lighter 

crystals. The darker phase also had higher indices of refraction and a 

higher density than the lighten* phase. Leo gives the formula 

(Capt7r,b44) (02) (PC4) •10 64g2o0.99 1.96 2.00 " 

for the lighter phase and the formula 

(C41,6rou )0.97(114)1.86-1.96(P°4 ) 2.0069* 77112° 

for the darker phase. 

In the present study both light 3nd dark crystals were examined 

and were found to be identical with respect to unit-cell size and 

spaoe-group. The unit-cell data found in the present study are compared 

in Table 4 to those given by Donna), and Donnay (1955) for meta-autunite(I) 

from Tauter, Saxony. A strong pseudo-cell appears with a m 6.99 A and 
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Table 4. Unit-cell Data for Meta-autunite (I), Ca(00004)2.6401 

Present Stud)R Donnay and Donny (1920 

a (A) 

c (at) 

ai(,) 

( 

19.78 t,0 17 

16.917! 0.034 

6.99 t 0.00G 

6.458 ± 0.017 

19.82 

8.49 

7.01 

Lai.* Group 

Sp4ce Group 

4/mom 

P4222 (Probable) 

4/m mm 

4H1* 

Psoudo-apace Group Pqnmm p4/nmm 

Specific Gravity (caic.) 

Specific Gravity (obs.) 

V (A3) 

3.53 
3 

3.45 - 3.55 

6616 

16 

3.50 

3.48 

3335 

8 

g 1.579 - 1.5E0 

Forms '1103, i0011 

locality Spoksme, Washington Lauter• Saxosw 

1. Hydration state is not definite1y known. 

2. Size and color of crystals examined werc: 

3. 

a) black, 0.05x0.20x0.35 

b) dark green, 0.04x0.20x0.24 

c) green, 0.03x0.20x0.42 mra 

Leo, 1960 
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c - 8.46 it and belonbw to space group F4/nua- the space group found by 

Beintema (1956). The peter-cell Iv rotated 45° about the c-exis with 

respect to the true eell. a dtitu obtained in the present rtudy are 

in agreement with those of Donauy and Dot nav o:,:ce-ot for the doubling of 

the c-perameter. This doubling is in only bw hkl photographs 

which show a feu extremely vcak spots. 

All X-ray photographs talow 4/mmm Ii uo syneetry. The following 

conditions linitinc the possible reflections were observed: 

001: Ja2n. 

The pseudo-cell 3 r^ the following conditions: 

hk0 h+k 2n. 

The probrible apace group is P4222 (No. 93). Because of the great 

difficulty in interpreting the hkl photographs this space group 

deaignation amt be considered tentative. Iris. 2A shows the hk0 net 

and, rig. 2B shows the hk2 net. The weak super-lattice refiectiom can 

be seen in the water of the photogropbs. 

Takano (1961) has suggested that the large surer-cell found by 

Donna), and Donnay (1955) is incorrect and that the pseudo-cell with 

a 6.99 A and c 8.k6 A is the correct one. Takano obtained his data 

with a diffractozeter using a powdered specimen. Such a technique 

cannot be expected to pick up the very weak reflections that indicate a 

larger unit-cell. 

Mokarov and Ivunav (1960) have attempted to solve the structure 

of meta-autunite(I). Their unit-cell data are given in Table 5. 
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Figure 2 (A). ilk° Buerger precession photograpil for zeta-autunite (I) 

shown SF r yeak super-lattice reflections (MoAr radiation). 



 

Ficure 2(B). 1.k2 BuerGer precession photoKrsph of meLa-aut11:1te (I) 

elowiiig weak super-lattice refiectioi:s (MoAr radiation). 

27 y;if,OSIAtS#140 , ;,/,‘, 
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Table 5. Unit-cell Data for Reto-aatunite (I), Ca(URFX)44.64011 

a .6.96 t 0.01 ti 

. 8.40 ± 0.02 

4ace Group P4/nam 

Specific Gravity 3.44 (cale.) 

* Makarov and Ivanov (1960) 
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As can be seen the unit-cell found by these workers corresponds 

to the pseudo-cell found in the present study and by Donnay and 

Donn ay, (l5,5). 

Nhkarov und rvanov collected Cla and hk0 intensity datt with 

rotation techniques using copper radiation. The choice of aza 

incorrect space group by these workers forced them to propose a 

structural model in which one calcium atom must be distributed over 

two positions (2c) and six water molecules cver eight positions (8j). 

Their structure, based on electron density maps projected on (100 

confirms Beintesn's proposed structure of the (U0004):- sheets. Their 

proposal for the position yf the interleyer calcium and water molecules 

cannot be considered correct. By calculating Fourier projections in 

the incorrect space group they ?true: forced LI take ntatistical distri-

bution of these atoms. 

The optical properties; of meta-autunite (I) are sometimer 

anomalous. Slight blrefringenle is present end lamellae similar to those 

seen in uranocircite but on a much finer scale were observed. 

Birefringence is especially ,itrong elm, the odues and crack of the 

crystals. This is probably the result of local hydration or dehydration. 

The relation of these unusual optical properties to the X-ray 

d:Ata is not apparent. There is perhaps true twinning on a fine scale. 

The discu.4tAon of uranocircite and 4.7.,t4-uranocircite (I) will treat 

this problam in greater detail. 
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Wta-uranocirnite (X) q*Utranocircite 

To samples of "meta-urInocirite" ware exsained; one from 

Bavaria (U.S.N.M. R-9432) and ore from S xony (U.S.N.M. C-4395). 

SpectrogruTitic analyses (K. V. Hazel* analyst) of these twc specimens 

show: 

USWM C-4395 TIM R-9432 

10% 10% 

5-14 5-i&A 

Ba 1-5 1-5% 

Si 0.5.1% 

Ca 0.1-40.5% dla 

btu 0.1-0.5% 

Examination by Buerger precession techniques Shows that apparent 

cryetals from both samples are composed of two phases. This can 

be readily seen in the "Ok/ " photograph shown in Fig. 3. The 

a-dimensions of the two phases J.0ear identical in the photoerftph but 
• 

the c-dimensions are quite different (16.87 va 17.55 A). Thk ktpki.rent 
0 

u and c-axe:: ofd two phases are in parallel orientation. The 16.87 A 

phusc appears to give spots nuch 14..!ker than those of the 17.65 A phase 

indicating that the latter phase uccountv for perhtlx 75% of the crystal 

volume. The relative intensities of the spots of the two phases are 

almost the sane in the diffraction patterns of both semples. 
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Figure 3. 40k ,Q 4 photograph of 4meta-umnocircite" showing 

the diffraction pattern of two phauess 

uramocircite, and met:-urunocircito (I), 

NO/Zr radi4tion. 



As mentioned before, the crystals may be converted completely 

to either phase simply by blowing air saturated with water vapor over 

the crystal or by using air from which most of the water vapor had 

been removed. The uonversion is reversible. After converting the 

crystal entirely to either one of the two phases and then allowing 

the crystal to come into equilibrium with the normal room atmosphere, 

X-ray photographs were obtained that were identical to the original 

ones. 

The 16.87 A phase has a cell almost identical in size to that 

given by Donnay and. Donna (1955) for meta-uranocircite (I). Nuffield 

and Milne (1953) found the sane pseudo-cell for meta-uranocircite (I)as 

that found in the present study for the 16.87 A phase. We can be thus 

justified in designating the 16.87 .4 phase meta-uranocircite (I), 

reserving the name uranocircite for the 17.65 ; phase. Table 6 

compares the X-ray data obtained in the present study for meta-

uranocircite (I) to the data of Donnay and Donnay (1955), Nuffield and 

Milne (1953), and Alver and Sellevoll (1957). The latter workers, 

although observing orthorhombic symmetry chose a C-centered cell with 

amob=2x6.95 A. Such a cell could have been chosen in the present 

study with a=13.94 ; but the axes would not have been compatible with 

the observed orthorhombic symmetry. The symmetry requires a primitive 

cell with a=9.805 A and 13=9.913 A. It appears that Alver and. Sellevoll 

did not examine the distribution of the intensities carefully enough and 

thus chose the wrong orientation. 
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Table 6. Unit-cell Data for Meta-uranocircite (I), Ba190004)2•84.0* 

a (A) 

b (A) 

c (A) 

a (A) 

Crystal System 

Laue Group 

Pseudo-Zipuee Group 

Space Group 

Specific Gravity 
(calc.) 

Specific Gravity 
(cbs.) 

V ((1:) 

Forme 

Locality 

Donnay aad 
Present Study Donnay (1955) 

9.805 0.011 

9.913 ± 0.011 

16.872 ± 0.011 

6.97 

orthorhombic 

Miffet 

114/nmm 

P2221 (probable) 

4.10 

1040 

•1 

11203, [0011 

Woluendvrf, 
Bavaria 

9.87 

9.87 

16.85 

6.96 

tetragonal 

4/mmm 

IMP 

P4/nmm 

4.10 

h.o8 

Nuffield Alver and 
and Milne Sellevoll 
(1953) (*572 

G.96 13.9 

6.96 13.9 

16.90 16.9 

6.95 

tetragonal orthorhombic 

Vann 11.1101 

P4/nmm Carom 

4.11 4.12 

.08 

818.7 3265 

M4dag4scar Falkenstein 116/Bendorf, 
Saxony Bavaria 

* Hydration utbte not definitely known 



Meta-uranocircite (I) possesses a marked tetragonal pseudo--cell 

with a=6.97 A and ca16.87 it. This cell is rotated about the c--axis 

450 with respect to the true cell. It is this pseudo-cell +Nit 

Nuffield and Milne discovered. Donnay and Donnay discovered the 

super-cell but did not observe the orthorhombic symmetry. The 

only extinctions observed in the present study were: 00Y where /.2n+1; 

thus the probable space group is P2221, (ho. 17). 

The 17.65 J: phase has not been previously found occurring 

naturally but Nuffield and Milne (1953) have described a 17.6 A 

phase which they obtained by immersing meta-uranocircite (I) in 

cold water for 24 hours. Fronde' (1958, p. 177) suggests that the name 

uranocircite be reserved for natural occurrences of the fully-hydrated 

phase. Following this recommendation the name uranocircite will be 

used. 

Table 7 comperes the unit-cell data for uranocircite from 

Freiberg, Saxony with those given for synthetic uranocircite by 

Nuffield and Milne (1953). The agreement with Nuffield and Milne 

is good. The extinction criteria are 001 : Y=2n+1. Thus the tetragonal 

space groups P4222, P42, or 142/m are possible. The bk0 and hkl films, 

however, show very slight evidence for 4/m Laue symmetry so that space 

grow? P42 (No. 77 P42/m (No. 84) is probably the correct one 

for this mineral. The evidence for 4/m symmetry should be slight 

since probably the arrangement of the uranium, phosphorus, and barium 

atoms possesses 4/mien Laue symmetry. We encounter this situation with, 

meta-torbernite. The sample of uranocircite from WOlsendorf, Bavaria 

gave a unit-cell with aa6.96 A, c=17.66 1. 
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Table 7. Unit-cell Data for Uranocircite, lati0000418.log2o* 

a 

c 

Laue Group 

Space Group 

Elpecific Gravity (calk.) 

v 

Z 

For 

Log,ality 

Present :tudy 

6.970 t 0.007 ; 

17.652 ± 0.036 

4/m 

104/2 or P42/m 

4.06 
.0 

857.6 A 

2 

/1003 , i001. 

Freibeig, Saxony 

Nuffield and 
Mile", 1953 

6.96 ; 

17.57 

Vs= 

P4222 

4.0 

851.1 

2 

Falkenstein* Saxony" 

Hydration state not definitely known. 

Material vas hydrated by immersing meta urunocircite (I) 

in cold water for 24 hours. 



Both of the samples of "neta-uranocircite- show zi lamellar 

or "gridiron" structure, resembling that of microcline. The 

lamellae are oriented parallel to (100) and (010) of the uranocircite 

phase or parallel to (110) and (110) of the meta-uranocircite phase. 

The crystals are canary yellow in tranwaitted light. Emerson and 

Wright (1957) give it photomicrograph of "twinned" uranocircite 

crystals (Fig. 2, p. 227). 

The lamellae of both samples as viewed looking down the c-axis 

appear to be of two types. One set of lamellae show marked 

birefringence and an extinction angle of 7°. The second set of 

lamellae appear to be uniaxial with little or no birefringence. 

Examination of sone of the lamellar crystals on a heating stage showed 

that at about 100° C the lamellae disappeared leaving what appeared 

to be homogeneous crystals showing marked biaxial character. On 

lowering the temperature to below 21)00 C lamellae reappeared. 

This experiment suggests that the two sets of lamellae correspond 

to the two phases that appeared in the X-ray photographs. The set of 

lamellae that shows biaxial character is the 16.87 A phase, meta-

uranocircite (1). Tbe set of lamellae showing uniaxial character is 

the 17.65 A phase, uranocircite. Other optical properties observed 

in these crystals were: (1) an acute bisectrix figure and (2) a 

and rindex of refraction of 1.622 ! 0.002. 

The mechrunism by which the above described phenomenon takes 

place may be the result of an original twin pattern set up in the 

crystal at the time of precipitation. As the crystal was isolated 
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from the original environment one set of lamellae dehydrated with 

respect to the other. Since the two sets of lamellae probably 

present different surfaces to the external environment, one of the sets 

may be relatively more stable than the other. Compositional variation 

between the two sets may also stabilize one relative to the other. 

The original twinning then may have permitted the growth of 

two sets of lamellae, one of which is relatively more stable than the 

other at atmospheric conditions. One set then hydrated (or dehydrated) 

with respect to the other giving the two phases which appear in the 

X-ray photographs. The inclined extinction of the biaxial set of 

lamellae must indicate that the 16.87 A phase has lower symmetry 

than that which appears in the X-ray photographs. Dr. C. S. Ross 

(U. S. Geological Survey, persona 1 communication) has observed in a 

weathered albite from Corundum Hill, North Carolina showing albite 

twinning, that one set of lamellae appears highly altered whereas the 

other set appears fresh. 

The crystallography of the minerals abernathyite and meta-

torhernite, and the compounds NH4(UO2As04)*3H20 and KH(UO2As04)na7H20 

will be presented in later chapters. 



THE CRYSTAL STRUCTWE OF ABERNATRY1TE AND RELATED COMPOUNDS 

The Crystall9grvhy of Abermathyite 

Abernathyite wuu described by Thompsonl Ingram and Gross (1956) 

as a hydrous potassium uranyl arsenate with the chemical formula 

K(UOgAs04)•4H20. It occurred as thick, tabular transparent yellow 

crystals. The mineral posuesses perfect (001) cleavage, has a 

hardness of 2 to 3 and shows the forms (0013 and i1101. Abermathyite 

is very rare and is definitely reported from only one locality; the 

Fuemrol No. 2 mix at Temple Mountain, Emery County, Utah. It occurs 

as a coating lining a fracture in the sandstone and is associated with 

yellow-brown, earthy scorodite, FeAs04•21420. Jarosite, Wes(304)2(006; 

pitticite, Fe(As04)(304)(04).11H20?; meta-seunerite, Cu(UO2As04)2•81120; 

native arsenic; orpiment, As233; and realger, AsS, have also been 

found in specimens containing abernathyite. 

The specimen used in the present study was obtained from Miss 

Thompson and is from the type material. Type material at the U. S. 

National MUseum (U.S.N.M. 112650) was also examined. Only a few 

milligrams of this mineral are known to exist so that the present 

study was restricted to the examination of a few individual crystals 

of a size less than 0.5x0.5x0.10 millimeters. The crystals examined 

were bright, transparent, straw-yellow in color and appeared as thick 

tablets with the forms 40401I ,and 11101 . Some of the crystals were 

slightly darker in color because of a thin coating of another mineral 

(probably scorodite). The optical properties obtained in the present 
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study by C. S. Ross ure: uniaxial negative, 1.570 t 0.003 and 

60= 1.608 ± .003. Thompson, Ingram, and Gross (1956) found to be 

equal to 1.570 ± 0.003 and wto be equal to 1.597 t 0.003. The low 

windex determination found in the origincl stuay wus perhaps caused 

by interference from the tilin coating of a foreign materiel on the 

mineral grains. 

X-ray single crystal studies were etude with the Buerger 

precession camera using mlybdenum radiation. Table 8 gives the 

reciprocal lattice nets, exposure times, and radiation used for the 

determination of tile unit-cell aid space group of aberuathyite. The 

sizes of the crystals photographed are 0.0661c0.17x0.19:3malad 

T:;:ole 8. X-ruy Photooraphw of Abernathirite 

Net RadiationPP°sure 

Ok, 64 hours Mo-unfiltered 

ikg 120 Mb-unfiltered 

2k1 117 Mb-unfiltered 

3k2 156 Mb-Zr filtered 

hk0 65 NCO-unfiltered 

hkl 72 NO-unfiltered 

hk2 23 Mb-Zr filtered 

hh) 75 Mb-unfiltered 

0.07X0.11x0.13 mm. The mineral is tetragonal and shows 4/moan Laue 

symmetry. The conditions limiting the possible reflections are: 
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hk; : no conditions 

hk0; hAsen 

OkP : 2=2n 

hh) : I 24211 

These conditions unequivocally fix the space group as 14/nce (No. 130). 

The hki reflections in which J is odd are extremely weak, only 

eighteen of this type ,Ippectring in the hkl„ ik; 2kY iz4 5k1 

photographs. Figure 4 Jhows the bkl reciprocal lattice net. The 

4/2m Laue symmetry is apparent. Donnay and Donnay (1955, see also 

G. Donnay in Thompson, Ingram, and Gross, 1950 did not observe these 

weak reflections and thw found the c-dimension to be 9.07 A instead 

of 16.126 ; as found in the present study. Table 9 compares the X-ray 

and optical data obtained in the present study to those obtained in 

the original descriptions. 

The observation and measurement of the weak hki spots for which 

is odd is critical for, as will be shown later, only these reflections 

reflect completely the symmetry of the interlayer matter. AU other 

reflections are so dominated by the uranium and arsenic contributions 

that the higher symmetry of only these heavy atoms is apparent. 
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Figure 4. hid. Buerger precession photograph of abernathyite 

(Mb/unfiltered radiation). 



 

Table 9. x-rux and ppticul Data for AberuatIvitel KOONIA404).;1140 

Unit cell 

a (A) 

c (A) 

Ltue Group 

Space Group 

v (A3) 

z 

:specific Gravity 
(Obs.) 

Specific Gravity 
(Cale.) 

Pseudo-cell 

a 

c 

Pseudo-space group 

Optima Prop!rties 

(.0 

Forma 

Preaent study 

7.176 t 0.008 

18.126 ± 0.010 

4/mmm 

Piiinec (No. 130) 

933.4 

4 

-

3.572 

7.176 

9.063 

P4/nnim 

Donny p.nd Doyanay, 1955 

7.17 ± 0.01 

9.07 ± 0.01 

4/mmm 

Pat/nsim 

466.3 

2 

3.575 

IMO 

Present Study (!aticimson„ Ingram, and Gross, 1956). 

1.570 ± 0.003 1.570 ± 0.003 

1.608 ± 0.003 1.597 !: 0.003 

boil, 131.0y j0013 , ino3 



The Preliminary Structure Determination of Abernatimite 

Two small crystals (0.06x0.17x0.19 ma4 0.07x0. 11x0.13 mm) 

were used to collect the intensity data. The data were gathered by 

photographing the hk0, ok,P , lkp , 2k1, and 3' reciprocal lattice 

nets with the Buerger precession camera. Molybdenum, zirconium-

filtered radiation was used for all photographs. The exposure times 

are us follows: 

hku 66, 22, 10, 5, 2.5, and 1 hour 

Oki 69, 29, 16, 5 and 2 hours 

ik) 48, 17, and 7 hours 

2k) 112, 70, 32, 15, and 5 hours 

3k11 156, 88, 25, and 6 hours 

The intensities of the spots were estimated visually with a calibrated 

intensity strip prepared with the Buerger precession camera. The 

controlled exposures on the intensity strip were made so that the 

intensity of the nth spot is given by 

= /4 (2) 

whew 2a corresponds to barely perceptible blackening of the film. 

The of a particular reciprocal lattice net were scaled together 

by finding the aver: ge exposure difference for each spot. The 

intensities of each :pot of each scaled film were then averaged to give 

the final observed intensity (relative exposure time, l b ).o s. 

Lorentz and polarization corrections (1/Lp) were made to the observed 

intensities by means of a computer program b,Ised on the method of 
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Wauer (1951) and the resulting F20 1.7em then converted to 
138. 

the observed structure factors Cr ).
au. 

The apace group of Aernatkrite is as alroady :lent:toned 114/nce 

(No. 130). The coordinates of the equivalent positions of this 

space group are tabulated in Figure 5. There are four uranium atoms 

per unit-cell and we will expect to find these atom in positions 

4a, 4b, or 4e. Since reflections of the type hkl are weak or missing 

only when h2n+1 uranium ip probably in pozition 4c. If the uranium 

atoms were in positions 4b or 4a, reflections of the type hk,e where 

hfk=2n+1 would also be weak or missing. Knot/laden of Beintemn's work 

nay permits us to p?./c e the arsenic atom in positions kb. 

TO locate ti four liranium atoms precisely and also to confirm 

the positions of the arsenic atoms a Patterson projection wiz mode on 

(100). This projecton is shown in Figtre 6. The uranium-uranium 

internetionli for !Amu in position 4e correspond to peat No. 1 in 

Flgure 6. The uranium,arsenic interactions correspond to peaks No. 2 

and confirm the special position 4b for arsenic. No uranium-potassium 

interactions could be observed in the PAtterson map. The peak 

assignment!! give the following coordinates for the heavy atoms& 

in 4c x=1„/4, y=3„/4, z.0.0516 

4As in 4b at x.3/4, 3,44, zvo , 
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P 4(n c c 
No. 130 P 4/n 21/c 2/c 4/m m m Tetragona! 

Origin at I. at 3.3.0 from 3 (compare previous page for alternative ongin) 

Numtwolpostuom. ('o-ordinates of equivalent positions Condimms limiting
Wydtoffnot.w, 

and txwnt symmetry possible reflections 

General 

y,z; Idol: No conditions16 3 x.Y.4 z: x4 Y3 4- x; -- x4 
IA .Y4 !z; x4 .Y.f; hk0: h k -2n 

x.i.x; Okl. I.-2n 

Y14 xi; i .y4 . x4 x. hhl. I - 2n 
xJ; i - Y4 

Special: as above. plus 

8 / 2 .t,r,3; x,.+,3; • x,3; i • x,i x,3; hk I: h k I-2n 
v.1,1; •.x.x,3; 4,3 x,3, 3 x,i • x,3. 

iik I: h 4- k -2n; I - 2nII c 2 3.1,z: LH *:. 1.3.z; 3.3.}+r; 
1.3,1; z: 344 - x. 

8 d I 0,0,0; 0,0,3, 3,0,0, 3,0,3, hk I: h, k , I -2n 
0,3,0; 0,3,3, 3,3,0; 3,3,3. 

4 4 3.3,:; Lt.!. z. 3 , 1.± z. hJcl: I - 2n 

4 h 4 3,3,0; 3,3,0; 3.3,3; 
, hid: h • k 2n; I 2n 

4 a 22.2 1.1.1. 1.34. 1.1.1. 3.3.3 1 

Figure 5. Equivaie,lt positiol.s and conditions limiting possible 

reflections of space group P1+/rice (No. 1.30b), (from 

International Tables, p. 226). 
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a% 

,Figure 6. Patterson projection of the abernathyite structure on 

(100). 

Peak No. 1, uranium-uranium interactions. 

Peaks No. 2, uranium-arsenic interactions. 



Phases were calculated for 82 of the 84 observed Oki structure 

factors on the basin of these heavy atom coordinates. Fourier 

projections of the electron density on (100) confirmed the uranium 

and arsenic positions and also resolved the uranyl and arsenate 

oxygen atoms and gave some indication of the positions of the inter-

layer water molecules. An electron density mop was ulso computed 

using all observed hkO structure factors. This map resolved only 

the uranium and arlenic stone. 

On the bests of the approrimete positions of the uranium,4:rsenic, 

uranyl oxygen, and crtenate oxygen to a tentative model was 

proposed in which infinite sheets of the type (t001A004)21 - are arranged 

in a me.nner similar to at of the (U0004): chcetz of net& uuturite(I). 

On the basis of the positions of these atoms as obtained from the 

preliminary Fourier mars, Ok; structure factors were calculated. The 

temperature and sealing factors were determined together by the method 

of least-square!! to ()Win the best fit to the observed data. The 

contributions of the uranium and arsenic atoms (FR) to the structure 

fttctors were then ca lculeted and subtracted from the scaled observed 

structure factory (IC! ). A Fourier subtraction synthesis using the
us. 

remainders for amplitudes wee calculated. The synthesis is of the form 

e (y•o- zSorit - Fidexp f -2n i(ky+ist}3ouso 
where Pis the electron density for a particular value of y and se, C/A 

is a constant, and IC is the scaling factor. The subtrar2tion map 
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projected on (100) revealed clearly the interlayer water molecules as 

well as the arsenate and uranyl oxygen atoms. MO evidence tar 

pv..assium was noted. 'Prom this map new atomic positions for till utoms 

except potassium were asoigned. The observed Oki structure factors 

wcre again fitted to a set of calculated. structure factors by least-

wIa4reg u444016. This titie the atomic pammetern well tea the 

temperature end scaling factors were '1110-wed to vury. After three 

cycles of refinement, individual temperature factors were assigned to 

each atom except pottissium and refinement v,is continued for four wre 

cyvles. AgtAins the celculkited uranium and 3rnenic zontribntions to 

the structure factors were subtracted from the obnerved strvcture 

factors and the pnisindere used to calculate another Oki subtraction 

map. The same ty9e of least-squares analysis was also carried out 

with the hkO data in order obtain a subtraction map project4d on (001). 

The Ok,f i,ubtraction :nap resolved clearly all the oxygen lto7ss Including 

the water =locales. The hk0 suLtrlction ihorl. the sllYymste 

oxygens und the water moleculea not completely resolved because of the 

iLlaht overlap of these atom in this projectif)n. ?"!z 7 abms the 

final Oki' subtractic.A map and Figure 8 slims the final hk() mubtraction 

map obtained ,tfter two -di. least-squares analysis. As awl be 

seen, in neither map is there any evidence for the presence of 

potassium in the structure, which should appear as peaks of roughly 

twice the density of the oxygen peeks. 



• u 
• As 

Uronyl oxygen 

H 2O 

0Arsonist* oxygen 

Figure 7. Final 0k5 subtraction map of the abernathyite structure. 

Uranium, and arsenic contributions subtracted. 
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Figure 8. Final :ik0 subtraction map of tne abernatnyite structure. 

Uranium, uranyl oxygen, and arsenic contributions 

subtracted. 
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From the coordirLites of atom givm by tae final 

two-dimension-Al least-squtrus Interatomic diet' races ere 

caloalated uud ure listed 311 

Atonm Distance Group 

U-0, (4) /.77 i 

U-Ot, (4) 1.71 

U-0,1 (it) 2.2t 

As-0c (16) 1.66 Asq-

&z0-1i20 (16) 5.02* 2.59 

U20-0 e (16) 2.79 . 

Thene interatomic distnnees appeared plausible. At first inspection* 

the potessium atom would be thought to be positioned at the center of 

the square of four water molecules which. were assumed to be reprenented 

by the four peaks appearine in the interlamlnar region of the ehi 

subtraction map. ?To peak iu present in this region of the subtraction 

maps. Furtliernore, calculation revetle that there is no room for 

potassium in this position for it muld reouire K-0 bond distances of 

about 2.0 A, an impossible value. Also, no room in the structure could 

be found for potassium unless the water molecules Imre arranged in a 

most unsrametrical way. 

The nonexistence of the potassium peak would lead one to believe 

if it were not for the chemical evidence thet abernathylte is in fact 

troegerite, 11(L024804)•411e0 with the following structure. The duMbbell-
2+

shaped uranyl ions, UO2 * lie perpendicular to the sheets. The uranium 
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atom is further coordinated by four oxygen (Oa) of four different 

As04 tetrahedra. The sheets are isstructqata. with the (10210044-o 

sheets proposed for meta-autunite (I) by Beintema (1938). The sheets 

are also arranged relative to one another in the same manner as those 

of meta-autunite (/). Between the uranyl ions of successive sheets 

lie groups of four water molecules, hydrogen-bonded to form squares. 

Each water molecule of the square is also hydrogen-bonded to one 

water molecule of an adjacent square and to an arsenate oxygen. The 

extra proton is assumed to be distributed randomly over the water 

molecules thus making one out of four molecules an oxonium ion (H304). 

Discussion of the potassium problem with Frank Grimaldi and 

Blanche Ingram of the U. S. Geological Survey, who were associated 

with the original chemical analysis of abermathyite, led to the 

conclusion that potassium is definitely in the structure since the 

quantitative analysis for potassium wan unequivocally correct. This 

led to the tentative conclusion that the actual formula for abernathyite 

is 1C(1102As04).3a20 with potassium substituting randomly for one out 

of four water molecules. The proof for such a hypothesis is difficult 

to establish* but it is felt that the approach given in the following 

has indeed shown that this substitution occurs. 

First, the rule of Gladstone and Dale (Larsen and Berman, 1934) 

vas applied to the various possible chemical compositions for 

abernethyite. The results are shown in Table 10. 
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Table 10. Optical Properties of Abernatbyite 

measured: E . 1.570 
(2(...4+ )/3..1.595 

Lk) 1.608 

calculated: 

m(uovAso4)-4H2o (2L0+0/3.1.654 

guloamo4).4H20 (2w+6. )/3=3..619 

lquo2A304).3.12o (2 w+E )/3.1.606 

IN.1.41.01.••••• 

Jaffe (1956) has shown that the measured mean index of refraction 

should not be expected to deviate from the calculated mean index by 

more than ± 0.020. Of the 121 minerals representing a wide variety 

of structure types examined by Jaffe only six showed deviations 

greater than 0.020 from the mean calculated index. The results of 

applying the Gladstone-Dale Rule shown in Table 10 suggest that the 

formula 10012As04).311420 is the correct one. The formula 

K(U)A804).41120 seems to be out of the question. 

Additional support for assuming the formula K(UO2As04).34120 to 

be the correct one for abernathyite comes from the work of Liensu 

(1898) who synthesized the compounds ii(UP004).41120, K()2PO4).3H20, 

K(1XmAs04).2-1/2420 una 114(U0004).3140; from Risbach (1904) who 

prepared the compound. K(UO2A004)*3-1/2U20; front Werther (1948) who 

prepared. H(U0seAs04).4420; from Mroae (1953) who ,synthesised 

11(T00A804).4HRO (troegerite) and 114(UO2As04)-3Hi0; from Gonzales 

Garcia who prepared 1000104)-3160 and KUO2As04).3410; from the 
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discovery of uramphitea4N0004)e3H2C (Nekrasova, 1957); rind from 

R. Meyrowitz of the U. S. Geological F.!urvey (personal communication) 

who synthesized the compound 100214004)•3420. The latter compound gave 

an X-ray powder pattern very similar to that of abernatbyite (D. R. Ross, 

personal communication). The chemical arolysis of Meyrowitz's compound 

is given in Table 11. 

srabilleChemical.A.T1511ris of KiTep4).3110* 

It. % Ratios 

K20 10.3 0.50 

UO2 62.4 1.00 

205 15.1 0.49 

420 3.03 
99. 

* Analyst, R. Meyrowitz 

Although the formulas of the above listed compounds may be in 

error, particularly as to water content, there is a definite indication 

that the potassium and, ammonium uranyl arsenates and phosphates contain 

less than four molecules of water per formula unit. Lienau and Rimbach 

prepared IC(0As04)•2-1/2H20 and X(U00,As04).3-1/2H20 respectively. It is 

suspected that the two compounds are identical and are in fact synthetic 

abermathyitea. The fact that H(UO2As04).41420 and the phosphate 



••••••••• •••• 

amlogue HOO2PO4)4141z0 possess four HRO molecules suggeats strongly 

+ + +that there is a relationship between H and. NH4 and the number 

of water molecules. Since the Aa04 exid PO4 groups play the same role in 

most nrystal structure o, one should expect K(t0004).31120 to be 

iAostructural with X(U0pAs04)•3H20. 

It was then decided to try to solve the crystal structures of 

some other nompolusis that might bear a structural resemblance 

abernathyite. Of the compoumds then available only one crystallized 

in large enough crystals for single crystal X-ray work. This was the 

ammonium arsenate prepared by Mrose (1953). 

The Preliminary Structure Determination of N4(UO2A504)°3400 

The compound AB4(U00As04).3420 was prepared by Nary Mrose a 

number of years ago at Harvard University. The crystals are bright 

yellow in color and are optically uniaxial negative with C' 1.611 and 

6.21.601 (Mrose, 1953). 'i1 crystals exist as very small tablets, 

flattened on 10013 with /1003 also present. The chemical analysis as 

found by Meyrowitz is shown in Table 12 and is compared to the original 

analysis of this material by Gonyer (Mose, 1953). 

Present Study* MrosNjy2L _... 
Wt. ft natio. Wt. % Ratios 

(NH4)0 5.5 0.50 5.11 0.47 

UO3 59.6 1.00 59.70 1.00 

As 05 23.1 0.48 23.14 0.49 

1120 11.7 3.12 12.13 3.22 

99.9 100.08 

41. Analyst, R. Mayrowitz 1' Analyst F. A. Gonyer 
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Only minute tablets cf 104002A004),340 were available for 

X-ray analysis. The site of the crystal used for the structure 

determination is O.01 0.05x0.06 ian. The space group was determined 

from hk0, b134 hk2, Oki', and lit/ precession photographs. The photo-

graphs appear identical to those of abernathyite. The bkl photograph 

is particularly revealing in this respect for it shows the same 

distribution and intensity of spots as do the hkl photographs cf 

abernathyite. Table 13 compares the X-ray and optical data to those of 

abernathyite. 

Because of the extremely small site of the crystal used tc 

gather intensity data long exposures were necessary. Intensity data 

from the Oki wane were collected with the Buerger precession camera 

using unfiltered molybdenum radiation for the 199, 136, 72, and 46 hour 

exposures and zirconium-filtered radiation for the 48, 23, and 7 hour 

exposures. The intensity data were measured and converted into observed 

structure factors by the same methods as were used with abernathyite. 

Because of the nearly identical appearance of the hkO, hkl, hk2, 

aid and lkiphotograpbs and near identical cell-size to abernathyite 

it was assumed tentatively that Nlia002A304)*31120 wiz isostructural with 

abernathyite with ammonium ions substituting for one out of four water 

molecules instead of potassium ions. The structure of this compound 

was solved by assuming that the uranium and arsenic positions in the 

structure are identical to those in the abernathyite structure. An 

electron density subtraction map projected on (100) was made from 

data obtained by subtracting the calculated uranium and arsenic 

contributions to the 0k structure factors of abernathyite (*iaber.) 
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Table 13. X-ray and Optical Properties of N11(/3gAs04).342.0 and 

a (A) 

c (A) 

V (63) 

Z 

Specific Gravity (obs.) 

Specific Gravity (calc.) 

Lue Group 

8pece Group 

6. 
(i./ 

(2c,J+6 )/,‘(:mic.) 

(2(...) +6 )/3(obs.) 

Forms 

* Mrose, 1953 

Abernat4yite 

114(902A89017gkg. 

7.189 It 0.005 

18.191 ±0.014 

940.2 P 

4 

-

3.429 

4/amm 

P4/ncQ 

1.601 1. 0.003* 

1.611 ± 0.003* 

1.636 

1.608 

/0013, [loo} 

AAKM-4gite 

7.176 t 0.008 

18.126 ±0.010 

933.4 ;3 

4 

> 3.32 

3.572 

4/mmm 

P4/ we 

1.570 ± 0.003 

1.608 ± 0.003 

1.606 

1.595 

/0°3.3 , [u.03 
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from the observed Oki/ structure factors of 1014(,110,0s04)'31(20 

kicbs.jai14). The se:tiling r.!onstsnt K obtained by the relation 

K 4Fobstedomu__ 
Fobs.,NH4 

The subtraction synthesis is of the for= 

c 0 (Kpcy,z) , Tr i(ky+,e z)}.I. A Fobs.,NH4 FRober.)ex9{. 

The resulting subtraction map is shown in Figure 9. The map shows 

thdt the compound is isootructural with abernathyite. No NH4 peak 

can be seen in the structure. The -squaret). of four water molecule: 

can be seen in the interliminar region. Knowing that the formula of 

this compound contains only 12 water molecule:; per unit-cell and 

observing that 16 peaks appear in the irrkerlamirwr region it seems 

fairly certain that one ammonium ion is substituting randomly for one 

out of four water molecules. Before discussing the final refinement 

of this structure we shall first consider a second compound believed 

to be isostructural with abernatbyite. 

The Preliminary Structure Determination of lagpeRiAso4)Rerge._ 
A second compound was obtained through the efforts of Frank 

Grimaldi who synthes±zed a number of potassium and hydrogen uranyl 

arsenates for this stWy. The particular compound examined van the 

only one obtained in which the crystals were large enough for single 

crystal X-ray study. This compound, interestingly, was the one 

in the series which gave powder patterns closest in appearanee to 
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A 

V 

Q/ 

Figure 9. 0k9 subtraction map of the Nii.40102As04)-3H20 structure. 
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those of abernathyite (D. R. Rose, personal ,-:ummunication). 

The crystals are bright :fellow, and are nearly identical in 

appearance to the NH4002A804)•3H20 crystals. The crystals &re 

flTttened on 1601 and with (1003 also present. The optical. 

properties as determined by C. S. Ross are; uniaxial negative, 

6 .., 1.572s4Js 1.611. The chemical an.11ysis of this compound la 

given in Table 14. 

Ttble 14. Chemical Analysis of KLIOJa:5v0412:71142* 

%?t. Ratios 

KnO 4.4 0.45 

uos 59.2 2.00 

As205 22.5 0.95 

U20 13.3 7.15 

99.4 

* Analyst:R. Meyrowitz 

The space group, using Buerger precession techniques, was 

determined trom hk0, hkl, Lh.e, 0.1a and ilaphotographs. The photo-

graph: appear identical to those obtained from abernathyite wad 

1114(U)2A804)831120. Table 15 comparee the X-ray end optical data to 

those or abernathyite. 

Intensity data from the olc€ zone were collected with the /Suerder 

preceasion camera using unfiltered molybdenum radiation. The 

dimensions o1 the crystal photographed are 0.03x0.15x0.08 mm. 'Lxposure 

times were 88, 44, 17, 7, and 5 hours. The intensity data were measured 
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Table 15. and Optical Properties of IT(trteAsAlle7HRO and 

Abernatb7ite 

000eAs04)2'7Z4P Abernatbiite 

a (;) 7.171 t 0.005 7.176 t 0.008 

c (A)
.3 

18.048 ! 0.010 18.126 t 0.01A 

V (A ) 928.1 933.4 

Z 2 4 

Specific Gravity (obs.) - > 3.32 

Specific Gravity (mac.) 3.521 3.572 

Laue Group Viaan Vain 

Space Group P4/nce Phince 

1.572 
+

1.570 - 0.003 

CU 1.611 1.608 t 0.003 

(2W+ E )/3, calc. 1.607 1.606 

(26J+ (..)/3 as. 1.598 1.595 

Forms 10013, /1001 [001} , [1.103 
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and converted to observed structure factors by the sane methods as 

mentioned previously. 

The structure of KH(Ws04)2•711a0 vas assumed tentatively to be 

the same as that of abernathyite and NH4(002As04).316.0. The formula 

of KH(UO2A004)2•7420 is perhaps better recast as X(1100)(UO2As04)2•611.10 

to express the assumed substitution of one potassium ion und one 

oxonium ions H3e, for two out of eight water molecules. 

As with 1111400pAs040H20 the uranium and arsenic positions in the 

KH(COAs04)21H20 structure were assumed to be identical to those in 

the abernathyite structure. An electron density subtraction map 

projected on (100) was made from data obtained by subtracting the 

calculated uranium and arsenic contributions to the Oki structure 

factors of abernathyite (F aber.) from the observed Oki structure 

factors of KH(UO2As04)2•71120 (K F ). The scaling constant Xobs.,KH 

was obtained by the relation 

K 
es K F ohs., aber 

Fobs., KH 

The subtraction synthesis is of the form 

P (3r,z) oc i(kY+ 103 •k lobs.dat 4u,aber.) exPi 

The resulting subtraction map is shown in Figure 10. The asp shows 

that the compound is isostructural with abernathyite and. 

3H4(UO2As04).31120. As in the subtraction maps shown previously the 

"squares" of four water molecules can be seen in the interlaminar region. 
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zoo 

Figure 10. 04 subtraction map of the KH(UO2As04)2'7120 structure. 
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No potassium peak can be identified in the electron density maps 

so amtin it appears certain that the potassium atom are substituting 

randomly for one out of eight water molecules. To maintain chmreebalance 

oxonium ions (1t1,01 mint be Etastuned to nlso substitute rarldoisky 

for one out of elight water molecules. 

Figure U compe.res the Ok,e subtrt ctior. map of abernftthyitc to 

that of N114(1732As04) .3N3.0 anti K8(11)z45104)2'711e0. 



 

 

 

    

    

C/7 

a4 

0.110. 

.•••••• esp.. 

K(UO2As04).3H20 NH4 (UO2As04).5H20 KH(UO2As04)2.7H20 
Abernathyite 

Figure 11. Ok/ subtraction maps of abernathyite, N114(UO2As04)-3H20, 

and. KH(UO2As04)2•7H20. 
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The *13etinement and Description of the Abernathyite structure 

Po obtain more accurate bond distances three-dimensional data were 

collected for abernathyite. The three-dimensional data were also 

needed to chco5c between two possible structure models indicated by the 

two-dimensionul electron density maps. Also, in the (100) electron 

density maps the uranium atom overlaps the araenate oxygen :Leaking it 

difficult to obtain good atomic positions for the Latter atoms. 

In addition to the Oki data already collected, 14,1, a), and ,kJ 

data were collected and processed in the usual manner. A list of the 

data is ;,liven in Table 16. 

Table 16. Intensity Data Used for the Abernathyite Three-

Dimensional Least-Squares Irefinement 

Net Fobs .> C2 i'ob s t3 

4.016.0.••••••••••• 

Oki 12 

Lki 91 91 

90 

3k Q 7) 79 
•••••••••••••••••••••• ••••••••••••••••16, 

Total 350 272 

The laree nuribvtl. of zero terns are due to the fact that only the water 

molecules and arsenate oxygen atoms contribute to the reflections in 

which I is odd. The Fob  ( i ) is equal to 19.5.s. m n 
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The three-dinensional least-squares refinement waz carried out on a 

Burroughs 220 computer using all the hki data listed above. The pro ;ram 

uses the full matrix of the normftl equations. The atomic positions 

obtained from the two-dimensional refinement were used as a starting 

point. Three cycles of refinement were made using a general isotropic 

temperatul'e factox. Five more cycles of refinement were made using 

isotropic immperature factors for each Fltrxn. vei6htin6 factors were 

used in the fefinement. Table 17 gives the final atomic positions, 

tomperlture factors, and the f;tandard errors of these parameters. The 

final reliability factor (R) where 

'obst-IFealc.1) 

IF0135.1 

is 8.4 percent. The reliability factor for. the nine reflections for which 

is odd is 14..5 percent. 

Table 18 gives the band distances obtained from the data given in 

7hble 17. The standard errors of bond distances are also given. The 

method of calculation of these standard errors is given in Appendix I. 

Appendix II gives the observed and calculated structure factors. 

Figures 12 and 13 show the structural scheme of abernathyite 

projected on (100) and (001), respectively. As can be seen in these 

figures the As04 tetrabedra are rotated so that their horizontal ems 

do not lie parallel to the a-axes. This rotation of these tetrahedra 

about four-fold rotatory-inversion axes as we shall see later is the 

result of hydro,;en-bonding between the arsenate oxygen at (0c) and 
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Table 17. Final Atomic Parameters and Standard Errors for 

Abernathyites K(tOpAs00).314,0* 

Atom Position Parameters" standard nrror 

a 4c x . 1/4 --
y - 1/4 --
z . 0.1515 0.0029 
B = 2.99 0.87 

0b 4c x . 1/4 _. 
Y 1. 1/4 --
z 0.9575 0.0026 
B . 2.48 0.77 

0 16c x r 0.6963 0.0061c y = 0.0729 0.004k 
0.4433 0.0014 

B . 2.75 0.50 
*** 

14 x = 0.16500d 
y. 0.9876 (?.°0.0053 
z = 0.3154 0.0016 
23 3.71 0.72 

A8 41) X w 3/4 
y a 1/4 
, .., c --
B . 1.84 0.100 

4c x 1/4 
Y 1/4
z 0.0514 0.00013 
B x 1.90 0.048 

.n0* •••••••••••••••. 

* space Group P4/ncc (No. 150b), origin at I. 
" ** Atomic coordinates in cycles, the temperature factor B in A2. 

*** 0d atoms are the interlayer water molecules one out of four of which 
is substituted randomly by potassium. 
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Table 18. Bond Distances and Bond Angles in Aborathylte, 

Bond Equivalent Leniith (anj,la) 1:,,,andard Error 

I. Uranyl ion 

U3. - Oa„.1. 1.81 A 0.05 A 

TJ3. ob.i 1.70 0.05 

18o° oa-i ob-1 

II. As04 ion 
• 

1.68 A 0.03 A
A63 ""' °C•1 

8 2.65 0.05oc-3. oc-13 
oen - 00.8 16 2.78 0.04 

040 56•
°en Ass - oc.13 6 1 

0 58/
0c-1 Ass oc..a 1f 111 

io832 (average) 

III. t)32 - Ae04 environment 

Us - Oc.a 16 2.35A 0.05,E 

Oar - 0c.as 16 2.91 0.04 

1.6 2.96 0.04ob-3 '. 0c-a 
16 3.52 0.050e-e - °C"1.4 

16 5.45 0.04ob-s - °c-Is 
16 4.18 o.o5ab-3 -oc-1 

0.05004.8 - Oc..7 16 5.64 

Owl - th - 00.4 16 85° 56' . 

16 94° 04/ 
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Table 13 - Contd. 

and* 

IV. II20 ztnvironment 

%-iir "" °d-3.3 

Od.13 — ad-18 

— Od...,0c..1 
—an-1 0.(1-7 

ob-3 — pd..? 

—0a-i 0dn a 

uw-r0c-8 — 0.,

— 0c-13 0dew? 

Odni — Od..13 "'Oc.i, 

0a.. 3 — 0d.13 — Od..3.6 

Ocii.ii— 0d ..13 — 0 -1d 

oci-7 — od-is — oc—r 
od..7 — 0414.13 — 0d •18 

ac..., — (4.13 — od..3.6 

Equivalence 

16 

16 

16 

16 

16 

1:) 

16 

16 

16 

16 

16 

lb 

16 

16 

landth (ant;le) 51andard error 

• 
2.00 A 

2.83 

2.75 

3.57 

3.25 

3.48 

4.51 

3.65 

115° 35' 
0

121 21' 

sA)
o 

108° '5' 

99°46* 

3.15° 20, 

• 
0.05 A 

0.05 

0.04 

0.05 

0.05 

0.05 

0.05 

0.05 

108°26' (AvemiA) 
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'fl ble 18 cont'd. 

*Atomic positions as assigned from International Tables, space group 

130 b, p. 226, are listed as follows: 

Atom Position 

th 1/4,1/4p z 

113 1/4,1/4,1/24a 

As 5/4p1/4,1/, 

0a-1 1/4,1/4p s 

0a-3 1/4,1/4,1/2+z 

0b-1 1/401/4, z 

Atom 

'1 

010-3 

004.1 

QC'"{ 

0 

0C-Is 

Position 

1/411/4A-1 

1/4p1/4,1/24s 

x,y, z 

54 J1, 1/244/ 

1/2.0Y,X,2 

1/2414X,2 

Atom 

0 

(3c-14 

0(1-7 

04-11 

d-1.3 

d-le 

Position 

z 

1[4:sx,1/24ypi 

x, z 

y-1,1/a-x, s 

1/2-xp1/2-yps 

1/247,1/2+x,1/2-z 
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Figure 12. Projection of the abernathyite structure on (100). 

Heavy dashed lines indicate U-Oc bonds; light dotted 

lines indicate hydrogen bonds. Large open circles-

uranyl oxygens, small open circles-water molecules, 

small stippled circles-uranium atoms, small solid 

circles-arsenic atoms. 
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Figure 13. Projection of tne abernathyite structure on (0G1). 
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the water molecules (Od). Four arsenate oxygen atoms of four different 

As04 tetrahedra coordinate the uranyl ion diving a U-0  distance of 
e 

2.35 A. Figures 12 and 13 show this arrangement of the AsO4 tetrahedra 

about the uranyl ion. The heavy dashed lines in these figures represent 

the uranium,arsenate oxygen bonds. The uranium atom is displaced 0.09 A 

above the plane of the four arsenate oxygens. The (1 02An04)n sheets of 

abernhthyite are positioned relative to one another in the same manner 

as those of =U.-autunite (1). 
0 

The As-0 bond distance is 1.68 A. and is in exact a,reement withc 

the An-0 bond distance found in cahnite, 0s2BAs04(0/04, by Prawitt and 

Buerger, 1961. In aberrathyite the two horizontal edges of the As04 

tetrahedra are somewhat shortened (2.65 A) with respect to the other 

• 
four edges (2.78 A). A similar distortion of this group was found in 

the cahnite structure. 

The axis of the uranyl ion lies on the four-fold axis and is thus 

exactly linear. The U.kla and U-Ob bond distances are 1.81 and 1.70 A . 

As can be seen in Figures 12 and 13, the uranyl ion in situated in a 

highly asymmetrical environment. One uranyl oxygen (Oa) is adjacent to 

only four arsenate oxygen s at 2.91 A while the other uranyl oxygen (0b) 
• 

is adjacent to 12 arsenate oxygens, four at 2.96 A, four at 3.45 A, 

and four at 4.18 A. 0 is adjacent to eight water molecules 
0 

(including potassium) four at 5.48 A and four at 3.57 A whereas Ob is 

adjacent to only four wetter molecules at 3.25 A. This asymmetrical 

environment of the uranyl ion is probably the cause of the displacement 

of the uranyl ion out of the plqme of the four arsenate oxygens and also 

sow cause polarization of the uranyl ion. The U-01,4 and II-% bond lengths 

deviate from the average of 1.76 A by an amount which is equal to 
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the standard erne' so that ire cannot claim that the difference in these 

bond lengths signifies polarisation. The displacement of the uranium 

atom from the plane of the Pour arsenate oxygens is approximately three 

times the standard error and thus appears real. 

'2etween the uranyl ions synmetrically arranged about the four-fold 

axes lie groups of four water molecules one out of four of which are 

statistica11y replaeed by potassium. We shall now for convenience of 

explanation ansume that all atoms in the sqpaxes are water molecules and 

consider only later the effect of potassium on the structural scheme 

about to be presented. Figure 14 is a pictorial diagram nhawin3 the 

detailed environment of the U0r ion and the ( H20)4 squares. 

The groups of water molecules are hydro4en.itonded to form squares 
• 

as is indicated by the Oa.? Od_In bond distance of 2.80 A. Each 

water molecule of the square is also hydrogen...bonded to one water 

molecule of an adjacent square an to an arsenate cacyt4en. These bond 

distances are respectively 2.83 and 2.75 A. 'The hydroGen-bonds are 

shown as light dashed lines in Fivres 12, 15, and 14. The evidence of 

the 0 — 0 hydroa•exa bond is quite clear for if no bondine, were present 

between these two atoms the arsenate tetraheth would not be rotated. 

In fact, it is this rotation and the placement of the vater molecules 

off of the xIxte position which doubles the cll in the c-direction and 

changes the space ,;roup from Ph/nmm to P4/nce. The sheets are held 

tocpthor by this complex system of Ilydrogen.bonritng and dive a structure 

which shows perfect (001) cleavage. 

The nrc:stmee potassium within the squares mnbt amity this 
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Figure 14. Pictorial diagram showing the detailed environment 

of the UO2+ ion and the (H20) 4 squares. 
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system of hydroden-bonding to the extent that certain hydrogen bonds we 

rmndomly missing. Within the unit-cell of abernathyite there Ave 

2 protons and 1e0 possible hydrot;en bonds; 16 between water molecules 

within the squares, 16 between the meter molecules and the arsenate 

oxygens, and a bstween the utter molecules of adjacent squares. If 
four potassium atoms are randomly distributed over the 16 water 

molecule positions 16 of the possible hydrogen bonds aye destroyed 

giving an dqual nuMber of -eal hydrogen bonds and protons. The three 

hydrccen bonds present in the structure are the only interatomic 

vectors involving a water molecule which are less than 5.,!, A. The 

structure of abernathytte will be compared to that of NH4(UO2As04).51120 

and 101032AsCO2471120 in the followind sections of this chapter. 
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The Refinement and Description of the Structure of bilf4(AvAsO4P34a2
4•••••\ -

Nine cycles of two-dimensional least-squares refinement were 

carried out on .1814(UO2As04).3020 using the original Ck2 inten&ity data 

comistiug at' 97 terms of which 32 were gre4ter thah zero. A general 

isotropic temperature factor was used for the first four cycle& and 

then individuGkl isotropic tempemtare ictorls for each atom IA the 

last five cycles. Because of the overlap of the urtadtua uaua arsenate-

oxygen atoms it was necessary to fix the x parameter of Oc during the 

refinement. Because of the rather poor intensity data obtained for this 

compound the least-squares refinement and subtraction AUVO did not give 

more than :In estimate of the z parwileter of the uranyl oxygen Oa. Also,. 

the refinement did not give, it was thought, U3 reliable y and z 

coordinates for 0 as could be obtained frau the subtraction maps. Tbe
c 

final strurture factors were thus calculated using the coordinates as 

obtained from the ninth cycle of Ieast-squares refinement for atoms U, 

As, CL and 0 The z coordinate of 0 and the x coordinate of 0 wered a c 

assumed to be the same as those found in abernathyite. The y and z 

coordinates for 0 were taktn from the subtraction map.c 

Tabic 19 gives the atomic coordinates, temperature factors, and 

standard errors obtained from the last cycle of refinement and from the 

subtraction map. Appendix III gives the observed structure factors 

and the calculated structure factors as obtained from the parameters 

given in table 19. The final reliability factor (R) of the observed 

data is 9.2 percent. 
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'Bible 19 cont'd. 

Space Group P4/flee (No. 130b), origin at 7E. 
0 

Atomic coordinates in cycles, the temperature factor = in 2. 

Assumed by itnalikw to abernathyitc!. 

The y and z coordinates were obtained from the subtraction maps; 

the value of the 4 coordinate is assumed by analody to abernethy lte 

to be 0.696 cycles and was fixed during refinement. 

(5) 0 atoms are the interlayer water molecules of which one out ofd 

four are replaced randomly by N4:. 
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Alts ouah the positions of the atoms could not be determined as 

accurately its in tht!, case of abernmthyite, there is no daUbt that 

the two compounds are inostructural. The bond distances us given in 

TAble 20 aGree fairly well with those found tn aberultnyite. The 

standard errors of the bond lengths are estimated vie possible. 

+ 
The presence of Nii4 instead of X within the stvacture 

enak:h protons to form forty hydrogen bonds per unit-cell, cbe 

mmimum nuMber possible in these structures. 
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Table 20. Bond Distances and Bond Angles in 1411(U0mAs0.0•511;0 

Equivalence Length(An41e) Standard Error 

4 1.81 A 
• 

4 1.75 0.09 A 

'"w* 1.11. ''"" 0,•a-3. D-1 4 180° 

16 1.63 A 

8 2.62 

16 g2.67 

O - AS3 - Oc 13 8 107° 18' 

Asa 16 110•14'0c-1 °c-a 

108° 46' (average) 

III. U0a-As04_ environment 
• 

•- Oc..8 16 2.37 A 

IV. H00 environment 

16 2.78 A 0.09 A 

i6 2.88 0.09 

16 2.79 

* Atomic positions are the same as those assigned in Table 18. 

** Bond distance assumed equal to that in abermathyite. 

82 



Tbe Refinement and Dear ription of the structure of KLI(tO_ths0)2.7114 0_ 

As with N114(UDipAs04).34,20 the two-dimensional refinement was 

carried out using the original Ok! intensity data consisting of 96 

terms of which 84 were greater than zero. Seven cycles of two-

dimensional Least-squares refinement using at first a general 

isotropic tal4perature factor and then Individual isotropic temperature 

factors were made. The refinement did not give, it was thought, as 

reliable y and z parameters for the arsenate oxygen atone as could be 

obtained from the subtraction maps. aecause of the overlap of the 

uranium atoms and arsenate oxygen storm the x pLArameter of the arsenate 

oxygen was fixed :At 0.696 cycles duriw refinement. Table 21 gives 

the atomic coordinates, temperature factors, and standard errors 

obtained from the last cycle of refinement and from the subtraction 

maps. Appendix :V gives the observed and calculated structure factors 

and Table 22 give,.$ the bond lengths and bond angles ds obtained from 

the coordinates given in Table 21. The finul reliability factor 

is 9.4% 

10(UO2As04)2.711,20 is isostructural with aberaatikyite and 

Wi4002As04)*A20. In this compound one i..xm And one oxonium ion► 

(HoOl replace nAndom4 two out of eight water molecules. The two 

pak.assiva atom per unit-cell eliminate eight or the forty possible 

hydrogen bonds. There wv. only thirty proton: to Jatisfy the thirty-two 

remaining hydrogen bonds. Thus we must invo24 L further statistical 

distribution of thirty .ixowns over thirty-two positions. 
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Tablo 21. Atom17. Parlmetears and Standurd Error; for XR(U0048061e71420(1) 

Atom Position Parameters(2) Standard Lrror 

0a 4e x 1/4 

•a' ii4 

z 0.150 0.00 

• a.0 1.6 

0b X .2, 1/4 

y a ii" 

z •0.95L 0.004 

B = 2.9 1.7 
(3) 

X- (0.69() 

• = 0.071 

z = 0.44C 
(4) 

3.6g x 0.10 0.00B 

• 0.995 0.009 

0.0O2 

• . 4.1 1.0 

itS 4-b x y 3/4 

Z 

B v. 1.59 0.21 

U 4c, X 1/4 

y = 114 

z • 0.0520 0.000. 

B 2.27 0.10 
..••••••••••••••ararseme.e• 



Table 21 contd. 

Rnacia Oromp 114/mre (No. 130b), origin zAt 1. 

Atomic eoordiretes in cycles, the tmntrnturt factor P in PP.e 

The y And z cnordtnntoo were obtaiued from nubtrvaction maps; 

the x noordinnte wAs fixed ciltriTr verinemert rxrad wns assumed 

by analogy to abernatbyite to be equal to 0.696 cycles. 

(10 0 ntome are the interlayer water molecules of which two out 

of eight a rerlaced rant nnky by potasaium and oxoniun ions. 
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Table 22. Bond Dist,Inceu anS LIonu. Angie* in 

ICE(IJOIzAs04)g•V1/210 

Bond* Equiv-dience Standard ErrorLerniqle) 
I. firefly' ion 

4 1.77 A 0.09 A 

Ul 6;_i 4 1.70 0.07 

4 180'0a-1 Ul -. 0b-1 

II. A304 ion 

16 1.64As3 oc-1 

()c-i ~ °c.a.)? 
16 2.67

c)c-1 — 0c-8 

oc.1 As3 Oc _2.3 8 11D° 0' 

Oc i As3 Oc..8 16 109° 12' _ 
109° 36" (average) 

III. 702-As04 environzesnt 

-- 0 16 2.33 

IV. §10 environment 

0 16 2.80 A 0.08 A'
d-47 — 0 

16 2.76 0.09N.-13 0d.-16 

16 2.810c-1 041_7 

Atomic positions are the same as those assigned in Table 18. 
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Tbs Cr  and_ the tack cpminualds.1. ists.1 Cheats tax of Aberuat44.Ie i3feita. . . 

( 2As ) • 3HAO taxi 101( U0sits04 ) 71:120 

It now seem clear that the cations WM+, 11B4+, and le sr, 

substituting at random for water molecules in various proportions in 

these compouruk,. Although a nubutitution of this type has not been 

reported before it does not seem surprising for Hp0, H30+, NE4+0 and le 

have very similar radii; all approximately 1.4 A. Also, it appears that 

these chemical species show similAr propert-Les in aqueous ;,olutionl 

especially in regard to their coordination. The appearance of these 

groups in tetrahedral coordination tends to preserve the watery 

environment which is rather opea. 

Gonzalez Oureia (1959) in a very extensive study of a large number 

of synthetic uranyl phosphates and arsenates has found that an isomorphous 

series exists between the compoundr H(T OpP0)•Ap0 and K(U00,106H20 

and be suggests the formula X1_AVI00104) 8020 to represent this series. 

He states that the amount of potassium and hydrogen ion in these compounds 

depends upon the experimental conditions of pH and potassium ion activity. 

The degree of hydration is found to be variable and higher in the 

potassium-deficient phases. He also shows that a solid solution exists 

between various phosphate and arsenate end-members, thus substantiating 

the mineralogical evidence for such u series (Yrondel, 1956, p. 177-183). 

https://Aberuat44.Ie


In view of the X-ray structure determinations given in the 

present study, a better representation of the series proposed by 

Gonzalez Garcia would be: 

K1(Ha°) y U°2P°4 .322°P 

or Ki_y(Hei0)5(v0nAs04).31120 for the arsenate analogues. 

In light of his works better formula for KR(U0pAs014)2•71i20 is 

1(6 45(1130) 5500.2Au04)•31120 indicating that tine compound is probably 
. , 

not stoichiometric. 

In summary, we predict that an isomorphous aeriee exists between 

abernathyite K(UP2A304)*3B60 znd troegcrite, 11(02As04).4/120 with 

probably some substitution of phosphorus for arsenic depending on the 

local availability. Although the phosphate amlogues of abernathyite 

3.nd troegerite have not been fihown to occur, the .-$a me series has been 

shown to exist in synthetic compounds by Gonzalez Garcia, and we can 

predict that representatives of this series probably occur naturally. 

The occurrence of any purticulsir member of these isomorphous series of 

uranyl phosphates and arsenates will depend upon the pH and activity of 

potassium in tho aqueous solutions from which they precipitate. 

The occurrence of the new mineral uraw.phite, 14(02P404)•340 

(l%ekraeova, 1957) indicates that a possible .solid.-solution series similar 

to those contnining pot4s53ium may exist involving the ammonium ion. 

For this series we may propose the formula 

1 5 .faAo) (maxo4).3seo 

where X a P and/or As. 
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'There hre several couvoumds z nd mlner.11:; reported tholt bets 

interesting relationship tc :15pernathyite and the related compounds. 

ghilhkin (1951) has found that the compounds NH4111(04)2 and 

Hr:40A1(504)2 form solid-solutions as do also the compounds NH4Fe(SO4)2 

and H30Fe(SO4)2, indicating that the isomurphoua replacement of use 
4-

for NH4 occurs. Shishkin, in the same paper, also reports the 

synthesis of oxonium and wamonium jarosite with the formulas 

Hm0'e3(504)2(011),:. and NHOe3004,WOH)6. Krogius (1959) has confirmed 

-iitiahkinis work on HH4011(104)2 and H30AW04)2 and also hap shown that 

the oxonium and ammonium alunites, H30A13(04)2(44)6 and 

N4A18($04)2(OH)6, form solid-solutions with one another. KUbisz und 

Michalek (1959) found alkali deficient jarosites in the menilite beds 

of the Carpathian Mountains and predict that Hse replaces some of the 

The discovery of the interchangeability of oxonium and ammonium 

ions in the jurouitea alunitet haz been foreshadowed by the work of 

Hendricks (1937) who showed that a number of alunites and jarositea 

isoatructural and are simple replacement compounds in which a number oi 

cations may replace the 12-coordinated potassium atom. Hendricks 

recognised the existence of the compound H3Ores004)2(006 but assumed 

that the structural formula was Wel(304)2(00540 with an HRO molecule 

substituting for both le and one OH' group of jarosite, Ve3(SO4)2(OH)6. 

https://mlner.11


In light o: the pre:;ent work it aeenis quite reasonable to 

z!,risuae thLt HS0+, and NR substitute for t another in the 

jurouites and alunites although the pre.:;en,-...e of both OH- and Hee 

groups in a crystal. my be :!oraewhat 3urpri.7.inc. In this connection 

the compound HsOBF3(OH) has been reported (ramser, 1951). 
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THE CRYSTAL STRUCTURE OF META-TORHERNITE 

The Crystallograpq of Meta-torbernite 

A sample of meta-torbernite from Schneeberg, Germany 

84318) was obtained for single crystal studies. The sample 

showed two types of crystals, both bright green and tabular in habit. 

One type, however, is quite clear and transparent while the other is 

cloudy and somewhat opaque. Only the clear crystals were used for 

X-ray, optical, and spectrographic work. 

Spectrographic analysis (K. V. Hazel, analyst) showed 

> 10% U 

1-5% Pp Cu 

0.1-0.5% Mn . 

X-ray powder patterns (D. R. Ross, analyst) confirmed that the material 

is meta-torbernite. 

X-ray single crystal studies were made with the Buerger 

precession camera using molybdenwn radiation. The space group was 

determined from the inspection of the hk0, hkl, hk3, hk5, Oki, and 

lice photographs. The condition limiting the possible reflections is: 

hk0 h + k • 2n . 

The hkl, hk3, and hk5 photographs show distinct 4/m Laue symmetry. 

Thus the space group is 14/n (Ho. 85). The 4/m Laue symmetry is not 

apparent in the hkOp Oki and lk€ photographs and if only these were 

used for the space group determination it would appear that meta-

torbernite possesses 4/mmm awe symmetry and belongs in space group 

Pqnsom (No. 130). As will oe shown later, the strong paeudo-uymmetry 



is due to the fact that the uranium, phosphorus, copper, and urunyl 

oxygen atoms occupy special positions compatible with the higher 

4/mma symmetry. Figure 15 shows the hkl net which clearly reveals 

the le/nt Laue symmetry. Table 23 gives the unit-cell and optical 

data found for metatorbermite in the present study and compares them 

to the unit-cell data found for this mineral by Donnay and Donnay 

(1955) and by Makarov and Tobelko (1960). Donnay and Bonney did not 

observe the weak 003 and 005 reflections ,And taus assumed that meta-

torbernite possessed a screw axis parallel to c. As a result they 

assigned the space group 1442/n (No. 86). With the exception of this 

finding the present study is in agreement. l4akarov and Tobelko did 

not observe the 4/m symmetry and thus assigned the space 3roup 114/nmm 

to this mineral. If in the present study, we had used Weissenberg 

and rotation techniques as did Makarov and Tobelko instead of the 

precession method we would probably have also assigned the space group 

124/nmm. The erroneous assign Bent of the space group led )4akorov and 

Tobelko to propose a structure somewhat different from the one given 

in this study. More on this subject will be written later. 

The optical properties of meta-torbernite are: uniaxial negative, 

W. 1.626 ± 0.002. No birefringence was noted. 

The Solution of the Crystal Structure of Meta-torbernite 

A small crystal measuring 0.02x 0.30x0.$2 mm4 mounted with 

the thin direction parallel to the precession axis, was used to collect 

the hk0, hkl„ hk2, bk3, hk4, and hk5 intensity data. The thinness of 
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Figure 15. bkl Buerger precession photograph of met4.--torbernitxs 

sh.owing 4/14 Zit syrainetry (i4ofir radiation). 



Table 23. X-ray and Optical Properties of Meta-torbernit9) 

Cu(WaPO4)2•81120 

Present Stu4.y 

a (A) 6.963 I 0.007 

c (A) 17.297 t 0.018 

V (A3) 838.6 

Z 2 

Specific Gravity(oba.) -

Specific Gravity(calc.) 3.71 

Lace Group 4/m 

Space Group P4/n 

6, 

cli 
1.626 

Forum 100/, 10101 

Locality Schneeberg, 
Germany 

Donny and. 
Donnay, 19,5 

6.98 

14Akarov and 
Tobelko, 1960 

6.95 

17.41 17.26 

848.2 833.7 

2 2 

3.70 3.79 

3.67 

4/m 

P42/n 

3.73 

4/mmm 

P4/nmm 

11•1• 

IN" 

.10 •11, 

Cornwall, 
England 
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the crystal in the c-direction minimizes the absorption (Donnay and 

Donney, 1955). To collect the Oke lkj„ and 2k] data, a pyramidal-

shaped crystal was used, measuring 0.05x0.06x0.10 mm. This crystal 

was mounted with the loeg direction parallel to the dial axis. The 

hkl, hk3, and hk5 photographs were made with unfiltered molybdenum 

radiation, the others with Zr-filtered molybdenum radiation. The 

intensity data were processed in the same manner as was done for 

abernuthyite. 

The assumption wan made at first that the structure of the 

000e0:- sheet of meta-torbernite is identical to the (UO2A304): 

sheet of abernsthyite. The four uranium &Acme were placed tentatively 

in position 2c, 2 at zw10.051„ and 2 at z.0.551 of space group Pliln4 

No. 85b (Figure 16). The four phosphor= atoms were placed in 

positions 2b and 2a. The 16 water molecules and also the 16 

phosphate oxygen atoms were placed in two eight-ftld positions (8g) 

at coordinates equivalent to those given the water molecules and 

arsenate oxygen in abernathyite. The two copper atoms were placed in 

position 2c at z00.815. This positioning permits each copper atom to 

be coordinated by four water molecules ao as to form square planar 

Cu( 0)4 groups. With the exception of copper, the tentative 

structure was given atomftc coordinates identical to these of 

abernathyite. 

Instead of first preparing Fourier projections as was done with 

the previous compounds it was decided to subject the proposed structure 

directly to leant-squares analysis. The ak,e datii• consisting of 

126 non-zero terms, was subjected to four cycles of refinement using 
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P n 
Tetragonal 41,33 P 4In No 85 

Cah 

• 

Origin at 4 at 1,1,0 from T (compare below for alternative ongin) 

NuMIes of ma /naps, Coordinates of equivaless, potations Coodiuons limitingWydioff notation. 
tad point symmetry possible rent...nom 

General' 

g 1 ...Y..; I • 43 y.f; akt No conditions 

i y.} 'x,:; i •Y,I hk0: h 4 k — 2n 
00/: No conditions 

Spacsal: as sib.... plus 

4 f 2 0,0,1, 1,1,2, h4 k -2n 

4 1 3.1.3, 143, Ili. 1.1.3 
h,k —In 

4 d i 1,1,0; 1,1,0; 1,1,0; 1,1,0. 

2 4 0,3,,r; no extra conditions 

2 b 4 0,0,3, 3,3,3 2 a 4 0,0,0; 3,3,0. hk h• k —2n (a and b) 

Ongin at T at 1,1,0 from 4 (compare above for alternative origin) 

g I ...ya;
2.9.1; 

I- y,x,z;
i+y-f.f; 

r,i 

4 / 2 Ma; 
4 1 0,0,3, ill, 0,3,3; 3,03. General and special 

conditions as stove 

4 4 1 0,0,0; 3,3,0; 0,3,0; 3,0,0. 

c 4 H.,. 1.1.1 

2 b 4 1.11. I.I3. 2 a 4 1,1,0, 1,1,0 

175 

Figure 16. Equivalent positions and conditions limiting possible 

reflections of space group P4/n (No. 85b), from 

p. 175 of International Tables. 
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overall temperature factor. The reliability factor dropped from 

30.0 to 8.3% during this refinement. There were some large shifts 

in the positions of the oxygen atone and some small shifts in the 

heavy atom positions. Pros these new atomic positions, the following 

bond distances were calculated: 

U — 0 1.74, 1.80, 1.71, 1.75, 2.28, 2.24 A 

Cu 112o 2.02 

The above bond distances are plausible and with the low R-factor it 

appears that most of the atoll= have been correctly positioned. 

A heavy atom subtmttion map, projected on (100), vas then 

prepared by subtracting the calculated contributions of the copper, 

uranium, and phosphorus atoms to the structure factors from the 

observed structure factors. This subtraction so shoved elmarly all 

the oxygen atom in the structure. 

It appeared at this point that meta-torbornite has essentially 

the same structure an abernathyite with the following exceptions: 

(1) the center of two of the four squares of water molecules are 

occupied by copper; (2) no atoms substitute for &0; (3) the 16 water 

molecules and 16 phosphate oxyEens lie in two eight-fold positions. 

This permits a different configuration of water molecules in the 

Cu(H20)4 squares than is found in the (40)4 squares. 
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Next, the least-squares refinement was continued using three-

dimensional data. The aliases of data used are given in Table 24. 

Table 24. Ix tensiV Data Used for Final Least-Swarms Analysis
••••••• • ••• ,• 

of Meta -torbernite 

bk F>0 F1010 

hk0 35 1. 

bkl 57 9 

hk2 79 3 

h113 35 11 

bk4 59 27 

hk5 29 9 

Oki 100 63 

110 158 179 

2k1 120 193 

672 495 

After four cries of three-dimensional least-squares refinement 

were completed using an overall temperature factor it wus found that 

the 'Ai date with , odd would not refine below an R factor of 43%. 

:mince only the copper and phosphate-oxygen atoms and the eater molecules 

contribute appreciably to these structure factors it was apparent 

that there was a significant error in the positioning of one or more 

of these atoms. It was observed that the water molecule 07 was 
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positioned with an x coordinate of 0.160. With this parameter 

hydrogen-bonding of the 0.7 water molecules to other atoms is not 

possible. Since in tetragonal structures there is often an ambiguous 

solution to the x or y parameters if two-dimensional data are used, 

it was thought that the x parameter of o7 should be 0.340, not 0.160. 

To test this new model, three-dimensional least-squares analysis wus 

carried out using only the hkl, hk3, and hk5 data. 4ith this new 

parameter the refinement of this data proceeded smoothly, the fl-factor 

dropping from :01 to 19k in nine cycles. 

Least-square Enalysis was then coatinued with the full three-

dimensionzl data for seven more cycles Gtarting with the coordinates 

and individulll temperature factors Given by the 9th cycle of the 

previous refinement. The refinement then proceeded aatisfuctorily 

to completion. The final reliability fuctor ia 9.7% for the complete 

set of threc-dimensicnal data consiating of 1.167 terms. The final 

R-factor for th1.1 hk3, and hk5 data is 16.0%. The higher R-factor 

for this &Ala is to be expected duc to the fact that the structure 

factors of these reflections .1re very small. The F . (minimum)
005. 

9.8. Table 25 gives the atomic parameters for the meta-torbernite 

structure RU given by the lazt cycle of refinement. The standard errors 

of the purr tore were ewkluated au shown in Lppendix I. 

Table 26 gi'v the bond distances and bond ancles and the standard 

error& of these measurements. The method of calculating the standard 

errors of these bond distances and bond angles is given in Appendix I. 
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Table 25. Final Atomic Parameters and Standard Errors for 

Mbta..tOrberli44ILSLAINFO4g*WalD 'X 

Atom Position Parameters ** 
Standard Error 

01 2c x 1/4 

y = 1/4 

z = 0.1564 0.0045 

B = 1.58 0.95 

02 2c x = 1/4 

y = 1/4 • 

z a 0.6563 0.0044 

B = 1.22 0.83 

03 2c u = 1/4 

y = 1/4 

z 0.9488 0.0037 

B los 0.67 0.75 

04 2c x 

y m 1/4 WIP 

z 0.4403 0.0041 

B I= 1.54 1.07 

05 x 0.7834 0.0036 

y = 0.0802 0.0035 

z = 0.4466 0.0019 

B = 1.59 0.42 



 

Table 25 - contd. 

Atom Position 

06 8g 

07('-IMo) eg 

%MO 8g 

P1 2a 

P2 2b 

Parameters** 

x 0.7038 

J = o.0818 

z 0.91486 

B = 0.40 

x is 0.3476 

y = 0.9814 

z = 0.3105 

B a 2.74 

x 0.2225 

y a 0.9768 

Z a 0.8095 

B m 2.62 

x a 1/4 

3/4 

z 0 

B =a 0.136 

x = 1/14 

Y 3/4 

z 1/2 

B :3 0.133 

Standard Error 

0.0029 

0.0026 

0.0014 

0.28 

0.0039 

0.0039 

0.0024 

0.52 

0.0038 

0.0039 

0.0024 

0.52 

.10 

OPP 

0.196 

0.195 
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Table 25 - contd. 

Atom Position 

Cu 2c 

U1 2c 

U2 2c 

1111011101•••... 

Parameters** 

x 1/4 

y 

z = 0.8099 

B a 1.058 

x 1/4 

y- 1/4 

z = 0.0510 

B 0.7571 

x m 1/4 

y 1/4 

z a 0.5524 

B a 0.6269 

Standard Error 

011 

0.0007 

0.151 

OP 

0.0002 

0.0476 

0.0002 

0.0443 

Space Group P4/n (No. 85b), origin at I. 

** Atomic coordinates in cycles, the temperature factor B in ;. 
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Table 26. Bond Distances and Bond An : 14Meta-torbernite 

Bond* 

I. Uranyl tom; 

U1-1 - 01-1 

ui-i - °3-1 

03-1 - U1-1 - °1-1 

U2-1 - 02-1 

U2-1 °-1 

C:)4-1 - U2-1 - 02-1 

II. POk ions 

P1-2 '')6-1 

06-1 - P1-2 - °6-3 

06-1 - P1-2 - 06-6 

06-1 - 06-6 

06-1 - 06.3 

P2-2 - 05-1 

05-1 - P2-2 -- 05-3 

05-1 - P2-2 - 05.4 

05.1 - 05.6 

0
o5-1 -- 5-3 

Equivalence 

'' a 
2 

2 

2 

2 

2 

8 

it. 

8 

8 

4 

8 

4 

8 

8 

4 

length Ong le) Standard Error 

1.82 A 0.08 A 

1.77 0.07 

180° 0 

1.80 0.07 

1.94 0.07 

lee 0 

1.51 It 0.02 I 

107.6° 1.7' 
. . 

110.4 0.9 

2.47 0.04 

2.43 0.04 

1.52 0.03 

105.19 2.20 

111.79 1.29 

2.51 0.06 

2.41 0.04 
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Table 26 - cont 1. 

-ADA* Evivalence ?POI_ ang4e) Standard rrror 

III. 92a7Y9c!nvni 

°6-6 

06-6 - 111-1 °1-1 

U2-1 °5-6 
05,6 - u2.4 - 02.1 

06-6 01-1 

°6-6 - 433-1 
0 o6-1 3-1 
06_, - 03_1 

06.6 °6-4 
0 ,6 06_56 
05_6 02_1 

05_6 - 044 . 
05_1 ole„i 

05-3 - °4-1 

°5-6 °5-4. 
05_3 054 

2 
0

2.33 A 

2 89.8° 

2 2.31 

89.60 

6 2.96 

6 2.93 

8 3.37 

8 3.98 

4 3.30 

4 3.54 

8 2.92 

8 3.03 

8 3.90 

3.46 
4 3.27 

3.71 

0.02 71. 

0.60 

0.03 
0 

0.6 

0.05 

0.05 

0.02 

0.02 

0.03 

0.04 

0.05 

0.05 

0.03 

0.03 

0.03 

0.05 
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Table 26 - contd. 

Bond .Epirlence. Len tat cangl.f) Standard Frror.

IV. Cu eaviro=alent 

cui 08.-3 
43 1.91 .X 0.03 A 

08_3 cui 08..1 

08-3 - Cu1 - °8-5 

4 

8 

179.6° 
• 

90.0 

2.6. 
•

0.0 

Cui 03.,1 2 2.40 0.07 

Cu1 - 02-1 
2 2.66 0.07 

Cu2 - 07-5 
,,, 3.84 0.03 

V. IWO environment 

07 6 - 07_4.. 8 
. 

2.81 A 
. 

0.04 A 

07-6 - 08-3 8 2.67 0.05 

07-6 - 054 8 2.77 0.05 

07.4 - °7-6 c 7_2 8 90• 0 

0`7-6 08-3 

072 - 07-6 - °C1-3 

07 4 --07.4-05..1.

8 

8 

3 

11)9.8° 
.

122.0 
0 

112.0 

Y

1.1 
.

1.1 
. 

1.0 

°7-2 - 07..6 - °5-4 

08-3 - 07-6 - 05-4 

3 

8 

112.0 
0 

109.5 

1.04 

1.)c) 

3 - 08-5 
8 2.70 0.04 

- 06-5 8 2.39 0.05 

08.05 - 08..3 08_7 8 900 0 
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Table 26 - contd. 

mod Evivalence Lensth (angle) Standard Error.....__ * 
- • 

V. IV environment 

°8-5 08-3 07-6 8 85.7 1.1 

08-7 08-3 °Pr-6 8 128.7* 0.90 

08-5 - 08-3 - 06-5 8 97.10 1.00 

08 7 - 08.3 - 06.5 8 222.6° 0.8° _ 
57-6 - °6-3 -06-5 8 208.7° 1.2° 

°7-3 01-1 3.33 0.07 

8 3.00 0.06 

07.3 - 02 0 8 4.50 0.03 _ 
8 3.32 0.04 

3.03 0.06°8-3 - G3-3. 
08.3 - 02.1 8 3.27 0.07 

08-3 - 01,2 8 3.70 0.03 

08.) 06.7 8 3.36 

.10•••••••••••••..••••••• •••••••••••••••••• •••••••••••••••••••• •••••••••••••••• •••••••••••••••••••••••••• ••.•••••••••••••••••••••••••••••••••*, 

Atomic positions are Oren in Table 27. 
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Table 27. Atonic Positions* for Atoms Listed in Ti ble 26 

Atom Position 

th_i xi 7, z 

02-1 z, y, z 

P1-2 1/2 + ,:c* y - 1/2* z 

1'2.2 1/2 + xi y - 1/2, z 

Cul x, y, z 

Cu2 x* 1,/2 + 7, 1 - 1 

01-1 xi, yi z 

02-1 X, y* z 

35-1 xp y, z - 1 

14-1 14 Y, z 

01-2 1/2+x, 1/2+7, 1, - z 

Atom 

05_6 

06-3. 
06_3 

06_4 

06-5 

°6-6 

06-7 

0
7-2 

07-3 
07_4 
0
7-5 

1/2+x, 1/247, 1 - z 0 ,
7-0 

05-1 xt Yo z 08-1 
05-2 1 - x, 1 - y, 1 - z o8..3 
05.3 3/2 - xl 3/2 - y, z 08-5 
05 4. x - 3./2* 3,g+ y, 1 - z 

08-7 

Position 

ifi. + y* 1 - xi 1 - z 

x, yo s 

3/2 - 3t, 1/2 - y, z 

x - i/2, 1/2 + 7, 1 - z 

1/2 - y, x, z - 1 

1/2 ÷ y* 1 - x* 1 - z 

Yi 312 - xv z 

1 - xp - yo 1 - z 

1/2 -- x* 3/2 - y, s 

312 + x* y - 1/2* 1 - z 

3/2 - y, x, z 

y - 1/2, 1 - x* 1 - z 

x, y - 1* z 

lit - xp 3/2 -- y* z 

3/2 - y* X* z 

7 - 1.* 1/2 - x* z 

* The equivulent positiom c.re tzken frost International 

Tablas, p. 175, :Ipuee Group x3/4/n (No. 8514 . 



The final obserwd and calculated structure factors 4411 given in 

Awendix V. 

As stated previously nany tetragonal ztructures give 

4Imbiguous solutions to the x or y paranetorn of certain equivalent 

positions. This problem was encountered in ubermathyite. In the 

,..,bernatbylte structure Fourier projections on either (100) or (001) 

cannot distinguish between the positions x and (3/2)-x for Oc and 

the positions A .1nd (1/2)-x for ad. A shift of either o, to (3/2)-x 

or 174d to (1/2) -x would break all the lvdr'en bonds between the 

water 111.plecules and the arsencte oxygens. Such a situation is 

chemically untenable but nevertheless the four possible models 

(t-bonded, Z-bonded enuntiomorph, unbonded, umbimaded en,ntionorTt) 

mere tested with tht.► hkl structure fectorw. Only the E-borded model 

grave good at!,,rtK.Ixtnt with tho observed structure factors. 

The meta-torternite structure offers a similar problem. Blare, 

however, we have 16 possible models due to the feet that them, :.:re 

twice as many sets of equivhlent positions to be treated. The low 

R4sctor of 16.4 for the bkll b13, Lnd hk5 dew seemed to indicate 

that the final =Ida, with hydrogen bonds between 01, !-nd 0,06 and 

00 C7 and or U. 0 ...na o5, is the corm-At one. athouct leczt-

*guare6 anallysIL- i tc expetted to tIve tb6 t!!.1rrect del it vas 

thMeht that Etri indepemdent teat or tal the pose.ble models should be 

mode. These modelA teem tested by taking the val.:meters give= by 

the 11th cycle- of three-dimensional refirement and calculating the 

R-factor of the bki, hk3, aind hk5 3tructure fdetors. The various 
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models were formed by taking the various combinutions of 

05 at x = 0.704 or 0.7166 (aA) 

06 ut x = 0.7047 or 0.795) (bB) 

o7 at x m 0.3474 or 0.1526 (aC) 

08 at x m 0.2229 or 0.2771 cycles (a) . 

Table 26 gives the various models, the R-ructor obtained, and the 

11-bonds 'broken by the particular model. As can be seen the model. 

(abcd) gives the lowest reliability factor. A shift of x of oil 

0.055 cycles raises the 11-factor to 23;) - quite u significant 

increase for such a small displecement of one 'Atom. The other 

models give even higher R-fectors. This test cleerly abows tht,t 

the model whicil peri2it,.3 hydrogen bonds between oe and 07, oe and oes, 

and 07 and 05 is the correct one. 

Dezeri.vtion of the 14ta-torberulte Structure 

M stated previously, the metl-torbernite structure is quite 

similar to that of .11nra..thy4te. The most interesting feature of 

this structure the :topper coordination and. the associated hydrogen-

bondinc. The two copper atoms in the unit-cell lie at the center of 

squares of four water molecules, one at 314, 1/4, 0.810, and one at 

3/4, 3/4, 0.190. The distance between the oopper atom and each 
0 

water molecule of the square is 1.91 A. This unusually short 

distance indicates a rather stroLg covalent copper-oxygen bond. 

The water molecules here must be 13.4frA1 pol.4.rized with a rather large 

positive charge directed way frau the copper J.-tom. Short 



 

Table 28. Test of the po3sible models for Mets-torbernite 

using hkl, lik3, and hk5 Datu 

Nodal 

abed 

aBcd 

Abcd 

Aid 

dbcD 

abCd 

abCD 

aBcD 

uiCd 

aBCD 

AbcD 

AbCd 

AbCD 

ABcD 

ABCd 

ABCD 

-factor 

16.4% 

34.0 

25.9 

29.. 

37.4 

37.0 

36.2 

44.5 

33.3 

35.2 

43.3 

44.5 

42.3 

50.9 

H-bonds Broken 

none 

C5 - 06 

— r)
7 5 

07 u5 

03 -- (,)7, 03 06 

o7 06,07 05 

ob — (pc, Op.oc 

08 — 07 

08 — 07, 07 — 08 — uis 

07 — 05 

03 °7'°8 °6'07 — 05 

03 37 

ue °6 

o8 — or 07 — 0
5 

08— ° 08 — 06 
UOLO 



copper-water bonds have been discovered in the compounds CUF2s2H20 

(Geller and Bond, 1958), CuCle2H20 (Peterson and Levy, 1957) and 

Cu3e03.2420 (Gattow, 1958). In the very precisely determined 

CuF2.2H20 and CuCle2H20 structures copper-water bonds were found 

to be 1.93 and 1.925 A respectively. A Cu-H20 bond of 1.94 A was 

found in CuSe03.21120. 

The copper atom in meta-torbernite is also bonded to two uranyl 

oxygen 02 and 03 at 2.66 and 2.40 A respectively. The next nearest 

atom to Cu is 07 at 3.84 A. The copper atom is within 0.007 A of 

being exuct3y in the plane of the four 08 water molecules. The 

08-Cu-08 angles are 179.6° and 90.0 . 

The planar coordination of copper with four bonds of 1.9 to 

2.0 .(A) and two additional bonds of greater length to form a distorted 

tetragonal dipyramid has been found in a number of crystal structures) 

CuCle2H20, CO2.2020 and CuSe01•2H2C are examples. 

Eight _additional water muleculos form squktres at 1/4, 1/4, 0.311 

and 3/4, 3/4, 0.689. The 1129 molecules of these squares do not 

coordinate a cation. They are, however, hydrogen-bonded together as 

in abernatbyite. The 07 - 07 bond distance within these squares is 

2.81 X. The 07 water molecules are also hydrogen-bonded to the 

phosphate oxygen 05 (2.77 A) and to an adjacent 08 water molecule 

(2.67 A). The 08 water molecules of the Cu(820)4 squares are each 
0 

bonded to 07 and to the 06 phosphate oxygen (2.89 A). Within the 
0 

Cu(1420)4 square the 08 - 08 distance is 2.70 A. This short distance 

is not caused by hydrogen bonding. It is the result of the 

close attraction of the 1120 molecules to the copper atom. The 
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hydrogen bonds bet.tecn 07 and 07, o7 and 06, 07 and 05 and 08 and 06 

account for all of the 32 zrotons found the unit-cell. The next 

nearest atom to the 0 water molecule is C yet 3.00 A. The next 
7 

nearest atom to the 08 water molecule is 03 ,At ).06 A. About the 

07 water molecules lie two 07 water moleculen, one 08 water molecule 

and one 0 oxygen in a distorted tetrahedral arrgement. The
5 

tetrahedral dngles are: 90% 109.8°, 122.0°, 112.0°, 112.0°, and 109.5°. 

The average angle is 109.20. About the 08 water molecules lie two 08 

water molecules, an 07 water molecule, an 06 oxygen, and a copper atom. 

to water molecules and oxygen atoms are grouped about 08 in a highly 

distorted tetrahedron. This distortion is due to the fact that 08 is 

bonded only to the copper atom, the 07 water molecule, and the 06 

oxygen. The 06-06-07, Cu-08-07, and the Cu-08-06 'Angles are 108.70, 

113.0°, and 117.7' respectively. 

The distribution of the positive charge on the copper atoms to 

tie negatively charged (UO2PC4) n7 sheets is accomplished through the 

copper-uranyl oxygen bonds (Cu-02, Cu-03) and through the various 

hydrogen bonds. The (U0004)n- sheets at z=o and z=1/2 contain the 

uranyl oxygens 03 and 02 respectively. Since the Cu-40 bond is shorter 

(2.40 A) than the Cu-0, bond (2.66 A) it is to be expected that a 

greater charge will be distributed through the uranyl oxygens to the 

sheet which lies at z'o. The sheet at z4/2 should then receive c 

greater positive charge through the hydrogen bonds than does the sheet 

at zoo. This appears to be so. The remaining positive charge on the 

copper is distributed through the 40 molecules to the phosphate oxygens 



06 and 05 lying in the sheets at z=o, and z!4/2 respectively. The 

long 08 - 06 hydrogen bond of 2.89 A indicates that a smaller amount 

of this charge goes to the sheet at z..o. 

Figure 17 shows the structural scheme of meta-torbernite 

projected on (100). The (U021204)Iir sheets of meta-torbernite are 

positioned relative to one another in the same manner as those of 

meta-autunite (I). 

The phosphate tetrahedra are rotated about the 4-fold rotary-

inverson axis as are the As0 - tetrahedra in abernathyite. Conse-

quently their horizontal edges do not lie parallel to the a-axes. 

The two types of tetrahedra in meta -torbernite are rotated through 

slightly different angles because of the requirements of hydrogen-

bonding to the two different types of water molecules/ 07 and 08. 

The Pi - 06 and the P2 - 05 bond lengths of 1.51 and 1.52 A 

respectively compare favorably with other determinations of this 

interatomic distance. 

The PO4 tetrahedra are distorted with the horizontal edges 

somewhat shortened (2.41, 2.43 A) and the other edges somewhat 

lengthened (2.51, 2.47 A). The average 05-P2-05 angle is 108.4°. 

The average 06-P1-06 angle is 109.0°. 

The phosphate oxygen-uranium interatomic distances are 2.33 
• 

and 2.31 A. The value of the arsenate oxygen-uranium bond in 
0 

abernathyite is 2.35 A. The uranium-uranyl oxygen bond lengths have 

large standard errors associated with them (0.07-0.08 iI)1 thus the 

11> 
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Uranium Atom 

Hydrogen Bond 

Cu—H20 Bond 

Figure 17. Projection of the meta-torbernite structure on 

(100). Cu-02, Cu-U3 bonds in red. 
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values can only be considered approximate. The average uranium-urarkyl 

oxygen interatomic distance is 1.83 A. The value of 1.94 A obtained 

for up-04 is anomalously 14a.ge. The asymmetrical environment of the 

UO +, ions is retained in meta-torbernite. 01 is adjacent to four 0
6• 

atoms at 2.96 ; and eight water molecules (four at 3.33 A, and four 

at 3.70 A). 02 is associated with four phosphate oxygens at 2.92 A, 

and eight H2O molecules (four at 3.27 and four at 4.50 I). 0, is 

associated with the copper atom at 2.40 ip with four water molecules 

at 3.08 It, and with twelve phosphate oxygen atoms (four at 2.93 A, 

four at 3.374, and four at 3.96 A). The 04 atoms are adjacent to 
the copper atom (2.66 11), to four water molecules (3.00 1), and to 

twelve phosphate oxygens (four at 3.03 A, four at 3.46 A and four at 

3.90 A). 

The U1 and U2 atoms deviate from the plane of the four phosphate 

oxygen atone by 0.007 A and 0.02 A respectively. This value is smaller 

than the standard error and is thus probably not significant. 

The structure proposed for meta-torbernite by Makarov and 

Tbbelko (1959) is correct in that they confirm the sheet structure 

proposed by Beintema and find that copper is coordinated in a square-

planar arrangement by four water molecules. Their placement of the 

heavy atoms is essentially the same as that found in the present study. 

The position of the light atoms is not correct and is the partly to the 

fact that the wrong apace group was chosen and partly to the poor quality 

of their data. They propose hydrogen-bonds between the water molecules 
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and the uranyl omens which is not correct. 

Meta-zeunerite 

Meta-zeunerite, Cu(UO2/1,604)2•8H20 is probably isostructural 

with meta-torbernite. Hanic (1960), however, has proposed a structure 

for meta-zeunerite which differs from that of meta-torbernite. lie 

gives the following unit-cell data for meta-zeuncrite: 

u . 7.105 

c m 17.704 

Space Group - P4sginmo (no. 137). 

This choice of space group forces Hanic to distribute two copper atoms 

over four positions (4d), and two seta of eight water molecules over 

two 16-fold position* (16h). He confirms Heintema's proposed structure 

for the 002X04)11- layer and also finds the copper atoms coordinated by 

four water molecules in a square-peruaar arrangement. Manic also states 

that hydrogen-bonds are formed between the water molecules and the 

urnnyl oxygen's. He gives values of 1.94 and 1.78 A for the uranium-

uranyl oxygen bonds; 2.55 and 2.50 A for the copper-uranyl oxygen 

bonds; 2.18 X for the uraniummaraellate oxygen distance; 2.14 ; for the 
0 

copper-water bond; and 1.77 for the arsenic-arsenate oxygen bond. 

large number of specimens of so-called meta-zeunerite were 

examined for the prenent study. Only one specimen contained significant 

amounts of arsenic but it gave such poor X-ray patterns that no useful 

crystnllographic information could be obtained. 



 r+ T4 
A lar8t number of minerals and synthetic compounds belongin„4 to 

the torbernite mineral zroup can be represented by the forlula 

A 002X04)25.nli20, where A may be almost any monovalent or divalent 

cation and X . P or As. In order to learn more of the crystal chemisto 

of these phases, detailed crystal structure studies of (I), 

K( ID2As04)',E120 (abelsnathyite); (II), Ni1400210104).5H20; (III), 

KH(U0D2As04)2 $711A; and (IV), Cu(?021'04)2'811e0 (meta-torbernite) have 

been carried out. The structures were refined by two and three-

dimensional least-squares analysis of intensity data measured on 

Buerger precession photoi4raphs made with MOKae radiation. The well-known 

waffle-like 002X04 )n sheet structure proposed by Beintema (19)8) is 

confirmed, and details of the interlayex structure are also revealed 

throe; h a complete resolution of all except the hydros-set: atoms in the 

electron density maps. In all four structures studied, the positions 

of the interlayer water molecules are based on an ideal arran6ement in 

which four molecules are h irozen-bonded together to form squares about 

the fourfold rotation axes, lyini.; between the uranyl ions of successive 

+ +
layers. In Phases I and II, K and 111-4 substitute randomly for one uut 

of four water molecules and in Phase III, K and H30 substitute randomly 

for two cmt of eight water molecules. An isomorphous series probably 

exists between the end-lembers KCJO2A504)*31120 (abernathyite) and 

1130(:!02As04)•311,20 (troegerite) and also between UH4(002A504)•5400 

and troegorite. The ratio of cation (includin oxonium) to water 

of 1:3 required by the cation replacement of vete. found in these 

structures has been confirmed by careful chemi,.741 analysis. 
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In meta-toIbernite (IV) cation substitution of water does not 

occur but rather Cu2+ occupies special positions at the center of half 

of the square s roues of water molecules, thus 6ivin6 a cation-water 

ratio of 1:8. 

In ail four structures each water molecule of a squa.le ;;roue is 

also hydrogen-bonded in a nearly tetrahedral manner to a water 

molecule in an adjacent square, and to an arsenate or phosphate oxygen 
n-

atom. The latter bond causes a sli3ht distortion of the 002X04 ) n 

sheet from ideal symmetry and accounts for the doubling of the ideal 

one-layer c axis. 

At some future time it would be useful examine the sodium 

uranyl arsenate (sodium-uranospinite) and the sodium uranyl phosphate 

(sodium-autunite). It is of interest to see if sodium substitutes 

randomly for H30 + as do e and 144. This is particularly important 

for it may relate to the unusual expanding properties of the sodium 

montmorillonite clay minerals. It would also be useful to examine 

compounds such as meta-autunite and uranocircite Which contain the 

lar,:,er divalent cations Ca- and Ba . Both compounds are much more 

complex than has been suspected and it appears that the hydration 

sphere about these cations is not a simple one. Finally, it will be 

of interest to examine the fully hydrated compounds such as torbernite, 

Cu(t,J0004 )2 •121120. The arrangement of the copper atoms and water 

molecules in the veiy large cavities of this compound may be similai 

to the aa-ransement of the material in the cavities of the zeoiites. 
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Appendix I 

The standard errors El, in the atomic parameters p which are 

refined by least-square:1 metaods* are given by 

ryTh, (22.6Ft— T, Ary\--p) 

where da are the diagonal elements of the inverse matrix of the 

normal equations* w 12 the le&LA-Lqulres weight of r-a observation* 

FQb Fealc.* Api are the parameter changes* vi cre the elements 
= s. 

of the vector v of the normal equations* n is the total number of 

observations for which (Fob ) > 0; and p is the number of parameterss. 

refined (Clark* arint, cald AppIemen* 1962). 

The standard errors E of the interatomic distances in meta-
r 

torbernite were calculated with a computer p.rogrant written by 

D. S. Handwerker and is bused on relationships given in the following. 

The standard error of the bond distance R is given by 

2 2 1/2
(1) 

Er (El E2) 

where 

2 m 
(2) = E .)(4 )(4-) V 

.A-J 49 
j 

(3) 6 6 

j 
) 



 

 

 

 

 

and where 

-Kronecker delta . 0 for i Jo . 1 for i = jo 
j 

se atomic parameters x* y, z associated with atom i,Pt 

V„ element of the variance-covariance matrix that 

describes the errors of the atomic parameters* 

= unit-cell parameters us b, co and aAgleso 

tju = element of the variance -covariance matrix that 

describe.:., the errors of the unit-cell parameters 

(estimated in the present study) 

The standard error E of the interatomic distance' R of 
r 

abernathyiteo NE40110pAs04).31120 and 1a(UOgAs04)2•740 were calculated 

by hand with the relation 

) 2 a 2 + dig 2 (jf_...,z 
(1- c_dy IL >4 cy, 

where is the standard error associated with atom i and wherf
i 

(2) \2--= ) /(7 
j 

with this relation we assume that the off-diagonal terms are very small 

and muy he neglected. Also* we assume that the errors in R due to the 

errors in the cell edges (E2) are small compared with El (D. E. Applemano 

personal communication). 
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NCTES ON APPENDICES II - V 

The non-observed structure factors are denoted by a blank in 

the F(obs.) column of these appendices. These non-observed structure 

factors are of two types: (1) those which are too weak to be observed, 

and (2) those which are not observed due to the geometry of the 

Buerger precession camera. 

The standard error of fit of the observed and calculated 

structure factors has the following values for the compounds studied: 

Compound Standard Error 

Abernathyite 11.7 

N4(s04) 01120 14.6 

KII(UO2As04)2•7H20 15.7 

Meta-torbernite 12.7 

This standard error (E) is given by the relation 
2 

[ (iAF)] 

[ 77- }Y2 
where 

= IlF(obs.)1 — IF(calc.)0 

p is the number of parameters refined, and n equals the number of 

non-zero observations. 
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APPENDIX II 

Observed and Calculated Values of the Abernathyite 

1A.ructure Factors 
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