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2) From a charge distribution viewpoint H-b d'it . ' on mg
e ecttvely redistributes electronic charge throughout
the structure, especially from the overbonded oxygen
atoms of the H20 and OH groups to the severely un­
derbonded oxygen atoms of the sulfate groups and the
moderately underbonded phosphate oxygen atoms.
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ures 3 and .4, the sulfate tetrahedra, which are situated
on the penphery of the chains, are adjacent to octa­
hedron vertices defined by hydroxyl ions and water
molecules. These 2 groups serve as charge donors and
~he oxygen ato~s ~f sulfate groups as receptors, bond­
mg parallel chams mto slabs oriented parallel to (OlO).

• • 0 0 @ •
Fe P S 0 OH H20 Ollw

Figure 2 A pro' f f h" ~ec IOn 0 t e structure onto (001) h' d .hOrIzontal direction by hydrogen bonds to form slabss ::l~~rt~ -on views of 4 chains. The chains are linked together in the
directIOn by single sheets of "interlayer" H 0 molec~les (011 (0) 10). The slabs are separated from one another in the vertical

2 w , represented here as black dots.

• • 0 0 @ •
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Figure 3 A . f f 3. . proJec Ion 0 chains from 1 of the slabs in Fislab. The Interchain gaps are bridged in the horizontal direcfo g~re 2 onto a plane near (010), that is, a top view of part of 1
octahedra m 1 chain and the 50 tetrahedra in the d' I ~ . y hydrogen bonds (dashed lines) between the M(O OH H 0)

4 a Jacent c am. All chams thus linked constitute 1 slab. " 2 6
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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 01w, 04w, 05w, OlOw and
013w, consistent with a slight overbonding of the wa­
ter molecules that are bonded to Ml and M2. How­
ever, the valence sum to Ollw is zero, consistent with
its role as an interlayer molecule not bonded to any
cation. The sum of 1.17 defines 07h as a hydroxyl
ion. The oxide ions are all underbonded, with sums
less than 2.00. Valence sums for 0 of phosphate tet­
rahedra are in the range 1.80 to 1.90, consistent with
a slight underbonding. Three of the 4 0 atoms of the
sulfate tetrahedra, 012, 014 and 015, 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-

parallel to a, so that the chain direction, c, is horizon­
tal, and the view of the chain is from the side. The
repeating subunit of the chain consists of 2 MX6 oc­
tahedra [M = (Fe,Al) and X = (O,OH,HP)] and a
P0

4
tetrahedron. M(1)X6 and M(2)X6 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)X6 and M(2)X6

octahedra, knitting the chain together, but from within
the body of the chain. By contrast (Figure 2), each
S04 tetrahedron is attached to the chain along its pe­
riphery, sharing 1 vertex with an M(1)X6 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).
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M(O, OH, H20)6 Octahedra

M1-08 1.942 (6) M2-09
07h 1.946 (5) 06

03 1.963 (5) 07h
010w 2.057 (5) 013w

05w 2.061 (6) 01w
02 2.069 (5) 04w

Mean 2.006 Mean

Ow-O

01w 01w-012 2.766 (8) 010w 010w-012 2.707 (7)

08 2.773 (8) 01w 3.149 (8)

04w 04w-02 2.807 (7) 011w 011w-012 3.232 (9)

014 2.669 (8) 03 2.811 (8)

05w 05w-015 2.720 (8) 013w 013w-011w 2.721 (8)

011w 2.717 (8) 014 2.680 (8)

07h 07h-015 2.944 (9)

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

5-015 1.446 (6) 02-5-012 106.5 (3)

014 1.455 (6) 02-5-014 107.9 (3)

012 1.468 (6) 02-5-015 110.0 (4)

02 1.502 (6) 012-5-014 110.3 (4)

Mean 1.468 012-5-015 110.8 (4)
014-5-015 111.2 (4)

Mean 109.4

H-Ow-H Ow-H-··O

01w 01w-H1 0.84 Hl···012 1.96

01w-H2 0.90 01w-H1···012 159°

H1-H2 1.43 H2···08 1.99

H1-01w-H2 110° 01w-H2···08 146°

04w 04w-H3 0.83 H3···02 2.01

04w-H4 0.82 04w-H3···02 160°

H3-H4 1.16 H4···014 1.86

H3-04w-H4 89° 04w-H4···014 171°

05w 05w-H5 0.92 H5···015 1.86

05w-H6 0.90 05w-H5···015 156°

H5-H6 1.40 H6···011w 1.88

H5-05w-H6 101° 05w-H6···011 w 153°

07h 07h-H7 0.93 H7···015 2.13
07h-H7···015 146°

o lOw 010w-H8 0.89 H8···012 1.85

010w-H9 1.01 010w-H8···012 160°

H8-H9 1.58 H9···01w 2.32

H8-01Ow-H9 112° 010w-H9···01w 139°

011w 011w-H10 0.94 HlO···012 2.32

011w-H11 0.85 011w-H10···012 165°

H10-H11 1.62 H11···03 2.06

HlO-011w-H11 130° 011 w-H11···03 146°

013w 013w-H12 0.87 H12···011w 1.86

013w-H13 0.92 013w-H12···011w 168°

H12-H13 1.41 Hl3···014 1.78

H12-013w-H13 103° 013w-H13···014 166°

Table 8. 5elected interatomic distances (A) and angles CO).
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Destinezite

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-

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

H ... 0 and 0-0 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 ... 0 and
0-0 distances of 1.91 and 2.75 A, respectively (ex­
cluding the weak 011w-HIO ... 012 interaction).
Thus, the more severely underbonded atoms receive
stronger H-bonds, the bond strengths being inferred
qualitatively from the distances 0-0 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, 011w. Hydrogen bond­
ing involving 011w, 05w, 07h and 013w is the only
mechanism by which adjacent slabs are bonded to­
gether (Figure 4). Atom 011w is a donor to under­
bonded oxide ligands of sulfate and phosphate groups
in adjacent slabs through the configurations 011w­
HIO ... 012(S) and 011w-H11 ... 03(P) and is also
an acceptor from H20 ligands of MX6 groups through
the configurations (Ml)05w-H6 ... 011wand
(M2)013w-H12 ... 011w. (Here the symbols in pa­
rentheses indicate the chain cations to which donor or
acceptor oxygen atoms are bonded). The combined do­
norcacceptor role of 011w produces a coordination of
this atom by 4 H atoms at the vertices of a distorted
tetrahedron.

~igure 6. Schematic representations after Siisse (1971) of the chain structures in hydrated Fe sulfates containing 3-membered
n?gs of 2 oc.tahedra plus 1 tetrahedron. Symbols: ° = Fe(O,OH,H20)6' T = SO. (except for destinezite, where T = P04 and
T = SO.), Ime = a shared polyhedral vertex.

Olw 02 03 04w 05w 06 07h 08 09 OlOw Ollw 012 013w 014 015 :Ev,

Ml 0.42 0.56 0.43 0.59 0.60 0.44 3.04
M2 0.40 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 1.52 1.58 1.62 6.11
~V, 0.40 1.81 1.82 0.39 0.43 1.90 1.17 1.80 1.90 0.44 1.52 0.46 1.58 1.62

Note: Bond valences for M1 and M2 are weighted averages for (FeI.8]Alo]9) and (Fe] nAla27)' respectively. All valences are
calculated using the constants of Brese and O'Keeffe (1991). . . .
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~ 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 0 atoms of OH and H20
groups shows that, as expected, the members of the
first group receive 1 or 2 H-bonds and have average

•

•
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Figure 5. A polyhedral representation of 1 chain, showing the method of linkage of adjacent intrachain subunits. The

peripheral S04 groups are omitted.

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 ~ 03

Figure 4. A projection of 2 chains onto a plane near (100), showing the 3-membered rings of M(O,OH,H20)6 octahedra and
P0

4
tetrahedra which constitute the basic subunits of each chain. The ~04 groU?S are a~tached to the ,~uter mar~,ms of the

chains, where they receive the hydrogen bonds (dashed lines) that bndge the mtercham gaps. The mterlayer H20 are

represented as small black circles.
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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.

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

[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:

Ca
S
(P04)3(OH) + 8S0/- + 6Fe3

+ + 30H20

5CaS04.2H20 + 3Fe2(S04)(P04)(OH)·6H20

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:
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