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Lithlum

3-A. Crystal Chemistry

The most impertant common charactetistic of the alkali elements is the single
electton in the outermost energy level of their atoms., As shown by the spectro-
scopically determined ionization energies, these electrons can be easily detached. The
cores remaining after the first ionizatdon have the same electronic configuration as
the immediately preceeding noble gases in the pctiodic table, and this fact explains
the very high second ionization potentials. The aptitude of the alkali metals to be
transformed into positively chatged ions results in their extremely reacdve chermnical
character. Lithium exhibits many similarities with the other alkali metals, although
the small size of the Li atom and the Li+ ion does lead to some remarkable differences;
in many respects irs behavior constitutes a transition hetween the group of the alkali
metals and rthat of the alkaline earth metals, especially magnesium. Characterdstic
properties for lithium are: the low solubilities of various salts e.g. the fluoride,

Table 3-A-1. Lithizm minerals

Compound References
Cryolichionire Nay AL [LiNR, ], .Menzer (SB 1930,
498)
Lithiophosphatite Li,M[Po,] Zeuanm (SR 1960,
397)
Triphylite Lit®){Fe, Mn)[PO,) DEsSTENAY
(SR 1950, 319)
Amblygonite LiBAI(F, OR)[PO,] Baur (SR 1959, 429
Eucryptite LilMAN[S8I0,] WrnirLer (SR 1953,
562)
Spodumenc LiMAI[S:,0,] CLARK #f af. (1969)
Bikiczite Li[AdSi,0,] - H,O Hurweur (SR 1957,
436)
Pctalite Lit[AlSi,0),] Lyesav (SR 1961,
. 505}
Neptunite LilIK Na,Fe, Ti.0,[Si, O.,] CawraiLo ef al,
(1966)
Holmquistite Li,ALIMp, Fe)y(OHYL[Si,0,,] Warrraxen (1969)
{Li-amphibolc) ’
Lepidolite KLi,AX(F, OH),[51,0,) Rapostovich (1963)
(Li-mica)
Zinnweldite KLiFeAl(F, OH).[AlS,0,,] RaposLovicH (1963)
(Li-mica)
Cookeite LiAL(OH), [AdSi,04,] Prown and Barsy
{Li~chlorte) - (1962)
Elhaite Na(Al, Li, Mg),*)(OH, F),[BO,],[Si,0;3] 170 and SananNaca
(Li-rourmaline) (SR 1951, 310)
Lithiopborite (A, L®OMnO, (OR). WapsLEY (SR 1952,

266)
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carhonate and phosphate, the tendency towards covaleac bond formnatica, and
solvation — all of which are due to the high polarizing power of Lit, the highest
of all the alkali ions.

Beeause of the small size of Lit+ with respect to thar of the nest alkaline ion Na*,
we can expect only rather limited substitution of lithium for sodium in crystals.
A possible dizdochy between Li+ and Al%, Fe®t and especially Mg?+, owing to the
radius similatity of these ions, may take place in the late phases of magmatic crystalli-
zaton and affects the composidons of some minerals, ¢.g. clinopyroxenes and micas.
There ate, however, a few independent lithium minerals, which arc listed in
Tables 3-A-1 and 3-D-1.

With the exception of cryolithionite, Na,Aly[LiF,ly, and lithiopborite, (Al, Li}
MnQOg{OHj},, lithium occurs in nature mostly insilicates or phosphates. Therefore,
the present crystallochemical review concerns oaly lithium-halogen and lithium-
oxygen bonds.

1. Li Halides

From alkali halides a set of efective ionic radii for the alkali jons can be derived.
The value for Lit is 0,78 A (see this bandboak, Vol. I, Table 12—8, p. 390).

In the Li-balides which show the NaCl strucrure type, the Lit jons is in 6-fold
coordination with Li-halogen hond lengths as follows: Li—F, 2.014 A; Li—Cl,
2,570 A; Li—Br, 2,751 A; Li—T, 3.000 A (afrer Svsi6, 1969). Very similar bond
lengths for Li octahedrally coordinated by fluorine are found in Li[SbF,] (Buans,
1962) namely Li—F, 2.032 A. Distorted octahedral coordination oceurs in Li,BeZsF,,
(SeArs and Burns, 1964) with average Li—F bond lengths of 2.08 A and 2.04 A
respectively for the two cryswmllographically non-equivalent LiF; octahedra.

Other fluorides show Li in tetrahedral coordinarion, In Li[BeF,] (Buans and
Goroon, 1966), whose structure is isotypic with phenakire, the average Li—F
distances for the two independent LiF, tetrahedra are 1.875 and 1.861 A; the mineral
cryolithionite is isostructural with garnets, with LiF,; replacing SiQ, tetrahedra,
(Merwzer, SB 1930, 498). Li also has tetrabedral coordinadon in LiNiF,, which
belongs to the family of inverse spinels (RUDoRFF and Kawporer, SR 1957, 267).

Concerning distances between Li and the other halogens, Jacobr and BReHLER
(1969) repont two independent Li(H,0),Cl, octahedra in Li,ZnCl, - 2 H;O with
average Li—Cl bond lengths of 2.75 A, significantly longer than those in LiCl.

II. Oxygen-containing Li Compounds

In structures where lithium is coordinated to oxygen, Li+ usually exhibits the
coordinatdon numbers four or six, in the form of more or less disrorted tetrahedra
and octahedra.

The occurrence of such different coordination numbers ariscs from rhe fact that
the ctystal stmcrure of most of the oxygenated compounds, containing no other
larpe ion, can be explained by close packing of oxygen atoms. The lithium ions can
be accomodated in the retrahedral and ocrahedral sites of this packing.

Tables 3-A-2a and 3-A-2b list Li*—O bond lengths for 4- and 6-coordination
respectively.
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The retrahedral ceordination accurs mere frequencdy than the octahedral one,
As with the Aucrides the Li¥l—O distanees are shorter than the Li®—O diswnees,
The average value for Li®"-—0O js 1.97 A, while the average Li®PL—O bond length is
2.14 A, These values can be compared with 1.82 A reported by Ari3my and Rase-
Bror (SR 1958, 282) for the Li—O bond length from eleetrenie diffmction data on
LigQO vapour. Solid Li,O has an “and-fluorite” structure, with a Li*’—O bond
length of 2.00 A (ZinTL ef «f., SB 1934, 283).

An jntermediate coordination number was found (Baur, SR 1959, 429) in the
mineral amblygonite, LIAYOH, F)[PQO,], in which Li* is coordinated in the form
of a distorted trigonal bipyramid by four oxygea a2toms of PQ, groups (at distances
2.124-3, 2.054-3, 2.114-3, and 2,144+ 3 A) and one (OH, F) ion (at a distanee of
1.954 3 A). The average Li®'—O bond length is 2.07 A, intermediate herween the
values found for tctrahedral and octahedral coordinations. In Li{BGQ,] the Lit+ ion
also binds four oxygen atoms at an average distance of 1.967 A and one more oxygen
atom ac 2473 A (Zacuariasen, 1964). Io Li{AsO,] (Hirsmer -and DORNBERGER-
ScenFr, SR 1957, 391) one lithium jon shows tetrahedral coordination, and 2 seeond
one has four neighboring oxygen atoms at an average distance of 1.99 A and two
more oxygen atoms at 2.54 A. In these last cases tbe lithium coordination number
can be desedbed as (44 1) and (44-2) cespectively. The structure of LifAsO,]
closely resembles che structure of diopside CaMpg[Si, O,

The diopside atomic arrangement is present also in LiNa[BeF,], (Haun, SR 1953,
336) and in spodumene, a-LiAl[5i,T] (Warnen and Biscox, SB, 1931, 527).

Several structures conraining LiQO, terrahedra can be related re Si0, structure
types; in KLi{50,] (Braprer, SB 1925, 376}, Li tetrahedra share the four vertices
with different SO, tetrahedra to form a tridymite-like framework. In teuragonal
+-LIAIO, (MarEz10, 19652; BervAuT #f al., 1965), AlQtetrahedra share corners to
build a cristobalite-like framework. The Li*+ ions are accomodated in terrahedral
holes and each LiQ, tetrahedron shares an edge with an AlO, tetrabedron.

Some Li-silicate structures can be considered to be derivatives of $iQ, structures,
In f-LifAlSIO,] (WmnkLER, SR 1948, 474), the smmall Li+ ions are accomodated in the
empty channels of an atomic arrangement where Al, 5i and oxygen atoms occupy
the same sites as in the high-quartz. The hexageonal form of spodumene (y-spodu-
mene, Li[Al81.O,]-II) (L1, 1968), also has the high-quartz structure with the Li+ions
randomly situated in tetrahedral interstitial holes on equipoints of rank 3; additional
tetrahedral sites are also possible for Lit in the suucture,

The framework of f-spodumene, Li[AlS1,Og]-II (L1 and Peacon, 1968), is iso-
typic with keatite and the four lithjum ions per unir cell are randomly distibuoted
among four sets of paired cighc-fold equipoints with 1/, occupancy in tetmhedral
oxygen environment. Several addidonal distorted rtetrabedral sites are available;
furthermore, Li may oceupy octzbedml positians at higher temperacure.

Terrahedral lickium coordinadon occurs in some layer or chain silicates and in
structurally rclated germanates; in these structures chains or layers form the
structtre and acc linked together by Li ions In a three-dimensional framework. In
LifSiO,] (StEmann, SR 1956, 404), Li tetrahedra sbare all vertices with othec LiO,
tetrahedra. In Lig{SiiOy] (Liesav, SR 1961, 506) and Lij[(5iy 2sGege)sO5) (VOLLEN-
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KLE ¢f al.,, 1968), LiO, tetrahedra are linked together in pairs hy sharing edges;
these doublets shace vertices to form complex chains which run parallel to the ¢ axes.
In the first case these chains bind two adjacent Si sheets; in the second case they
connece different chains buile up by (Si, Ge)O, tetrahedra and running parallel
to the Li chains. In the mineral petalite, Li[AlSi,O,,] (Lresav, SR 1961; 506),
Li ions share opposite edges with Al rerrabedra forming Li—Al—Li—Al chains
running along the b axis and connecting two sheets of Si0, tetrahedr in a theee-
dimensionzl framework.

Several structures of ardficial Li compounds consist of vertex-linked tetrahedra
frameworks similar to that of phenakite; rypical examples are Li,(WO,] (ZacHaA-
RIASEN and PLETTINGER, SR 1961, 391), LiAlGeOQ,, LiGaGeQ,, LiZnVO, (BraAssE,
1963}, eucrvpdre (@-Li[AlSiO,]) (WinkiER, SR 1953, 562), and Li[BeF,]. In LiGaO,
(Manxzio, 1965b), connections between LiO, and GaQ, tetrahedra occur through
vertices, each oxygen atom being shared by four tctrahedra, two Ga-centered and
two Li-centered; LiGaO, has the artangement of a wurtzte-like structure. In
lithiophosphatite, low-temperature Li;{PO,] {Zemann, SK 1960, 397), LiO, tetra-
hedra sharc edges and vertices with each otber and are linked by corners to PO, tetra-
hedra; the resulting structure can be described as a distorted hexagonal elose-packing
of oxygen atoms, wherc Li and P atoms oecupy tetrahedral sires. Comparison of
x-fay powder data and ir. spectra of the low- and high-tcmperature forms of
Li,[PO,) suggests that important structural rearrangements are not involved in the
transition {(TarTE, 1967).

In (NHYLI[SO,}] (Dotrrase, 1969) and in (N,HILI[SO,] (Browx, 1964), each
LiQ, tetcahedron shares the four corners with four different SO, tetrahedra and
vice-versa to form a threc-dimensional aetwaork with four- and six- and four- and
eight-membered rings respectively. Rings of four and ¢ight tctrahedra Li- and
S-centered are present in the framework of Li,[SO,] - H;O (Larson, 1965) where
each Li terrahedron shares corners with different Li and S tetrahedra. In Lia[CO,]
(BeAGLEY and Sumari, 1964), the vertices of the LiO, tetrahedra are connected by
CO,F ions into shects which form the ceystal structure.

- Coordinztion octahedra around Lit can occur cither separately or linked togethet
in vaticus ways. Isolated ocrahedra, for example, occur in a-spodumene, where Lit
is in sixfold coordinadon in contrast to the armagement observed in 8- and y-spodu-
mene. Recent x-ray studics (Crark e o/, 1969) have shown that Li-pyroxenes, due
to the small size of the cation in posidon M2, do not maiaraia the symmetry of the
space grovp C2/c (corresponding ro M2 site occupied by Na or Ca), the true sym-
merty being C2. However, since deviadon from C2fc occurs for a few weak reflec-
tioas, refinement in this space group represencs a reliable average structure. Coordi-
nadon around the cation, which is irregularly cighefold when M2 is occupied by
Na or Ca, hecarnes sixfold in Li-pyroxenes because the two most distant oxygen
atoms are removed from coordination polyhedron. In the synthetic pyroxene,
(i, 5 Fedt) (FedhsFenns) [Sia0,), Li is still in octahedral coordination but two Li-O
distanccs are significantly longer (CLark eal., 1969),

Isolated ocrahedra occur also in neptunite (CANNILLD e/ 4/, 1966). In LiMn[PO,]
(Gerrer and Duranp, SR 1960, 399), the synthetric analogue of the manganous
compound of the mineral tciphyline, Li octabedra are linked by sharing edges to
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Table 3-A-2a, L8O bond fenztis

Compaound Distances (A) Mean  Relerences
LiOH 1.96 (4} 196  Dacrs {SR 1959, 330)
(by neutron diff.)
LiOH - H,0 1.96 (2) 1.98 (2) 197  RABAUD & al.
(SR 1957, 240)

»-LiAlO, 2064-2(2) 195+2(2) 200  Marezo (1965a)

LiGa0, 20043 20042 199  Marezro (1965h)
20012 19542

Li[CO, 1.96 197 197 Zesann (SR 1957, 394)
1.96 2.00

Li[BO.] 1.964 4- 8 195218 1.967  ZacHariaseN (1964)
1.0454 8 2007415

Liy[BO5] 19742 20242 205  Knagr-Mok (1968)
20742 21442

Li,[5Q,] - H,O 191745 1.950+-8 1.959  Lanson (1965)
196946 2001+ 7
190746 194246 1.935
193719 195346

LiNa[5Q,] 18744 18844 198 Morosin and SurTi
20844 20914 (1967)

LiNH)[SO,] 180410  1.894 4 1.91  Donuase (1969)
19843 1.90+2

Li(N,H,)[SO,] 1961414 19544 1.94  Brown (1964)
19744 1.88+4

Li,[w0,] 1.87 48 210+ 8 1.89 ZACHARIASEN and
1.804-8 1.804+ 8 PLETTINGER
1.881-8 198+ 8 1.97 (SR 1961, 391)
20048 20248

Li,[PO,] 20045 19745 196 Zemsann (SR 1960, 397)
15045 19545
1984+5(2) 2.0045 1.50
19845

LiK,[PyOy] - H,O 19643 19443 1.95 Eanes and ONDIK
19343 1.974+3 (1962)

Li.[531,04] 1.85 2,04 1.94 Liesav (SR 1961, 506}
1.99 1.88

A-LI[AISIO . 2.01 (4) 201  Winkeer (SR 1948, 474)

Li[AlSi,Oy4] 1.92 {2) 1.99 (2) 1.95 Ligpav (SR 1961, 506)

petalite

Liy{(SipuGearse0s] 20147 19347 1.94  VOLLENKLE ef ol (1968)
L93+7 1.904+7

Li,[GeO,] 194452 19245 (2) 1.93 VoLrenkeE and Whrr-
20245(2) 1.94+5 2.03 MANN (1969)
21445

Li,[Cy0,]) 207644 20334 4 2011  Beacrer and Sstarw

199944 193544 (1964
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form linear strings, in a structure which is related 1o chrysoberyl. Similar conneetdons
occur in Li, [ V,O, (WapspLEy, SR 1957, 301}; in this compound additional Li atoms
are probably randomly distrihuted in terrahedral sites. Connections through edges
occur also in rthombobedral double oxides with the general formula LiXO, (where
X is V, Ni, Co, Al, Cr, Rh, Nb) (Wyckorr, 1964) with the structure of the NaHF,
type, that is with each LiO, ocrahedron sbaring six edges witb neighboring octa-
hedra to form planes having hexagonal packing. ln Li[IO,) (RosenzwerG and
Morosy, 1966) and 1iSbO, (Epstranp and Ingar, SR 1954, 444), Li ocahedra
share opposite faces to form infinite chains. A similar arranogement is observed in
Li[ClO,] - 3 H,O (DarT ¢tal., 1968) and Li[MnO,] - IH,O (KEeTELAAR, 5B 1935,
447); the most interesting feature of these sirucmires s that Li is coordinated only
hy oxygen atoms of water molecules forming [Lil® (H,O};]-chains linked to the
framework by hydrogen bonds. Many synthetic Li compounds show the aromic
arrangement of spinel {Wyckopr, 1965). In all these structures Lit ions show
octahedral coordinaton. LiFe O, (KaTo, SR 1952, 325), LIALO, and LiGa,0, also
bave a spinel-like structure, but show an ordered low-temperature and a disordered
high-temperature form. This fearare occurs also in lithium ferdte LiFeQ, {Kato,
SR 1958, 325) which, after quenching from high temperature, has an NaCl structure
- in which Li* and Fe®* jons ar¢ randomly distribured among the positions of the
metallic atoms in NaCl. By annealing at 370°C lithium and iron hecome segregated
into a fully ordered tetragonal structure.

The latier examples show that diadochy between Lit and other cations may
occur only under specizi conditions. Replacement of octahedral 1i+ by Fe’t is
reported for a cubic Li rungstate with the crystallochemical formula (Liy gaFeg 50) 3
[(WO),W,0,,) (Borisov et o/, 1969). From a crystal srructure determination of the
mineral lithiophorite, (Al, Li)MnO,(OH), {WapsLEY, SR 1952, 266), it appears that
lithium jons randomly occupy one-third of the octahedral aluminium sites in 2
layer of the hrucite type. In tourmalines, where Mg and Al in octahedral coordination
are located at different crystallographic sites, a partial substitution of Mg ions by
Li and Al ions is observed, one particular example being elbaite (ITo and SapanaGa,
SR 1951, 310). In such Li-rick micas as lepidalite and zinnwaldite, Li in octahedral
sites replaces Mg and Al Bapostovics, 1963). In petalite, spodumene and ambly-
gonite, no random distdbution of Al—LI has been ohserved. In holmquistite,
Li,Aly(Mg, Fe),(OH),[5i,0q], (WHiTTAKSER, 1969), Lit ions are confined to a
single crystaliographic position. In such a case, tbe preferential entry of Li into its
particular site can be explained hy electrostatic ordering effects. Holmquistite,
isorypic with anthophyllite Mg,(OH}.[51,Cyy]s, is a typical example of the sub-
stitution of {Lit - Al3) for 2 Mp2t jons.

Triphylite, Li(Mn, Fe)[PO,] (Destenay, SR 1950, 319), exhibits a completely
ordered arrangement of tbe cations. This mineral heloags to a seties of natural
compounds such as sickledte and iron sickledte, with the pgeneral formula
Li,_ Mnj* Fel* Fe{PO,], the other end of the series being ecpresented hy the
mineral hererosite, Fe**[PO,). Close analogies in the unir cell parameters and x-ray
powder dara suggest an essentially similar structure. Prohably the mechanism of the
valence compensation during oxidation causes Lit ions ro be removed from their
octzhedral sites, undl in heterosite these sites are completely empry. This confirms
rthe peculiar role of lithium as interstitial component in close-packed arrangemenrs.
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‘Table 3-A-2b. Lil81—O bond fengebs

3-A-7

Compound Discances (A) Mean  References
LiNiOQ, 2.04 (6) 2.04 DYER ef of.
(SR 1954, 424)
LivO, 214 (6) 2,14 Runinrr and
Becken (SR 1954,
424)
LiShQ, 201 (2) 2,07 (2) 2.05 Epsraann and
207 (2 IncRi (SR 1954,
444)
Li[IO,] 24463 222463 213 RosENzwEIG and
Monrose (1966)
Li[CO,] - 3H.O 218 (3 2.08 (3 213 Darr ef al. (1968)
(neutron diffraction)
LiMn([PO,] 22241(2) 2131+1(2) 217  Geuza and
21641 (2) Durano
(SR 1960, 399)
LiAI[Si,O,] 21052 2278(2) 2211  Crark e of. (1969)
a-spodumene 2251 (2)
Lip4xV3Oy 199 2,08 225 WapsLey (SR 1957,
228 (2 233(2) ant)
LiKNaFel*Ti,0,(8isOp] 213+2(2 215+2(2) 211  Canniioef of.
neptunite 20442 (2)

Brienrd -l "]umlm
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3-M-N. Abundance in Common Metamorphic Rocks
and Behavior in Metamorphic Processes

Lithium concentrations in granites, gneisses and metamorphosed igneous rocks
ate similat to those of unaltered igneous rocks (LuNpeEGarDH, 1947; Howr, 1955,
1958; Heier, 1960).

In a study of the geochemistry of pelitic rocks, Suaw (1954, 1956) found no co-
varation with Li and the major elements, nor with Li content and metamnorphic
grade.

LANDERGREN (1948) found that most Precambrian iron ores and associared
rocks in Sweden show a marked deficieney in Li. It would have heen reasonable to
assume thar Li was enrieched in these ores which are high in both Mg and Fe. LANDER-
creN concluded rbat the iron ores of central Sweden cannot bhe of igneous origin.

Evans (1964) studied the changes in minor elements suffered by pelitic horn-
felses at Cashel, Connemara, Eire a5 the result of intrusion of ultramafic or mafic
magma. He found thar Li, together with the trace elements Ba, Rb, La, and Cs, was
lost from the hornfelses together with the major constiturents 5i, Al, K, Na, and
HgO. In the envelope pelites Li content averages 45 ppm, which is lower than
nearly all the analyzed, unhornfelsed pelites. Li is further reduced in the xenoliths
and is barely detectable (1 ppm) in the most altered rocks.

Bowwer (1959), quoted by Hemr and Apams (1964), studied the alkali metals
in granite and surrounding sediments, including rhe contact metamorphic aurcole
and xenoliths, from south-west England. All the aureoles showed culmination of
the trace alkali metals towards the granite contacr, rising far above the alkali levels
in shales which were nor thermally metamorphosed. The data for Li is given in
‘Table 3-M-1.

Tahble 3-M-1. Lithium fn rocks sturrosmding intrusive grawite in Sauth-wert England

Xenolith from the Land's End granite 1,650
Schist 10 cm from the contact with the Land’s Eod granite 710
Maximum values for shales are likely to be 250

Rovised ipt recsived: December 1949
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3-0. Geochemical Behavior

In atomic abundance Li is the third most abundant of the alkali elements, after
Na and K, and it is approximately as abundant as Rb in weight. Some limited sub-
stitution by Li for Na may rake place in minerals but in general Li substitutes for
Mg (and Fe®p} in minerals, and it is distinet from other alkali elements in a geo-
chemical sense. Like the other alkali elements, Li is “oxyphilie”, but its upward
concentration in the earth is not as pronounced. For the alkali elements, the clarke of
concentratinn in the upper continental crust increases with atomic number.

Lithium is fairly easily determined by optical spectrography in low concentrations
and mosc of the determinadons in geological materials have been by this method,
and by atomic absogption in waters and sediments.

The geochemistry of Li has been discussed by GoLoscamipr e o/, (1933, 1934);
GorpscaMipT (1954); Strock (1936); Rankama and Sawama (1950); HomsTman
(1957); Ginzeurg {19582a) and Heier and Apaws (1964).
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