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CRYSTAL CHEMISTRY AND SYSTEMATIC
CLASSIFICATION OF HYDRATED

BORATE MINERALS*

C. L. Cunrsr, [/. S. Geolog,ical, Suroey, Washington 25, D. C.

Ausrnecr

A systematic classification is made of hydrated borates of known crystal structures,
based upon the structures of the complex boron-oxygen polyions contained in these
crystals. From considerations of these known polyanion structures, Iour rules are deduced
governing the nature of such polyanions. The structural formulas of a number of hydrated
borates of known composition, but of unknown crystal structure, are predicted from the
application of these rules and other reasonable crystal-chemical arguments.

IurnorucrtoN

As a result of a number of investigations carried out in this and other
laboratories in recent years, our knowledge of the crystal structures of
hydrated borates has reached the stage where it is now feasible both to
state several rules which seemingly govern the nature of the complex
boron-oxygen polyions contained in such crystals, and to attempt a sys-
tematic classification of the known hydrated borates. It is the purpose of
the present short paper to outl ine briefly some of the results obtained
along these lines; a detailed paper is in preparation and wil l be published
at some future time.

Four rules may be stated (Christ, 1959) : (1) boron wil l l ink either three
oxygens to form a triangle, or four oxygens to form a tetrahedron; (2)
polynuclear anions are formed by corner sharing only of boron-oxygen
triangles and tetrahedra in such a manner that a compact insular group
of low to medium negative charge results; (3) in the polyions of hydrated
borates, those oxygens not shared by two borons always attach a proton
and exist as hydroxyl groups; (a) the insular groups may polymerize in
various ways by splitting out water. As a corollary to the second rule it
can be stated that the number of possible insular groups seems to be rela-
tively small;as a corollary to the fourth rule, experience has shown that
the insular groups can polymerize either to infinite chains, which may in
turn be cross-linked, or possibly to dimers, but probably rarely or never
to polymers of a degree between these two extremes.

In Table 1 are l isted the polyions that have been definitely established
by crystal-structure studies, the geometrical descriptions of these poly-
ions, and the names, oxide formulas, and structural formulas of the com-
pounds in which they are found. I l lustrations have been omitted from
the present paper; the reader is directed to the appropriate drawings in
the original papers listed in the references.

t Pubiication authorized by the Director, U. S. Geological Survey.
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336 C. L. CERIST

It is a reasonable extrapolation to extend these known structural for-
mulas to those compounds of the same stoichiometric composition. This
has been done in Table 2. Thus, it might be expected that inderite,
2MgO'3BzOa. 15HsO, would contain the same [BBOa(OH)6]-2 rings found
in inyoite, or, less likely, the chains of composition [BaOa(OIF..)rf,-t"
found in colemanite. The structural formula assigned to a compound by
extrapolation in this way will depend upon the degree of polymerization
assumed. fn every case the polymerization involves the splitting out of
water molecules between two or more insular groups. Any specific case
can be understood in terms of the example afiorded by the schematic rela-
tionship between meyerhofferite and colemanite which may be written:

ztB:Or(OH)s]-, : [B3OA(OH),J;r" + nHrO
meyerhofierite colemanite

Table 2lists the probable structural formulas for a number of compounds
whose crystal structures are unknown at present. Where there is no evi-
dence to the contrary it is assumed that the polyions are monomericl if
there are data leading to a definite polymer, this polymer is the one listed.
Space group and unit-cell volume data are important in limiting the pos-
sible polymers, and these have been taken into account in the prepara-
tion of Table 2 but are not considered explicitly there.

In the first part of Table 2 are given the structural formulas directly
derivable from well-known polyion types. Thus, the formula of frolovite
may be derived from that of teepleite or that of pinnoite (Table 1).
Inderite, kurnakovite, inderborite, and hydroboracite all have a 2:3:x
oxide ratio and are presumed to be related to the known inyoite-cole-
manite series. Tincalconite probably contains the same polyions as borax,
while kernite probably contains infinite chains resulting from the poly-
merization of these polyions (Christ and Garrels, 1959). A synthetic com-
pound of composition 2CaO.38zOr.HrO (Table 1), prepared by Brian J.
Skinner, U. S. Geological Survey, by heating inyoite with water at 400"
c. and 2000 bars for several days, has been shown to contain sheets con-
sisting of cross-linked colemanite-type chains and has the structural for-
mula CaBaO5(OH) (Clark and Christ, to be published). For hilgardite
(Hurlbut and Taylor, 1937) and parahilgardite (Hurlbut, 1938) the anal-
yses of Gonyer lead to the composition 2CaCIz.6CaO.98zOe.4HzO. This
composition is explained (Table 2) if we assume that these two minerals
contain the same kind of sheets found in the synthetic compound
CaBaOs(OH).x

+ Braitsch (1959a), as a result of new analyses, proposes the lormula CazBrOa(OH)zCl
for parahilgardite and hilgardite, and (ca, Sr)zBaoa(oH)zcl for a new strontian hileardite
found by him. This work still needs assessment.
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338 C. L. CHRIST

zachariasen (1952) has shown that crystalline monoclinic metaboric
acid, HB02, contains chains of composition [BrOr(OH)r]n-". The corre-
sponding insular ring, consisting of two triangles and a tetrahedron,
would have the formula [Baos(oH)4]-1. Either the chains or the rings (or
intermediate polymers) would explain minerals of the type n4O.38zor
. rHzO, such as gowerite (Erd et at., l9S9; Christ and Clark, 1960), veatch-
ite (Clark etal., 1959; Clark and Mrose, 1960), or p-veatchite (Braitsch
1959b),  as shown in Table 2.  For  veatchi te,  SrO.38zOs.2(?)HzO, pre-
liminary crystal structure studies (clark and christ, to be published)
indicate the presence of dimers of composition [BoOz(OH)6]-r. This as-
sumption leads to the structural formula SrBoOz(OH)6, &rd the corre-
sponding oxide formula SrO.3BzOa.3HzO. Presumably /-veatchite also
contains these dimers-

The remaining polynuclear ion to be considered is the pentaborate ion
discovered by zachariasen (1938) in "potassium pentaborate tetrahy-
drate," KzO . 5BrOs' 8H2O. Zachariasen formulated this pentaborate ion
as [BsOs(OH)2]-3, assumed that the crystal contained hydronium ions,
and wrote the formula of the compound as KH2(HiO)186016. However,
since aqueous solutions of all of the known borates are weakly to strongry
alkaline (except for the weak acid orthoboric acid) it seems very unlikely
that in this or any other hydrated borate crystal will the polyion act as a
proton donor. The formation of hydronium ions in crystals appears to
take place.only in the hydrates of strong acids, as for example in HNOa
'3HrO (Luzzati,1953). This conclusion is in agreement with the results of
proton magnetic resonance studies of Silvidi and McGrath (1959) and
Smith and Richards (1952). With these considerations in mind and in-
voking Rule 3, we accept the main results oI zachariasen and conclude
that potassium pentaborate tetrahydrate contains polyions of composi-
tion [BrOo(OH)n]-t, consisting of one tetrahedron and four triangles
linked at corners and assign to the compound the structural formula
K[BbO6(OH) u].ZHIO.* The structural .formulas for the minerals larderel-
l i te and ammonioborite (Table 2) follow immediately from these con-
siderations.

On purely stereochemical grounds one might expect to be able to re-
place each of the ozB(oH) triangles of the pentaborate ring successively
by OrB(OH)z tetrahedra. Such a procedure wil l lead from the 1:5:r
ratio of potassium pentaborate tetrahydrate to the successive ratios

* The results of Silvidi and McGrath (1959) also indicate to them that the pentaborate
ring contains an intrahydrogen bond (Fig. 4, their paper). The fact that such a bond would
place the proton at about 1 A from the highly electropositive boron renders this postulate
completely untenable. The stoichiometry of the compound indicated by their Fig. 4 is also
puzzllng.
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2 :5 : r , 3 :5 : r , 4 :5 : x ,  and  5 :5 : r .  Th i s  has  been  done  i n  pos tu la t i ng  s t ruc -

tural formulas in Table 2fior ezcurrite,2:5:7, ulexite, 3:5: 16, probertite,

3:5:  10,  preobrazhenski te,  3:5:4| ,  and ter tschi te,  4:5:20.  Presumably,
minerals of ratio 5:5: r, containing pentaborate ions consisting of f ive
linked tetrahedra would be unstable toward minerals of the pinnoite

structure which contains polyions of two linked tetrahedra (Table 1).
Finally, in Table 2 we list kaliborite which probably represents the

unusual case of a mineral containing two distinct kinds of polyions.
A large number of synthetic hydrated borates have been reported in

the l iterature and are summarized in Kemp (1956). In the interests of
brevity these have not been considered here, but wil l be taken up in the
more detailed paper.
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