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Abstract— inezi i i Q

Abst Afum./z ;:echiﬁcf:?rrénce of destinezite (d.ladochlte), ideally Fe,(PO,)}(SO,)(OH)-6H,0, is described
from Alum Ca Precami)ri arga;hsyrlrlliczlgyi Mountalrllls l;Iational Park, Tennessee, where it oc<2:u1;s in soilrlareld

: d Pr brian n unusually large crystal. i i
zlcg ais géc:%(jgllr;oglte—apfohmte. Destinezite is triclinic,gPi, gith fz a=SS90 (;I;l(t)e(cll)wl;t}l 09th7elr6?%’)drated;gllf;l &
s a destin I . ,b=09. ,c=17.
> Fe(o,OH’sz) focta }?Z&?a?( zll,f;lte—tgéiigr)a :ﬁg Zh= 2.hIts crystal structure consists of infinite chai(riz
: t , phosphate tetrahedra linked i
vertex sharing. The chains are weakly bonded into slabs by hydrogen b0ndliIrllgebe?v}:/eixi1 r(g(ll-}le;nsg SIEIeIS Oi
,0 0
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Kathleen Carrado ;?:T.IT%MM R Polskiej Akademmii Nauk the Fe(IIl) octahed
Argonne National Laboratory met R. Mermu - © octahedra and oxygen io -
ey of Saskatchewan Koji Wada alternate with sheets of IO )r]ngoleculréz (’)If‘hgl:t sultfate tﬁtrahedra. Slabs of tetrahedral/octahedral chains
. ructure thus somewhat resembles h: &
ydrated clay 1
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with H,O m m
Destinezite a(;llzcclilil:cio?}?tt act as hydrogen bond donors and acceptors to oxygen atoms of ad
X ite occur at numerous localities 1dwi
but . ! u worldwide and have bee m be i i
this identity has never been proven. It is proposed that the name “destinezrilt:’S:Sll;e zd o eneieny
P
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f THE CLAY MINERALS SOCIETY. From 1952 through 1967 the publication’;
d mainly of the papers presented at the annual Clay Minerals Conferences. |
RNAL that is now published by the SOCIETY. The JOURNAL undertakes to 4

publish all articles of interest to the international community of clay scientists, and manuscripts are welcome from all countries. :
present the latest advances in research and technology concerming clays and other fine-grained minerals, .
he advancement of knowledge in many areas of clay science and technology, and it
ochemistry, sedimentology, soil science, agronomy, physical chemistry, collo
chemistry, ceramics, petroleum engineering, foundry engineeting, soil mechanics and other disciplines concerned with fine-grained mineral m;

terials. Despite their different backgrounds and special interests, clay scientists and technologists have much in common, as their problems invol
the structure, properties, otigin, occurrence and applications of the same minerals. CLAYS AND CLAY MINERALS exists to disseminate to fts]
worldwide readership the most recent developments in all of these aspects of clay materials.
“|nstructions for Contributors™ on the inside back cover of the JOURNAL

unrecognized component of soils where wi i i
mp : eathering of pyrite and apatit
may thus be a significant sink for phosphorus and sulfur in such soFi)Isl © hus oceurred ﬁ
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o0k the form of an annual Proceedings Volume compose!
In 1968 the publication was expanded to a bi-monthly Jou

CLAYS AND CLAY MINERALS aims to
Like its parent Society, the JOURNAL strives to promote
is therefore of value in mineralogy, crystallography, geology, g
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RODUCTION Bluff, Great Smoky Mountains Natidn

Diadochite and destinezite have variously been re- Sc¢ (Coskren and Lauf 1996). Their et
g;lrded as separate mineral species or as 2 forms of destinezite was originaily confirmed by powder XRD
the same species, with destinezite being, in the words (G. W. Robinson, personal communication 1995). Us-
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T ioia Jo Eberl, Manager b0 Box 1897 dochite ( y coarsely crystalline variety of dia- structure of destinezite, the details of which are re
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g cﬁMZ?,x c4:|:; ?ado 60308 USA. Lagr:nce, Kansas 66044-8897 i b eta.coumd in 1Fs original occurrences); dia- POI’tf:d h.ere. To verify the identity of our material and
ite has priority and is here used as the species destinezite, we have obtained destinezite from the type
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.demgnation.” This.latter view is commonly accepted locality (Argenteau, near Visé, Belgium) and con-
in contem'porary mineralogical reference works (Clark firmed that their powder XRD patterns are essentiall
.1993 ; Fleischer and Mandarino 1995), even though the identical. The destinezite sample was obtained thro z
identity of diadochite and destinezite has never actu- the courtesy of Prof. A.-M. Fransolet of the Unive u%
ally been demonstrated. The difficulty here is that of Liege, Belgium, and is a fragment of the same o
whereas d.estinezite is well crystallized and hence Weli imen investigated by Cesaro (1885) in his deﬁr?iri"ac_
chara‘cterlzed. chemically, optically, and crystallo- chemical and morphological study of this mineral (X, ‘
graphically, dl.adochite is amorphous (or very nearly M. Fransolet, personal communication 1995) -
:o)rz)o X-ray dlffr‘elcFion -(XRD) and commonly shows | In 'addition to clarifying the distinction betvs./een des-
on]i 1(1)1;11;1:6(1 variation in chemical composition from tinezite and fliadochite, this study calls attention to 2
the samel 1Y tZI .anothe‘r or even among specimens grom new facts of interest to soil scientists, namely that des-
1958: Fo oc ity (Hintze 1933; Jarkovsky and CiZel tinezite should be added to the existing list of soil

; .oldvarl .and Nagy 1985). minerals and that destinezite and diadochite (especial-
co\(,:;r 1nt1;efiest in tl}ese relations derives from the dis- ly the latter) may be significant components of soils
o toyl?)() estinezite {:rystals of unusually large size formed under favorable geochemical conditions. The
i ) Mm? occurring as a common constituent of nature of those conditions will be described in a sub-

e soil at a hitherto unreported locality, Alum Cave sequent section of this report.
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Figure 1. Euhedral crystals of destinezite associated with
acicular gypsum from Alum Cave Bluff.

Cave Bluff, on the slope of Mount Le Conte in the
Great Smoky Mountains, Sevier County, Tennessee.
The minerals have been studied extensively by Cos-
kren and Lauf and are the subject of a previous, brief
report (Coskren and Lauf 1996). Minerals present in
the soil under an overhanging cliff are predominantly
epsomite and pickeringite—apjohnite solid solutions,
but there are also a variety of other minerals, which
are primarily hydrated sulfates. Among the less com-

mon minerals are 3 new hydrated REE sulfate-oxa-
lates. All of these minerals owe their existence to
weathering of up-slope bedrock consisting of pyrite-
rich phyllites of the Precambrian Anakeesta Forma-
tion. Surface runoff transports weathering products
down to the overhanging cliff. Despite a high rainfall
of over 60 inches per year in the surrounding area, the
environment under the cliff overhang is dry, resulting
in evaporation of surface runoff and precipitation of
soluble compounds. Most of the minerals pres-
ent in the soil are highly soluble hydrates, whose or-
ed to the locally wet conditions. Destine-
zite, however, is much less soluble than most of its
associated minerals. It should therefore be more robust
than its associates, and we infer that it should occur

water-

igin is relat

in less arid situations.

Destinezite occurs in 2 closely related associations
at Alum Cave Bluff. The first consists of euhedral
crystals approximately 30 pm in size on surfaces and
in crevices of partially altered phyllite bedrock, where
it is commonly associated with gypsum crystals (Fig-
ure 1). The destinezite is present as pulverulent buff
to salmon-colored masses and coatings on rock frag-
ments, and as isolated crystals on acicular gypsum
crystals up to a few mm in length. The second type
of occurrence is as larger crystals up to 100 pm in
size embedded within massive pickeringite—apjohnite

or in crystal cavities of the latter.

Peacor, Rouse, Coskren and Essene
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Table 1. Crystal data for destinezite.

Alum Cave Bluff, Great Smoky Mits. ¥

Triclinic—P1

a = 9570 (1)

o = 9874 (1)°
Vv = 580.8 (2) A?
(Fe, Al,2) (PO, XSO, )OH)-6H,0 zZ=2
p(calc) = 2.411 glem?

Haut-le-Wastia, Belgiumi

c=17313 (1A

b = 9.716 (1)
v = 63.86 (1)°

g = 107.90 (1)°

I

Triclinic (alternative unit cell)

a = 9.585 (1) b =10235(1) ¢=7173350) A
a = 81°46 (1) = 107°57 (1)’ v = 121°10 1y
VvV = 585.7 (1) A’

Fez.oo(PO4)1_00(504)0.91(OH)'5~8H20 zZ=2
p(obs) = 2.27 g/cm® (Hintze 1933)

1 All data are derived from the crystal-structure analysis

(this study).
# Cell parameters are from powder diffractometer data and

the formula is from a wet-chemical analysis (Van Tassel
1985). The density is for crystals from Védrin, Belgium

(Hintze 1933).

X-RAY CRYSTALLOGRAPHY

Euhedral crystals of destinezite from the new local-
ity were separated from their associated minerals un-
der a binocular microscope on the basis of their color
and morphology. This identification was confirmed by
a Gandolfi photograph, the data from which accorded
well with PDF 12-209, 24-528 and 42-1364 (“dia-
dochite” on the PDF cards). After a preliminary study
with the precession camera, which confirmed the tri-
clinic symmetry of destinezite reported by Larsen
(1921), the best-quality crystal was mounted on an En-
raf-Nonius CAD4 4-circle diffractometer, and its unit-
cell parameters were refined by least-squares from the
optimized setting angles of 25 reflections between 18
and 33° 26. The unit-cell orientation given on PDF 42-
1364 was used throughout the course of this study.
Table 1 summarizes the basic crystal-chemical data of
Alum Cave Bluff destinezite and, for comparison, the
same data for destinezite from Haut-le-Wastia, Bel-
gium (Van Tassel 1985). The latter uses the other com-
monly used cell orientation for this mineral.

CHEMICAL COMPOSITION

A polished thin-section of Alum Cave Bluff desti-
nezite was prepared by setting in resin, dry cutting and
then polishing without the use of water. Although the
resin was not heated, exothermic processes that oc-
curred during setting may have caused some heating
of the sample. In thin-section, curved fractures were
observed in the crystals, a feature that implies some
degree of thermal dehydration of the sample during
preparation. Wavelength-dispersive scans with a Ca-
meca CAMEBAX electron microprobe (EMP) con-
firmed the absence of As at the 0.1 wt% level and the
presence of Mg in the crystals; that is, the Mg content

Vol. 47, No. 1, 1999
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Table 2. Selected chemical analyses of destinezite (wt%).¥

1 2 3 4 5
6 75 3 o

CaO .
cao 0.19 0.80
FeO 0.07 03
Fe,0; 3733 3760 3780 3

) . 2
o0 6.20 3766  35.60 33.% 3872 3784 3571
P,0; 1659 1676  16.83 ' 0

. . 17.2
POy 0 16,50  18.50 17.1 1592 15.95 19.92
A0 1.39
Vo 0.11
sic : 0.56 )
50 1871  18.85 }Z% 19.50 1932 17.30 207 1916  18.80 19.49
o 1676 12.(3)8 2468  17.60 '
HO (total) 2737 25.65  26.80 ' 1.6 s

) . 26.90f  26.47 '
Rem. 000 140  0.86 0.04 2?'38 @0l zg.gg 2050 AT

. 10026 9957  99.80 10018 10006  (100.0)  99.80  100.54  (100.00)

1 Localities: 1— i

R N;I‘rrlllsﬁr%galiuf;r)lr 5;24(P§)4)2(SO4)2(0H)2~12H2Q. 2—Argenteau, Belgium (type locality) (Cesaro 1885). 3
Coaly 1053, 6_No£thwe§t - aTn assel 1985). 4—S:ary_]as, Kygyzstan (Ankinovich 1958). 5—Chvaletice, B h ria
e e s oy & raR i dau, Kazakhstan (Aghnovich 1958). 7—Alum Cave Bluff, Great Smok 1(/[ ntains,
Tome e s Mountam arllna ;: ge, Tokmak, Uzbekistan (Moiseeva 1967). 9—Blyava, Soutilern Urals Ru};sia ?éntalnS,
s oven as 2090~ k ear ureka, Nevada (Hau_sen 1962). | srman

A in Ankinovich (1958), but 26.90 is consistent with the stated sum of “99.80” and with the wat
. er

content of destinezite from other localities.

§ Sample slightly dehydrated during pr i
eparat: i
q Water determined by difference. g preparation and EMP analysis.

of this destinezite is not due to inclusions of a second

phase. A preliminary examination with successive 10-
S an'ayytical intervals revealed that the mineral was
sens1t1\{e to the electron beam, with a monotonic in-
crease in S, P and Fe concentrations with time. Pre-
sumably this was due to partial dehydration of the
crystals under the beam. Therefore, the sample was
aqalyzed with a low beam current (6 nA), a relatively
wide scanning beam (6 X 6 wm raster) on both stan-
dards z.md sample, short counting times (10 s) and an
averaging of the 10 analyses performed. The resulting
average analysis (analysis 7 in Table 2) has Fe,O
(+AlL0,), P,O; and SO, concentrations that exceed the3
theo'retical values for Fe,(PO,)(S0,)(OH)-6H,0, con-
firming that some dehydration did occur during s.’ample
preparation and/or microprobe analysis.

Table 3. Unit-cell contents from analyses in Table 2.7

Table 2 compares the composition of Alum Cave

Bluff destinezite with those of the same mineral from
a representative selection of localities and parageneses
reported in the literature. Care was taken to consult
the original publications to ensure that the reported
analyses were actually performed on well-crystallized
destinezite rather than on diadochite. The analyses in
Table 2 demonstrate that, unlike diadochite, the chem-
ical composition of destinezite varies only within nar-
row limits and is essentially constant when minor cat-
ion substitutions are taken into account. The nature of
th.ose substitutions is evident from Table 3, which con-
tains the unit-cell contents for each analysis in Table
2 calculated using the measured cell volume and cal-
culated density of the Alum Cave Bluff material (Table
1). Analysis 7 implies solid solution of Fe(III) and

3

4 5

6 7

Ca

Felll 4 3.97

Al

P 2 1.99

v

Si

S 2 1.99

H 26 24.02

0 30 28.90
CHO - 12 11.01

3.99

1.99

1.81
25.09
28.97
11.54

0.03

3.82 3.98

2.04 1.96

2.05 2.03
25.18 24.78
29.60 29.39
11.59 11.39

0.12

3.76 3.82
0.45
2.20 2.03

0.11

1.82 2.18
24.62 21.54
29.25 28.86
11.31 9.77)

4.09
0.12
1.89

2.02
23.10
28.65
10.55

4.00

1.90

1.98
24.87
29.36
11.43

3.77
2.37
0.01
2.05
23.20

29.37
(10.60)

¥ Calculated using the unit-cell volume and calculated density of Alum Cave Bluff destinezite

1 44226 U/A SCI:JRS

216 U/A

12/23/799

83
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Table 4. Experimental details.

Crystal size
Radiation

Data measurement
Index limits
Maximum 28
Scan type
Scan rates
Scan widths
Intensity monitoring
Orientation monitoring

Data corrections

Structure refinement
Type
Function minimized
Reflection weights
Anomalous dispersion
Observations
Variables
R (observed data)
wR,, (observed data)
R (all data)
Esd obs. of unit wt.
Largest shift/error
Largest Ap (x, ¥, 2
Diffractometer
Computation
Hardware
Software

0.055 X 0.047 X 0.031 mm
Monochromatized MoKa, 50
kV and 30 mA

—2=hk=12and0=1=9

54.90°

/28

Between 0.4° and 5.5%/min in o

0.78 + 0.35 tan 6

3 reflections every 3 h

3 reflections every 400 reflec-
tions

Lorentz-polarization and ab-
sorption (j; = 26.5 cm™)

Full-matrix least-squares
2M)(ll;‘L)bs_lFIcal)z

4F?, /0 (FPos)

For all atoms

1420 reflections with I > 20(D)
174

0.046

0.048

0.182

1.22

0.00 .
+0.75 and —0.29 e/A*
Enraf-Nonius CAD4

MicroVAX 3100
MOolEN system

AI(III) on the octahedral sites of destinezite, and this
is confirmed by the crystal-structure analysis,
yielded (Fe, s2Al46) per cell. By contrast, analysis 8 is
consistent with full occupancy o

by 4 Fe and with (Pys

Analysis 9 implies a differ
1y (P,5As,,). The only pos
for the tetrahedral S site are
analysis 6. The former is possible, but the Si in anal-
ysis 6 is probably a contamin
ica being sometimes associated
ysis 10 shows minor V, but its structural role is am-
biguous owing to the quality of the analysis. Both
[Fe(ID, V{ID] and [P(V), V(V)] solid solutions are
possible based on jonic charge and r

ations.

Many analyses of destinezite show minor CaO and
MgO, for example, analyses 5-7. These components
have usually been attributed to sample contamination,
but the EMP results presented here show that this may
not always be the case. Modern analyses of diadochite
Nagy 1985) show numerous ad-
KO,

(such as Foldvari and

ditional minor and trace components such as
Na,O, MnO, PbO, TiO, and CO,, but this is merely a
reflection of the general variability and uncertainty in
the composition of that miner
that the number of H,O molecules in destinezite is
between 11 and 12 per cell, discounting analyses 7 and

which

f the octahedral sites
Al,;) on the tetrahedral P site.
ent substitution for P, name-
sible substitutions indicated
(S15Po2) or (8,5510.1) in

ant, microcrystalline sil-
with destinezite. Anal-

adius consider-

al. Table 3 also indicates

Table 6. Pcositional and equivalent isotropic d

rameters (A?).

Clays and Clay Minerals

isplacement pa-

Atom x y Z B (A)
M1 0.8951 (1) 0.3128 (1) 0.8005 (1) 097
M2 0.2380 (1) 0.2948 (1) 0.6822 (1) 0912
P 0.0544 (2) 0.3842 2) 0.2426 (2) 0.94 (4)
S 07016 (2) 0.2353 2) 03769 2) 1.35 (4)
Olw 0.3408 (5) 0.2869 6) 0.9787 (7) 1.9 (1)
02 0.7363 (5) 0.3479 5) 05281 (@) 1.6 (1)
03 0.0260 (5) 0.2823 (5) 0.0691 (6) 1.4 (1)
O4w 0.4052 (5) 0.3673 5) 0.6493 (@) 1.6 (1)
O5w 0.9092 (5) 0.0942 B) 0.7935 (1) 1.8 (1)
06 0.1673 (5) 0.2773 ) 04078 ®y 141
O7h 0.0866 (5) 0.2194 (5) 0.7057 (6) 1.4 (1)
08 0.8625 (5) 0.5246 (5) 0.7987 (7) 1.6 (1)
09 0.1041 (5) 0.5077 (5) 07138 6) 1.5 (1)
010w 0.6937 (5) 0.3772 (5) 0.8963 6) 16
Ollw 0.7226 (6) 0.0121 (6) 09289 @® 25
012 0.6188 (6) 0.3181 6) 0.1953 (7) 23 (1)
013w 0.4221 (5) 0.0824 (5) 0.6852 @ 19
014 0.4044 (5) 0.8136 (5) 05710 (7 20
015 0.1490 (6) 0.8936 (7) 0.6358 ® 332
H1 0.4186 0.3127 0.0234 4.7
H2 0.2500 0.3610 0.0014 4.7
H3 0.3625 0.4384 0.5725 47
H4 0.4548 0.3114 0.5731 4.7
H5 0.0181 0.9930 0.2502 4.7
H6 0.1648 0.9375 0.2017 4.7
H7 0.0931 0.1308 0.6328 4.7
H8 0.3334 0.6197 0.9963 4.7
H9 0.2869 0.5306 0.1136 4.7
H10 0.2969 09115 0.9752 4.7
Hil 0.2316 0.0852 0.0617 4.7
Hi2 0.4766 0.9426 0.2518 477
H13 0.4142 0.9896 0.6657 4.7

Note: Anisotropically refined atoms are given
isotropic equivalent displac
4/3[a*B(1,1) + b*B(2,2 +
ac(cosP)B(1,3) + be(cosa
The H atoms were held cons

from the difference synthesis and

10 in which no analytical determination of H,O was
made. This is in accord with the crystal-structure anal-
ysis, which unambiguously indicates 12 H,O per cell.
The conventional formula of destinezite/diadochite,
Fe,(PO,)(SO,)(OH)-5H,0 with
eralogical reference books is th

respect.

STRUCTURE SOLUTION AND REFINEMENT

A total of 2874 reflection intensities in 1 asymmet-
m 20 of 55° were measured with
a CAD4 diffractometer, and the data were corrected
and absorption effects. The
scan method of Noxth et

ric unit to a maximu

for Lorentz-polarization
latter was done using the psi-
al. (1968). Averaging of symmetry-equivalents yielded
a final data set of 2664 reflections of which 1420 hav-
ing I > 20 (I) were considered “observed.” Addition-
al details of the data measurement and reduction are

presented in Table 4.

with their
ement parameters, defined as
c?B(3,3) + ab(cosy)B(1,2) +
)B(2,3)]. Esds are in parentheses.
tant at the coordinates Oderived

B, values of 4.7 A2

iso

7 = 2, given in min-
erefore in error in this

Vol. 47, No. 1, 1999
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Table 7. Anisotropic displacement parameters (A2,

Atom ua, n U2, 2) U3, 3) U, 2) u(l, 3) U2, 3)
Ml 0.0125 (3) 0.0148 (4) 0.0115 (4) ’

mi 00 . —0.0075 (3) 0.0025 3

» o.o} ;g % 8.333 E;l) 0.0115 (4) ~0.0048 (3) 0.0028 233 3'88(1)?1 8;
P 0012 © 00119 (7) 0.0100 (7) ~0.0044 (5) 0.0025 (5) 0.0015 (6)
5 00185 © 0016 4 0.0174 (8) ~0.0085 (5) 0.0074 (6) ~0.0045 (6)
o1 0017 @ 005 Ez) 0.024 (2) —0.009 (2) 0.003 (2) 0.002 (2)
02 o021 0021 2 0018 (2) —0011 () —0.001 (2) 0.005 (2)
03 o021 @) 0013 Ez) 0017 (2) ~0.004 (1) 0.006 (2) ~0.002 (2)
Oaw 003 @ 0015 (2) 0.023 (2) ~0.009 (1) 0.009 (2) ~0.003 (2)
0s 0026 @ 0016 ) 0.030 (2) —0.009 (2) 0011 (2) ~0.000 (2)
06 o018 @ 0015 22) 0.013 (2) —0.000 (2) 0.003 (2) 0.003 (2)
o7 0022 0016 (2) 0021 (2) —0.010 (1) 0.011 (2) ~0.005 (2)
o8 0019 @ 0.020 (23 0.022 (2) —0.009 (1) 0.006 (2) 0.003 (2)
010w 0021 (2) 0.025 (2) 8'83 % _8'8(1); 8; oo &) “000
010w . 0. 0.01 -

ot 8:82(3) 8; 8'84212 g) 0.037 (3) ~0.009 (2) o.ooé 83 —8'885 8;
o1z 0053 2 004 ) 0018 (2) -0.026 (2) ~0.001 (2) 0.008 (2
o14 0032 &) 002 &) oo’ o _oots &) 0018 &) o0
! . 0. , -

015 0.028 (2) 0.040 (3) 0.048 (3) ~0.001 (23 8.82 8 —3'883 %

The structure was solved in space group P1 using
Fhe direct methods program MULTAN11/82, which is
incorporated in the Enraf-Nonius crystallographic soft-
ware system MolEN. MULTAN revealed the locations
o.f all cation sites (other than H) and 12 of the 15 anion
sﬁ;s. A difference synthesis revealed the remaining
anion sites, and this model refined to an R(obs) of
8.6%, using isotropic displacement factors and unit
weights for the reflections. Introduction of a weighting
scheme based on o(F) and refinement of site occupan-
cy factors for M1 and M2, assuming (Fe,Al) on each
reducF:d the unweighted R(obs) to 8.1%. Conversion,
to anisotropic displacement factors for all atoms re-
duced R(obs) to 5.7%, but the excessively elongated
shapes of many of the ellipsoids indicated that the psi-
scan absorption correction was inadequate. A supple-

mc.:ntary absorption correction was therefore applied
using the program DIFABS (Walker and Stuart 1983).
This produced ellipsoids of reasonable shape and re-

duced R(obs) to 4.9%.

. At this point, empirical bond-valence calculations
identified Olw, O4w, O5w, O10w, Ol1lw and O13w
as belonging to H,0O molecules and O7h as part of the
hydroxyl ion. A series of difference syntheses, com-
bined with the application of the bond distance and
angl'e criteria expected for H,O in crystalline hydrates
(.C'hlari and Ferraris 1982), revealed the probable po-
§1t10ns of all 13 nonequivalent H atoms. However, the
1sotropic displacement factors of a few of these reiined
to negative values and their refined coordinates yielded
H,O bond parameters that were much less reasonable
than those calculated from the coordinates derived
from the difference synthesis. Accordingly; in the final
cycles of refinement, the H coordinates were fixed at
those from the difference maps and the H displace-

Note: The form of the anisotropic di i
pic displacement parameter is exp[—2w2{#2a*U(1
) 1 27,2
2) + 2hlacU(1, 3) + 2kibcU(2, 3)}], where a, b and ¢ are reciprocal Iat{tice co(nstar)lt: PR, 2) = FEUG, 3+ 2kabtil,

ment.factors were fixed at the average of the non-
negative refined values, resulting in a final R(obs) of
4.6%. A final refinement of M1 and M2 site occupan-
cy factors yielded 1.812(9) Fe + 0.188 Al and
1.733(9) Fe + 0.267 Al atoms, respectively. Addition-
al details of the structure solution and refinement are
presented in Table 4. Table 5 (a copy of Table 5 may
be obtained by contacting the authors) contains the
observed and calculated structure factors, Table 6 the
reﬁn'ed atomic parameters, Table 7 the refined aniso-
tropic atomic displacement factors and Table 8 some
selected interatomic distances and angles.

DESCRIPTION OF CRYSTAL STRUCTURE
Overview of Structure Topology

Figure 2 is a plot of the structure projected parallel
to c* [onto (001)], whereas Figure 3 is a view in which
the structure is rotated 90° around a [a view projected
onto a plane near (010)]. The structure is dominated
by chains extending infinitely parallel to ¢, viewed
f:nd—f)n in Figure 2 and perpendicular to their length
in Elgure 3. However, as shown in Figure 3, neigh-
boring chains linked together by hydrogen bonds de-
fine slabs oriented parallel to (010), and these slabs
are separated by single layers of water molecules
O11w. In that respect, the structure bears some resem-’
blancet to the hydrated layer silicates, although there is
no evidence for expendability. Indeed, the system of
hydrogen bonds that is described below appears to de-
fine a well-ordered structure in which the “interlayer”
water, Ol1w, is essential in the defined stoichiometric
formula. ’

. Figures 4 and 5 show details of the chain, as pro-
jected approximately onto (100), that is, approximately




Table 8. Selected

interatomic distanc
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es (1&) and angles (°).

M(O, OH, H,0), Octahedra

M1-08 1.942 (6) M2-09 1.917 (5)
O7h 1.946 (5) 06 1917 (5)
03 1.963 (5) O7h 1.947 (5)
010w 2.057 (5) 013w 2.037 (6)
05w 2.061 (6) Olw 2.085 (6)
02 2.069 (5) Od4w 2.096 (5)
Mean 2.006 Mean 2.000
TO, Tetrahedra
P-06 1.515 (5) 03-P-06 106.2 (3)
09 1.516 (5) 03-P-08 108.8 (3)
03 1.519 (5) 06-P-08 109.4 (3)
08 1.536 (6) 08-P-09 110.3 (3)
Mean 1.522 03-P-09 110.6 (3)
06-P-09 111.3 (3)
Mean 109.4
S-015 1.446 (6) 02-S-012 106.5 (3)
014 1.455 (6) 02-8-014 107.9 (3)
012 1.468 (6) 02-8-015 110.0 (4)
02 1.502 (6) 012-8-014 1103 4
Mean 1.468 012-S-015 110.8 (4
014-8-015 111.2 4)
Mean 109.4
H-Ow-H Ow-H--O
Olw O1lw-H1 0.84 H1--012 1.96
Olw-H2 0.90 Olw-H1.-012 159°
Hi1-H2 1.43 H2.--08 1.99
H1-O1w-H2 110° Olw-H2--08 146°
Odw O4w-H3 0.83 H3---02 2.01
O4w-H4 0.82 O4w-H3--02 160°
H3-H4 1.16 ‘ H4---014 1.86
H3-O4w-H4  89° 0O4w-H4--014 171°
O5w 05w-H5 0.92 H5.--015 1.86
0O5w-H6 0.90 O5w-H5--015 156°
H5-H6 1.40 H6---O11w 1.88
H5-05w-H6 101° O5w-H6--O11w 153°
O7h O7h-H7 0.93 H7.--015 2.13
O7h-H7--015 146°
010w 0O10w-HS8 0.89 H8.--012 1.85
010w-H9 1.01 O10w-H8.-012 160°
H8-H9 1.58 H9---Olw 2.32
H8-O10w-H9 112° 010w-H9--Olw 139°
Ollw Ollw-H10 0.94 H10--012 2.32
O11w-H11 0.85 O11w-H10--O12 165°
H10-H11 1.62 H11--03 2.06
H10-Ol1w-H11 130° Ol1lw-H11--03 146°
013w 0O13w-H12 0.87 H12---O11w 1.86
0O13w-H13 0.92 013w-H12--Ol1w 168°
H12-H13 1.41 H13--014 1.78
H12-013w-H13 103° O13w-H13--014 166°
Oow-0
Olw Olw-O12 2.766 (8) Ol0w O10w-012 2.707 (@)
08 2.773 (8) Olw 3.149 (8)
Odw O4w-02 2.807 (7) Ollw O11w-012 3.232 9
014 2.669 (8) 03 2.811 (8)
05w 05w-015 2.720 (8) 013w O13w-Ollw 2.721 ®
Ollw 2.717 (8) 014 2.680 (8)
O7h O7h-015 2.944 (9)
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parallel to a, 50 that the chain direction, ¢, is horizon-
tal, and the view of the chain is from the side. The
repeating subunit of the chain consists of 2 MX, oc-
tahedra [M = (Fe,AD) and X = (O,0HH,O)] and a
PO, tetrahedron. M(1)X, and M(2)X, octahedra share
a common vertex, and the PO, tetrahedron shares 1
vertex each with the 2 kinds of octahedra, forming a
3-membered polyhedral ring. As shown in Figure 5,
such units are staggered and are linked along the
chains’ length by sharing tetrahedral vertices. The ar-
rangement is one in which each phosphate tetrahedron
shares all 4 of its vertices with M(1)X, and M(2)X,
octahedra, knitting the chain together, but from within
the body of the chain. By contrast (Figure 2), each
SO, tetrahedron is attached to the chain along its pe-
riphery, sharing 1 vertex with an M(DX octahedron
and with 2 other vertices pointing towards an adjacent
chain.
Siisse (1971) has suggested a simple way to diagram
the linkages between tetrahedra and octahedra in re-
lated structures that have infinitely extended chains
consisting of vertex-sharing octahedra and tetrahedra.
Figure 6 shows such diagrams for destinezite and for
several other sulfates having related types of chains.
The topology of the chain in destinezite appears to be
unique, based on our review of such relations in other
sulfate and phosphate structures. Members of the but-
lerite—fibroferrite group (Mereiter 1979; Scordari
1981), botryogen (Siisse 1968) and copiapite (Siisse
1972) all contain chains made up of the same 3-mem-
bered-ring subunits that occur in destinezite, but the
method of linking subunits is different in each case

(Figure 6).

Hydrogen Bonding
Empirical bond valences (Table 9) fall into the well-
defined ranges expected for oxide ions, hydroxyl ions
and water molecules. The bond valence sums are ap-
proximately 0.4 for Olw, 04w, O5w, O10w and
013w, consistent with a slight overbonding of the wa-
ter molecules that are bonded to M1 and M2. How-
ever, the valence sum to 011w is zero, consistent with
its role as an interlayer molecule not bonded to any
cation. The sum of 1.17 defines O7h as a hydroxyl
ijon. The oxide ions are all underbonded, with sums
less than 2.00. Valence sums for O of phosphate tet-
rahedra are in the range 1.80 to 1.90, consistent with
a slight underbonding. Three of the 4 O atoms of the
sulfate tetrahedra, 012, 014 and OI15, are severely
underbonded, with sums of 1.52 to 1.62, owing to the
fact that they are unshared tetrahedral vertices. A need
for valence contributions from several H bonds is
therefore indicated for each of these atoms.
Hydrogen bonding serves 2 purposes in the desti-
nezite structure: 1) From the viewpoint of structural
topology, it provides the only linkage between adja-
cent tetrahedral-octahedral chains. As shown in Fig-
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Fe

O OH H,O Ollw

Figule 2. A p]O’CCfO]l of the str = g L
b - ¢ ucture onto (()01) showing end-on view i e chains are linked together the
s mg iews of 4 chains. Th i i i
l(.)IlZ(.)] ital dir e.ctl()n by hydrogf%n bonds to form slabs parallel to (Ol“) The slabs are SCY yarated from one another in the vertica
direction by smgle sheets of 1nterlayeI H,O molecules (()1 1W), Ieplesented here as black dots '
2 .

ures 3 and 4, the sulfate tetrahedra, which are situated
on the periphery of the chains, are adjacent to octa-
hedron vertices defined by hydroxyl ions and water
molecules. These 2 groups serve as charge donors and
Fhe oxygen atoms of sulfate groups as receptors, bond-
ing parallel chains into slabs oriented parallel t(; (010).

2) Fr(.)m a charge distribution viewpoint, H-bondin
effectively redistributes electronic charge throughougt
the structure, especially from the overbonded oxygen
atoms of the H,O and OH groups to the severely un-
derbonded oxygen atoms of the sulfate groups and the
moderately underbonded phosphate  oxygen atoms

Fe P S O OH Hy0 Olw

g P » ’

Figure 3. A IOJCCtl() 1 of 3 chains from 1 of the slab ure onto a p ar (010), that is, a t()I) view of pa]l of 1
S 1n Flg re 2 on lane ne

octahedra in I chain and the S()4 tetrahedra in the adJacent chain. All chains thus linked constll)ute 1 slab. ( )
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Figure 4. A projection of 2 > )
PO, tetrahedra which constitute the basic subunits of each ch:

chains, where they receive the hydrogen b
represented as small black circles.

This ensures local charge neutralization and thus pro-
motes the overall stability of the structure.

With regard to the underbonded oxide ions, the
number and strength of H bonds to any given acceptor
O atom should be proportional to the degree of un-
derbonding of that atom. Specifically, the degree of
underbonding increases in the order 08 ~ 02 ~ O3

Figure 5. A polyhedral representation of 1 chain, showin,
peripheral SO, groups are omitted.

chains onto a plane near (100), showing the

onds (dashed lines) that bridge the interchain gaps. The “interlayer”
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3-membered rings of M(Q,0H,H,;0)s octahedra and

n. The SO, groups are attached to the outer margins of the

ai
H,O are

< 015 < 014 < 012, the first 3 atoms being mod-
erately underbonded (valence sum = 1.8 v.u.) and the
last 3 much underbonded (valence sum = 1.5 — 1.6
v.u.). Inspection of interatomic distances (Table 8) in-
volving H atoms and the O atoms of OH and H,O
groups shows that, as expected, the members of the

first group receive 1 or 2 H-bonds and have average

¢ the method of linkage of adjacent intrachain subunits. The
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Figure 6. Schematic representations after Siisse (1971) of the chain structures in hydrated Fe sulfates containing 3-membered
rings of 2 octahedra plus 1 tetrahedron. Symbols: O = Fe(O,0H.H,0),, T = SO, (except for destinezite, where T = PO, and

T’ = SO,), line = a shared polyhedral vertex.

H ... O and O-O distances of 2.02 and 2.81 A, re-
spectively, whereas members of the second group re-
ceive 2 or 3 H-bonds and have average H ... O and
0-O distances of 1.91 and 2.75 A, respectively (ex-
cluding the weak Ol1lw-H10 ... O12 interaction).
Thus, the more severely underbonded atoms receive
stronger H-bonds, the bond strengths being inferred
qualitatively from the distances O-O and H ... O.

Interlayer Bonding

The layered aspect of the destinezite structure is de-
fined by slabs of parallel chains separated by planes
of interlayer water molecules, O11w. Hydrogen bond-
ing involving O11w, O5w, O7h and O13w is the only
mechanism by which adjacent slabs are bonded to-
gether (Figure 4). Atom Ollw is a donor to under-
bonded oxide ligands of sulfate and phosphate groups
in adjacent slabs through the configurations O1lw—
H10 ... 012(S) and Ol1w-H11 ... O3(P) and is also
an acceptor from H,O ligands of MX, groups through
the configurations (M1)O5w-H6 Ollw and
M2)0O13w—H12 ... Ollw. (Here the symbols in pa-
rentheses indicate the chain cations to which donor or
acceptor oxygen atoms are bonded). The combined do-
nor-acceptor role of Ol1w produces a coordination of
this atom by 4 H atoms at the vertices of a distorted
tetrahedron.

Table 9. Empirical bond valences (v.u.).

DIADOCHITE AND DESTINEZITE AS POSSIBLE
SIGNIFICANT SOIL MINERALS

Well-crystallized destinezite most commonly occurs
in reniform nodules several centimeters in diameter
associated with clay minerals and other phyllosilicates.
The nodules are aggregates of minute tabular crystal-
lites, ranging in size from a few to a few tens of mi-
crometers. At the type locality, destinezite nodules oc-
cur embedded in clay beds in a coal formation and are
associated with minute crystals of quartz and mica
(Cesaro 1885, 1897). Another typical locality is the
Kurama Ridge in the Tokmak leucocratic zone of Uz-
bekistan (Moiseeva 1967, 1970), where the nodules
occur in kaolinite and hydromica beds associated with
gypsum and jarosite in sericitized volcanic rocks. Here
the formation of destinezite is attributed to reaction of
primary apatite with sulfate-bearing solutions derived
from the decomposition of pyrite (Moiseeva 1967).
The formation of destinezite from apatite (and perhaps
other primary and secondary phosphates) and sulfate
solutions derived from alteration of pyrite is perhaps
the most frequently cited mode of formation for this
mineral, and this pattern holds true for the Alum Cave
Bluff occurrence.

The surface waters at Alum Cave Bluff are highly
acidic, an observation consistent with laboratory ex-

Olw 02 03 O4w O5w 06 O7h 038 09 010w Ollw 012 013w 014 0o15 3V,
M1 042 0.56 043 0.59 0.60 044 — 3.04
M2 040 0.39 0.63 0.58 0.63 — 0.46 3.09
P 1.26 1.27 1.20 1.27 — 5.00
S 1.39 — 152 158 1.62 6.11
3V, 040 1.81 182 039 043 190 1.17 180 190 044 — 152 046 158 162

calculated using the constants of Brese and O’Keeffe (1991).

Note: Bond valences for M1 and M2 are weighted averages for (Fe, g Al, 5) and (Fe, ;;Aly,;), respectively. All valences are
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periments on similar rocks, which have yielded pH
values as low as 2 (Jago 1989). The coexistence of
gypsum and destinezite in an acidic, evaporitic envi-
ronment at Alum Cave Bluff (and other localities) has
implications for the possible formation of destinezite
in soils under non-evaporitic conditions. The equilib-
rium represented by the reaction:

Ca,(PO,);(OH) + 850,> + 6Fe?* + 30H,0
= 5CaS0,-2H,0 + 3Fe,(SO.,)(PO,)(OH)-6H,0
+ 2H* 1]

lies to the right at Alum Cave Bluff, suggesting that
hydroxylapatite in soil should react with a sufficient
concentration of sulfate and ferric iron ions to produce
destinezite plus gypsum. Under humid conditions the
gypsum would be removed in solution.

The more stable fluorapatite should be more resis-
tant to chemical attack, but the presence of Ca may
provide a fluoride sink so that a second equation may
be written:

2Cas(PO,);F + 1580, + 12Fe?** + 60H,0
= CaF, + 9CaS0O,2H,0O
+ 6Fe,(SO,)(PO,)OH)-6H,O + 6H*. 2]

If this reaction also proceeds to the right in the pres-
ence of sufficient concentrations of sulfate and ferric
iron ions, then soil fluorapatite should be unstable and
react to produce destinezite plus gypsum plus fluorite.
As in the previous case, the gypsum would be re-
moved in a humid climate. Acid conditions are re-
quired for this reaction in order to maintain a sufficient
concentration of ferric iron ions in solution. Under
conditions of higher pH, the concentration of ferric
ions will be reduced to a small value by precipitation
of ferric oxides (such as goethite and hematite), and
both reactions will be driven to the left. Therefore, the
formation of destinezite should be favored in soils
having low pH values.

Although destinezite and diadochite have not been
previously reported as soil minerals (Lindsay et al.
1989), P. B. Moore (personal communication 1995)
has suggested that they may be significant in some
soils, in part as repositories of inorganic phosphate.
Indeed, the occurrence of destinezite in that role at
Alum Cave Bluff suggests that additional occurrences
may exist wherever the associated rocks have the ap-
propriate mineralogical composition noted above.
“Diadochite” is also a common alteration product of
primary pegmatite phosphates in the zone of weath-
ering, where it occurs as thin, discontinuous films and
crusts in fractures in quartz. Soil scientists should be
cognizant of the possible occurrence of diadochite/des-
tinezite in soils where it is geochemically favored by
the conditions defined above. At the hand specimen

Clays and Clay Minerals

level where it is sufficiently abundant to be identified,
it may appear to be little more than an obscure surface
coating. Indeed, it is conceivable that diadochite is a
minor, but not uncommon, constituent of some soils,
its presence having gone undetected owing to the fact
that its noncrystalline or poorly crystalline character
and minute grain size inhibit its identification by the
standard powder XRD techniques commonly used for
studies of soil mineral assemblages.
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