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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)

[ Springes-Verlag Betlin « Heidelbesg 1972



3-A-2 Lithium

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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Table 3-B-1.

Lithium

3-B-1

3-B. Stable Isotopes in Nature

The isotope geochemistry of lithium was reviewed by Rankama (1954) and
additional references given by HexEr and Apams (1964). Svec und Anperson (1965)
summarized the existing data on the rcladve abundances o: the lithium isotopes,

Table 3-B-1, Tke relative abundancers of the lithin isoiapes.

{From Svec and Anperson, 1965; Kranrowsky and MiLLer, 1967;

BALSIGER & of., 1968)

LifeLt ALifLi Methad Refereace

12.00 4+ 0.02 0.08333 .- 0,00014 Acomic wr. RicHa10s and WILLARD
determ. (1910%

12.0 0.0833 Mass spec. Bonpy .nd Vanicex (1936)

11.6; 12,52 0.0862; 0.07987 Nass spec. Brewrx (1936)

12.294-0.20 0.08137 = 0.00132 Mass spec. Lo (1938)

11.6 4-0.2 0.0862 +-0.0015 Mass spec. Hinresncrcer {(1947)

125 +0.2 0.0800 L 0.0013 Mass spec. Hintr~scrGER (1947)

12,544 0.38 0.07974 +- 0.0024 Mass spec. Incunan (1947)

12704 0.7 0.0787 1 0.0044 Mass spec. WHiT. and CameronN (1948)

12.35 0.08097 Neurron activ.  Karpay and Wiizeacu

(1954
11.53 0.08673 X-ray density HurcinsoN {1954)

1247 w0 12,72
12,2

12.5

12.48
12.48

11.32

13.5

12.2
12.17-12%

12514 1.75%

0.08019 <0 0.07862
0.0820

0.0800

0.08013
0.08013

0.08834
0.0741

0.0g182

Alass spec.
Mass spec.

Spccuroscopy

Mass spee.
Mass spee.

Mass spce.
Sprectroscopy
Mass spec.
Mlass spec,

Mass spec.

Canerin {1955)

GriLizson and THORNE

{19553

GirLrza N and THORME

{19553

HigavsBerGER (1955)
Orpz:hozikIpDZE and SHYUTSE

{19551 :

WL, JoLLins and Rourke
{19561

Brop:., Frep and Toumxins
{1954, :957)

Svec and ANpersoN, JR.
{1965}

Krax:nowsky and
My (1967
Bavsicnn ef al, (1968)

The rclatively large mass difference berween the two lithium isotopes scems
favorable for their separation in aaturc. TAyLor and Urey (1938) found a ehange of
25 per cene of the normal Lif®Li ratio when solutions of Litsi percolate through a
column of Na-lepidolitc: thus fracdonation of Li isotopes could be expecred during
weathering processes that involve cation excbanpge. Svec 213 ANDERSON (1965)

o Seringer-Verlag Berlin « Heldelbery; 1950
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found low SLi{"Li ratios in evaporite LiyNePO, from Secarle’s Lake and reagent
Li,CQ, (0.07957 and 0.07926 respectively). Since both inaterials involve crystalliza-
tion from solution this is in agreement with the greater selubility of the 9Li com-
pound and is consistent with the findings of Camenon {1955) concerning chemical
fractionation of the isoropes. WaGNer and Pevy (1935) produced a change in the
?Lij®Li ratio from 12.48 to 14.03 through repeared precipitation of Li;CO,. Bowen
(1956) found rhat ®Li was metabolically more active thzn ?Li in studies involving
yeast. Cryseallization of the Li-bearing minerals in the Montgary Pegmatire studied
by Svec and ANDERsoN (1965) was in rhe order: spodumene, amblygonite, lepidolite,
with the latter being formed by some replacement mechanism. It appears rhar ®Li is
relatively coacentrared in the early minerals and the 8Lif’Li ratios of these samples
were 0.08117, 0.08077 and 0.08049 rcspectively. This is consistenr with data given
by Casenon (1955) showing 2 concentration of 3Li in a silicate phase formed when
Lil was fused in glass.

The ratio of "Lif’Li in meteorites is of interest in connection with the nuclear
synthesis of the lighr clements. The production of "Li by 2°B{n, «)'Li could resulr in
variable PLif®Li ratios in uranium minerals and meteodres. OrozZHONIKIDZE (1960)
found variahle Liisotope ratios in uranium minerals. Srnea and Honpa (1963) reported
a "LiftLi ratio of 10.5 in lithium samples isolated from the Bruderheim, Harleton
and Ehole chondrites, compared with a value of 12.0 in terrestrial rock samples deter-
mined under identical experimental conditions (mass spectrometry). This difference
of ahour 15% could nor be verified by Dews {1966), who found the 7Li/®Li ratios for
Bruderheim and Bjurbgle meteorite chondrules, whole-rock Brudetheim, and
standard granite G-1 to be identical within 3.3% (at the 95% confidence level).
Their values of tbe "LiffLi ratio were in the range of 12.26 to 12.67. KrRaNKOWSKY

-and Miicigr (1964, 1967} found meteoritic and terrestrial *Lif®Li1 ratios to agree
within 2 per cent. PosCHENRIEDER ef al. (19G5) used an ion-microprobe mass
spectrometer which permirted analysis of very small sample surfaces without chemical
preparation. They studied Li in rhe Holbrook mereorte with this technique and
found not only that the abundance of Li was extremely variable over the surface but
also rhar the mass-peak heights of ’Li/%Li varded between 9.5 and 27.5. A sample of
terrestcial bornblende analyzed by the same techaique did not deviate by more than
= 8 per cent. BALSIGER ¢ al. (1968) conclude from rheir studies rhat no systematic
difference ean be found between meteorites and terrestrial Li, and that, if Li-isotope
vatiation occurs ar all, it must be of local and sporadic character.

ipt received: D ber 1965



Lithium 3-C1

3-C. Abundance in Cosmos, Meteorites, Tektites
and Lunar Materials

I. Cosmic Abundance

Published abundance curves of the elements {e.g. Urey, 1952) show that the
abundance of Li (together with Be and B) is abnormally low for its atomic weight.
Bureince efal. (1957) cxplain their abnormal position by assigning a different
twpe of synthesizing proeess. '

Estimates by GorpscHMIDT (1937), Urey (1952), Suess and URrey (1956) and
AvLLer (1961b) give an abundancc of 100 Li atoms per 10° Si atoms,

The abundance of Li in the sun was given by ALLER {19612} as log N =0.54,
where IV is the number of Li atoms per gram of solar material.

. Meteorites

The data on Lij in meteoritcs was summarized by Herer and Apass (1964}, and
it was concluded that chondrites form & very homogeneous group with respect to
Li eontent. STrRock (1936) indicatcd 3.5 ppm Li, Horstaan (1957) assumed 4 ppm
Li, and Pinson ef af. (1953) found a narrow spread berween 1.7 and 3.8 ppm (arith-
metie mean 2,7 ppm) Li in chondrites. Pmvson (1954} indicated 0.5 ppm Li in the
Mighei carbonaceous chondrite, and Krankowsky and MiULLER determined 1.3 ppm
in Qrgueil, Data on Li in chondrites not included in the review by Heier and
Apams (1964) is showa in Table 3-C-1, and it would appear that the average Li
content is rather less than reported earlier (i.c. 2.7 ppm)}. It also appears that achon-
drites may have lowec Li concentrations than chondrites (Barsier ef af., 1968).
However, the concentration of Li in the same mcteorite may be extremely variable.
POSCHENRIEDER ef af, (1965) studied the Holhrook meteorite with an ion-micro-
probe mass spcctrometer. They found the Li concentration in general to be below

Table 3-C-1, Lithium in chondrites and achondrites,
(Not included in Hemr and Apaus, 1964)

Class ppmLi  Analyt- Refezence
ical
methed
L Helbrook <1 1 POSCHENRIEDER ¢f af.
(1965)
Hoelbrock 2.0 1 BALSIGER of af. (1968)
Bruderheim 1.7 1 SniMa and Hoxna (1963)
Bruderheim 1.5 1 Surma and Hoxpa (1963)
Bruderheim 11 I Krankowsky and MULLER
(1964)
Bruderheim 0.4 1 Dews (1966)
Bruderheim, chandrules 0.267 1 Dews (1966)

{3 Springer ¥xlag Berlin: Heidelberg 1970



3-C-2 Lithium
Table 3-C-1 (concinued)
Class ppm LI Analyt- Reference
ical
method
CL Bruderheim, lath. chonde.  0.089 I Drws (1966)
Bjurbéle, chondrules 0,134 I Dews {1966)
Bjurbdle, chondrules 23402 1 BaLsiGeR ¢ al. (1968}
Bjurbsle 1.8 1 Krankowsky and MiLLgr
. (1967)
Bjurbéle, matrix 2.0 g 21 I BarsiGer ef af. (1968)
Bjurbéle, maerix 2.2 34 I BaLsiGer ¢t af, (1968)
chondrules (s) 1.1 1 KrankowskY and MifLLER
(1967)
chondrules (m) 0.9 I Krangowszy znd MiLien
(1967)
Chainpur, chondcules 1.8 1 BavrsiGer ¢ al. (1968)
Chainpur, total 15 I BavrsiGER ef al. (1968)
Ebole 1.8 I Kerankowsky and MULLER
(1964)
Ehole 1.8 I KranNkowskr and MULLER
(1964)
Ehole 1.2 I Siva and Howmoa (1963)

_ Ehole 1.3 1 Snixa and Honpa (1963)
Harleron 1.3 I Surma and Howoa {1963)
Kunaschak 1.2 I Knankowsxr and MiLLER

(1964)
Ramsdotf 0.9 I Knrankowsky and Mitrer
(1964)
Tieschitz, chondrules 1.45 I BAcSiGER ¢f al. (1968)
Tieschitz, cotal 31 I BaLsiGER &f al. {(196B)
Ce Abece 1.3 I Kranxowsky and MULLER
(1964)
Ab Tatahouine 0.96 1 Krankowsxy and MULLER
(1964
1.02 1 Knankgwsky and MULLER
{1964)
0.53 I Krankowsky and MiULLER
(1964)
0.44 1 Krankowsky and MOLLER
(1964)
1.08 I Krankowsky and MULLER
(1964}
Ac Norton County, total 0.33 I BALSIGER ef al. (1968)
Norton County, coarse 0.23 I Barsiger of 2. (1968)
ensacite
Ce Essebi -1.6 1 Kranspwsky and MULLER
(1967
Essebi, chondrules (1) 1.6 I Krankowsky and MiLLER
(1967)
- Essebi, chondtules (2) 2.9 1 Karankowsky and MiLrrgr

(1967)
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the detection limit (about 1 ppm); however, some spots were found where the
concentration was as high as about 100 ppm Li. It is apparent that much more
research is needed in order to estimate the exact Li content in meteorites.

Krankowsky and Mirier (1967) found 4C¢ ppb Li in troilite inclusions in the
Odessa octahedrite. Li contents in silicates from this meteorite (1.3 and 1.9 ppm Li)
are similar to the values measured for chondrites and chondrules,

. Tektites

The data on Li in tektites was summarized by Herer and Aoams (1964) and mare
recently by Orremann (1966} who pave the averages: 82 ppm Li in bediasites;
14 ppm Li in moldavites; 42 ppm Li in auscralires; 40 ppm Li in Pacific tektites.
The 82 ppm Li in bediasites must be a printing error in that Criao (1963) gave the
average as 18 ppm (rangc 8-2% ppm). Tavior (1966) rcported an average of
42 ppm Li in avstralites (range 36-52 ppm).

Revised nmapuscript seceived : Jonuary 1970

IV. Lunar Materials

Data on Li in luaar fines and common lunar rock types are given in Tahle 3-C-2,
The highest concentrations are found in KrEEP-type rocks and the lowest in anortho-
sites. The coneentration range ohscrved in mare basalts is similar to that of terrestrial
basales.

Analytical techniques used for the determination of Li in lunar materials include
emission spectroscopy, neutron activation and isotope dilution mass spectrometry.

The 7Lif# Li ratio of Lunar rocks and soils has been found to agree with the
(average) terrestrial abundance within the limits of experimental uncertainties
(EugstEr, O., BErRNAS, R. K. : Proceedings of the Second Lunar Science Conference 2,
1461, 1971. Wancess, R. K., Loveripce, W. D., Stevens, R.D.: Proceedings of
the Apollo 11 Lunar Science Conference 2, 1729, 1970).

Table 3-C-2. Lithiuz content of {nnar rocks and fines (in ppm)®

Rock type x 5 Range n
Mare basalts

Apollo 11A 16.7 32 12-20 6
Apollo 11B 12.2 29 9-15 6
Apollo 12 6.3 1.4 3.1-10 15
Apollo 15 6.0 0.8 4.6-7.7 16
Apollo 17 8.9 0.3 8.0-%.2 4
KREEP-fype racks

Apollo 12, sample 12013 100 ) 1
Apollo 14 beeccias 32.5 11 24-46 7
Apollo 14 basales 23.5 21-26 2
Apollo 15 Kreer 23.7 21-26.4 2
Apollo 16 KReep 19.3 17-23 4
Apollo 17 noeritic breccias 121 9.4-15 3

© Springer Vierlag Berlin- Heldelberg 1978
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‘Table 3-C-2 {continued)

Rock oype z L] Range n
Highland ra:ﬁ..r
Apollo 15 anorthositic rocks 10.9 1.8-16 3
Apollo 16 anorthositic rocks

>31%% ALO, 1.6 1.3-1.7 4
Apollo 16~ 25-319 ALO, 9.1 4.6 4.8-18 10
Apollo 16 21-249;, ALO, 10.7 1.7 9.4-14 5
Fines
Apolle 11, sample 10084 11.0 1
Apollo 12 17.0 16-18 3
Apollo 12 high K 24 23-25 2
Apolio 14 29 6.0 22-41 10
Apollo 15 10.5 1.7 8.4-125 7
Apollo 16 7.3 1.2 4.5-9.7 27
Apollo 17 0.4 12 7.9-119 17
Luma 16 8.8 1.2 8.3-10 7
Luna 20 6.1 1

t % is derived by first averaging all reliable existing data on one sample; the difiereor samples
are then averaged {each sample average is given equal weight), Standard deviaticos {5) are
calculated from (n) which is the numbee of samples for which data exise.

References from which concentrativo dara ace obtained:

Tre Lunar SAMPLE PrELiMmArY Exasination Teas: Preliminary examination of lunar
samples from Apollo 11. Science 165, 1211 {1969).

THE LuNar SAMPLE PRELIMINARY EXaMINATION TEan: Preliminary examination of [unar
samples from Apollo 12. Scienee 167, 1325 (1970).

THE Lunar SaAMPLE PRELIMINARY Exaxtnarion Tram: Preliminary examination of lunar
samples from Apollo 14. Scicoce 173, 681 (1971).

Proceedings of the Apollo 11 Lunar Science Conference, Geochim, Cosmochim. Acta, Suppl.
L 2 (1970).

Procccd(ings gF the Second Lunar Science Conference, Geochim. Cosmochim, Acta, Suppl. 2,
Z (1971).

Proceedings of the Third Lunat Science Conference, Geochim. Cosmochim. Acta Suppl. 3,
2 (1972,

Proceedings of the Fourth Lunar Science Conference, Geochim. Cosmochim. Acta, Suppl. 4,
201973},

Luna 16 isiuc. Earth Planct. Sei. Letters 13, 223 (1972).

Luna 20 issue. Geochim. Cosmochim. Acta 37 {4), 719 (1973).

CHAMBERLAIN, J. W, Warking, C., (cds.): The Apollo 15 Lunar Samples. Houston:
Lunar Scicoce Inatitute 1972,

Warkins, C. {ed.): Lunar Science-111, Hauston: Lunar Science Insticuce 1972,

CHAMDERLAIN, J. W., Warkins, C. {eds.): Lunar Scicoce-1V, Houston: Lunar Scicnce
Insticare 1973,

Lunar Science-V, Houstoo: Lunar Scieoce Institute 1974,

ipt reotived: Scpember 1774
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3-D. Abundance in Rock-Forming Minerals,
Lithium-Minerals
Some of the Li-rich minerals that may eccuc in pegmacites ace listed in seetion
3-F. The more important minerals which concentrate lithium are given in Table

3-D-1. Ia commen rock-forming minerals, Li differs markedly from the other alkali
metals in that it is concentrated in femic silicate minerals where i may replace Mg?+.

Table 3-D-1. Minerals containing lithinm (most important minerals ifaliced)}

Jilicater

Toromaline {elbaite) {Na, Ca)(Mp, Li, Al Fe),{Al, Mg, Fc),
{sorosilicate) [((OH) | (BO,);| 5isOrel
Spodumenc (inosgilicate) LiAl[Si,O4]
Neptunite (inosilicate?) LiKNa,Pe, Ti,0,[81,0,.]
Holmauistite (inosilicate) Li.{Mg,Fe), ALI(OH), | Sig0.;]
Polylithionite {phyllosilicate, trioctahedral mica)
KLi,AlSi,0,,F,

Li-mica (lepidolite, zinnwaldite) (phyllosilicate, genersl formula)
(K, Na, Rb, Cs)(Liy(Mg, Fe**, Mn),
(AL Fe*)(SipAl, Onl(OH, F.
=1—2;n=vpold;m=uprw2;p=3—4

Bityire {phyllosilicare} CaLLAle[Sl.gAchOW](OH)g

Cookeite {phyilosilicate) LiALJ(CH), | Al5i,0,,)

Enkryptire (tekrosilicate) Li{AlSiO,]

Petalite (tekuosilicate) (Li,Na)[AlSi,0,,)

Bikitaite {tcktosilicate) LIAI[Si,0,]- H,O
Phosphakes

Amblygonite {Li, Na}Al[PO,](F, OH)

Lithiaphifite LiMo[PO,)

Lithiophosphatite Liy[PC,]

Montebrasite ' (Li, Na)AI[PO,)(OH, F)

Palermoite (Li, Na),ScAL[PO,];(OH), -

Sicklecite (fecrisicklerite) {Li,Ma+ FeIH)[PO,]

Tavorite LiFe[PO,J{OH)

Triphylite LiFe[PO,]

) Springer-Verlag Berlin - Heidelbery 1969
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Table 3-D-1. (Continued)

Halider

Cryolithionire Na,Li;AlF,,
Borater

Rhodozite KNaLij Al(Be,B, O}
Sulpbosalts

Gerscbyite {Na, Li),As.5b,S,, - 6H,O

The minerals orthopyroxene — clinopyroxene — amphibole — mica form 2 seres in
which there is a regular increase in Li eoneencration and of the LifMg rado (Ran-
kaMA and SAHAMA, 1950; Howre, 1955). There are two reasons for this: (a) the
structure of the mica lattice is most favorable for the Lit ioa, and (b) during replace-
ment of Mp?* by Lit the structure suflers a loss in energy and no considerahle re-
placement can take place until at a relatively low temperature.

Li-micas have especially been studied by Gmizsurc (19582, b), LEvmson
(1953) and Hemricu and Levmson (1953). Foster (1960) reviewed all published
analyscs of Li-micas,

Li in quartz ranges from 0.5 o 216 ppm (MaxweLL, 1953; SirooNian ef af.,
1959; Stavrov and Znamenska, 1961; DeNNen, 1966, 1967).

The amount of Li which may be admitted into the fcldspar strucrure is resericted.
AnnENs and Liesenserc (1945) found that a content higher than 5 ppm Li in a
feldspar is exccpdonal. Hemer and Tayror (1959) found that the potassium feld-
spars from large pegmatites bad low or undetectahle Li conrents. The feldspars
from granites and gneisses were generally bigher in Li, but only rarely above 5 ppm.
Herer (1960) found a maximum of 29 ppm Li in mesoperthires, and porassium
feldspars in granulite and the higher part of amphibolite facies frequencly contain
above 5 ppm Li and may be as high as 12 ppm. A similar range is found in plagio-
clase feldspars.

Table 3-D-2. Li digtribuiion in minerals aud rocks of the Brgul’min comples:  (analyses by
Pare photonsetry ). (From Yorontsov and Lin, 1966)

Mineral ppm Li % of Li ppm Li
in minecral m rock m toral
actounted rock
for by
given
mineral

Syerodiorite of the apical facier of the
Sapkol’ marrf

Plagioclase K} | 74
Potassium feldsparc 17 22
Quartz n.d, .
Diopside-hedenbergice 7 8
Homblende 43 7

Total 111 23
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Table 3-D>-2. (Continued)

Mineral ppm Li % of Li ppm Li
in mineral in rock in toral
accovnaced rock
far by
given
mineral
Granodioriter of the abysiil facies of the
Sapkel’ marrif
Plagioclase 7 60
Pouassium feldspar trace —_
Quartz trace —
Diopside-hedenbergit= nd. —
Hornblende 33 38
Total 98 6
Syenodioriie of vhe upper parts of the apical
Sacies of the Dzhugoyak warssif
Plagioclase 10 31
Poussium feldspar 12 26
Quartz n.d. —
Diopside-hedenbergite T 14
Homblends 36 26
Toral 97 14
Syenodiorite of the apical fucies of 1he
Dzbugayak mossf
Plagioclase 7 36
Potassium feldsparc 6 14
Quartz nd. —
Diopside-hedenbergirc 48 17
Homblende 14 12
Total 89 10
Granediarite of the apical facier of 1be
Dzbugoyak massif
DPlagioclase T 50
Potassium feldspar trace —
Quartz 10 26
Diopside-hedenbergice n.d. —
Hornblende 20 19
Total 95 7
Syenodiorite of the Kboroyck massif
Plagioclase 10 22
Potassium feldspar 10 13
Quartz n.d. —_
Hornblende 49 17
Biotite 277 4“4
Total 96 23
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Table 3-D-2. (Continued)
Mineral ppm Li % of Li ppm Li
In mineral in rock in total
accounted rock
for by
given
minetal
{Puartz diorite of the Michurinsk massif
Plagioclase 6 13
Potassium feldspar 10 6
Quartz n.d, —
Diopside-bedenbergite 21 6
Hornblende 24 15
Biotite 198 57
Total 97 23
Quartz myemite of the abyssal focies of the
Bugrd’min nrassif
" Plagioclase 5 1
Pocassium feldspac 5 3
Quartz —_ —_
Homblende — —
Biotite : 772 100
Total 114 a5
Gromite of the apical focies
Plagioclase — —
Poussium feldspar 13 17
Quartz 19 13
Biotite 1,960 66
Total ] 47

VoronTsov and Ly (1966) studied the distribution of Li (with K and Rb) in
the granitoids of the Bugul'min complex (Eastern Sayans) by flame photometry.
They gave concentratious in the total rocks and the constituent minerals. The
relevant data is presented in Table 3-D-2 and may serve as an illustration of Li
eoncentrations in common rock-forming minerals (see also Kurs and MisHCHENRO,
1963, for a2 similar study of Li in plagioclase, microcline, quartz, biotite 22d mus-

cavite).
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3-E. Abundance in Common Igneous Rock T'ypes
and Terrestrial Abundance

I. Ultramafic Rocks

Strock {1936) gave 2 ppm as the average Li content of ultamafic rocks. Horst-
MAN (1957, Table 3) lists 26 ppm Li as the average of 2 ultramalfic rocks, bur this
is certainly too high for ultramafie rocks in general. The listed average is that of
one amphibolite (38 ppm} and one picdtie basalt (14 ppm), and Li apprars not to
bave been deteeted {or determined) in one limburgitic basalt and rwo serpentinized
peridotites included in the appendix table of his paper. Pousow ¢# o/ (1953) found
less than 0.3 ppm Li in serpencinites, dunites and websterite and Howre {1955)
reported 10 and 20 ppm Li in vwo pyroxenites from the Madras charmockice series
of India. Liesenserc (1960, 1961} gives n.d. — 10 ppm Li in pyroxenite; n.d. —
2ppm in dunite; 0.2—1.4 ppm in harzburgite; and 3—4 ppm Li in anorthosite
from the Bushveld igneous complex. TUREKIAN and WepzeonL (1961) escimared
0.X ppm Li in the “average” ultramafic rock, and VivoGrapov (1962) indicated
0.5 ppm Li in this material. Basutoland kimberlites analyzed by Dawson (1962)
range between less than 4 o 50 ppm Li. Beus (1964) gave 21+ 1.5 ppm Li in elivine
and olivine-pyrozene ultramafic rocks, vs. 1515 ppm Li in pyroxene-amphibole
ultramafic rocks.

II. Volcanic and Plutonic Rocks

Tbe small size of the Lit+ ion allows it to replace Mgt (and Fe) in minerals.
The geochemistry of Li therefore differs markedly from chat of the other alkali
metals in that it is contained in the femic silicate minerals. The regular cbange in
Li econtent and the increase in the LifMg mtio occurcing with differendation has
been well establisbed. The extensive studies by Nockorns and Avren (1953, 1954,
1936) show the increase in the Li/Mg ratic with differentation to be a common
feature in all magmatic rock scries studied. The absolute amounr of Li may, however,
decrease in the most differentiated rocks, reflecting the decreasing concentration
of the Mg host-minerals. Ewanr and Tavior (1969) studied trace element abun-
daaces in plagioclase phenocrysts from acidic and intermediate volcanie rocks
of the Taupa Volcanic zone, New Zealand. Lithium was detected in all plagio-
clases, bur these are depleted reladve to groundmass compasitiens. The Li con-
tents range frown 20 to 36 ppm in the rhyolitie plagioclases te 7ppm in the basaltic
plagioclase.

Rocks that are particularly cnriched in Ii are granitic rocks associated wich tin
and rungsten mineralization, e.g. some of the Cornish (BowLEr, 1958, 1959), German
(Srrack, 1936; MoenkE, 1960) and Russian (Svernev, 1958) rocks.

@ Spongee-Verlg Berlin « Heide lberg 1970
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Table 3-E-1. Eufimation of the distribution of Li in igreour rocks (nos. in brackets indicate
muniber af samples). (From BEeus, 1064)

Rock type ppm Li
Ultramafic rocks, olivine and olivine-pyroxenc (8) 2+ 15
Ultramafic rocks, pyroxcne-amphibole {15) 154 5
Gabbro (28) 18+ 5
Mafic intrusives {27) 16+ 4
Basalts (93) 144+ 1
Dioarites {30) 21+ 3
Intermediate intrusive rocks (45) 284+ 3
Andesires (59) 184+ 3
Granodiorites (35) 38+ 8
Granites {115) 384 4
Felsic intrusive cocks (150) 384 4
Felsic extrusive cocks (I7) 514-12

Table 3-E-2. Lithitwr concenirations in voleanic racks

Rock type ppm Li References
Basalric rocks 17 Turexian and WEDEranL (1961)
Basalric rocks 7 Heier and Anass (1964
Basalc average 10 TarLor (1964)
Qceanic choleiitic basalts 946 EnNGEL ¢f al, (1965)
Alkali basalts from scamounts 1145 EncEL ¢f o/, (1965)

and islands .
Submarine basales (8) 15 (3—50) Graokiku and CHERNYSHEVA (1966)
Olivine basalr, Tahici (5) 9.6 (5—20) Graokiku and CuernNysHEva {1966)
Basalts, Hawaii (4) 5.5 (4—7) GLaokrku and Cuernysneva {1966)
Basales, Fiji (2) 10 GrLapkIkH and CHERNYSHEVA (1966}
Basalts, Mont Dore (France) (14) 1347 LEeroLLE (1965}
Andesites 12 HEIER and Apass (1964)
Basic andesites, New Zealand 10 {6.8—14) Tarror and Wrire {1966)
Andesites, New Zcaland 11 . TarLor and WHITE {1966)
Andesites, Izu Peninsuls (Japan) 6 4—7 TayLor and Wrrre (1966)
Andesites, Asama (Japan) 12 Tavror and WHITE (1966)
Andesites, New Zealand (6) 22.2(13—41)  Ewanrt &7 of. (1968)

Andesites, Moot Dore (Franec) (16) 254-18

LerorrE (1965)

ENGEL #f af. (1965)
LeMarrre (1962)

Heier and Anaxss (1964)
Lerorie (1965) -

Trachyre 10

Trachyre {averape} 27

Trachyre . 30

Trachyres, Mont Dore (France) 87476

{In

Phonolites, MontDare (France)(11) 70+ 30
Rhyolite 50

Rhyolite, Mont Dare (France) (6) 49+ 15
Rhyoliie igaimbrites, 36 (o—100)

New Zealand (13}

LeroriE (1965)

Heer and Anass (1964)
LeroLLE (1965)

Ewary & af, (1968)
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Average Li concentradons in some major igneous rocks were given by Beus
(1964} and rcproduced here in Table 3-B-1. Some additional dara on Li in veleanic
tock types ace given in Table 3-E-Z. Estimates of average Li concentrations in
major pluranic igncous rocks are recorded in Table 3-E-3 which also gives re-
ferences ro mote recent papers oa Li in granites.

Table 3-E-3. Coucentration of Li in piuionic jgneores rocks

Rock Type ppr Li Relerences
Ultramafic rocks 0.xX TorekianM and WenernnL {1961)
Gabbros 10 Heier and Aoars {1964)
Diorites 20 . Heier and Aoams (1964)
Granodiorites 20 Herer and Abass (1964)
High wlcivm pgranices 24 TUrERIAN and WeneronL (1961)
Granites 30 Heier and Aoaws (1964)
Low calcium granites 40 Turekian and WEDEroHL (1961)
Granitic rocks 40 VINOGRADOY (1962)
Syenites 10 Herek and Aoams {1964)
Syenites 28 TurEXIAN and WeoErOHL {1961}
Nepbeline Syenites 20 Heier and Apaxs (1964)
Ncpheline Syenices, Lovozero 37 Gerasmtoviki {1966)

Massif .
Miascitic Nepheline Sycnites 23 GeErasinovskir (1966}

Additional references to recent papcrs giving data on Li in granites include: Sravrov
and Zrauenskr (1961), Moenke (1962), Kurs and Misncnenko (1963), Rativev (1964),
Ivanov (1965), Bowoen {(1966), VoronTsEv and Lin (19668), Kowse and Taryior (1966).

M. Concentration and Distribution in the Earth

HEeIer and Apams (1964) used the chondritic model to estimate che distribution
of Li in the earth. Bascd on the average chondrite concenrration of 3 ppm Li and
reasonable estimares of the Li conrents in the continental and oceanic crust, they
were forced to consider thar the overall Li contene of the mantle amounted to
4.2 ppm (Table 3-E~). This is at least one order of magnitude above the Li content
of ultramafic rocks. More recent estimares would pur the Li concentration in chon-
drites closer to 1 ppm. However, the Li conrenr of the condoenral crust is also
almosr cerrainly lower than estimaced by HETER and Apass (1964). Tarcor (1964)
estimated 10 and 20ppm Li in an oceanic and a contincntal crost respectively, and
his lacer andesitic model for the overall composition of the continental crust would
indicate abour 10 ppm Li in this marcual. In columa 4, Table 3-E~4, it is assumed
an oceanic crust with 10 ppm Li, an upper continental crust of overall granodioritic
composition with about 20 ppm Li, and lower continental crust of. medium ro
high ptessure granulire facies affinities conraining ahout 10 ppm Li (HEerew, 1960).
A chondriric earth composition wirh 1 ppm Li would srill have 1.4 ppm Li in the
inantle, which appears high conipared with vltramafic rocks.



Table 3-E-4. {istribution of Ii i the tarth

Lithiom

3-E-4

Approximate (1) (2)
Mass fraction ppm Li ppm Li
in per cent
Core 315
Mantle 68.1 42 14
lower mantle 57.0
upper mantle 11.0 .
Crust 0.4 25 12
Oceanic crust 01 7 10
Continenral crust 0.3 32 13
upper (1},) continental crust 0.1 20
lower (*/y) continental coust 0.2 10
Earth 100 3 1
% of Li in continenmal crusc 3 4

(1) Heien and Apams (1963). (2) This paper (sce explanation in texc).
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3-F. Behavior in Magmatogenic Processes

Lithium is enriched in greisens.

Lithiuvm may be so strongly endehed in some granite and ncpheline syenite
pegmatites that it forms independent minerals. Lithivmn is eoneenmated in these
pegmarires with such elements as fluorine, chlorine, phosphorus and manganese.
The minerals formed include eryolithionite, Na,Li;AlLF,,; triphylite, LiFe(PO,);
lichiophilite, LiMa(PQ,); amblygonite, (Li, Na)Al[PO)(F, OH); petalite {Li, Na)
(A18i,0,4); spodumene, LiAl(Si,Og); the lithium micas lepidolite, zinnwaldite, and
cookeite; lithium tourmaline, the lithium amphihole halmquistite. The pegmatite
minerals arablygonite (8—10% LigO), spodumene (4, 5—7.5% Li,O) and lepidolite
(3—10% Li,O) can be industrial sources of Li.

Revised manuscript teemived: December 1969
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3-G. Behavior during Weathering
and Abundance in Soils

The Li content of sails is a functdon of detriral mineralogy, newly formed miner-
als, organic material, and soil solution composition. The relative amounts of these
phases and their specific compasidon is a funcdon of degree of weathering, time,
nainfall, temperacure, topography, runoff, and other factors. In this complex dynamic
system it is impossihle to predict the amount and mobhility of Li other than in a
general way,

The amount of Li contained in detrital minerals of the soil depends on the
parent rock mineralogy (Tahle 3-(-1).

Table 3-G-1. Toral Li content in Scottish soile derived from different rock Iyper (in ppm).
{From Mircuesrs, 1964)

Serpen-  Olivine  Andes-  Granite  Granide  Quartz Shale  Sand-  Quartz-

tine gabbro  ite gneiss mica stode  ite
schist
30 30 50 7 70 200 6D 20 15

Lithiren content of a pealy gleyed podzol, on granitic till (in ppm). (From MitcheLy, 1964)

Depth (in.) 7—9 10—14 17—21 21 21—25 31—36 4046
Li 20 80 80 150 200 200 200

During weathering, Li i§ released from the primary minerals to the soil solutdon
as Lit+. It is then removed with the soil soluticn or incorporated in precipitation clay
minenals. For example, in seven soil profiles over arkose, studied hy McLAUGHLIN
(1955), Li eontent increased with depth in four profiles and decreased in three
profiles. In all cases, both silt and clay ftactions contained larger amounts of Li than
the parent material. BurLer (1953 and 1954) found the same concentration effeets
featured hy silt and clay in soils developing from igneous roeks, with the unexplained
exception of an adameltite. Haress and Apams (1966) attempted to calculate reladve
mobilities in weathedng profiles from granites using Li-soil{Li-parent rock as an
index. They concluded thac cthe Li distribudon was highly iregular. In podzolic
soils and grey forest soils (Table 3-G-1), Li coatents tend to increase with depth
(ViNoGRraDOV, 1959; MiTcHELL, 1964). In chernozem soils, the reverse trend seems
true (VINOGRADOV, 1959). Latcrtic soils are generally lower in Li contenr whieh
probahly reflects borh the mafic igneous parent rack and rhe increase in soil solution
leaching and removal typical of areas containing laterites.

© Springer-VesIng Berlin - Heidelberg 1970



3-G-2 Lithium

The relocation of the Li+ ion and the effect of scil drainage can be seen in the
study of Scoutish soils by MrrcHELL (1964). MITCHELL investigated four soils consist-
ing of 75—90% sand, 10—15% silt and 5—10% clay. In freely drained soils, the
sand fraction contained most of the Li, but its contribution in poorly drained soils
was as low as 20% of the total Li. Lithium was concentrated 5 to 10 times in clays
compared to the sand fraction in pooily drained soils but no concentration occurred
in clays of freely drained soils.

Darsa for Li content of soils used in this paper are from HomsrMan (1957),
Vmnocravov (1959), MrrcHELL (1964) and BurriogE and AmN (1965). 'The mean of
117 samples (this chaptcr) is 264-2.2 ppm («{)/n). The median is 20 ppm. Population
statistics for Li in the sedimentary evcle is summarized in Table 3-K-1.

Reviacd mmniuscripr roccived? December 1969



Lithium 3-H-1

3-H. Adsorption Processes Controlling
Concentrations in Natural Waters

Experimental evidence indicatcs that the relative bopding force holding mono-
valent cations is often, bur notalways, Cs* 2> Rbt = I{t > Nat & Li+ (ScuaiNszre and
Kemper, 1967; KausevamoortaY and OveasTREET, 1950). This inverse reladonship
bevween jonic hydrated radius (Li: 3.4 A; Na: 276 A; K: 232 A; Rb, Cs: 228 A;
Carron and WiLktnson, 1966) and exchange capacicy is eleatly shown by Fig. 3-H-1
(Nacuon and Woon, 1945). Boyp ¢f 4. (1947} determined the free enetgy changes
involved in exchange on 2 sulfonic acid resin. In calfmole at 25° €, they found Lit+
(+ 60), Na+ (—320), K+ (—-530), Rb+ (— 615} and Cst (—860) ir good agrcement
with the cxchange order presented sbove.

In competition for lattice sites in soil minerals, small amounts of Li seem to
havé 2 high bonding cnergy which has been interprered as Li substituting in the
octahedral position at the edges of the mineral plates (McDowrrt and Marsiarr,
1962).

The possibility of Li existing as excbangeable ions on organic matter cannor be
ignored (ToTu, 1964; Swarn, 1963) as such material has a high exchange capacicy
(240—450 meq/100 g). The replaceability from humic acid systems is, however,
similar ro that of clays (Li> Na> K}.

10 U
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Ea‘ sMa \
% Mg
5 )
2
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& sl-
K
5}_ e BRY
L L—'—._.—I—

1 1
060 070 O8O 030 100 no
Exchange capacity (meg/g)
Fig. 3-H-1. Relationship hetween ionic hydrated radius and exchange capacity for the
aleali and alkaline earth ions
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3-1-1 _ Lithium

3-1. Abundance in Natural Waters
1. Continental Waters

Population statistics for Li in waters is summarized in Table 3-1-1.

Table 3-1-1. Population statistics for Li in waters

Subdivision
X £ g¥n w median  range concer-
tration
Rivers 23 82 11 56 1 0.1—400  ppb
Sea warer 0190 — — - - — PPmM
Formation waters 26 26 23 134 19 0.04—100 ppm
(brines) '

Hydrothermal waters 82 57 04 258 85  0.01-27 ppm

The concenteation of Li+ in water is primarily conrrolled by incorporation in
“clay minerals of soils and sediments and pethaps by biological activity. The lacter
has been poorly studied.

FeTH ¢t al. {1964} reported an attempt to determine the Li content of snow in
the western United States. They analyzed sevea samples bur were unahle to detect
Li above 0.0 ppm.

The vatiation in chemical composition of river water is exceedingly high. The
vadation is both geographic and temporal. The temporal vatiation is primarily the
resulr of fluctuation in the telative amounrs of surface ronoff and ground warer
discharge into the rivers. The concentration of dissolved material in dvers usually
varies inversely wich discharge (Lrvingstong, 1963). The spatial variatioa in com-
position of river water is greatest in upstream areas where the effect of rack and soil
types is greatest. As warer proceeds downstream, there is a rendency for integration
from different rributaries resulting in a more uniform composition.

GALLE and ANcmNo (1968) reported a range of Li values, in rivers of the Kansas
River Basin, of 0.0 ppm to 0.04 ppm. Durun and Harrry (1963) suggest a median
of 1.1 ppb Li for North Americau rivers. The range of Li concentrations in large
North American tivers investigated by Durum and Harrry {1963} was 0.075 to
37 ppb. ‘

LrvingstoNe (1963) found Na/Li rado in rivers of about 1,500. This rario is
higber rhan the continenral crust ratio of 1,180 {Tayror, 1964), suggesting pre-
ferenvial removal of Li from the warer sysrem during weathering and transportation,
relative ro Na (see discussion of ground water).

The mean Li conrent of 56 river samples rabulated in the preseat study is 23 4- 11
(s/Vm) ppb (dara from Duruvm ef 4/, 1960, aad LrviNgsTonE, 1963). This is con-
siderably higher than the median of 1 ppb.
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Dara concerning che Li content of Jakes is extremely scarce. LrvingsToNe (1963)
presents two aldcr analyses of Lake Tanganyika waters with values of 400 to 800 ppb.
Thesc values appcar suspiciously high. CowegrLL and Hurcnmson {1963) report a
value of 70 ppb in a Guatemalan lake. Briirimgs (unpublished daca) analyzed
twenty-four samples of 2 small lake in Saskatcbewan, Capada, He found a mean of
89 ppb with a range of 85—95 ppb Li. The Li content of lakes appears to be higher
than that of rivers.

In lakes participacing in the evaporative process, Li appears to concentrate even
more than in normal lakes. LrvmigsTonE (1963) 1eports values for what appear to
be evaporative lakes of 1,200—38,500 ppb Li. Rarner and Lupmer (1964) report
17,600 ppb Li in the Dead Sea. The Searles Lake deposits of Southern California
form an cconomic source of Li.

Approximarely 75% of the 400 California ground warer samples analyzed by
- BraprorD (1963) contained less than 50 ppm Li. Brrimvgs (unpublished datea)
found a range of Li values in ground warter from Saskatchcwan of 15—74 pph.
The mean value of 12 samples was 48 pph.

II. Se2 Water

CHow and GorpeErG (1962} determined Li in Pacific Ocean waters by mass
spectromertry and reported an average value of 0.170 ppm. Rirey and FoNGupar
(1964) analyzed thirty samples from all the oceans and tcported 2 Li content of
0.183 ppm normalized to a chlorinity of 19.374 %, The mg Lifkg per C19%,, ratio
was 9.394+0.17 %104 Cuow and Goibeerc (1962) rcporweed 2 Li/Cl ratio of
8944-0.12. Ancmvo and DBrounNgs {1966) reported an average Li contenr of
0.194 ppm in 73 samples of Gulf of Mexico and North Atlantic watcr. Their average
Li/Cl ratio was 9.76 and ranged from 8.65 to 10.72 which was a much larger range
than previously reported. Their average ratio vields 0.185 ppm in sea warer of
199, chlorinity. FABRICAND ef af. (1966) reported Li data from one verical profile
in the Atlantic and found aa average Li conrene of 0.169 for water of 35%, salinicy.

BrLrwngs ¢f af. (unpuhlished daca) have investigated variations in the LifCl ratio
of Sargasso Sea Water with depth and time. The analytical data of 428 samples show
a mean of 0.194 ppm 40.008 Li and a2 mean Li/Cl catio of 9.7340.36,

The tesidence time for Li ranges from 10 ro 19 million years depending on the
estimare for rate of supply used (GorDBERG, 1965). This residence time is long
relative to the orher alkali elements, excepr Na, thus illustrating che lower reacrivicy
of Li with the sediments.

II1. Subsuntface Formation Waters

Brrrings e/ al. (1969) and Birrivngs (unpublisbed data) determined the Li content
in 134 samples of subsurface brines from the Western Canada basin. The average Li
content of the Canadian samples plus rwelve oilfield hrine analyses from WHITE #f al,
(1963) is 26423 (sfVn) ppm. However, thc Canadian samples are bizsed roward
extra sampling of high-salt brines. If one recalculates rhe analyses to weight rhe
relative amounts of various warer rypes {e.g. brines vs. fresher warer) in the wesrern
Canada basin, one arrives at an average Li concentration of 10.7 ppm. This re-
prescnrs the averape for all subsurface water, not just brines, in this partieular basin.
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The median Li content of the 146 samples was 19.0 ppm. The range in Li con-
tent was 0.04 ppm (essentially a potable grouad watcr) to 100 ppm (a brine of
19.3% solids content).

IV. Hydrothermal Waters

The geochemistry of hydrothermal waters has been summarized by Ervis and
Manow (1964} who sugpgest that volcanic thermal water compositions can be ap-
proached by the hor-water-rock reactions and do nor require the presence of *“ mag-
matic” warer. Eri1s and Manon (1964) experimented with hot-water-rock reactions
up to 350° C for periods up to 300 hours. They found the maximum Li amounts
were generally a direct function of remperature.

The mean Li contenr of 258 samples of hydrothermal waters is 8.24 0.4 («f|/n)
ppm and the median is 8.5 ppm. The range is 0.01 ppm ro 27 ppm. (Data used for
these statistics are from Eirris and Manon, 1964; Eriis and Wiisow, 1960; Gow-
DG and Seeer, 1961; and WHITE ¢f 2/, 1963.)

Herinerd ip ived: Decerber 1569
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3-K. Abundance in Common Sediments
and Sedimentary Rock Types

Population statistics for Li in the sedimentacy rocks is summarized in Table 3-K-1.

Table 3-K«l. Paprlation sttatistics for Li in sedimentary rocks and soils

Subdivision

g i ¥a  u median  range concen-
tration
Soils 26 23 22 17 20 — ppm
Dolomires 15.2 20 1.2 292 7.9 — ppm
Argillaceous sediments 66 24 23 105 66 17—207 ppm
Marine shales - 76 54 37 204 61 4400  ppm
Fresh-warer shales 67 39 5.5 51 68 20—155  ppm
Sandstones 38 25 4 3 753 ppm

I. Limestones

The clay minerals and detrital silicates should conmina most of the lithium in
carbonate rocks since substitudon for Ca or Mg alkalis is difficulr in the carbonare
" mincrals. .

Brrrimcs and RAGLAND (1968) analyzed 16 samples of madern rcef carbonares
containing esseatially no quartz or clay. The average Li content was 3.9 ppm.
Lithium should he removed from the carbonate lattice during lichification ard
diagcnesis.

Ourporr (1966, 1968) obrained anaverage of 7.5ppm for 10 limesrones, TurEKIAN
and WeDEPOHL (1961) propose an average for carhonate rocks of 5.0 ppm. Many
of the carlier esticnares of the Li content of limestones are hased oa STRock (1936).
Onrporr(1966) reanalyzed some of the otiginal samples and concluded that Strock’s
values were high by a facror of abour 4. Grar (1960) reported an average of 37 ppm
Li in 183 samples of Seottish sedimentary carbonate rocks. Lithium tanged from
1-—1,050 ppm.

IL Dolomites
That the Li conrent of carhonates is primarily a funcrion of the inspluble residue
content is demensirated by the data of WeRER (1964), the mean value of 15.241.2
(+/ /=) ppmn in the 292 dplomite tocks being higher than the mean value 3.4+ 0.2 ppm
(s/)/m) of the 174 separared dolomite minerals. The median Li content of dolomire
rocks is 7.9 ppm.
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1. Asgillaceous Sediments

Hirst (1962) found Li concentrated in the muds selative to the sands of the Gulf
of Paria. The LifAl matio did not vary with sedimentation rare snggesdng that Li was
incorporated in the clays during weathering and transportation before entering the
depositional basin.

The mean Ii content of 105 marine argillaceous sediments is 664-2.3 ppm
(s/}n) (Weuey, 1958; Hirst, 1962). The range is 17—207 ppm and the median
_ 66 ppm. .

Nicuoirs and Lormic (1962) reported that much of the Li in the shales they
investigated is incorporated in illite and apparantly was present in the mineral
before deposition.

Kerry and Decens (1959) reposted that Li (and B) in shales seemed to be suitable
indicators of marine vs. fresh-water depositional eavironment. They found the
average Li content of marine shales ro be 159 ppm (r =26) and thac of fresh-water
shales o be 92 ppm (5=24). Each group eonsisted of fifteen Pennsylvanian-age
shales. They rcporied the same relative results from modern fresh-water and marine
muds of Hawaii. Onroonrr (1966, 1968) investgated 25 samples of Carboniferous
shales from Germany. She found the average of marine shales to be 1174- 15 {5) ppm
Li and that of fresh-warer shales to be 724 20 (s) ppm Li. It appears thar Li may be
a useful indiearor of depositional environment if restrieted 1o single formations or
basins. The absolute amounts quoted above cannot be transferred to other sampling
areas as is evideneed by the low average Li contenr in marine shales from many
arcas {76 ppm).

The average Li content of 204 shales is 764- 3.7 (sf/Vn) ppm wich a range of
4—400 ppm. The median Li content is 61 ppm. Data used in the compilation are
from Spaw (1954), Horstaan (1957), Kerrn and DEecens (1959), NicHoLus and
Lonring (1962), Quanonr (1966), Srencrr (1966) and Leask (1967).

Lithium conrents of fresh-water sediments are given by Goruam and Swamc
(1965), Kerrsz and DEGENs (1959), and Oneroorr (1966). The mecan of 51 samples
is 6745.5 (5/)n) ppm Li, the median is 68 ppm and the range is 20—155 ppm.
The means of fresh-water argillaceous sediments and rocks arc indistinguisbable
from those of marine argillaceous sediments and rocks.

IV. Sandstones and Other Siliceous Sedimentary Rocks

DEennen (1966) reported the common occurrence of Li in natural quarrz. Values
reported for Li in quartz range from 0.5 ppm to 216 ppm (MaxweLL, 1953; S1roo-
NIAN ef al., 1959; Sravrov and Znamensku, 1961). Knowledge of tbe Li content
in quarrz of sandstones might be useful in studics of provenance and transpotration.

CHRDORT (1966) rcported some anomalonsly high Li contenis for sandstoncs of
a certain Permian bed (885—1,190 ppm). Chemical fractionation of these unusual
samples into scparate mincrals indicared up to 600 ppm Li in the quartz.

The mean Li contenc of 39 sandstones is 38 4- 4 (s/]'s)} ppm the median is 31 ppm
and the range is 7—93 ppm (Horstman, 1957; Hinst, 1962; Ourporr, 1966).

Maxwery (1963) discussed rhe peochemisiey of cherr and related nondetrital,
siliccous sedimentary rocks. ‘The average Li conteat of 24 samples analyzed by
MaxweLL was 11 ppm. The Li content ranged from 2 rto 36 ppm.
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V. Evaporites

Furoa (1939) found that Li was concentrated in the juclusions of fesidual fuid
in potash zones. The maximum Li content of the brine was 19 ppm*. MaxweLL
(1963) reportcd that Li occurred in the insoluble residue of salt deposits in amounts
up to 93 ppm while the potash contained no detectable Li. BiLLiNGs (unpublished
data) analyzed several sylvite samples from Saskatchewan potash depaosits and found
no Li above the detection limir of one ppm. ZuarEsTsova and Vorrova {1966)
reported that Li did not precipitate wich salt minerals. STewArD (1963) stated that
Li in evaporites is present in the associated elays and clastic materials.

VL Pelagic Sediments

Pelagic sediments can be assigned to three main types: calcareous oozes, siliceous
oozes, and clays.

OHRDORF {1963) determined the Li content of 11 deep sea clays (Atlantic) which
range from 58 ppm 10 113 ppm Li with an average content of 91 ppm. She reported
a slight increase in Li content with depth in cores of deep sea clays. Other than clay
minerals, a poteatially large Li conrributer which has not been investigated quanti-
tatively is the authigenic zeolite, phillipsite. Goropire and ARRHENIUS (1958) ana-
lyzed five Pacific pelagic clays and found a range of 49—70 ppm Li with an average
of 59 ppm.

Diflerences between the chemical composidon of Pacific and Atlanrie pelagic
sediments have been pointed out by GoLpeere and ArRrmENiUs (1958) for several
elements. Comparison of OHRDORF'S data with those of GoLDBERG and ARRHENIUS
sugpescs that the Li content of pelagic clays may be higher in the Atlantic than i
the Pacific.

No data seem to be available for the Li content of siliceous pelagic sediments
such as diatomaceous agzcs.

Except for single analyses on compasite samples, the only Li analyses available
for calcareous globigerina oozes are from Wersy (1958). He analyzed ginetcen
samples which had a range of 21—120 ppm Li with an average of 59 ppm. Horst-
MAN (1957) reported a value of 29 ppm Li for a composire of 6 globigerina oazes.

* Editorial addition in proof: The Li concaneration of 22 typical brines with different
chemical compositian from German Zechstein salt deposits ranges frorh 1.2 ppm to 270
ppm Li (A. G. Herrmann: Kali und Steinsalz 3, 209—220, 1961).
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3-L. Biogeochemistry

Hurcumison (1943) demonstrated che positive correlation berween solubility
and biosphere concentration of the elernents. When the ionie potential is preater
than about twelve or less than abourt three, the elemear is relatively soluble and
tbus relacively available and concentrated in biological marerial.

Lithium is not known o be metabolically necessary for life (Bowen, 1966) and
rarely appears roxic. It apparently is capable of subsrituting for K¥ or Na* in meta-
bolic activities.

Brack and MircHELL (1952) suggested an average of 5 ppm (of dry weighs)
in marine plants. Bowen {1966) suggests an average of 0.1 ppm in land plants,
1 ppm in marine animals, and 0.02 ppm in land animais.

Reriscd manuripe recived: Docembes 1962
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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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