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Chlorine 17-A-l 

17-A. Crystal Chemistry 

Minerals containing chlorine as a major constituent are chiefly binary and tertiary 
chlorides, oxychlorides and also berates, sulfates, pbosphares and silicates. 

The behavior of chlorine is completely non-metallic. In the ground state. the 
outer electrons of the 0 atom have the configuration 3J2 3pG. Chlorine occurs in the 
oxidation states -1. +1. +3. +5, +7. In its minerals. chlorine exists as 0
exclusively. The ionic radius of 0- bas been found to be 1.81 A (GOLDSCHMIDT. 
1926. see Chapter 12 of Volume I of this handbook); PAULING and HUGGINS (1934) 
report a covalent tetrahedral radlus of 0.99 A. The electronegativity of 0 is deter
mined as 3.0 (PAULING. 1960. see Chapter 12 of Volume I of this handbook). 

I. Elementary Chlorine 
Elementary chlorine is a diatomic gas (Cl-O intramolecular: 1.989 A; HERZ

BERG. 1950). In the crystalline state at _160" C, tbe CIs molecules are arranged in 
layers (CoLLIN. SR 1952, 157) with an intramolecular distance of 1.980 A (DONOHUE 

. and GOODMANN, 1965). There also exists a clathrate structure CI::' 7Z/ 3 H"O (PAU
LING and M..ul.SH, SR 1952, 376). 

The compounds XX'" wbere X and X' arc different halogen atoms which COD_ 

tain chlorine and iodine, are covered in Section 53-A. 

Il. Binary and Related Compounds 
All dements. except the inert gases. fo~ chlorides and some elements occur in 

several oxidation states in these compounds. Most chlorides are of ionic character; 
with the Increasing ratio of charge to radius of the metallic ion. the covalency of the 
bonding increases. A large variety of structures exists due to thc different valency. 
radius and polarizing power of the cations. According to the A-Cl bonds. these 
structures can be subdivided into framework. layer, chain and molecular structures 
(WELLS. 1962). Table 17-A-1 contains several examples of structure types including 
data on coordination numbers and coordination polyhedra around chlorine. 

HO· H20 consists of Jaycee HsQ+O- (0 ... 0: 2.95 A) (YOON and CARPEN'TBR., 

SR 1959, 293). In HO· 2 Hp, puckered layers of 0- are connected hy hydrogen 
bonds of~O"t: 0 •.. 0: 2.41 A; 0 ". 0: 3.04--3.10 A (LUNDGREN and OLOVSSON, 
1967a). The structure ofHO' 3 H 20 may be written as H60"tO- • H20 with O ...0: 
3.01-3.13 A (LUNDGREN and OLOVSSON. 1967b). 

m. Hydrates of Binary Chlorides 

n Several of the bina.ry metal chlorides form hydrates which contain different 
numbers of water molecules per formula unit. A few of these compounds occur in 
nature. Examples of different types of hydrates of binary chlorides are given in 
Table 17-A-2. 

C SpriJlBa-Vorl.os Ilorlio. • Hcidclb«g 191~ 



17-A-2 Chlorine 

Table 17~A-l. EXQmpies of biruuy ,bloridu 

Coordination Seuccure-rype Compounds, Reference 
number of mineral names, 
cblnrine inreratomic distances 

8 Cs{81Ql8j cr.-NH,O (salrniac) H,\VINGHURST, M,\CK and BLII.KE 

(Sa 1913-28, 99), 
KuwAB,\R.A (SR 1959, 295) 

ocr- WYCKOFF (sa 1913-28, 97) 
Cs-Q: 3.57 A 

6 Na(tlQl1l	 NaG (halite)b BRAGG and BRAGG (5B 1913-28, 
Na--Q: 2.82 A 103) 
KG (sylvite) BUGG (58 1913-28, 105) 
K-Q: 3.14A 
AgCl (cemtTte) WILSEY (58 1913-28, 111) 
Ag-a: 2.77 
UD, RbQc WYCKOPF (58 1913-2B, 97) 

4 o:~Zn(11SI'1 Cua (nantokicc)lUl WYCKOFF and POSNJAK (58 
1913-28,110) 

Ca[alF~~1 8,0, MARK and TOLII:SDQRF 

(58 1913-28, 187) 

3 Ca['JCl,\,~lbb Ca~ (hydrophilicc) VAN BEVER and NreUWEN

(approx, KAJ.lp (58 1933-35, Z78)
 
planu
 
ttiwgu!a<)
 

3 CdJ'lO~1j	 Mn~ (sOlcchitc:) P,\ULING (58 1913-28, 774); 
FeCI: (lawrenclee) BRUNI and FEP.R.ARI (58 1913
MgCl: (dlloromagne9itc) 28,773) 
NiU 

(pyramidal Ni-O: 2.426 A~'" F£RRARI, BRAIBANTI. Brc
ttiwgu!a<) UAROI(1963) 

Cd[al]~S) Vo, VILLAOSEN (SR 1959, 298) 
U[DIQ~11 LaO, Z.-I.CfolARI.-I.SEN (SR 1947-48, 277) 
Cu['+llQ~2+J1 CU~·b WELLS (SR 1947-48, 263) 

Cu-Q:2.29A(4x) 
2.98 A (2x) 

2 Bi (Il]~~l Fl:~ (molysi[e) WOOSTER (58 1928-32, 293) 
Fc-O: 2.39 A GREGORY (SR 1951, 151) 

(wgu!a<) Cr(IJO~~1 c-o, WOOSTl!J1. (58 1928-32, 292) 
Hg(41I~1J i'_ZD~IIC BREHLER (SR 1959, 297) 

Zn-O: 2.27 A 
a-Zn(~larl a-ZnU ..." BREHLER (SR 1959, 297) 

Zn-O: "2.34A 

Pb['lHlOIllQI'l	 Pb~ (ccrunnke) BRA.EXKEN and HMIANG 

Pb-O: 2.86-3.08 A ax) (SB 1928-32, 251) 
5/4	 

(j3.64 A	 (2x) S.-I.HL and ZEMJUolN (SR 1961, 
324) 



Chlorine 17-A-3 

Table: 17-A-l (continued) 

Coordination 
number of 

Srruceure-rype Compounds, 
mineral names. 

Reference 

chlorine: interatomic distances 

Molecular a._W[llO~lJ a.-wOs KF:rUAAIl. and VAN OOSrElll-iOUT 
structures 

Sb [~lClg.J 

[Hg~IJ]o." 

SbO~ 
Sb-O: 2.36 A (av.) (3 x) 
a.-HgIO~ 
(calomel] 
NbO, 
Nb-O: 2.555 (2x) 

2.250 (2x) 
2.302 (2x) 

aiDa 
B-O: 1.7QA (av.) 

(SR 1942--44, 159); S~IITIHt al. 
(1968) 

LINOQUIST and NIGGLI (SR 1956. 
24<) 

HVLLER.AS (Sa 1913-28. 256) 

ZALKlN and SANOS (SR 1958, 237) 

Aro] and LIPSCOMB (SR 1959, 303) 
JACOll50N and LIPSCOMB (SR 1959. 

303) 

a Abovc 46QoC. GiO crystallizes in the NaO-type (WEST, sa 1933-35, 231). 
b NaO and NaBr form solid solutions (NICKELS. FINE~'AN, WALLACE, SR 1949, 285) 
C Under higb pressures. RbO cryst:Ulizes in the esO-type (Vndl';AGlN and K ... Df.LKIN.... 

SR 1957, 215). 
.... Above: 407°C. CuO crystallizes in the wurtairc-rype (LORENZ and PUUER, SR 1956. 

237). 
bb The ea.o.,,-type is a weakly deformed rutile structure. 
ee The: distanee Ni-O is shorter than the sum of their ionie radii; 0-0 (in the: 

octahedra): 3.85 and 3.48 A; 0-0 (between different octahedra): 3.67 A. 
.. b Melanothallite has the: composition Cuo." or CuCCI. OH)!. 
IIC The disranee Zn-o is significantly shorter than the sum of their ionic radii, its 

value is approximately that of the sum of rerrahedral radii. 

IV. Complex Chlorides 
Many unhydrated and hydrated complex chlorides exist and a few of them form 

minerals. The complex chlorides can be subdivided according to structural units 
and a systematic treatment has been given by WELLS (1962). lJDO (1962) has studied 
the structures and properties of a series of chlorides and complex chlorides of the 
group b metals, Tables 17-A-3 and 17~A-4 give examples of complex chlorides. 

Many of the well known simple and complex halide hydrates can contain hydro
gen bonds. A detailed discussion of the relations between chlorine atoms and water 
molecules and of the probable hydrogen bonding in chloride hydrates of divalent 
metals has been given by JENSEN (1969). He repons distances between 3.07 A and 
3.33 A for linear and bended O-O-hydrogen bridges and values between 3.22 A 
and 3AS A for bifurcated bridges. 

V. OxycWorides and Related Compoundsn There are many compounds containing both oxygen or OH in addition to chlorine 
andfor different halogen atoms. , 



17-A-4 Chlorine 

Table 17-A-2. Hydraftd birrary tlJ/oridts 

Compound Structural formula, Reference 
(mineral name) interatomic diseances ere. 

zeo, '11!~ HsO Zn rt,tl(~O)t Zn [IJa~ 

Zn(4).a: 2.24-2.35 A 
FOLLNER and BRl!HLER (1970) 

Zn(I,I)-OH~; 2.02 A (4x) 
..•a l : 2.60 A (2x) 

Cua,.·2H,O Cu[4p110e(H~O). 

(erioc:ha1cite) ce-ci. 2.27 A PETERSON and LEVY 
ce-o. 1.92 A (SR 1957, 397) 

NiClg·4 H.O [Ni(H~O)tJ,Nia,. STROG"'NOV, KOZIN"', 
Ni-OH,: 2.13 A ANORF.EV and KOLjADIN (SR 1960, 

282)" 

F~a,.·4HIO Fe(t,I](H~O),Cl~ PENFOLD end GRIGOR (SR 1959, 299) 
Fe-a: 2.53 A 
Fc-OH,: 2.12 A, 2.08 A MEUNIER-Pnutr and 

V~ MEERSSCH.ll. (1971) 

Coa,.·6H.O (CoC1,ll(HIO)iJ,l·2 HID STROGhNOV, Kolrn... nnd 
ANDllEEV (SR 1958, 24(1) 

MIzuNO, Unt WId SUGAW... R... 
(SR 1960, 280)b 

EL S"'FFAR (SR 1962, 435) 

AlO~·6HtO 
(caloroalluminhe) 

[41(H.°)sl° 
AI-OH.: 3.03 A 

BUCHhNAM and HARRlS (1968) 
EL SAf"f"AP. and MULCAHT (1971) 

Mga,.·6~O [Mglll(H:O)slClg ANDRESS and GUNDER.MANN 
(bischofite) (SB 1933-35, 489) 

Mga,.·12 H:O IMg(H.o).]~(ur.o](.H.O)s 
O-OH,: 3.17-3.23 A . 

SASVARI and JEFFRET (1966) 

.. NiO,·6.H.O is isorypic wirh CoO.·6 H.O (STI\OG~OV, KOZINA and ANOREEV, 
SR 1960, 282). 

b The interatomic distances found in the two Invesdgaelons are very dilfa:~nr. 

Oxychlorides and bydroxychlorides bave some mineralogical Importance. The 
naturnlly-occurriag compounds of these types are listed by STRUNZ (1970); examples 
are given in Table 17-A~5. 

VI. Chlorites, Chlorates, Perchlceaees 
Chlorine forms salts of the acids HOO.. HOOa and H004 with several metal 

ions; examples are giVM in Table 17-A·6. 
Considering the average CI-O distance in the different OO~ species, there seems 

to be a correlation between this distance and the oxidation State of 0 (GILLl'.SPIE. 

SPARKS and TRUEBLOOD, SR 1959, 458) (see Table 17~A-7). 

Perchlorates are known of all electropositive metals. They are often isotypic with 
the sulfates, permanganai:es ere. 



Chlorine 17-A-5 

Table 17-A-3. Stluud txampJu IJfCIJl1tpJtX cbJIJridrr 

Compound Mineral name, inter Reference 
arcmic distances 

.K.Il'rfnCI,J 

K.NalFeCla] 

K2[FeO.OH,] 

K,[Pt[· plIOI] 

CsNi[aJO.b 

CSPb['Ja. c 

CS,11,[·JO,.... 

Cs,[CoOI]O 

chloromanganokalitee 

rinneiree 

erythrcsideriree 

Pt-O: 2.308 A 
K-O: 3.239 A 
Ni-O: 2.43 A 

perovskite 

BELLANCA (SR 1947-48, 413)
 

BELLANCA (SR 1947-4B, 415)
 

BELLANCA (SR 1947-4B, 419)
 

DICKINSON (SB 1913--28. 224)
 
MAI~ tl al. (1972)
 

TI~tE:NKO (SR 1955, 332)
 

MC'lLLER (SR 1959, 304)
 

HOARD and GoLDSUIN (SR 1933--35, 505)
 

POWELL and \XlELLS (SR 1935, 498)
 

.. Minerals of the same structure type. 
b In CsNiO" chlorine and caesium are forming a hcp ; Ni oecupies those octahedral 

holes whieh ate only coordinated by chlorine. A further isorypic substance is, e.g., CsCrCI. 
(SEIFERT and KLATKY, SR 1962, 457). 

c Further ieoryplc substances are CsCdO, and CsHgQ, (NARAY~SZA1I6, SR 1947-48, 
454) . 

.... Cs.TI,O~ is built up of a close packing of Cs+ and 0- with 113-+ in certain pairs of 
adjacent octahedral holes. 

Table 17-A-4. Hydraud cIJmpJtx cbJDriticr 

Compound Mineral name, Reference 
interatomic distances 

carnallite 
O~K: 3.17-3.33 A 
O-H,O: 3.10-3.23 A 
Zn-O: 2.25 A 
O~HaO: 3.20-3.40 A 
2n-0: 2.26A 
O-H,o: 3.11 A 
Zn-O: 2.32 A (1x) 
Zn-O: 2.27 A (3x) 
O-H,O: 3.26 A 
11-0: 2.54A 

FISCHER (1973) 

Sii$SE and BREHLER (SR 1964.278) 

BUHLER and KONIG (1969) 

BREHLER (SR 1960, 289) 
BUHLER and TRUNZ (unpUb

lished) 

LINHAlIO, MANTHEY and PUETH 
(SR 1953, 353) 

VIT. Sulfates, Phosphates, Silicates, etc. 

There are some additional minerals (Table 17-A-8) and synthetic compounds 
containing a in its anions. In several of these compounds CI is able to replace OH 
partially. 

Several additional derails about the crystal chemistry of chlorine are given by 
WELLS (1962). 



17-A-6 Chlorine 

Table 17-A-S. Sel~elttI tx"mpl" of oxyrhlorit/u and rel"Jtd mmpolmds 

Compound Mineral name, Reference 
Interarcrnlc distances 

BiOO a bismoclite 

PbFOa madockite 
C(-Pb: 3.07 A (4x) 

3.21 A (1 X) 
PbOHO leurionire 
PbSbO:O nadoritc 

CU:(OH)30 atacamirec 

Pb2CU(OH)I~ dinboleire 
O~Pb: 3.21SA (2X) 

3,430 A (2X) 
O·Cu: 2.548 A 

2.946 A 
boleire 
O-Pb: 2.94-3.31 A 
O-Cu: 2.85-291 A 
O-Ag: 2.52-2.83A 
hemsrophache 
O·Pb: 3.29 A, 3.33 A 

rerlinguaire 
O-Hg(I): 3.25 A 
O-Hg(ll): 2.80 A 
O-Hg(lll): 2.57 A 
probably identical 
wich mendipite 

BANNISTER and HET (SB 1933-35. 
370) 

NIEUWENII;A),1l' and BIJVOET 
(SB 1928-32, 232) 

BRASSEUR (SR 1940-41, 131) 

SILLtN and M1u.ANDER (SR 1950. 
307) 

WI!.LLS (SR 1949,20) 
ROUSE (1971) 

ROUSE (19732) 

ROUSE (1973 b) 

$CAVNICAR (SR 1956, 242) 

VINCI!.N"I' and PERRAULT 
(1971) 

" BiOCI bas been found isotypical with PbFO. In the PbFO-type, the 0 atoms are 
on the outer aides of layers OPbF:PbO. The a atoms have four Pb-neigbbors in one layer 
and a fifth one in tbe nexr layer. FeOO crystallizes similar to PbFO. 

b Closely rdated to atacamite is the other modification of C~(OH)30, paratacamite 
(atdlite) (FRONlllll.. ,SR 1950, 201). 

Table 17-A-6. Examplrs af ehl"riJu, rhl"ToJes om/ peribiarates 

Compound Reference 

NH,[OO~la 

Ag[OO:lb 
Na[0031 
NH,[0031 
K[0041 c 

Ba(OH:M004J. 

GILLESPIE, SPARKS and TRtlEBLOOD (SR 1959, 458)
 
CURTI, RIGANDI and Loccar (SR 1957, 355)
 
ZACHARIASEN (SR 1928-32, 407): ARAVlNDASHAN (SR 1959, 460)
 
GILLESPIE:, GANTZEL and TRUEBLOOD (SR 1962, 641)
 
GOrtFRlED and SCHUSTIORlUS (SB 1928-29, 413); .MANI (SR 1957,
 

358) 
MANI and RAMASESHAN (SR 1960, 438) 

... H004·H.z0 is isorypic: with NH,OO, (VOLMER, SB 1928-32, 415; LEE and CAR
PENTER, SR 1959, 461). Proton magnetic resonance: confirms the formula ~O+OO,
(KAKlUCHI, SHONo, KOMATSU and KIGDSHI, SR 1952, 283). 

b In AgOO:, discrete: AgOO: molecules exist rather than Ag+ and 003- ions.. 
c The: structure is Isoryplc with BaSO" baryte. KOO, forms a high temperature (j

modification (HERJdANN and lLGB, SB 1928-32, 411); the high temperature modifications 
of Na, !-C. Rb, G, NH.. TI and Ag perchlorate are isorypical. 



Chlorine 17-A-7" 

Table 17-A-7. CI-O dis/onft and O-Cl-O OJIglt in CIO; 

0-0 distance (A) Atomic arrangement 

1.44 109.5 retrahedrai 
1.46 lOB pyramidal 
1.57 110.5 angular 

Table 17-A-8. Exomplu of C/-btoring mljo/u, PhosPho/u, lilko/tI, etr: 

Compound Mineral name Reference 

KMgO[SO!]·2'!, H,;O kalnire ROllINSON, FA.";:G and OHT.4. (1972) 
Na..:tMgOaISO,llQ d'anaire BUIlZL.4.FP and HELLNfiR (SR 1961, 

453) 
KN~O(SO,lg[CO.h hankaire KATOand SAALFELD (1972) 
Pb,N~O[SO!h ceeaccllree SCHNEIDER (1967; 1969) 
G1O(PO!Ja ehlorine HENDRICKS and JEFFERsON (SR 

apatiteb 1928------32, 458); TAIIORs~XT (1972) 
PbaO[PO!l. pyromorphite HP.;NOIUCKS and JEFFERsON (SR 

1928------32, 458) 
WOND~TSCHEK (1963) 
FORTSCH and WONDRATSCHEK (1965) 

PbaO[AsO,l, mimereslre HENDRICXS and jfiPPERSON 
(SR 1928--32, 458) 

KEPPLER (1969) 
Al~~A1[!lOI(OH, F)lBO[SiaOls] %lltlyire K.4.MJ1 (SR 1960, 474) 
Ba, T~(Ti, Nb, Fe)Cl 01B[S~OI~J baotite NEKRASOV tt 01. (1969) 
(Mn, Fels(OH)gCI[SisOnJ pywsmalite KASHAEV (1967) 
Naa~[SiB~O:!-l] scdallrec LONS and SCHUL~ (1967) 
Na,O[SiB~O~I] marialire PAl'JIU>:md ZOLTAI (1965) 
p.Mg3O[B,Ou] boracire ITO, MORIMOTO and S.4.D,\NACA 

(SR 1951, 282) 
u...N~O[SO,Jz[BPB(OH)~l heidcrnite .... BURzL.4.FF (1967) 
CuOIB(OH),l bandvlire FORNASERI (SR 1950, 346); 

COLLlN (SR 1950, 346) 
Na:O[B(OH),l teeplelre FORNASERI (SR 1949, 263) 
F"a»~lT"OJ]'O rodelqu ilarire DUSAUSOT and PROTAS (1969) 

.. Caracolire is isorypical with chlorine apatite. 
b A synopsis of apatite research has been given by MCCoNNEL (1973). In the apatite

group minerals, a is ccrahedrally coordinated by cations. 
" a is retrabedrally coordinated by 4 Na wirh Na-Q: 2.73 A. 
a .. In heidomire, CL is octahedeally coordinated: CL-Na· 3.02 A (2x); o..ca: 'Z.B3 A; 

O-H: 2.27 A (2x). 



17-8-1 Chlorine 

17-B. Isotopes in Nature 

Tbere are two stable Isotopes of chlorine, 3liQ and ""Cl, their natural abundances 
being 75.53% and 24.47%, respectively (BOYD eta/., 1955). The atomic weigbt of 
chlorine is 35.453 (HEArn, 1971). 

Nine unstable isotopes of chlorine are known: 32CI, 330, 3f."'Cl, "'0, 38CI, 3110, 
:J8mO :'lIIO, and 400 (HEATH, 1971). 

I. Stable Isotopes 
370Several workers have determined the isotopic abundance of 35 0 and in 

geological samples. BAERTSCHI (1953) found no fractionation of these isotopes in 
Atbntic Ocean water, and OWEN and SCJrAEPFER (1955) similarly found no isotopic 
variation in several rocks and a sample of sodium chloride. 

The most extensive work on the natural abundance of rbe stable isotopes of 
chlorine was that of HOERING and PARKER (1961). These workers determined the 
isotopic composition of Gulf of Mexico and Pacific Ocean water, oil well brines, 
chloride minerals including volcanic sublimates, rocks, minerals and stony meteorites 
(these were all" finds", therefore, much of the chlorine may be of rerrestrial origin). 
From their results, these workers concluded that no large-scale isotopic fractionation 
occurs in nature. 

More recently, MORTON and CATANZARO (1964) have determincd the chlorine 
isotope ratio of five Precambrian apatites, including both original higb chlorine 
apatite and merasomatised low chlorine apatite; they found that no isotope fractiona
tion occurs during original emplacement or during subsequent metasomatism. 

Il. Unstable Isotopes 
880 has a half-life of 3.1 xl0s years (HEATH, 1971) and decays to 38Ar. 
The terrestrial distribution of 3110 'Was studied by DAVIS and SCHAEFFER (1955) 

and they examined several chlorine-containing materialsfor the presence of38O,which 
they considered to be formed essentially from the action of cosmic ray neutrons and 
neutrons derived from spontaneous fission of uranium. Appreciable amounts of 
seO were found in a pbonolite from an altitude of 3.5 km, but no detectable 3110 
was found in a nepheline sodalire from a low altitude locality. In addition the isotope 
was not detected in Atlantic Ocean water or in the Great Salt Lake of Utah. 

SCHAEPFER etal. (1960) determined the concentration of 3110 in rain warer and 
other natural waters. These workers concluded that 3llCI production in the atmosphere 
from cosmic ray interaction with argon, was insufficient to account for all of the 
observed concentrations of the isotope in natural waters; they suggested that another 
source of SlCl resulted from neutron irradiation of sea water by marine nuclear 
explosions. (1 

Some v:alues for 38CI in rereesrrial materials are given in Table 17-B-1. 
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Table 17-B-l. ~ec, in ftrrtrlrial materials 

Sample seCI activity »o content Reference 
(d.p.m.e (gSOO/g Qb) 
per gram 0) 

Pitchblende: Gre:l.t Bear Lake, M. W. T., Canada 17 2,40 X io-» JONTE (1956)C 
4 5.64 X io-» KURODA tf al. (1957) 

Larire phonolite: Bull Cliff, Cripple Creek, Colorado, U.S.A. 0.12 1.69 xl0-1~ DAVIES and SCfiAEFFER 

(1955) 
Spring water: Hot Springs National Park, Arkansas, U.S.A. 2,1 2.96 X 10- 11 JONTa (1956)0 
Petroleum brine (very high in Ra) 1.9 2.68 X 10-11 jONTE (1956)0 
Well water: Long Island, U.S.A. 1.02 1.44 X10-11 SCHAEFFER II at. (1960) 
Stream: Vermont, U.S.A. 0.56 7.90 X10-11 SCHAEFFER If al. (1960) 
Lake Ronkonkoma: U.S.A. 0.28 3.95 X io-« SCHAEFFER elal. (1960) 
Rain water: U.S.A. 0.80---12.2 1.13 X 10-11 [0 1.72 X10-10 SCHAEFFER tt al. (1960) 

[Mean (5) = 5.9] (Mean 8.32 X 10-11) n 
~ 

II d.p.rn, = disintegrations per minute. 0,.
b assuming 100% counting efficiency. o
C]. H. ]ONTE, Ph. D. thesis. Unlvershy of Arkansas-quored by RANKAMA (1963). • 

Table 17-B·2. Conr(IJfratiall oj rad/oir%pt! ~I"'CI. MCI, and ~oCI ill rain lZ'a/tr 

~ImaSample (locality, dares '"0 »ct 
collected, reference) 

d. p- m."j1irer atoms/liter b d. p. m."jlirer atoms/liter b d. p. m."j1icer atomsj1iterb 

Bombay. India, 7/8/64--2/8/65, 0.45; 0.9 
BHANDARI tl ot. (1966) (Mean (2) = 0.7) 

21; 42 
32 (Mean (5) = 13.3) 716 

2.1-15.7 
(Mean (12) = 8.2) 

117-1.257 
657 

Richland, Washington, 
U. S. A., 29{7/64-26/1/67, 
WaGMAN tl at. (l968) 

0.3-1.5 
{Mean (7) = 0.9) 

14--69 
42 

9-147 
(Mean (10) = 58.8) 

484-7,912 
3,165 

15-200 
(Mean (10) = 84.2) 

833-16,017 
6.743 

;' 

Ii d. p- m. "" disintegrations per minute. l> Assuming 100% counting efficiency. ~ 



17-B-.3 Chlorine 

alIO occurs in iron meteorites where it is derived from spallation of the metal 
due to exposure to cosmic radiation. According to GOEL (1964) it can also he derived 
in large iron mereocres from neutron capture reactions on the lawrencite inclusions 
within the metal. 380 decays to 381\[ and the :RJ.i\rlS6O ratio in iron metecrices has 
been used to determine their cosmic ray exposure ages and terrestrial ages (SCHAEF
FER and HEYMANN, 1965; VlLCSEK and WiNKE, 1963; see also HONDA and AR..."lOLD, 
1964, and MATSUDA rIal., 1970). 

Cosmic-ray produced alIO has been found in lunar samples by several workers 
(BEGEMANN ~/I1I.• 1970; SHEDLOVSKY tfal., 1970). 

The respective half-lives oP"'llICL, 'JolIet, and ~O are: 32.0 minutes, 37.3 minutes, 
and 55.5 minutes (HEATH, 1971). These three radio-isotopes which are produced in 
tbe troposphere by cosmic ray Interaction with argon, have been studiedio. conjunction 
with their possible use as radioactive tracers for the study of short-term tropospheric 
processes (BHANDARI el al., 1966). 

a90 was firer detectedinrain water by WINSBERG (1956), whileseO was first detected 
in rainwater by PERKINS II al. (1965) and BHANDARI el al. (1966); these latter workers 
also detected wnCI. 

BKANDARI el al. (1966) found that the production rate of these radioisotopes of 
chlorine increases with altitude. WaGMAN el al. (1968) observed that the concentra
tions of these isotopes varies inversely with precipitation, a fact which belps to 
explain the large degree of variation shown between the results of various workers 
(see Table 17-B-2). ENGELMAN and PERKINS (1971) stated that 3llc t and 380 production 
rates are such that their equilibrium concentrations are in a ratio of about 1.5: 1 in 
the atmospbere; this ratio can vuy markedly during precipitation. 

The other radioisotopes of chlorine have very sbcee half-lives; apart from tOct 
with a half-life of 1.4 minutes, the rest have half-lives of less than 2.5 seconds (HEATH, 
1971). There is no information regarding the occurrence of these isotopes in nature. 



Chlorine 17-C-1 

17-C. Abundance in Cosmos, Meteorites, Tektites 
and Lunar Samples 

I. Cosmos 
Several values have been proposed for the cosmic abundance of chlorine (C.......m

ROllJ, 1966. 1968) having been derived mainly from analytical data for meteorites. 
Reeently, LA~mERT tt 01. (1971) have proposed a cosmic abundance of 5.5-5.8 log 
N(Cl), based on their observed solar abundance and that for the Orion Nebula 
(Table 17-C-1). 

Table 17-C-l. ExfrotnTuJriol ,blorinr obl/lIdon(~J 

System Abundance log N (0) Reference 
[where log N (H) = 12.00) 

\ 
i' Pegasi 6.25 ALLER (1961) 
Orion Nebula ...... 5.8 LAMDERTtJ 01. (1971) 
Planetary Nebula 6.9 ALLER and CRYZAK (1968) 
Sun (upper limit) ::£5.5 L~U1ERT rr 01. (1971) 
Cosmos 5.5-5.8 LAWlERT rJ 01. (1971)'" 
Cosmos 4.84 C.utERQN (1968)b 

'" Based on Solar and Orion Nebula abundances. 
b Based essentially on CCI meteoritic abundances, 

II. Meteorites 
a) Stones 

The chlorine content of chondriric meteorites varies from less tbac one ppm to 
almost 0.1 %. In achondrites, the chlorine values are generally comparable with the 
lowest values for chondrites. 

-From tbe values listed in Tables 17-C-2 to 17-C-4, it is apparent that several of the 
earlier estimates of chlorine abundance in meteorites are much roo high (NODDACK 
and NODDACK, 1930; RANK.AM.IL and SAHAMA, 1950; SALPETER. 1952). 

GREENLAND and LoVERING (1965) have analysed "falls" and "finds" from the 
CL and CH classes. The results given in Table 17·C-5 show that the mean chlorine 
values for the "finds" of both classes are nt least double those of the "falls". 

There are marked differences in the chlorine contents of the various classes of 
chondrites (Table 17-C-6), the values for the carbonaceous and enstatite (CeJ 
chondrite classes being generally much greater than those for ordinary ehondrites. 
Chlorine has been elassed by LAR..U.lER and AlIJDERS (1967) as a strongly depleted ele
ment in chondritic meteorites. 

A major host mineral for chlorine in chondrites is chlorapatire, which has been 
ro found contain 3 to 6% Cl and 0,1 to 0.4% F (FUCHS, 1969; VAN Scaaos and 

http:RANK.AM.IL


17-C-2	 Chlorine 

Table: 17-C-2. Chlorine;n £tlrb01/0&lOIlI (lild tn/Jatift dXJlldrilu 

0." Metecriee	 Numbn of C! Method Reference: 
samples (ppm) 

ce, Orgueil 1 290 e GIlBENLAND and LOvElUNG (1965) 
1 210 N/R REE:O and ALLEN (Z966) 
3 720 N/R GOLES rJ 01. (1967) 

Ivuna 2 2ao NfR Rae» and ALLEN (1966) 
1 750 N/R GOLFS rIal. (1967) 

Cc, Mighei 1 350 N/R R.J'.ED and ALLEN (1966) 
2 470 NfR GOLES tJ 01. (1967) 

Murrey 2 200 N/R GOLES rl 01. (1967) 
1 108 N/R QUIJANO-RICO and WANKE (1969) 

eRL La..nee 1 350 e GREENLAND and LOVERING (1965) 
1 125 N/R R1llIDand ALLEN (1966) 
2 Z77 N/R GOLES rla/. (1967) 
1 248 N/R QUIJANO-RICO:md WANKE (1969) 

Karoonda 1 310 e GREENLANO:md LoVI:JI.ING (1965) 
I 117 NfR Reac and ALLEN (1966) 
1 45 N/R QUIJANO-RICO and WANKE (1969) 

Mokoia 1 370 e GflEENUND and LoVERING (1965) 
WlUTc:nton 1 360 e GRF.ENUND and LOVERING (1965) 
Feli:t: 1 270 N/R GOI..l'.S rlol. (1967) 
Groonaja I 421 N/R QUIJANO-RICO and WANKE (1969) 

ce, Ab~ 2 SOO N/R VON GUN'l'EN rl a/. (1965) 
1 432 N/R RF.Eo and ALLEN (1966) 
1 750 N/R GOL.l'.S rlol. (1967) 
1 994 N/R QUIJANo-RICO:md WANKE (1969) 

Indarc:h 1 900 e GIl£ENLAND and LoVERING (1965) 
2 675 N/R Rue and ALLEN (1966) 
1 570 NjR GaLES U aI, (1967) 

Ce, St Marks	 1 210 e GREENLANO and LOVERING (1965) 

Cc, Hvitris 2 2Z2 NfR VON GUNn':N U al. (1965) 
1 250 e GREENLANO and LOVERING (1965) 
I 321 NfR ReED and ALLEN (1966) 
2 144 NfR GOLES et ol, (1967) 
1 214 NfR QUIJANO-RICO U1d WANKE (1969) 

Kbairpur 1 ZJo e GREENLAND and LOVERING (1965) 
Pillistfer 1 160 e GREENLAND and LOVERING (1965) 

RIBBE, 1969); meteoritic rhiorapatire was first identified by SHANNON and LARSEN 
(1925) in the New Concord chondrlte. FUCHS (1969) lists the following chondrites 
in which chloraparirc has been identified: CL class = Ariba, Bruderheim, Harleton, 
Ness County, New Concord, Shaw and Walters; LL class = Scko-Banja ; CHL 
class = Karoouda. VAN SCHMUS and RIBBE (1969) bave identified and analysed 
cbIorapatite in the CH class Djari-Pengilon, the CL class Forksville and the eLL class 
Manbhoom. 

The chlorine content of meteoritic chloraparire so far analysed is insufficient to 
balance the formula Cafi(P04)aO. VAN SCHMUS and RInBE (1969) have found small (i 
quantities of Ruorine in two chondritic meteorites and thc:y assume rhar small 



Chlorine	 17-C-3 

Table 17-C-3. Chlo1in~ in ordillary chondri/ts (falls only; average: values) 

Class	 NWIlbec Chlorine Mean Method Reference 
of (range (ppm) 
5l\lIlpl~ in ppm) 

CH I 97 NfR VON GUNTBN rJ pl. (1965) 
4 51-170 127 C GllEENLANO and LOVERll'lG (1965) 
2 0.44,9.05 4.7 NfR REED and ALLEN (1966) 
1 ri NfR GOLES d al. (1967) 

23 7-210 82 NjR QUI]ANo-RlcO and WANKE (1969) 

CL	 4 21-136 9J NfR VON GUNTa.~ II al. (1965) 
9 92-270 17< C GREENLAND and LOVERING (1965) 
4 11.1-71 35 NfR REw and ALLJ;:N (1966) 
5 42-124 80 NfR GOLES II lit. (1967) 
8 21-212 76 NfR QUIJANO-RIco and W~KE (1969) 

CLL	 a 57,266 162 NfR VON GUNTIlN II al. (1%5) 
2 89,230 16' C GRttNLANO and LOVERING (1965) 
2 121, 131 126 NfR QUIJANo-RIcO and WXNKE (1969) 
1	 19. NfR GoLESd ,11. (1967) 

Table 17~C-4. Cblon'n~ in o~bondrilu 

Meteorite ppm 0 Reference 
(method) 

Ae Nerren COUll<y 

Ab johnstown 

Ao' Frankfort 

Ap Moore Counry 
]uvirw> 
Pasamonre 
Stanncrn 

3.8 (NfR) 

13.0 (NfR) 

14.9 (NfR) 
23.8 (NjR) 
18.0 (NfR) 
8.0 (N/R) 

34.5 (N/R) 

VON GUNTEN tI al. (1%5) 

QUIJANO-RICO and WXNIUO (1969) 

RuD AND JOVANOVIC (1969) 

RuD and JOVANOVIC (1969) 
QUIJANO-RIco and WANft.I'. (1969) 
QUI]ANo-R1CO and WANKIt (1969) 
QUIJANo-R:co and WANK.!!. (1969) 

Table ]7-C-5. CamparirOl'J afc1Jlorin~ UJl'Jtrn/ oj "Jails" alld "findr" (from GIlEENLAND and
 
LOVERlNG, 1965: method: q
 

Meteonre class Number of M=O Standard 
samples (ppm) deviacion 

CL "{oJls" 11 170 58.4 

CL "finds" 20 349.5 211.6n CH "hlls" 4 194.9 

CH "finds" 4	 560.5 



17-C-' Chlorine 

Table 17-C-6. Th~ relQljv~ ahlOldmlte of thlor;"e in the lIariollf (ItUIU oj tbondritu (from LARIMER 
and ANDERS, 1967) 

Class Atoms/lOo atoms Depletion or 
5i enrichment (factor 

[dative to Ce, 
meteorites) 

Co. 2,000 
Cc, 2,100 1.1 
CHL 1,800 0.93 
Ordinary 0.021 

chondrites " 
Co. 3,100 I.. 
C.. 720 0.37 

quantities of the hydroxyl ion are also present. They have, therefore, suggested that 
the essential composition of meteoritic chlorapatire is represented by: Cas(pOJ; 
(Oo.BFo.PHo.J· 

SODle of the chlorine in stony meteorites is present in a water-soluble" phase. 
Variable amounts of chlorine, ranging from 1.3 to 91% of the total, have been 
found to be water-soluble (VON GUNTEN eta/., 1965; REEo and Au.EN, 1966; REED 
and JOVANOVIC, 1969) (Table 17~C-7); some of this soluble chlorine may be present 
as the iron chloride lawreucire. 

In addition, MEULLER (1953) and STUDIER et al. (1965) have found some chlorine 
in complex oeganlc compounds extracted from carbonaceous chondrites. 

b) Irons 

BERKEY and FISHER (1967) have investigated the distribution of chlorine in iron 
meteorites, by analysing different areas of both .. falls" and ••finds ", They have found 
that both gtOUps show a very pronounced inhomogeneity in their chlorine distribu
tion (Table 17-C-B). 

.As expected from the pronounced litbophilic nature of chlorine, the element is 
fractionated away from the metal phase of iron meteorites, occurring mainly in 
lawrenclrc, chlorapatite (which has been identified in three iron meteorites, Odessa, 
Mount Stirling and Weekeroo Station - FUCHS, 1969). and also possibly djerfisherite. 

The kamacite pbase of iron meteorites was found by BERKEY and FISHER (1967) 
to have a chlorine content of less than 1 ppm. Further, these workers found thar 
chlorine was concentrated around grain boundaries, having been rejected from the 
growing minerals. High chlorine was also found in areas surrounding troilite 
regions. 

There is evidence of rerrestial contamination resulting in highee chlorine conrenrs 
of icon meteorites (BERKEY and FISHER, 1967). This is paccicularly true of the oxidised 
crust of «finds", which frequently contain several times as much chlorine as the 
outer regions of"falls", The chlorine content of these outer regions lessens towards 
the interior of the meteorite and in this way correlates with the oxide content of 
the metal. 



Chlorine 17-C-5 

Table 17-C-7. uatbablt ,hla,j", {ontwt of Jlon.J mdeo,itu 

Meteorite a", Total Wllter" Reference 
chlorine leachable 
(ppm) chlorine 

(% of total) 

Orgceil Co, 210 71 REEl> and ALW>N (1966) 
I~~ Co, 24<) 35 REEl> and ALW>N (1966) 

320 35 REEo and ALLEN (1966) 
Mighei Co, 350 35 REED and ALLEN (1966) 
K:uoonda CHL 117 4.1 R£.W and ALLEN (1966) 
Lane CHL 125 13 REEl> and ALLEN (1966) 
Abee Co, 432 49 REEl> and ALLEN (1966) 
Indaech Co, 580 75 REEl> and ALLEN (1966) 

770 61 Rzzn and ALLEN (1966) 
Hvittis Co, 323 20 REED and ALLEN (1966) 

222 21 vaN GUNTEN # at. (1965) 
Beaton CLL 57 7 vaN GUNTEN et at. (1965) 
Dburmsala CLL 266 81 vaN GUNTEN ef at. (1965) 
Bruderheim CL 89 6.7 vox GUN1'EN et at. (1965) 

50	 2.4 R.E:E:D and ALLEN (1966) 
252 19 RF.Eo and AllEN (1966) 
3.5 37 RF.Eo and ALLEN (1966) 
3.2 82 RF.Eo and ALLEN (1966)
 

Harletoo CL 91 1.3 RF.Eo and ALLEN (1966)
 
BO 4.8 RF.Eo and ALLEN (1966)
 
96 2.7 RF.Eo and ALLEN (1966) 

Holhrook CL 21.6 21 RF.Eo and ALLEN (1966) 
M= CL 99 5 VON GUNTEN d al. (1965) 

173 3.5 VON GUNTEN d at. (1965) 
New Concord CL 31 4.8 RF.Eo and.Au£N (1966) 

63.7 17 Rsac and ALLEN (1966) 
Alll::gan CH 10.2 32 Rsac and ALUN (1966) 

7.9 30 REEo and ALLEN (1966) 
Miller CH 0.44 82 REEO and ALLEN (1966) 
Panmr (l)b CH 50 19 REEO and ALLEN (1966) 
Pantar (d)b CH 33 39 RUD and ALLEN (1966) 
Pultusk CH 97 13 VON GUNTEN et at. (1965) 
Plainview'" CH 9.6 33 R£.W and ALLEN (1966) 
Norton County Ao 2.1 10 VON GlJN"rnN et al. (1965) 
Frankfort Ao' 14.9 91 REEl> and JOVANOVIC (1969) 
Moore County Ap 26.0 79 REED and JOVANOVIC (1969) 

21.5 73 REED and JOVANOVIC (1969) 

"'="nnd".
 
b (I) and (d) = light and dark portions of meteorite.
 

ID. Tektites 

The only data available for the chlorine content of tektites is from the work 
afBEcKER and 1-fANu&. (1972) (Table 17.C-9). The mean value for five samples ofn various groups was found to be 2.8 ppm, which is signi6c:aatly lower than the mean 
value of 20 ppm quoted by these workers for four analyses of impact glasses. 



17-C-6 Chlorine
 

Table 17-(-8. ChJorin~ in iron mr/ror;Ju (from BERXlIY and FISHER, 1967; Merhod: NjR)
 

Meteorite: 

.. FallJ" 

Bogualavka 

Sikote-Alin 

N'GoUfl:yma 

Norfolk 

a", 

H 

H-Ogg 

O-brecc 

Om 

Description a 
of samplew (ppm) 

i, k 

i, k 
i, gb , 
gb 

0.0109 
0.0082 
0.0899 

10.7 
0.365 
Mean (2) 13.9 
Mean (3) 5.7 
0.052-2.09 

{ Mean (5) 1.02 

"Fiw" 
Santa Rosa D i, k Mean (3) 0.187 

i. at 40.' 
Torabigbee River D. i, k 5 samples < 0.016 

s, lVO { 
0.4-146 
Mc:an (9) 42 

Smithonia H 0.474 
i, SVQ Mc:a.n (3) 1036 
S. vo Me:an (4) 6665 

EIBurro H--Qgg i, k 4 samples < 0.02 
; Mean (3) 1.69 
s, vo 9.95 
i, gb .0 M~ (3) ZO.7 

• Key: i ee internai pieee; s e- surface piece; k ee.kamacite ; gb ee sample with grain boun
daries, nt = neighborhood of rrnilire nodule, vo = visible: oxide:, svo = slight visible: oxide:. 

Table 17-C-9. ChlfJrimin Irktitt/oM imparl glomI (f!(lm BECKER and MANUEL, 1972; Method:
 
NiR)
 

Sample a 
(ppm) 

Td:JiJes 

Lee County, Texas 2.8 
Australi[e 4.3 
Moldavite 2.1 
Phllipplnlce 3.6 
Thailand 1.4 

Impart Glas~s 

Aouelloul 26 
Meteor Crater, Arizona 21 
Menrcraqui 137 n 
W,btt 14 
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IV. Lunar Samples 

Several workers have quoted resultsfor chlorine in lunar samples (Table 17~C*1O). 

HAsKIN et al; (1970) comment that the chlorine content of lunar rocks is distinctly 
(ower than the chlorine content of the breccias and fines. This is supported in the 
case of Apollo 12 samples by the values of REED and JOVANOVIC (1971); however, 
not all of the analytical dam support tbe contention (REED and JOVAl-:OVIC, 1970). 
:MASON and MELSO (1970) suggest that chlorine is a depleted element in lunar rocks, 
having been lost during metamorphism prior to aggregation. 

Apatite has been found to occur as a very minor pbase in lunar rocks and breccias 
(KEn. el 01., 1970). Variable amounts of chlorine have been detected in rhe apatite; 
ALBEE and CHODOS (1970) found 1.14% chlorine in one sample of apatite, while less 
than 0.1 % was found in others. 

REED and JOVANOVIC (1970, 1971) found appreciable quantities of chlorine in 
lunar samples to be in a water-soluble phase (in most cases more than a third of the 
total). 

Table 17-C-lO. CblQrine In ,ml1le I,mar sample! (Method: NjR) 

Sample Source d 
(ppm) 

Number of 
samples 

Reference 

Rock Apollo 11 

Apollo 12 

13.1 
12.1 
14.5 
13.1 

6.4 
10.1 

2 
2 
4 
1 
7 
4 

HASKIN t1111. (1970) 
WANKE tJ 111. (1970) 
REED and JOVANOVIC (1970) 
REED and JOVANOVlC (1971) 
REED end JOVANOVIC (1971) 
BnuNFELT et 111. (1971a) 

Breccia Apollo 11 

Apollo 12 

65.4 
16.0 
12.2 
50.6 

t 
2 
2 
1 

HASKIN el 111. (1970) 
WANKE et ai. (1970) 
REED and JOVANOVIC (1970) 
REED and JOVANOVlC (1971) 

Fines Apollo 11 

Apollo 12 

Apollo 1.4 

24.1 
27.1 

7.3 
45.0 
30.9 
"24.0 
47.0 

1 
1 
1 
1 
2 
1 
1 

HASKIN et 111. (1970) 
WANKE it 111. (1970) 
Run and JOVANOVIC (1970) 
REED end JOVANOVIC (1971) 
REED and JOVANOVIC (1971) 
BnuNFELT il 01. (t971a) 
BRUNFELT il 01. (1971 b) 

Apatite 
(Analysis i\l) 

Apollo 11 

Luna 16 

1.14% 
0.1% 

<0.1% 
0.34% 
0.06% 

ALBU and CHOOOS (1970) 
ALBU and CHonos (1970) 
ALBEE and CHODOS (1970) 
KEn. il 111. (1970) 
ALBu il 111. (1972) 

(j
 



17-D-1 Chlorine 

17-D. Abundance in Rock-Forming Minerals; 
Chlorine Minerals 

I. Rock-Forming Minerals 
Chlorineforms few independent rock-forming minerals (Table 17-D-l). In sodalite, 

Na,AlaSi.:,o120, which occurs in silica-undersaturated igneous rocks, the chlorine 
content may be as higb as 7.3%;- however, sodalite forms solid solutions with uosean 
and haiiyne (CORRENS, 1956) and consequently the chlorine content is frequently 
lower than this. 

Another chlorine mineral whicb occurs in the undersaturated igneous rocks is 
eudialyte, Na~ZISi60180, the chlorine content of which has been found to range 
upto 2.2')1. (KOSTETSKAYA, 1961a). 

The mineral scapolite, which occurs in metamorphic and pegmaritic rocks 
(SHAW, 1960), has two principal end members, chlorine-rieh marialite and carbonate
rich me.ionite (DUR rl a/., 1963). The chlorine content of scapolire has been 
shown by SHAW (1960) to lange upto 3.3% 

Apatite, which is widely distributed in igneous, metamorphic and sedimentary 
rocks, has a chlorine end member Ca~(PO.)3d, chlcrapatite, which can contain upto 
6.8% chlorine. Terrestrial occurrences of chlorapatite appear to be rue, being 
limited to some hydrothermally formed varieties as at Odegardeo, Norway (M:OR
TON and CATANZARO, 1964). Apatite found in rocks generally eontains less than about 
1% chlorine (KIND, 1938; BEHNE, 1953). An experimental study of the calcium 
orthopbosphate-alcium chloride system and the stability of chloraparite was per
formed by MORTON (1961). 

Halite, NaO. OCC1JIS in evaporite sediments along with other alkali and alkaline 
earth chlorides. Ir has also been found in metamorphosed sediments (ENGEL and 
ENGEL, 1953). In addition, crystals of balite bave been shown to occur within fluid 
inclusions in igneous rocks (STOLl.ERY rla/., 1971; ROlmDER, 1972). 

The chloride ion can substitute for the hydroxyl ion in bydroxysilicare minerals, 
despite thefaidy large difference in the respective ionic radii (OH- 1.40A; Cl- 1.81A) 
(CoRRENS, 1956; JOHNS and HUANG, 1967). The relatively large ionic radius of 
chlorine compared with thar of fluorine (1.36 A) make it appear unlikely tbat these 
two halogens can readily substitute for one another in minerals UOHNS and HUANG, 
1967).1.E:ELANANDAM (1969b) found II. definite negative correlation between chlorine 
and fluorine in some bornblendes from chamockites, but suggested the possibility 
of a vague positive correlation between these two elements in biotites from the same 
rocks (LEELANANDAM, 1969a). 

KURODA and SANDELL (1953) considered it possible for chlorine to substitute in 
the 0 1- position in silicire minerals, but this is considered unlikely by JOHNS and 
HUANG (1967). 
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Table 17-D-l. ChJoriJlt in ro&J:-jorming mineral! 

Sample, source Numbcr Chlorine content % Reference 
of 
samples Range Moan 

(Method) 

Sodalites, compilation 
Sodalire, pegmatite, Norway 
Sodalire, phonolite, Kenya. 
Nosean nauynci. various igrll:ous rocks 
Scapolhes, compilation of "reliable data ,. 
Scapolices, Canada 
Scapolites, granulite pipes, E. Australia 
Scapollres, Naito (5. Auuralia) , 
Eudialytes, nepheline syenitts and pegmatites, 

Lcvceero Massif (U.S.S.R.) 
Eudialyte, Lovozero Massif (U.S.S.R.) 
Endialytes, Norway 
Ap:l.litcs, igneous rocks 
Apatite, jumllla (Spain) 
Apatite, Floitental, Tyrol (Austria) 
Apatites, igneous and metasomatic eocke 

6.55 
6.69 
5.99 
0.61 
1.29 
1.58(M) 

<0.02 (M) 
1.95 (M) 
1.36 (W) 

2.19 

0.31 
0.563 (W) 
0.053 (W) 
1.23 

DEEIl eJal. (1963)
 
TA'tLOIl (1967)
 
TATLOIl (1967)
 
TAl:LOIl (1967)
 
SHAW (1960)
 
HAUGHTON (1971)
 
LOVEIlING and WHITE (1964)
 
LOVERING and WHITE (1964)
 
KOS'tETSKAYA (196111)
 

BORNE~IAN-STAIlTNKEVrcH. 
} quoted by KOSTP:rSKAl:A (1961a) J 

o 
KIND. quoted by ColllleNs (1956) ,.
BEHNE (1953) "mBEHNE (1953) " 
VASJLEVA (1957) 

MicQI 
Biotite, granite. Germany 
Btorhes, granites, Sweden 
Blonres, granites, Japan 
Blorires, granites 
Bloeues, granites, Dahlda granitoid complex, 

'W/. 'Transbaykalia (U.S.S.R.) 
Bictices, granodiorites, Provideneia (Mexico) 
Blorhes, diorites, Dahida granitoid complex 

W. Transbaykalla (U.S.S.R.) 
Biorires, syenites, Dzhida granitoid complex 

W. Teansbaykalia (U.S.S.R.) 
Biotite, gabbro, Sweden 
Biotite, pegmatite, Kondapalli (India) 
Blotires, gneisses 

7 
1 
1 

11 
33 
8 
2 
2 

27 

1 

6 
I 
1 

13 

5.56-7.18 

0.22-1.26 
0.03-3.30 
0.03-2.30 

1.8; 2.1 
0.97-1.58 

1.44-1.70 
0.0S-0.96 

0.25-3.50 

0.053 (W) 
0.065 (NjR) 
0.038 (q 
0.168 (X) 
0.20 (C) 

0.33 (M) 
0.22 (C) 

0.21 (C) 

0.03 (NIR) 
1.96 (M) 
0.191 (X) 

BEHNE (1953) 
GILLBEIlG (1964) 
SUGItlflA (1968) 
HAACK (1969) 
KOSTET5KAYA and MORDINOVA 

(1965) 
STOLLEIlY tl at. (1971) 
KOSTETSKAl:A and MORD1NOVA 

(19") 
KOSTETSKAYA and :l\IOIlDINOVA -(1965) 
GtLLBEIlG (1964) 
Ll'.ELANANDAU (1970) 

;' 
o 
!o 

HAACK (1969) 

1 
30 

7 
51 
15 

20 
10 

14 

1 
1 

34 

-c 0.005-0.66 
0.002-0.102 
0.008-1.10 
0.11-0.30 

0.17-0.47 
0.11-0.51 

0.12-0.33 

0.035-0.61 



Table 17-D-l (continued) 

Sample, source Number 
of 
samples 

Chlorine content % 

Range M= 
(Method) 

Reference 
~ 

~, 
0, 
'" 

Biotite, schist 1 
Blorleea, charnockites, Kondapalli (India) 10 
Phlogoplre 1 
Phlogopite, kimberlite, S. Africa 1 
Phlogopire, ecloglre, s. AfriCli 1 
Muscovites, granites, Sweden 2 
Lepidolite, Black Hills, S. Dakota (U.S.A.) 1 
Lepidolite, Africa 1 
Lepidolite, S. Rhodesia 1 
Stilpnomclane, Baern, Bohemia (C.S.S.R.) 1 

AmplJibDlu 
Hornhlendes, granites, Adirondack Mre., New York (U.S.A.) 7 
Hornblende, Rapakivi granite, Finland 1 

Hornblende, diorite, Rhiw, N. Wales (Great Britain) 1 
Hornblende, andesite, Siebengebirge (Gc:mIlU1Y) 1 
Hornblende, gabbro, Burlington, Pennsylvania (U.S.A.) 1 

Hoenblendes, amphibolites (least altered), N. W. 16 
Adirondacks, New York (U.S.A.) 

Hornblendes, arnphibolites (reuogmded), N. W. 3 
Adirondacks, New York (U.S.A.) 

Homblendes, gneisses, Adirondacks, New York (U.S.A.) 3 
Hornblendes, ultrabasic charnockites, Kondapalli (India) 4 
Hoenblendes, basic charnockites, Kondapalll (India) 5 
Hornblende, skarn, Baettjam (Sweden) 1 

Hornblende, skarn, Langban (Sweden) 1 

Amphiboles, diorites, Dzhida granitOid complex, 2 
W. Transbaykalia (U.S.S.R.) . 

Amphiboles, syenites, Dzhida gmnirold complex 6 
W. Tranabaykalia (U.S.S.R.) 

1.11 
0.14--0.62 0.33 (lool) 

0.06 (C) 
0.08 
0.05 

< 0.005 (N/R) 
0.031 (C) 
0,008 (W) 
0.005 (W) 
0,043 (C) 

0.26-0.77 0.53 
0.51 

0.099 (C) 
0.021 (W) 
0.06 

0.01-0.13 0.Q35 (W) 

0.02-0.17 0.103 (W) 

0.03--0.63 0.233 (W) 
0.13-0.46 0.315 (M) 
0.66-1.12 0.824 (M) 

1.42 

0.20 

0.21; 0,26 0.235 (C) 

0.10-0,26 0.18 (C) 

LEE (1958) 
LEELANANDA~ (1969a) 
KURODA and SANDRLL (1953) 
RIMSAl'TE (1971) 
RI~SAtTR (1971) 
GILLBflRG (1964) 
KURODA and SANDELL (1953) 
HOERING and PARKER (1961) 
HOERING and PARKER (1961) 
KURODA and SANDELL (1953) 

BUDDINGTON and LEONARD (1953) 
SAHAMA, quoted by CORRWS 

(1956) 
CAn-ERMOLE and PUGR (1969) 
BEHNE (1953) 
ROSENZWEIG and WATSON, 

quoted by CORRENS (1956) 
ENGEL and ENGEL (1962) 

ENGEL and ENGEL (1962) 

BUDDINGTON (1952) 
LEELANANDAM (1969 b) 
LEELANANDAM (1969 b) 
MAGNUSSON, quoted by 

GILLEERG (1964) 
GEIJER, quoted by GILLBERG 

(1964) 
K05T.ltt5KAYA tI al. (1969) 

KOSTETSKAYA erat. (1969) 

o 
~ 

0,. 
0 
e 

:J
 



J
 

Amphiboles, eubalkahne syenites. Dzhida granitoid 
complex W. Trambaykalill (U.S.S.R.) 

Alkali amphiboles, granites, Nigeria 
Ferrohastingsitcs, granites, Nigeria 
Perrohastlngslee, schist, Qili{ornia (U.S.A.) 

Glher lfJdroxYlilitalu 
Tourmalines, gmnites and aplhea, S. W. England 
Tourmaline. Black Hills, S. Dakota (U.S.A.) 
Topaz 

Pyraxtrltl 

Pyroxenes, mafic and ultramafic rocks, Japan
 
Diallage, gabbro. Han: (Germany)
 
Diallage, Sonoma Co., California (U.S.A.)
 
Enstatite
 
Hypersthene. Nain, Labrador (Canada)
 
Dlopslde, Hull, Quebec (Canada)
 

Feldspars 
Feldspar, granite, Erzgebirge (Germany) 
K-feldspu, granite and pegmatite. U.S.A. 
Perrhtte, pegmatite, Montana (U.S.A.) 
Bytownite, Mlnneecea (U.S,A.) 
Plagloclese, gabbro, japan 

Orb" ",inuals 
Olivine, basalr, Hawaii 
Olivine, peridotite, japan 
Gamct, eclogke, japan 
Spinel, peridotite, japan 
Quartl:. granite, Erzgehirge (Germany) 
Quam (with liquid Incluslooa) 
QUart:l:es, granite lind pegmatite. japan 
Calcite. Minnesota (U.S.A.) 
Fluorite, England 
Magnetite, gabbro, Japan 

, 0.16-0.33 

14 
4 
1 

0.01-0.40 
0.66-1.96 

5 
I 
1 

0.038--0.045 

, 
1 
1 
1 
1 
1 

0.006--0.007 

1, 0.005--0.018 
1 
1 
1 

1 
1 
1 
1 
1 
1, 0.001-0.003 
1 
1 
1 

0.26 (C) 

0.11 (C) 
1.04 (C) 
0.66 

0.040 (C) 
0.006 (C) 
0.01 (C) 

0.007 (C) 
;;;0.002 (W) 

0.009 (0 
0.011 (C) 
0.022 (C) 
0.034 (C) 

0.006 (W) 
0.012 (C) 
0.058 (C) 
0.005 (C) 
0.006 (C) 

0.003 (0 
0.001 (C) 
0.001 (C) 
0.006 (C) 

';;0.002 (W) 
0.003 (C) 
0.002 (0 
0,02(0 
0.017 (C) 
0.009 (0 

KO$TET5KAYA tl at. (1969) 

BORLEY (1963) 
BORLE.Y (1963) 
CoMPTON (1958) 

FUGE and POWEll (196911) 
KURODA and SANDELL (1953) 
KURODA and SANDELL (1953) 

SUGlUR,\. (1966) 
BEHNB (1953)
 
KURODA and SANDBLL (1953)
 

KURODA and SANDELL (1953)
 
KURODA and SANDELL (1953)
 

<1KURODA and SANDELL (1953) ~ 

0
a. 
0 

BEHNE (1953) 0 

KURODA and SANDELl. (1953) 
KURODA and SANDELL (1953) 
KURODA and S"ND£LL (1953) 
SUClIUR.\ (1968) 

IWAMKI and KusuR.\ (1964)
 
SUGIUR.\ (1968)
 
SUGIUR.\ (1968)
 
StJGlURA (1968)
 
BEHNE (1953)
 
KURODA lind S"NDELL (1953)
 
SUGIUR.\ (1968)
 ~ 

~KURODA and SANDELL (1953) , 
KURODA lind SANDELL (1953) 

j,.SUGlUR.\ (1968) " 
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Chlorine 
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Fig. 17.D-la and b. Distribution of
 
chlorine: in biotites &om: aGl:lLnodioritC-5,
 
Provldencia Srock, Mexico (from STOL

LERY tJ al., 1971); b GcanicC-5
 
(from HAAC":. 1969)
 

• 

• 

• 
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Feh/Mg rauc 

Fig. 17-0-2. Variation of chlorine content with Pet+/Mg ratio in ch:u:nockiric hornblendes,
 
Kcndapalli, India (from l.uu.NANDAU, 1969 b)
 



Chlorine 17-D-6 

Table: 17-D-2. Chlorifft ill IOmt co-exittmg mi/ftrols, in i'gfftOIlS and mtlQmorphi~ ro~h 

Rock	 CI content of Ana- Reference 
minerals ('Yo) lyticU 

method 
Musco- Biotite: 
vire 

(i) MIIKO~jft OJId bi'oti/t
 

Granite ~0.002 0.065 \VI BJ!.JrnE (1953)
 
Pegmatite 0.005 <0.005 N/R GrU.BERG (1964)
 
Pegmatite 0.005 0.18 NfR GTLLBERG (1964)
 
Pelitic schist	 <0.01 0.03 M EVANS (1969) 

(M= (M= 
of 22) of 27) 

Biotite Amphibole 

(ii) Biolitt ami ompbibolt 

Gr:l1lite 0.065 0.053 (h) W BEHNE (1953) 
Granite 0.040 0.10 N/R GILLBJ!.R.G (1964),

! Geanire 0.090 '.040 NfR GTLLBER.G (1964) 
Gr:l1lire 0.070 0.040 NfR GILLBER.G (1964) 
Granite 0.020 O.OlD N/R GlLLBERG (1964) 
Granite 0.060 0.030 N/R GILLDERG (1964) 
Granite 0.010 0.020 NfR GILLDERG (1964) 
Chaencckiee (mafic) 0.53 0.75 (h) M LEELANANOAM (1969c) 
Charnockire (mafic) 0.43 0.68 (h) M LEELAHANOAM (1969c) 
Chaenockire (Illa.fie) 0,32 0.66 (h) M LULANANDAM (1969c) 
Cbarnockite (ultram:lfic) 0.28 0.46 (h) M LEELANAND,u1 (1969c) 
Charncckite (ultram:lfic) 0.19 0.24 (h) M 1.EELANANDAM (1969c) 

h = hornblende. 

Table: 17·D-3. Chlor"'" «mltfft of phir minmt/r iff fYKJ:s of Ih( Dzhir/o grQffiloiJ (Omp/lx, W. 
TrotuboYMIlo (U.S.S.R.) (from KOSTE'ISKAYA tI 41., 1969; method: q 

R",k Q content of minerals (ppm) 

Plagioclase KcfeldsparQ""'" 
Soluble: 'Insoluble Soluble Insoluble Soluble Insoluble 

Diorite 35 210 34 18
 
Syenite: 42 450 48 210 46.
25' 
Syenite 50 270 47 21' 40 80 
Granite 23 70 20 70 220 90 

() Granite 12 400 21 420 2' 130 
Granite 2' 80 2. 300 



-
Table 11-D-4. Cblori,,: bolanrt ofloml ;gnro/u rotJ:t 

~ , 
0, 
~ 

Rock, locality Minerals % of 
mineral 
in rock 

a in 
mineral 
(%) 

Absolute a in 
%0£0 rock by 
contributed direct 
to rock :tnalY5is 

Ana-
lyrical 
method 

Reference 

Granite, Skellms Co., 
Minnesota (U.S.A.) 

Hornblende (+ biotite) 
Feldspar (mainly K) 
Quartz 

7 
80 
10 

0.18 
0.014 

(0.00) 

'0.013 
0.011 
0.00 
-

C KURODA and SANDELL 

(1953) 

0.024 0.020 

Porphyritic grantee, 
Dzhida complex, 
W. Transbaylealia 
(U.s.S.R.) 

Biotite 
Amphibole: 
Quara 
Plagioclase: 
Microcllne 

6.8 
2.4 

19.0 
30.2 
28,2 

0.19 
0.22 
0.0093 
0.0090 
0.0110 

0.0129 
0.0052 
0.0017 
0.0027 
0.0041 
-
0.0266 0.034 

C KOSTETSKAYA II oJ. (1969) 

n 
~ 

0" 
a. 
" " 

Quartz monzonite, 
RockviUc:, 
Minnesota (U.S.A.) 

Mlcrocllne 
Plagioclase (An 28) 
Biotite: 
Quartz 

35 
35 
7 

0.014 
0.028 
0.18 
0,002 

0.005 
0.010 
0.013 

<0.001 - 

C KURODA and SANDELL 

(1953) 

0.029 0.032 

Syenite, Dahida 
complex (U.S.S.R.) 

Biotite 
Amphibole 
Quartz 
Plagioclase 
Microcline 

5.6 
2.5 
4.' 

36.7 
46.9 

0.240 
0.330 
0.049 
0.025 
0.065 

0.0130 
O.OOBO 
0.0024 
0.0092 
0.0305 
-

C KOSTP.TSKA'tA tloJ. (1969) 

0.0631 0.055 

-)
 



Chlorine 

The chlorine content of co-existing biotite and amphibole (Table 17-D-2) has 
been shown to be of similar magnitude (CORRE.'1S ,1956; GILLBERG, 1964; LEEU.NAN
DAM,I969c). 

In general the chlorine content of muscovite is low. Where chlorine has been 
determined in co-existing muscovite and biotite (Table 17-D-2). the latter almost 
invariably has a far greater chlorine content (BEHNE, 1953; GILLBERG, 1964; EVANS, 
1969). 

HAACK (1969) found little variation in the chlorine content of biotires from 
gneisses and granite (Fig. 17-D-lb; see also the data of STOllERY et al., 1971, 
Fig. 17-D-1a.) 

LEELANANDAM (1969a) suggests that iron-rich chamockicie biotires tend to be 
enriched in chlorine. The. Same author (1969b) found a definite increase of chlorine 
with increasing Fe.++/Mg ratio in charnockirie hornblendes (see. Fig. 17-D-2). 

KOSTETSKAYA et al, (1969) found chlorine ro be present in all essential minerals of 
the granitic and syenitic rocks of ebe Dzhida graniroid complex (Table 17-0-3). 
Upeo one third of the chlorine in the Ielsle minerals was found to be water-soluble, 
and is probably present as liquid inclusions. The authors suggested rhar some of the 
chlorine in the felsic minerals is contained in microscopic inclusions such as biotite 
or apatite. Whereas the biotite.s and amphiboles are enriched in chlorine, one- to 
two-thirds of the chlorine. in the rocks is contributed by the. felsic minerals. Similar 
results were obtained by KURODA and SANDELL (1953) fot the chlorine balance of 
some rocks from Nortb Ameriea (Table 17-D4). 

FABER (1941) showed that appreciable quandtites of chlorine could be Ieacbed 
from pcgmatitic quertaes and feldspars. The total chlorine content of a granitic 
feldspar sample was found by BEHNE (1953) to be water-soluble. KURODA and SAN
DELL (1953) found that 12% of the chlorine content of a pertbiee sample was water
soluble, whereas 50% of the chlorine content of a calcite was soluble. Halite crystals 
have. been found to occur in inclusions of granitic quanzes and feldspars (ROEDDER 
and COO~lBS, 1967; STOLI...ERY etul., 1971). 

Some of tbe chlorine occurring in hydroxy minerals may also be in II water
soluble stare; BEl-Uo."E (1953) leached almost 10% of the chlorine from a biotite by 
boiling with water, and FUCE and POWER (1969a) found that from 0 to 48% (mean 
11%) of the rcral chlorine. was leached from 12 samples of tourmaline by boiling 
with water. 

II. Chlorine Minerals
 
A summary of chlorine minerals is given in Table 17-D-5.
 

T3.ble 17-D-5. Chlorine minero/J (eompiled m:llnly from HEY,1950, lind FLEISCHER., 1966) 

Mineral Formula 

Halidu, oxyhalidu ek. 

Halite N,G 
Hydrohalite NaO·2Hp 
Sylvine (sylvite) KG 
Sal-ammoniac NHta 
C:un:J.Uite KMga~'6Hp 



17-0-9 Chlorine 

Table 17-D-S (continued) 

Mineral Formula 

Chlormagoesite 
Biechofice 
Tachhydrite 
Ancarcticite 
Gagaelnlre 
Koenenite 
Cadwaladerite 
Chloraluminite 
Zirklerire 
Calomel 
Terlinguaite 
Eglestonite 
Moaeaire 
Chlorargyrite 
Emhcliee 
Iodembolite 
Bideauxire 
Mitscherlichite 
Nanrokire 
Eriochalcite (arucfagasdre) 
Melencthailire 
H ydromelanothallire 
Atacamite 
Pararacamite 
Botallackire 
Anthonyite 
Calumerire 
Percylite 
Eumengeire 
Diaboleite 
Chloroxiphite 
Pseudobolelte 
Bolehe 
Pseudocorunnite 
Matloekite 
Cotunnite 
Mendipire 
Laurionite 
Paralaurionite 
Penfieldite 
Fiedlerite 
Blixite 
Lorettnae 
Hematopbanire 
Rionejce 
Keemeesite 
Erythrosiderite 
Dcuglasite 
Inwaite 
Lawreecke 
Molysite 

U='" 
Chloromanganokallre 

MgC1:l 
MgOz'GHp 
CaMg20G'12~O 
DO: .6 H:O 
N:t.C:1Y(F,O)o 
Mg~:O.(0I-I)1:"2(?) fitO 
Al(OH):O·4Hp 
AICI2 ' 6 n.o 
(Fe. Mg, Ca)2Al.018(OH)1:·14 HfO(?) 
HS-zCI: 
HgzCIO. 
Hg.C~O 

Hg.NO·H.O
 
AgCl
 
Ag{Q, Br)
 
Ag(Q, Br, J)
 
Pb.Ag o, (F, OH).
 
K~Cu el i ' 2 H.O
 
c,o 
CuO:'2H,O
 
CuOOH(?)
 
CuOOH' l/:H..O(?)
 
Cu:O (OH). orrhorhomb.
 
Cu:O (OH). hexagon.
 
Cu,Q (OH).
 
Cu (OH.D)~·3 H20
 

Cu (OH, Ok2 Hp
 
Pb Cu ci, (OB).
 
PbCuO:COH)
 
Pb.CuO.(OH).
 
Pb.Cu C1:l0. (OH):
 
Pb,Cu.OI G (OH)s"2 HzO
 
Pb 2Cu.Ag.a..1 (OH)18'H"O 
3KPba..'HP 
PbFG
 
PbOI
 

Pb.O:O.
 
PbOOH orthcrhomh.
 
PbOOH monocl,
 
Pb.OPH
 
Pb,G.(OH):
 
Pb.OCO,OH):->:
 
Pb,O.a..
 
Pb sFciO.OH)2010

K.NaFeO. (Poss. K.FeO,)
 
K NH.FcO., HIO
 
KzFeOs-H.O
 
K:FeO.-2Hp(?)
 
4Mg(OH)." FeOO·4 H.O
 
FeD.
 
FeGI
 

FeG.-GHp ()
 
K.MnO. 



Chlorine 17-0-10 

Table 17-0-5 (continued) 

Formula 

Scaeehite MnO• 
Kempite .MnO;· 3J\1nO~'2 H.:0 
Onorntoite Sb80110~ 
Nadorire PbSb020 
Bismoclite Bl00 
Peritc: PbBi020 

.8ortzfU ond farbonoltr 

Teepleite 
Boracire 
e-Bomcite 
Hydrochlorborite 
Hilgardirc 
Parahilgardite 
Erkalre 
Bandylire 
Wiserire 
Cbamberalre 
Sckhaire 
Northupite 
Phosgenite 

Na:.BO.0·2 Hp
 
Mg8BI~0~8Cl.: (at low remperarcee: cubic)
 
Mg.Bu02.Cl.: (at high temperarure : orthorbombic:)
 
Ca.B.01~Cl.:·22 Hp 
Ca8(B.011hO.·4 H~O (monod.) 
Ca8(B.01JJO~·4 Hp (tricl.) 
(Ft.Mg,1(n)~B1013C1 

CuBO.CI· 2 H.O 
Mn~B.O~(OH.a)~ 
Mn.B,OuCi 
CaltMgt(CO~MBOJ7C1(OH)2' H.O 
Na~Mg(COJ.a 

Pb2CO~a 

SIIljoJer 

Gelene 

Sehalrerice 

Sulphohalitt 
D'Ansitt 
Kainitt 
Caraecllre 
Trudcllitt 
Spangclire 
Arzrurutt 
Kltinite 
Heidcmire 
Tatarakite 
Whtrryite 

Pbaspbater; arsmater and llo/IJI,lafer 

Samplcitt 
Chlorapadre 
Pyromoepblre 
Svablee 
Gcorgiadcsitt 
Mlmedee 
Sahllnke 
Vanadinitc 

Na~(SO.) (F,a) 
F:0=4:1 [hex.: P3'1m) (ea: 13.94) 

N:l~(SO~) (F.CI) 
F:Cl=4:1 (hex.: P3'1m) (CD: 19.19) 

N:l8(SO.).OF 

9N~SO~·MgSO~·3Naa 
KMgSO~a·3H.O 
N~PbSO~aOH 

Al1o(SO.).Cl1.(OH)12' 30 Hp 
,.... CusAlSO.Cl(OH)1.·3 H.O 
Cu.Pb.SO.C18(OHk 2 H.O(?) 
Hg.N(Cl,SOJ·xH.O 
Na.Ca.B.Os(SO.)~Cl(OH). 

Ca1Mg(SOJ(CO,J~(OH).'31/, H.O 
Pb.Cu(CO,J(SO.MCl,OH)P 

NaCaCu.(pO.).CI· 5 H20 

Ca.(PO.ha 
Pb.(PO.hCl 
Ca.(AsO.MOH,F.Cl) 
Pb~(As04)Cl~ 
Pb.(AsO.).CI 
Pbu(As0J.O.Cl. 
Pb.(VOJ~C1 

NiJraJe 
Burtgcnbachitc 



17-0-11 Chlorine 

Mineral Formula 

AJrtimol1l11t 
Nadorire 

Arltrlilu 

Magnussonite Mn5 (AsO,M OH,O) 
Finnemanite Pb~(AsOJ"a 
Hcliophyllitc Pb"A.s3+04 ~+1 orthorhcmb. 
Ekdernire Pb,Asll-tO ~+l terragon. 

TellflriJt 

Rhodalquilarhe 

Au/ofe 

Calclacire Ca~·C:J(CH.COO),·10H,O 

Si/i'oJts 
Sodalite 
Eudialyte 
Marialite 
Mghanite 
Unnamed 
Tugrupite 
Buytolamprophyllicc 
Dd.haydiu: 
Zunyite 
Harkerite 
Nasonite 
Muirite 
Baocire 
Veeplankire 
Tr.askiu: 
Yoshimumite 
Fciedelire 
Pyrosmalire 
blan~py[os~te 

Schallerite 
Jagoiu: 
Dashkesanire 

Na4A1,Si.o,~a 

Na8ZrSinOI~a 
3 NaAlSi,Os' NaG (end member of scapolite group) 
"'" (Na,Ca,K)u(Si.AlhsO,.(O,SO"COJ,"O.6 HtO 
(K,NaM:at(Al,Fc)(Si,AlMO.OH.F)u· NaG 
Na.BeAlSi,O"Q 
(Na,K)s(Ba,Ca.Sr,Mn),(Ti,Fe.MghCSi,Al)SOS2 
(Nll,K),CasA1sSi3ll0ao'3(Na.KM~F~SO,) ·18 H,D 
A11,SiaO.o(O H ,F)lSO 
Ca1(M g,Al)sCB,SiM O ,O H .O )!I "5 Cacaa 
CaIPb8SioO~I~ 
Balo~MnTiSi'DO'D(OH,F,O)ID 
Ba,(Ti,Nb)sSi,OzoO 
Baz(Mn,Fe,Ti)Si"O,(O,OH,CI,F)z- 3 HP 
BagFe,TizSi1ZO,.(OH,a,F),-6 H,O 
(Ba,Sr)~TiM~(S10,MPO"SOJ(OH,O) 
MnsSiPu(OH,O), -3 H"O 
(Mn,Fe~),Si,O,(OH,O), 

(Mn,FeZ+)sSi.OIS(OH,O),O 
(Mn,Fc).AsSi.(O,OH,O)u 
Pbz.Fe,Si, ,0 u (OH,O h 
chlorine-rich amphibole: (7 percent 0) 

n 
Ruual ......uoc:rip. r=:i~cd: M.rch 197J 
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Chlorine 17-E-1 

17-E. Abundance and Distribution 
in Common Igneous Rocks 

From the data in Tables 17-E-l and 17-E-5. it is apparent that there is little 
correlation between the chlorine and silica. contents of plutonic rocks. JOHNS 
and HUANG (1967) have claimed thai: there is a clear positive correlation between 
ehlorine and silica. in the extrusive rocks, bur this is not vety apparent from Tahle 
17-E-2. 

There is considerable variation of the chlorine content of similar roek types and 
there does not appear to be a great deal ofdifference between the equivalent volcanic 
and plutonic types (see Figs. 17-E--1a to d.) 

The alkali-rich magmatic rocks are enriched in chlorine, while the silica under
saturated rocks are enriched to an even greater degree. 

Volcanic glsssee show marked enrichment in chlorine compared eo equivalent 
.crysralllne tjpes. NOBLE er ai. (1967) found on comparing glassy and crystalline 
siliceous cocks, that 80% of the original chlorine is likely to have been lost from 
crystallized volcanic rocks (see Table 17-E-3). In the case of the peralkaline pantelle
rites and comendires, these differences are even more marked (see Table 17-&-3). 
LOVERlNC (1966) has shown that almost the roral chlorine content of glassy panrel
lerites is situated in the residual glass. IWASAKI and KATSURA- (1964) found chlorine 
rc be concenrrared in the groundmass of Hawaiian basalts. 

In under-saturated rocks such as rhe phonolites, glmsy and crystalline types are 
similar in chlorine content, due to the retention of chlorine by the precipitation of 
sodalite (STORMER and CAR"UCH.\EL. 1971). 

A possible regional differcnee in the chlorine content of igneous rocks was 
suggested by KURODA and SANDELL (1953), with particular reference to the low 
chlorine values they ohtained for Japanese volcanics compared to rhose of American 
origin. IWASAKI elol. (1957) found no significant difference in the chlorine contents 
of Japanese volcanics and those of orher parts of the world. The volcanic cocks of 
Hawaii were found hy IWASAKr and KATSURA (1964) to contain distinctly less chlorine 
than those of Japan. 

Varying amounts of water-soluble chlorine have been found in igneous rocks; 
some of rhis chlorine is probably due ro contamination by sea water and orher 
Ruids (IWASAKI and KATSUR .... , 1964; YOSHIDA et at., 1971). However. much of the 
chlorine is likely to be derived from soluhle chlorides occurring in the rock within 
fluid inclusions (see Section 17-D). 

Several workers have noted the high chlorine conrenr of serpentinised ultramafic 
rocks (see 'Table 17-E-4). EARLEY (1958) suggested that the extremely high chlorine 
contents which he determined in serpenrinised dunires, were Introduced during ser
pentinisation by chloride-rich solutions. The chlorine in serpentinised dunite has 
been shown by RUCKLlOGE (L972) to occur in solid solution in the serpentine, being 



Table 17-E-1. Cblar;tu;tl pllll()";~ rIXh -
Rock Number 

of 
Chlorlne content (ppm) Reference 

~, 
m, 
~ 

samples Range Mean (method) 

Gabbros (U.S.S.R.) 2 140; 260 200 SELIVANOV (1940) 
Gabbros (Germany) 11 80(W) BEHNE (1953) 
Gabbros (U.S.A.) 20 21O(C) KUROD,I. and SANDELL (1953) 
Gabbros (U.S.A.) 2 210;270 240 (W) HOERING and PARJ{ER (196t) 
Gabbros (Japan) 2 290; 500 395 KDJ{UDU (1956) 
Gabbros (Japan) 1 70 (C) SUGIURA (1968) 
Gabbros (compilation) 53 80-500 186 JOHNS and HUANG (1967) 
Essexitea (Oslo) 
Bssexhes (Czechoslovakia) 

2, 140-220 
650 
177 {X) 

BARTH and BRUUN (1945) 
MACHAtEK and SHREDENY (1970) 

Thcralire (Czecboslovakia) 1 360 (X) MAcnAtEK and SHREDF;NY (1970) 

Gabbroic diorites (Japan) 
Gabbroic diorites (California) 

2 
4 

100; 150 125 (C) 
280 (C) 

KURODA and SANDELL (1953) 
KURODA and SANDELL (1953) 

o 
~ 

Diorite (Germany) 1 240 (W) BEHNE (1953) 
0" 
a. 

Diorites (U.S.A.) 
Quartz diorite: (Italy) 

7 
1 

400 (C) 
100 (W) 

KURODA and SANDELL (1953) 
BEliN£ (1953) " m 

Qunrta diorite (Japan) 1 70(C) SUCIURA (1968) 
Diorites and quartz diorites [ecmpilatlcn] 25 100-700 335 JOHNS and HUANG (1967) 

Granodiorites (U.S.S.R.) 2 300; 790 545 SELIYANOV (1940) 
Granodiorite (Norway) 1 ~20 (\'\I) BEHNE (1953) 
Gral"\odiorites and tonallres (Japan) 16 190-580 '" KOKUDU (1956) 
Granodlerlee (Minnesot:!) 1 200 (\V) HOERING and PARKER (1961) 
Granodiorites (Mexico) 2 500; 900 700 (\'\IIA) STQLLERY tJ ",. (1971) 
Granodiorite (Japan) 1 90 (C) SUClURA (1968) 
Granodiorites (compilation) 16 20-500 219 JOHNS and HUANC (1967) 

Granites (U.S.S.R.) 4 9Cl-400 275 SELIVANOV (1940) 
Granites (Germ:lrlY) 18 106 (W) BEHNE (1953) 
Granites (mainly U.S.A.) " 220 (C) KURODA and SANDELL (1953) 

(includes some granodiorites) 
Granites (Japan) 
Granites (U.S.A.) 

4, 200-910 
60-250 

418 
160 (W) 

KOKUBU (1956) 
HOERtNG and PARJ{ER (1961) 

-r-. 
J 
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Granites [japan) 6 
Granites (5. W. England) 90 
Granites (N. Wales) 36 
Granites (compilation) 123 

Syenites (u.s.s.n.) 3 
Syenite: (Germany) 1 
Syenitcs (U.S.A.) 6 
Syenites (U.S.A.) 2 
Syenites (ArkQ1ls:ls) 3 
Syenites (U.S.S.R.) 2 
Syenites, quartz syenites (5. Greenland) 34 
Syenites (compilation) 40 
Alkali syenites (Norway) 5 
Larvlkhes (Norway) 4 
Nepheline syenites (U.S.S.R.) 2 
Nepheline syenites (Germany) 22 
Nepheline syenites (Arkansas) 2 
Nepheline syenites, Lcvceerc massif (U.S.S.R.) 11 
Poyalres, Lovozero massif (U.S.S.R.) 150 
Foyaites, Lovozero massif (U.S.S.R.) 17 

Lujavrlres, Lovozero massif (U.S.S.R.) 184 
Lujavritee, Lovozero massif (U.S.S.R.) 30 
Uerires, Lovozero massif (U.S.S.R.) 86 
Ureites, Lovozero ma~~if{U.S.S.R.) 11 
Sodnlite syenites, Lovozero massif (U.S.S.R.) 7 
Sodalite syenites, Lovozero massif (U.S.S,R,) 5 
Tawites, Lovozero massif (U.S.S.R.) 2 
Tawites, Lovozero massif (U.S.S.R.) 2 
Nepheline syenite types. Kola peninsula 68 

[except Lovozero) (U.S.S.R.) 
Nepheline syeniees {various locallncs) 36 

10-100 
75-1,180 
2.3-855 
30-500 
10-980 

90; 160 
100--800 
360; 550 
200-900 
90-2,000 

240; 280 

700; 4,600 
500-3,200 
1,100-2,900 
< 10Q---4,000 

300-2,500 
<100-4,200 
400-3,200 
< 100-12,500 

16,000-27,900 

24,500-31,000 
<300-5,000 

0-2,400 

43 (c) 
507 (c) 
195 (c) 
Z02 

450 
450 (W) 
SSO (c) 
125 (W) 
433 (W) 
4SS(C) 
360(0 
429 

ZOO 
670 
260 
970 (W) 

2,650 (W)
 
1,000 (W)
 
1,800 (\'\1) 
2,000 (W/C) 

1,480 (\'\1) 
1,290 (WIG 
1,200 (W) 
3,337 (WIG) 

24,600 (W) 
23,300 (\'\1) 
21,900 (W) 
27,500(\'\1) 

500 (\'(I) 

600 (W) 

SUGIUR" (1968) 
FUGI> and POWBR (1969 b) 
Fum: (unpublished) 
JOHNS and HlI"NG (1967) 

SEL1V"NOV (1940)
 
BEHNE (1953)
 
KUl\OO" and SANDELL (1953)
 
HOERING and P"RKER (1961)
 
ERICKSON and BL"DB (1963)
 
KOSTET5KAy" rllli. (1969) 
UrTON eJ al. (1971) 
JOHNS and HUANG (1967) 

B"RTH and BRUUN (1945) 
B"RTH and BRUUN (1945) oSELIVANOV (1940) ~ 

Bl':HNE (1953) 0,.ERICKSON and BLADE (1963) 0 
GERASIMOVSKH and TUZOVA (1964) m 

Gl':RASIMOVSKII and TUZOVA (1964) 
KOSTETSlCAl'I. (1961 b) 

GlmASI)IOVSlClI and TUZOVA (19(4) 
KOSTETSKAYA (1961b) 
GERI.STMOVSKII end TUZOVA (1964) 
KOSTl':TSKl.YA (1961 b) 
GERASIMOVSKII and TUZOVA (1964) 
KOSTUSKAU (1%lb) 
GERASIMOvSlCliand TUZOVA (1964) 
KOSTETSKA,." (t961b) 
GERAS1MOVSKIl and TUZOVA (1964) 

GERASIMOVSKH and TUZOVA (1964) 
~, 
,'"w 



Rock
 

Basalts (U.S.S.R.)
 
Basalts (mainly U.S.A.)
 
Basalts (Germany)
 
Basalts (U.S.A.)
 
Basalts Uap:1ll and N. E. China)
 
Basllits (Gou,?h IsI:1lld)
 
Basalts, tholeiitic {Hawaii}
 

Basalts, non-tholeiitic, mainly alkali basalts and 
oceanires, also including some ankaramites, 
hawaiite', mugaeires and bas:1llites (Hawaii) 

Basalis Hapatl)
 
Basalts apan)
 
Basehs (CzechosloV:l.ki.1)
 
Limburf,ites (Czechoslovakia)
 
Basalts compilation)
 

Andesites (Japan and U.S.A.)
 
Andesites LGermany)
 
Andesite ( .S.A,)
 
Andesites and dacites Uapan)
 
Andesit.., (Japan)
 
Andesites (Japan)
 
Andesites (compilation)
 

Dacites and rhyodacires (Gilifornia)
 
Dacite, Colorado (U,S.A.)
 
Dacites (Japan)
 
Dacites (Japan)
 
Dacites (compil:ttion)
 

Rhyolites and lipaeices (Japan and U.S.A.)
 
Lip:tritc: (Hungary)
 
Rhyolile (Montana)
 
Rhyolite~ [japan}
 

Table 17~E-2. Chl~rilJ: ill wkallic rod:!
 

Ncrnber Chlorine content (ppm)
 
of samples 

3 
39 

2 
3 

84 
2 

119 

34 

,
 
18, 
3 

95 

11 
2 
1 

82, 
13 
17 

5 
1 
6 
4 

10 

8 
1 

,1 

Range 

120---460 

30; 120 
100-160 
80-890 
600; 900 
60-2,18011 

40-250b 

60-67011 

40-660b 

100---450 
32-600 
60-1,100 
600-1,000 
30-600 

20-370 
110; 200 

30-3,900 
80---430 
70-620 
20-370 

140-510 

30-190 
30-610 
90-510 

240-690 

Mean 

260 
140 (C) 
75 (W) 

123 (W) 
230 (C) 
750 
165 (C) 

81~C)191 C) 
134 (C) 

235 (C) 
206 (C) 
543 (X) 
810 (X) 
149 

180 (q 
155 (W) 
140 (W) 
250 (C) 
202 (C) 
285 (C) 
166 

264 (C) 
90 (W) 

100 (C) 
188 (C) 
213 

140 (C) 
20 (W) 

110 (W) 
550 (C) 

~, 
m,

Reference ~ 

SELIVANOVJ.194O) 
KUKOOA a SANDELl. (1953)
 
BID!NE (1953J
 
HOEKl.NG an PARKER (1961)
 
IWA~"\Kl (I al. (1957) 
LE MAITRE (1962) 
IWAS,.\KI and K,.\TSUIlA (1964) 
IWAS,.\Kl and KIlT5UIl.,.\ ~1964) 
Iw,.\s,.\KI and KAT5UIl.,.\ 1964) 
IWASAKI and KATSUIlA (t964) 

SUGIURA (1968) " YOSHIDA # al. J1971) zr 
MACHAcEK:1Il SHIlDUlY (2970) 0",.
MAcHAtEK and StlllBENY (1970) , 
jOliNS and HU,.\NG (1967) • 
KUKODA and SANDl'LL (1953) 
BEHNE (1953J
 
HOERING an PAIlKER (1961)
 
IW,.\S"":I (/41. (1957)
 
Stxnuna (J at. (1968)
 
YO~IitD,.\ (/ al. (1971) 
JOHNS and HUANG (1967) 

KUIlOOA and SILNOE.1,1. (1953)
 
HOERING and PIlRKEa (1961)
 
SUGtURA (1968)
 
YOSHIDA tl ai, (1971)
 
JOHNS and HUANG (1967)
 

KUROO,.\ and SANDELL (1953)
 
BEHNE (1953)
 
HOERING:1Ild P,.\RKER (1961)
 
IW,.\SAKI daJ. (1957)
 

.:
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Rhyolites and Iipurires (Japan) 6
 
Rhyolites and llparhes (compilation) 45
 

GluJ: rocks (]:lpan and U.S.A.) 3 
Obsi taos 4 
Obsidians (Germany) 8 
Glassy rocks [japan} 7 
GLa.sd; rocks Uapan) 4 
Obsi lens 4 
Obsidians and pumices [compilation] 43 

Trachyte, TClI:l.5 (U.S.A.) 1 
Trachyte (Gc:rm:my) 1 
Trachyte, Colorado (U.S.A.) 1 
Trachyte. Arkansas (U.S.A.) 1 
Tr.:lchYICS (Gough lsl:tnd) 4 
Tn.chyu:s and trachyandesires 0apan) 3 
Trachytes, Including alkali trachytes and tr.Ichyb~5:llts 21 

(Cze:e:hoslovakia) . 
Alkali traehyre (Kenya) 1 
Sodalhc traehyre (Arkansas) 1 
Sodalire tmchyres (Gough Island) 2 

Pnrassium-rleh shoshonires, Devon (England) 25 
Phonolites 4 
Phonolites, Bohemia (C.S.S.R.) 10 
Phonolhe, Colorado (U.S.A.) 1 
Phonolues (Ke:nya? 9 
Phonolites, phono ltlc trachyte, Arkansas (U.S.A.) 3 
Phcoctues (Caechoslovakia) 2 
Phonolite. VC'SUViU5 (Italy) 1 
Phonolites and trachytes (compilation) 29 

Phonolitie teahri[e~, Vesuvius (Imly) 17 
Tephrlees an b:lS:mitcs (Caechoslovcka) 14 
Lcucite basaniees and rephrires, Vesuvius [Italy) 21 
Leucire basanhes and repheitcs, Vesuvius (Italy) 4 

Nephelinnes (Caechoslovakia) 5 
Nephdinite (Germany) 1 

Leuelrires (Czechoslovakia) 7 

.. Total Cl. II H20-insoluble CL 

30-1,220 
20-2,000 
310-1,000 
80---4,560 

90-1,020 
161).......800 
143-760 

200-700 
17-100 

<50-1,200 

1,700; 3,800 

104--8,916 

900-----4,500 
4,20Q--.7.100 
2,500; 2,600 

20-2,500 

50-540 
<50-750 

1,000-9,400 

50-1,400 

120-720 

598 (C) 
328 

587 (C) 
2,205 (W) 

240 (W) 
517(C) 
560 (C) 
473 (NjR) 
788 
140 {C} 

<20 (W)
 
130 (W)
 
900 (W)
 
400
 

72(C) 
128 (X) 

800 (X) 
5,200 (W) 
2,750 

594 (X) 
SOO (C) 
160 (W) 

2,500 (W) 
1,910 (X) 
5,767 (W) 
2,550 (X) 
1,400 (X) 

494 

166 (X) 
226 (X) 

4,800 (X) 
4,600 

548 (X) 
370 (W) 

359 (X) 

YOSHIDA ~f al. (1971) 
JOHNS end HUANC (1967) 

KURODA and S"'NDELL (1953)
 
BEHNE (1953~
 
BEHNE (1953
 
SUGIURA (1968) 
YOSHIDA tf al. (1911) 
B2CKER and MANUEL (1972) 
JOHNS and HUANC (1967) 

KURODA and SANDELL (1953) 
BEHNE (1953J 
HOERING an PAII.KER (t96t) 
EII,ICKSON and BLADE (1963) 
LE MAITRE(1962)
 
YomroA rt aJ. (1971)
 
MACH.4.tEK and SltRBEm' (1970)
 

NASH rt al. (1969) o 
ERICKSON and BLADE (1963) z 
LEMAITRE (1962) 0 

o.,COSCROVE (1972)
 
KURODA arid SANDELL (1953) •
 
BEHNE (1953)
 
HOERINC lind PARKEE (1961)
 
NASH rJ al. (1969)
 
EItICKSON and BLADE (1963)
 
MACH.4.tEK and SHII.IICNY (1970)
 
SAVELLI (1967)
 
JOHNSand HUANG (1967)
 

S"'VELLt (t967) 
MACH.4.tEK and SHiUlE......... (1970)
 
SAVELLt (1967)
 
STORMl'l1l, and CARMICHAEL (1971)
 

MACH.4.tEK nnd SUiUlEN'1 (1970)
 
BIi;HNE (1953) 

~
 

MACH.4.tEK and SHiUlENY (1970) ~, 
'1' 
~ 

http:MACH.4.tEK
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Fig. 17-E-la-d. Distribution of chlorine. in: a Granite.5 =d granodiorites, b Rhyolites and 
liparirea. c Gabbros. d Basalts (from data of; JOHNS :111d HUANG, 1967; KOKUBU. 

1956; SUGlURA, 1968; YO$HIO,,- tJ 41., 1971; FUGE, unpublished) 
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Table 17~E-3. CompariJO!J of fblorine fon/tnt of glassy and('fyllofline ~ol,om·c rocluOIJd ruidff/llglout/ -
rrSample	 Number Chlorine content (ppm) Reference "ce 

of 
samples Range Mean 

Silicic welded tuffs and lavas, groundmass of 47 <100-5,100 990 (,V) NOBLE tt 01. (1967) 
hydrated glass (U.S.A.) 

Silic:ie welded tuffs and lavas, groundmaes 67 <100-9,800 396 (\'\1) NOBLE rt 01. (1967) 
devirrlfied (U.S.A.) 

Silicic welded tuffs and IaVa9, groundmass granophyric 20 <100-1,700 165 (W) NOBLE tl 01. (1967) 
crystalline (U.S.A.) 

Silicic welded tuffs and lavas, non-hydrated glass 18 500-7,800 1,900 (W) NOJILE rt 01. (1967) 
separates 

Silic:ie welded tuffs and lavas, hydrated glass separates 5 500-1,700 1,300 (\V) NOBLE et 01. (1967) 

Glassy liparites (U.S.S.R.) 14 300-2,000 964 SHATKOV tt 01. (1970) o 
Micrcfeleltic llparlres (U.S.S.R.) 5 <100-100 <100 SHATKOV tt at. (1970) eo 

,.0 
Panrelleritic obsidian (Kenya) 1 3,700 (X) NICHOLLS and CARMICHAEL (1969)
 
Glassy pantelleritea [Pantelleria} 2 3,700; 7,600 5,650 (W) ZEIS (1960) " 0
 

Residual glass from same panrellerhes 2,900; 6,900 4,900 (M) LOVEIlING (1966)
 
Residual glass from puntelleritic obsidians [Pantellerla) 4 3,100-8,200 6,200 CAR~t1CH'AEL (1962)
 
Porphyritic microcrystalline panrellerire (Pamelleria) 1 4<)0 CARMICH'ARL (1962)
 

Glassy eomendiccs (New Zealand) 2 2,100; 2,200 2,150 (X) NICHOLLS and CARMICHAEL (1969)
 
Residual glass from same eomeodires 1,700; 2,200 1,950 NICHOLLS and CARMICHAEL (1969)
 
Crystalline comendires (New Zealand) 2 100;300 200 (X) NICHOLLS and CARMICHAEL (1969)
 

J
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Table 17·E-4. ClJlor;lIt ;/1 allmd t1/uJ I<Jlalftrtd IIl1romoji' ror/cs 

Roek Source Number Chlorille ccnrenr (ppm) Reference 
of 
samples Range Mean 

Dunire U.S.A. and Newfoundland 5 60-1,000 292 (C) KURODA And SilNDJ;LL (1953) 
U.S.A. 2 140; 170 155 (W) HOERING and PARKER. (1961) 
Dun rnounrain, New Zealand 1 50(C) Y05H1DUf 01. (1971) 
Inclusion in basalt 1 28(C) STUEDl1R tf 01. (1968) 
Alpine irltcusiolls 7 33-184 8B(C) STlli!BU tf 01. (1968) 
Compilation 19 28-199 96 jOJINS and HUANG (1967) 

Peeldodre 1 60(C) KURODA and SANDELL (1953) 
New Guinea 1 <10 (C) YOSHIDA et 01. (1971) 
Japan 1 4O(C) SUGIURA (1968) 
Bjbrkednl, Norway 
Jnelcslora in basalt 

1 
10 7~ 

40 (W) 
34(C) 

BEHNE (1953) 
STUEBER if 01. (1968) 

o 
=: 

Kimberlite pipes 5 142-299 230 (C) STUEBER dol. (1968) 0 
" Kimberlite: pipes 8 140-1,000 550 (C) GREI!.."JLAND (quoted by 0 

SnlEBER tf 131., 1968) e 
Intrusions and sheets 6 65-185 108(C) STUE6ER eJ 131. (1968) 
Cornpllatlon 19 7-600 156 JOHNS and HUANG (1967) 

Pyroxenite Newfoundland 1 200(C) KURODA and SANDnLL (1953) 
Magnet Cove, Arkansas (U.S.A,) 2 200; 800 500 (\'\I) ERICKSON and BLADB (1963) 
Hewett 1 !S(C) STUE6EIl. eJ 131. (1968) 
Russia 1 71(C) STUEBER eJ 131, (1968) 
Compibfion 7 18--800 275 JOHNS and HUANG (1967) 

Harzburgi[e Newfoundland 1 600(C) KURI>DA and SANDELL (1953) 
Montana (U.S.A.) 1 540 (C) KURODA and,SANDnLL (1953) 
Red Hill, New Zealand 1 <IOCC) YOSJHDA eJ 131. (1971) 

Bronzitite Montana (U.S.A.) 1 540 (C) KURODA end SANDELL (1953) -Eclogite Kimberlite pipes 5 100-270 160 (C) GRI::ENLAND (quoted by 
STlIWlER eJ131., 1968) 

~, 
'I' 

Japan 1 52(C) SUGIUP.A (1968) ~ 
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Tablc 17-E-4 (continued) 

Rock Source Number Chlorinc c:ontcnt (ppm) Reference 
of 
samples Range 

Serpendniaed 
dunire 

Ncwfoundlaad 
Onedc (Canada) 
Puerto Rico 
Quebec (Canada) 
(10-75% serpentine] 

1 
29 
4 
3 
3 

1,100-7,000 
40-310 
1,100-1,500 
139-365 

2,400 (C) 
2,290 (W)1Io 
- 150 
1,233(WjA) 

234 (C) 

KURODA and SANDELL (1953) 
EARLEY (1958) 
HESSand OTALORA (1964) 
RUCKLlDGB (1972) 
STU£BER It at. (1968) 

Serpenriniaed 
perldotlre 

Serpentinized 
pyroxenite 

Ontario {Canada] 
(10-75% serpentine) 

Ontario (Canada) 

23 
2 

3 

300-2,400 
187; 214 

280-700 

654(W)1I 
101(Q 

453 (W)/1 

EARLBY (1958) 
STUI'.BBR rl al. (1968) 

EARLBY (1958) 

o 
~ 

5" 
a. 
o• 

Serpemlniaed 
haraburgke 

N. America 
Puerto Rico 

1 
9 40-310 

1,300 (Q 
156 

KURODA and SANDELL (1953) 
HESS and GTALORA (1964) 

Serpendnlees U.S.A. and Japan 7 
17 

20-520 
35--2,870 

270(C) 
670 (C) 

KURODA and SANDELL (1953) 
STUElIBR tt at, (1968) 

Suggested average for ultramafic eocke: 85 
50 

TuREX'AN and WBDEPORL (1961) 
VINoGilADOV (1962) 

Suggested average for unaltered ultramafic eocke: 32 STU£BBR tl al. (1968) 

a Potentiometric method. 

~! 

<:> 



Chlorine	 17-E-11 

Table 17-E-5. Chlorine in some" JlilJJriarri" njertnte roekr 

Sample	 Chlorine Method Reference 
(ppm) 

Granite G-l	 63 C HUANG and JOHNS (1967) 
50 C IWASAKut al. (1955) 

" 
Granite G-2 192 C HUANG and JOHNS (1967) 

122 C SEN GUPTA (quoted by FLANAGAN, 1969) 
C FUGE and POWER (1969) 

53 N/R JOHANSEN and SUlNNES (1967) 

Granodicru.. 342 C HUANG and JOHNS (1967) 
GSP-l 365 C SI'N GUPTA (quoted by FLANAGAN, 1969) 

305 C FUGE and POWER (1969) 
311 N/R JOHANSEN :lIld STEINNES (1967) 

Andaite AGV-l	 319 C HUANG and ]Ol{NS (1967) 
185 C SEN GUPTA (quoted by FLANAGAN, 1969) 
147 C FUGP: (unpublished) 
115 NfR JOHANSEN and STETNNES (1967) 

Basalt BCR-l 62 C HUANG and JOHNS (1967) 
120 C SEN GUPTA (quoted by FLANAGAN, 1969) 

62 C CATTIl.lWOLE and FUGP; (1969) 
58 N/R JOHANSeN and STEINNl!S (1967) 

Diabase w-i 187 C HUANG and jOl{N~ (1967) 
(Basalt) 188 C CATTEIWOLE and FUGE (1969) 

2M N/R JOHANSEN and SnllNNES (1967) 

Peridocite PCC-1 74 C HUANG and JOHNS (1967) 
100 C SEN GUPTA (quatI'd by FLANAGAN, 1969) 
85 C CA~RMOL£ and FUGl'.: (1969) 
65 C STUEBER It al. (1968) 
66 NfR JOHANSEN and STElNNES (1967) 

Dunite DTS-l	 33 C HUANG and JOHNS (1967) 
20 c SEN GUPTA (quoted by FLANAGAN, 1969) 
10 C WTTERMOLP. and FUGE (1969) 
9.4 NfR jOllANSEN and SUlNNES (1967) 

N ..pbeline sy..nhe 431 N/R jOHANSI'N and STEINNES (1967) 
STM-1 

almost entirely absent from the olivine; the serpentine concained upeo 0.8 % chlo
rine (M). 

The effect of seepentinisaricn on dunite appears to be greater chan on other ultra
mafic: rocks. 

STt/EBER et ai, (1968) propose that as chlorine appears to be easily imrcduced 
into ultramafic rocks by secondary alteration, a downward revision of previous 
estimates of abundance is necessary. They suggest chat the chlorine comene of un
altered ultramafics is more nearly represented by that of ultramafic:inclusions in basalt 
(mean 32 ppm). ' 



17-F-1 Chlorine 

17-F. Behavior in Magmatogenic Processes 
(pegmatites, Gas Transport, Ore Deposition etc.] 

I. Behavior during Crystallization and Differentiation 
Few studies have been undertaken of the behavior of chlorine during magmatic 

differentiation. Kuaon.... and SANDELL (1953) found little variation in the chlorine 
content of tbe upper and lower zones of differentiated bodies; GREmLAND and 
LoVERING (1966) showed that the chlorine content of a differentiated Tasmanian 
tholeiitic dolerite varied between 50 and 120 ppm (W), there being a possible slight 
enrichment in the final granophyric differeoo.ates (Fig. 17-F-l a). 

The distribution of chlorine in a differentiated chramafie to mafic body was 
studied hy UTTERMOLE and FUGE (1969). Their data, summarized in Table 17-F-l 
and Fig. 17-F-l b, show that there is a genernl enrichment of chlorine with inereasing 
silica content. 

Table 17-F-1. Cb/arille in (J layered tllJramaji' to moji£ inJrtmoll (R}}/'O', N. Walu) (fcom data 
OfUTTERMOLE and FUGE, 1969: mechod : q 

Rock type Number a 
of samples (ppm) 

MarginaJ. rock 2 43.1 203 
Hornblende olivine gabbro 2 40.5 161 
Hornblende picrire (and pyroxenite] 6 39.6 293 
Leucogabbro 1 44.5 215 
Pegmadtic gabbro 1 42,2 400 
Hornbknde magnetite gabbro 4 38.1 351 
Diorite 4 45.4 2B3 
Gtanopbyre 1 58.6 433 

During crystallization, some chlorine enters hydroxyl poslCons in the lattice 
of hydroxysilicates and apatite (see section 17-D). However, most of the chlorine 
is likely to remain in cbe residual fluids, as has heen demonstrated experimentally 
by KOSTER VAN GROOS and WYllIE (1969). At extremely high chloride conccnrra
tiona there is likely to be liquid immiscibility between the silicate and chloride-rich 
aqueous phases (DELITSYN and MEI.ENT'YEv,1968). According ro ROEODER (1972), 
some residual magmatic liquids can contain upto 50% by wcight of sodium chloride, 

RORDDP.Jl and COOMBS (1967) have shown that liquid immiscibility has occurred 
between the siliceous magma and chlorine-containing phase in granitic blocks from 
Ascension Island. Immiscibility in rbe late stages ofdifferentiation of under-saturated ()magmas, due ro high chlorine and other volatiles, has been suggested for the Love
zero alkali massif (KOGAIlKO and RYABCHIKOV, 1969). 
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17-F-3 Chlorine 

II. Pegmatites; Behavior during Metasomatism 
The enrichment of chlorine in the residual magmatic fluids can result- in the 

occurrence of chlorine-rich hydroxysilic:ate minerals in pegmatites and also in 
metasomatic deposits such as skams (Tables 17-P-2 and 17-F-3). In addition seapollre 
may occur in pegmatites and rnctasomaused rocks. However, it appears in general 
that granitic pegmatites are not greatly enriched in chlorine. 

The high chlorine content of late stage fluids may greatly affect the crystallized 
rocks. ORVILLE (1963) showed that chloride-rich fluids assist the movement of alkalis 
in feldspars. BAR5UKOV and KLINTSOVA (1969) have shown rh.a.t interaction of granite 
with alkali chloride solutions reproduces such metasomatic effects as albitization, 
muscovidaatlon and K-feldspathizarion. 

The action of chlorine-rich residual flulds in the Lovozero alkali massif has 
caused secondary sodalization (KoGARKO and RYABCHIKOV, 1969). 

However, many metasomadsed and hydrothermally altered grll..Ditic rocks par
ticulady geeisens (Table 17-F-3) show a "marked decrease in chlorine content (FUGE 
and POWER, 1969b), and STOu.ERY et al, (1971) have shown th.a.t chloritisarion of 
biotites resulrs in lowering of their chlorine conrents. 

ill. Volcanic Gases and Sublimates 

Chlorine occurs in volcanic gases primarily as Hel (see Table 17-F-4). 
The chlorine conrenr of volcanic gases from Showashinzan volcano, Japan, was 

sbown by SUGIORA eral. (1963) to wry greatly with time. BASHARINA (1965) bas 
stated that in common with other volcanic gas components, the chlorine content 
varies with the composition and stage ofcooling of the magma, and a secdycfvclcanle 
gases in Kamchatka showed that those of a-basaltic volcano were richer in chlorine 
than those of an andesine volcano. 

SUGIURA el al: (1963) found that the chlorine content of the volcanic gases of 
Showashinzan volcano, Japan, deereases as the temperature falls (Fig. 17oP_2a). 
High temperature gases of Kamchatka were found by BASHARINA (1965) to be en
riched in acid gases such as HC!. However, WHlT1!. and and WARfNG (1963) state 
that the HO contents of volcanic gases show little tendency to increase with rising 
temperature. 

The ratio FlO in the volcanic gases of Showashinzan (Fig. 17-F-2b) fulls rapidly 
with tempentllre decrease (SUGIURA et al., 1963). This feature was also observed by 
BASHARLNA (1965) at Kamchatka. YOSHIDA (1963) found tbat during beating of 
volcanic rocks, chlorine is volarilised to a grater degree than fluorine. 

The HO content of volcanic gases geneeelly greatly exceeds that of HF (WHITE 
and WARING, 1963). (The energetics ofHO and its relationship with HF in volcanic 
emanations is discussed by MOELLER, 1970). 

BASHARINA (1965) found that the chlorine content of volcanic gases can greatly 
influence their moral content, high temperature HO-rich gases of Kamcharka 
frequently being enriched in aluminum and iron. 

Chlorine is extremely enriched in many volcanic sublimates, 0- often being 
the major anion. Hence ammonium and alkali chlorides are often abundant in volcanic (i 
sublimates (WHITE and WARING, 1963). These chlorides together with icon com
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Table 17-P-2. ClJlorijl{ ill minrro/sfra"J ptgmatifi( a"d mU,urJfl1olir fad:r 

Sample, sautee Number Chlorine content % Reference 
of 
samples Range-  M~ 

Apatites, veins, Odegarden (Norway) 2 
Apatite, vein, merasomarically altered, 1 

Odegarden (Norway) 
Aparire, marble, Omaeio (Canada) 1 
Biotite, pegmatite, Kondapalli (India) 1 
Blorhes, pegmadres Uapan) 2 
SiderophyUite. pegmatite, Brooks Mr. (Alo.ska) 1 
Muscovite, pegmatite, Brazil 1 
Muscovite, pegmatite, Japan 1 
Hornblende, skarn, Basrrjarn (Sweden) 1 
Hornblende, skarn, Langbun (Sweden) 1 
Perrchasrlngsirea, metasomatic magnecire deposits 18 
Chlorohasungslres, metasomatic iron-ore deposits 6 
Dashkesanhes, skarn, Dashkesen (U.S.S.R.) 2 
Dashkesanire, skarn, Dashkescn (U.S.S.R.) 1 
Desakesanhes, skams, Trona-Baikal (U.S.S.R.) 2 
Tourmalines, pegmadres, veins and related rocks, 17 

S, \'(I. England 
Tourmalines, contact zones, S. \Y.!. England 3 
Tourmalines, hydrothermal, S. W. England 6 

6.02; 6.24 

0.004; 0.24 

0.81-2.93 
0.96-1.69 
5.59; 7.24 

1.42; 2.77 
0,024-0.102 

0.067-0.078 
0,035-0,071 

6.13 (W) 
1.40 (W) 

6.2 (W) 
1.96(M) 
0.14 (C) 
0.24 
0.D35 (\'Y') 
0.001 (C) 
1.42 
0.20 
1.61 
1.37 
6.42 
3.25 
2,10 
0,045 (C) 

0.073 (C) 
0.054 (C) 

MORTON end CATANZARO (1964) 

MORTON and CATANZARO (1964) 

HOUNSLOW and CHAO(1970)
 
LEELANANDA)1 (1970)
 
SUGIU}lA (1968) n
 

~GOWER (1957)
 
BEHNE (1953) ,.
 

0SUGlUilA (196B) " 
MAGNUSSON (quoted by GU.LlIERG. 1964) •
 
GEilER (quoted by GILLBERG. 1964)
 
MALlNQ5KII and KOSTYlJIc: (1970)
 
KIH)TQV tl 01. (1970) 
KRVTOV (1936) 
SELlVANQV (1940) 
NOVQSELQVA (1961) 
Puce and POW£R (1969a) 

FUGE MId POWER (1969a) 
FUGE and POWER (1969a) 

-..
 
7' 
~ 
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Table 17·P-3. Chlorim ill IOl//e Ptgl/ll1lilic rotJ:J andl11/tftdgralli/a 

Sample Number 
of samples 

Pegmatites, Japan 
Pegmatites, S. W. England 

Tcpazfels, S. \VI. England 

Quartz tourmaline reeks, S. W. England 

Greisens, Germany 
Greisens, S. W. England 

Hydrothermally altered granites, S. W. England 

Kaclinised granites, S. W. England 

Unaltered granites, S. W. England 

2 
6 

1 

3 

24 
5 

5 

14 

90 

Chlorine coruenc (ppm) 

Range Mean 

-
20; 40 30 (C) 
57-530 383 (C) 

273 (C) 

171-196 180 (C) 

50 (W) 
12-96 40 (C) 

80-221 198 (C) 

70-381 153 (C) 

75-1,180 507 (C) 

Reference 

SUGIURA (1968) 
FUGI:. and POWER' (unpublished) o 

e-
Fum:: and POWl'R (unpublished) " 0, 
FUGE and POWER (unpublished) 

BEHNE (1953) 

o• 
Puce and POWER (196%) 

FUGF. and POWER (196%) 

FUGE and POWER (196%) 

FUGE and POWER (196%) 

~., 

J 



Chlorine 17-F-6 

T3ble 17-F-4. HeJ fOllltnl of ~oJfonk gOltl ill ~oJlJnlt % (from compiladon of WHITE and 
W"R[NG,1963) 

Sample source Temp. H~O Total HQ~ y= 
(oq con- "active" percentage collect

centra- gases of active 'd 
tion gases 

Sbowa.sbinzan VO[ClUlO (japan) 750 99.25 0.723 5.39 1959
 
H.Jperslbme doeile 655 99.48 0.516 8.7 1957
 

464 99.10 0.859 1.51 1959
 
460 99.24 0.537 10.6 1959
 
190 99.72 0.258 4.66 1959
 

Sheveloch volcano, Kam- 280 n.d. 13.50 1.1 1953
 
chmka (U.S.S.R.), 180 n.d, 1.60 41.0 1953
 
Allduile 110 n.d. 11.76 2.5 1953
 

Klluchevekii volcano. Kam- 170 n.d. 0.06 33 1946
 
chalks (U.S.S.R.), lSO n.d. 0.08 20 1947
 
Ba.roJI 86 n.d, 0.35 a 1949
 

70 n.d, 0.065 31 1946
 

Ten Thousand Smokes. Katrnai 400 99.97 0.03 87 1917
 
~. volcano, Alaska (U.S.A.) 300 99.69 0.31 78 1917


I RhyoJile alb 100 99.98 0.02 40 1917
 

White bland (New Zeal:lnd) ,...,500 o.d. 85,0 11.5 1927
 
H.JptrSlbmt allduile 

Mount Hekla (Iceland) 620 o.d. 7.0 11.4 1951
 
Ba.raJJ 

pounds. have also been found to be sublimed from heated volcanic rocks (YOSHIOA 
et 01., 1965). In addition several trace elements can occur in these sublimates, including 
such metals as copper, zinc and lead. 

RUBEY (1951, 1955) and KURODA and SANDELL (1953) have suggested that much 
of the chlorine of the oceans has been derived gradually through time from volcanic 
gas sources (see also IWASAKI et at.; 1968). 

IV. Hydrothermal Fluids; Ore Transport 
and Chloride Complexes 

Most thermal waters are derived from meteoric water which has subsequently 
been heated, but small quantities may be of magmatic origin (WHITE rt al., 1963). 
ELLIS and MAHON (1964, 1967) have shown by experiment that thermal waters can 
leach over 50% of the chlorine from volcanic and sedimentary rocks (see Table 
17-F-5); such rhermal warers (Table 17-F-6), enriched in chlorine. could playa 
vital role in cbe transport of metals in solution (ELLIS and MAHON, 1967). 

Many theories have been advanced to explain the origin ofore bodies (KRAUSKOPP. 
1967; BARNES, 1967; and others) The aqueous fluids connected with magmatism

() have long been thought to be responsible for the deposition of ore bodies related to 
grnnitic intrusions (HOLLAND, t 972). For ore deposits related co sedimentary en



17-F-7	 Chlorine 
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Fig. 17-F-2a:llld b. Variation with temperature of: a Chlorine, b Fluorinejchlorine ratio, in 
volcanic gases, Showashinzan volcano. japan (from SUGIUR... (I Ill, 1963; method; W) 

vironmencs, there is no general agreement on the origin of ore-forming solutions 
(DUNHAM, 1970). At the present time bot metalliferous brines occurring in the 
Salton Sea, the Red Sea and at Cheleken, U.S.S.R., are peecipieaeicg ore minerals c)(TOOMS, 1970), and it has been suggested that similar-sources may account for some 
mineral deposits of tbe past (WHITE:, 1968; DUNHAM, 1970). 



Chlorine	 17-F-8 

Table 17-F-5. Maximum qlllJntityof cblorin~ ItfI,h~d from rodu dl/ring reaction for 2 DI~du (400 0 to 
600" C; 1,500bars) (ftom E(.us and MAHON, 1967; method: potentiometric] 

Rock	 a concenr % chlorine leaehed 
(ppm) from roek 

Pumiee	 990 100 
Obsidian	 900 54 
Ignimbrite	 600 16 
Rhyolite	 600 48 
Dacite	 120 93 
Andesite	 190 79 
Easalt	 360 as 
Greywaeke 12 66 

Table 17-F-6. Cb!orin~ in JmrmfI! DIflJ~rs 

Origin Chloride Reference 
content (mgJl) 

Aver:agecomposition, Japanese 1,250 SVGAWARA (1967) 
thamal and mineral springs 

New Zealand thermal waters 280--61,840 E(.us and MAHON (1964) 
associated with volcanicity Mean (20) 4,280 (W) 

New Zealand thermal water.; in 42-16,000 ELUS end MAHON (1964) 
non-volcanic and old volcanic Mean (12) 2,510 (W) 
~= 

Spring and drill hole waters, 7.1-3,255 MAHON and Ku:rn (1968) 
Toknnu-\'V'aihi area, New Zealand, Mean (64) 1,560 
associated with andesiric intrusion 

Geylt'f' DIalers WHITE. ~J al. (1963) 

Yellowstone Park, Wyoming 405; 744 
(U.S.A.) 
Steamboat springs, Nevada 865 
(U.S.A.) 
Iceland 6.3---27,400 

Mean (3) 9,200 

700--1,680 
Mc:an (3) 1,080 

Tb~rmfIi DIfltus, proimbfy enJinfy m~JefIri, in fIrigin WHITE ~J 01. (1963) 

Bowen, Nevada (U.S.A.) 504 
Hot springs, Arkansas (U.S.A.) 2.5 
Kristenes, Iceland 13.0 

Whatever the source	 of the ore-forming fluids, it appears likely that they are 
chloride-rich. ROEOPER (1967, 1972) has pointed out that tbe chloride ion is the n major anion of many fluid inclusions in are minerals (see Table 17-F-7). WmTE 
(1968) bas suggested that ore-bearing fluids are likely co be Na-Ca-Cl brines whicb 



17-F-9 Chlorine 

Table 17-F~7. Cblorilll (Ollflnf of fluid in;ltuio/U from ,"intra' depon"s (from compilation by 
ROEDDI'.R. 1972) 

Mineral Source Chloride 
(ppm of total 
inclusion 
fluid) 

Sphalerite 

Galena 

Barite 

Fluorite 

Calcite 

Sphalerite-galena, Mississippi Valley-type dcpusie ; 
Oklahoma (U.S.A.) 

Replacement deposit, limestone; Santander (Spain) 
Au-Ag-Cu deposit, volcanic rocks; Japan 
Pb-Zn-Ag depcelr, volcanic rocks; Colorado (U.S.A.) 
Sphalerite-galena deposit, Mississippi Valley-type 

deposir P: Cartagena (Spain) 

Fluorite-sphalerite. vuggy-bedded replacementa ; Cave
in-Rock district, Illinois (U.S.A.) 

Sphalerire-galena, Mississippi Valley-type deposit; 
Mississippi (U.S.A.) 

Koper-Dag b:u-1te area, Arpaklen deposit (U.S.S.R.)
 
Upper Racha, Georgia, Lescea Section, Chorda (U.S.S.R.)
 
Upper Racha, Georgia. upper Gvalvana, Chorda (U.S.S.R.)
 
Centre of vein, Okureshi deposit; western Georgia (U.S.S.R.)
 
Margin of vein, Okueeehi deposit; western Georgia (U.S.S.R.)
 

Flucrire-spbalerite, vuggy-bedded replacements; e:..ve~ 

in-Rock district, Illinois (U.S.A.) 
Fluorire-spbalerite, vuggy-bedded replaceinents ; Cave

in-Rock district. Illinois (U.S.A.) 
Hypogene fluorite replacing limestone; Aurakhmar, 

central Asia 
Hypogene fluorite replacing limestone; Aueakhrrae, 

central Asia 
Hypogene fluorite replacing limestone; Aucakhmat, 

central asia 

Iceland spar deposit, pillow lavas, Gonchak, Siberian 
shield (U.S.S.R.) 

Iceland spar deposit, pillow lavas, Gonchak, Siberian 
shic:ld (U.S.S.R.) 

Iceland Spar deposit, pillow lavas, Nidym, Siberian. 
shic:ld (U.S.S.R.) 

Ieeland spar deposit 

Antimony-mercury deposit; Pacific region, (U.S.S.R.) 
Antimony-mercury deposit; Pacific regioo, (U.S.S.R.) 

124.600 

91,000 
63,600 
17,600 

129,600 

115,000 

83,000 

42,900 
18,400 
13,400 
88,200 
88,800 

84,000 

78,000 

53,000 

49,000 

4,000 

83,600 

158,800 

47,700 

65,890 

40 
660 

Qua.rtz with cinnabar from "coucordanc type" deposit, 58Q-----{i20 
central Asian mercury-antimony province, U.S.S.R. 

Barren quartz vein, rbyolire, Arizona (U.S.A.) 630 
Fluorire-aphalerire, as vugg y-bedded replacements; 47,000 

Cave-in-Rock district, Illinois (U.S.A.) 

he further suggests may be derived from magmatism, connate waters, solution of 
evapceiees followed by reaction with sediments, or by rnemheane concentration (see 
Section 17-1). 



Chlorine 17-F-10 

KILINC and BURNHA?>l (1972) have shown experimentally that the chlorine of 
silicate melts is very strongly partitioned rewards the aqueous phase; in addition 
these authors report that previous studies have revealed that base and precious 
metals are also strongly partitioned in this manner. HOLl.AND (1972) has also found 
tbat zinc, manganese and probably lead are strongly partitioned into the aqueous 
phase of silicate melts and that this parrldoning is proportional to the square of the 
chlorine content of the aqueous phase. Tooas (1970) noted that the metal content 
of thermal brines appeared to be dependent upon the salinity. 

All of these workers favour the theory that the metals of cbe hydrothermal 
solutions are present as chloride complexes. 

The solubility of ore minerals in pme waters is extremely low (KRAUSKOPF, 
1967) and thus it appears reasonable co suppose that ore metals must be transported 
in the form of eomplexes (HELCf!SON, 1964). 

HELGESON (1964) demonstrated that the solubility of galena in sodium chloride 
solutions increases with temperatures uprc 350°C. The same author (1969) has 
suggested that computed solubilities of many suI1ide minerals in 3 molal sodium 
chloride at pH 5 are more than sufficient at high temperatures to account for hydro
thermal deposits. The order of stability for chloride complexes at 250 C as quoted 
by HELGESON (1964) is: 

Cu++ < Za++ < Pbe- < Ag+ < Hg++ 

with log K2~B for the ion pairs being: 

",,0, 2, -1.57, ...... -3.3, -7.3. 

It has been pointed out by HELGESON that this order corresponds to the sequence 
of minerals found in many deposits, but that this sequence is Dot unique to chloride 
complexes. 

From thermodynamic considerations, HELGESON (1969) has shown that there 
is a high degree of association of metal ion-chloride complexes at high temperature. 
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17-G-1 Chlorine 

17-G. Behavior during Weathering 

GoLDSCHMIDT (1954) assumed that during the process of weathering, all of the 
chlorine in magmatic rocks would be released. 

The behavior of chlorine during weathering of granite was studied by BEHNE 
(1953). The results, given in Table 17-G-t, show that there is an increase of chlorine 
content in tbe lower weathered layers, tbe loss of chlorine parallels cbe bleaching 
of biorire. The upper layers of the locality St. Andreasberg arc higher in chlorine 
than the fresh granite from Schierke which may be due [0 local primary differences 
or secondary accumulation. 

Table 17-G-1. Chlon'", conftnt tmd diSfribution in t1 fl'cDlhm"ng profile of &rtmilt (from BEHNE, 
1953; method: \'oi') 

Sample, depth below surface: a (ppm) 

Presb granite, Breeken, Schierke (Gc:nnany) 27. 
3-5 m altered granite, St. AmkClSberg (Gc:nnany) 600 
2-3 m altered granire, St Andreasberg (Gc:nnany) 67. 
1-2 m altered granire, St. Andcc:asbe:cg (Ge:cmany) 140 
t--t m altered granite, St. Andcc:asbe:cg (Ge:nnany) ';20 

Table: 17-G-2. Chlorine rontent of roilr (from VINOGRADOV, 1959) 

Soil type: Horizon Chlorine 
(ppm) 

Podzol on varved clay A, 
B 

40
7. 

Gcc:y Forese A 35 
A, 3. 
B 3. 
C 18

2. 
Chemoaem A 25 

B 25 
C 9. 

Brown Forese A 3.5 

P~D 130-650 n 
C Sprinsa_Valag Berlin· Hci<lclbcrg 1974 



Chlorine 17-6-2 

Sodium chloride can be leached from marine' deposited sedimentary rocks to 
appreciable depths (BILLINGS and WILLlAMS, 1967). NOBLE et 17/. (1967) found cbat 
chlorine could be removed from and added co volcanic glasses by the action of 
ground water. 

From their work on Miocene tuffaceous sediments in Gifu Prefecrure (japan), 
)SIUZVKA el ill. (1970) found rhar as the glassy material weathered to clay. the chlorine 
ccneenr decreased (see also OCITA elal., 1967). 

Table 17-G-2liscs data on chlorine in soils as being on average less than 50 ppm O. 



17-H-1 Chlorine 

17-H. Behavior and General Chemistry 
in Natura} Waters 

A very large portion of the chlorine released durirlg weathering is easily soluble 
in water. In natural warers if occurs aJrnosr exclusively as the chloride anion and [OHm 

no important complexes with other ions (Har, 1970). It is nor adsorbed to any 
marked degree on mineral surfaces (HE!.!, 1970) and is concentrated greatly by only 
a few groups of organisms. Its behavior in narumi waters has heen. described by 
HEM (1970) as "tame and subdued". 

Most of the narurally occurring chlodoe in surface run-off is originally marine 
in origin being derived elrher from atmospherically transported sodium chloride 
(see Section 17-1) or from sedimentary rocks and evaporites etc. For this reason 
chlorine has been described by GOLDSCHMIDT (1954) as a cyclic element. 

Rc...ued mo"u>aip. <e<ri-<cd: ?>lard>1973 



Chlorine 17-1-1 

17-1. Abundance in the Atmosphere 
and in Natural Waters 

I. Atmosphere 
Chlorine is transported into the atmosphere as sodium chloride from the sea 

by wave action and bubbles breaking at the surface (WINCIreSTER and OUCE, 1967); 
part of this chlorine is present in a gaseous state and part OCCUtS in the aerosol phase 
UUNGE, 1963; OUCE eta!., 1965). The gaseous phase may in part be chlorine gas, 
whieh may be formed due to reaction of NaCl with ozone (CAUER, 1951), and in 
part HCI, due to reaction of sodium chloride with sulfurie acid (ERIKSSON, 1960). 

The data presented by JUNGE (1963) (see Table 17-1-1) shows thar chlorine in 
the gaseous state may make up over 50% of the total. According to OUCE et 0/. 
(1965),50% of armcspberie chlorine over Hawaii is in the gaseous state. 

Much of the sodium chloride transported from the sea has a fairly short residence 
time in the atmosphere, being deposited on the land surface by wer or dey precipita
tion (see Subsection 17-II-a). However, some of the chloride is transported large 
distances in the form of aerosols. LOUCKS and WINCHESTER (1970) found that the 
major portion of the chlorine found in continental aerosols of the U.S.A. is derived 
from the oeeac. WINCliESTIO.R and OUCE (1967) determined the chlorine content of 
aerosols from three widely differing regions of the U.S.A.; their results are summariz
ed in Table 17-1-1. 

Other sources of chlorine in the atmosphere arc discussed in Subsection 17-II-a. 

II. Natural Waters 
a) Rain Water 

The greatest source of chlorine in rainfall is the sea. '[he chloride content of 
rainfall is far greater ncar the coast than inland (ERIKSSON, 1952; JUNGE and WERBY, 

1958; see Fig. 10-9 in Volume I of this handbook). The chloride contents of inland 
precipitation do not vary gready. 

Other minor sourees of chlorine in precipiration are combustion of coal, human 
activities such as production of salt by evaporation (some of the high values of 
chlorine content of rain in continental U.S.A. of Fig. 10-9, in Volume 1 of this hand
book, may be due to this), industrial processes involving chlorine and hydrochloric 
acid ccc., and volcanic emanations (ERIKSSON, 1952). In connection witb volcanic 
sources of chlorine in rain water, ERIKSSON (1952) records upto 247 ppm chlorine 
in rainfall near Vesuvius, Italy, and 400 ppm chlorine in rainfall near Parieutin, 
Mexico. 

b) Ground Watern The chlorine contents of ground waters associated with specific rock types as 
quoted hy WmTE et al, (1963) are given in Table 17-1-2. It is obvious from this 

C Spn..gcr-Vcd'i!: Ikrlia· Hci&:ll:erg 1~14 



Table 17-I~1. Cbloritlt r~'jftll" 0/ utmolpbtrt, ,4inw4tt, and 1/1~fjI 
~ 

Locality Number Concentration of chlorine Method Reference 
", 
~ 

of (fLgfml ) 

samples 
Aerosol Gas 

Atmolpbere 

Florida, land breeze 6 0,56 0.80 C JUNGE (1963) 
sea breeze 7 2.39 2.23 C JUNGE (1963) 
all data 13 1.54 1,57 C JUNGE (1963) 

Hawaii 10 (14 G2.11) 5.09 1.92 C JUNGE (1963) 

Ipswich, Massachusens 
Cambridge, Massachusetts 

5 , 
10 

2.58 

2.65 
4.40 

N/R 

C 
N/R 

WmCUIiSTER and DUCE(1967) 

JUNGE (1963) 
WINCHESTER and DUCE (1967) o 

Barrow, Alaska 23 0.67 
-- 

N/R WINCHESTER and Duca (1967) ~ 

0'-Chlorine content (mgfliter) " 0 

Range M= 

SIIOIJ,I 

Barrnw, Ab.skll 31 0.65-210 36.4 N/R DUCI! dol. (1966) 
Sierra Nevada 
Caechoalovakla 

28 
40 

0.0-2.6 0.6,., C FEl'H el 01. (1964) 
VALACH (quoted by CARPENTI!!l 

(1969) 

Roh' 
Hawaii 85 0.23-15,6 2.95 N/R DUCEd st. (1965) 
Japan '00 1.1 SUGAWAR.A (1967) 
California ss 0.0-23 3.55 C WHITEHEAD and FETH (1964) 
New Zealand, 0.3 miles from sea 2 25.0; 27.3 26,2 BLAKI!MORll (1953) 

4 miles from sea 2 10.3; 13.1 11.7 BLAKEMORE (1953) 
over 4 miles from sea 5 3.7-6.1 5.2 BLAKEMORI! (1953) 

:J
 



Chlorine 17-1-3 

Table 17-1-2. Tbr rbloriIJr ,ontent of gro/(rJ(1 Dlaterfrom variora rod: I.Jpu (from compilation of 
~HTrEetaL, 1963) 

Rock rype Number Chlorine content 
of samples 

Rang, M= 

Granites WId rhyolites 
Gabbros, basalts and ultramafics 
Andesites, diorites and syenites 
Snndstcnea, ukases and greyw2ekes 
Siltstones, clays and shales 
Limestones 
Dolomites 
Quarranes and marbles 
Other rnetamorphics 
Unconsolidated sand and gravel 

15 1.2-193 37.5 
16 0.7-75 22.5 

O-U 4.35•17 1.5--442 37.3 
18 2.0-1,710 209.2
!. 1.8-112 19.7 

6 1.0-17 6.92 
7 0.8-9.9 5.59 

15 0.4-----106 23.2 
2() 1.3--1,820 234.7 

Table that waters from fine-grained sedimentary rocks are enriched in chlorine, due 
probably rc the leaching out of sodium chloride from rocks of marine cngto (WHI'IE 
ef 01., 1963). The high chlorine content of unconsolidated sands and gravels is likely 
to be due to many causes, such as leaching from salt deposits and sedimentary rocks, 
and contamination from such sources as fenilizers and animal and human sewage 
(WHIlE ef al., 1963). In connection with the latter sources it is of interesr to nore that 
LAHER.\iO (1970) found high chloride values, mean 67.0 mg/lirer, for samples from 
neat agricultural settlements in Finland; his values for uncontamlnared groundwater 
were in the range 0.7 to 17.7 mg/liter. 

SUGAWARA (1967) has estimated that of the 5.2 mg/liter of chlorine in Japanese 
river waters, 0.45 mg is derived from fertilizers (i.e. 8.7%). 

The chlorine conrenr of ground water from igneous rocks is generally fairly low, 
but some samples give very high values (WHITE I!fo/.; 1963). GARRELS (1967) has 
suggested that much of the chloride in ground waters in igneous rocks is derived 
from rain water, small amounts possibly being added from chloride-rich fluid in
elusions. NOBLE ef 0/. (1967) have suggested that chlorine can be easily removed from 
glassy igneous rocks, and it is therefore likely tbat some may be added to water in 
this way. 

KOLOTOV and KOLOTOV (1967) found high chlorine contents in geoucd waters 
ncar alkaline intrusive bodies. 

c) River Waters 

The chlorine contents of the world's rivers are givcn in Table 17-1-3; from 
several studies performed in the U.S.A., ir is apparenr thar much of the chlorine of 
river waters is derived from SOUIces other than precipiraeicn (HE;\{, 1970). Human 
activities. such as the application of chloride-containing fertilizers erc., volcanic 
gases and thermal springs are likeLy to be sources. HUTCHINSON (1968) found that 
one Imporranr source in Maine, U.S.A., was sodium chloride uscd on road surfaces 
for de-icing purposes. n A variable amount of me chlorine occurring in river waters is derived from wet 
or dry prccipiration. BALDWIN (1971) has shown that 59% of the total chloride carried 



17-1-4 Chlorine 

Table 17-1-3. WdghJrd n/rQnrof ,hlorinr ronlml of lJiorld'r riuru (from LIVINGSTONE, 1963) 

Chlorine content 
(mg!liter) 

N. America 
S. America 
Europe 
Asia 
AfriCl 
Australia 

World 

8.0 
4.9 4 

6.' 
8.7 

12.1 
10.0 

7.8 B 

B Graes (1972) has given a modified value of 5.4 foe S. American rivers, and 8.1 foe the 
world's rivers. 

out ofa coastal basin in California is derived from precipitation, but only 19% was 
derived from wet precipitation. HEM: (1970) reports studies where the chloride 
supplied by precipitation was found to be as low as 1.6%. 

SUGAWARA (1967) estimated the average contributions to japanese river waters 
(which contain 5.2 mg/liter of chlorine) as follows: 

Precipitation: 1.4 mg (26.9%). 
Dry fallout: 2.47 mg (47.5%). 
Industrial producrs : 0.90 mg (17.3%) (half from fertilizers and balf from se

wage etc.) 
Thermal and mineral springs: 0.37 mg (7.1%). 
Chlorine has been termed a cyclic element, being derived from the sea and carried 

back to the sea in surface run-off. \Vhereas a large pt:tct:nogt: of the ehlorine in rivers 
is not derived directly from tbe sea. much of it has been derived indirectly from the 
sea. Evaporite sediments, brines. sedimentary pore waters crc., some volcanic 
waters and gast:s, and even chlorine used for industrial purposes are all derived from 
the. sea. However, small amounts are likely to be.added from breakdown of igneous 
rocks etc. 

d) Sea Water 

The chloride ion is the major anion in sea water, being present to the extent of 
19,353 mg/liter (CULKIN, 1965), while some closed basins sucb Il.S the Dead Sea can 
contain as much 208,020 mg{liter (BENTOR, 1969). 

Ir is likely that almost all the chlorine occurring in the oceans has originated from 
volatiles (RUBEY, 1951). It has been suggested that a large proportion of this chlorine 
may have been derived from outgassing of the primordial Earth (VINOGRADOV, 
1967). Other workers have suggested that mucb of the. chlorine has been derived 
from volcanic emanations (KURODA and SANDELL, 1953; RUBEY, 1955; see also' 
Section 17-F). 

e.) Oilfield Brines and Formation Water9
 

This very important topic can be considered only briefly here. In most oilfield
 (i 
brines and fortruLtion waters the chloride ion is the major anion, but in some, the 
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bicarbonate or sulfate anions exceed chloride. Many of these waters have a chloride 
content which exceeds that of sea water and it appears likely that most waters oc
curring in sedimentary rocks are derived initially from buried seawater, which is al
tered to a greater or lesser degree. CHAVE (1960) has suggested that changes in com
position begin almost immediacly aft~r the water has been separated from free cir
cularion wirh the ocean. The processes which alter the compcsirion of buried sea 
water have been classified into four caregories by CHrLINGhRrAN and RIEKE (1969): 

(i) physical (compaction) 
(ii) chemical (reaction with rock minerals, organic matter lind pore solutions cec.) 
(ill) physicochemical (membrane filtration, adsorption erc.] 
(iv) biochemical. 

The salinity of formarion waters increases with depth (l.e. pressure) in porous 
rocks (VON ENGELHARDT, 1%0). VON ENGELHhll.DT and G.uDh (1%3) found ex
perimentally that increasing pressure on montmorillonite clays, upto 800 atmos
pheres, resulted in the removal of NaG (lind CaCl;) from the pore solutions. At 
higher pressures, uptO 3,200 atmospheres, the NaG conrenr of the pore solutions 
began to increase again. 

The high salinity of some oilJidd brines and formation waters is due to the 
dissolution of evaporites (WHITE ~I oJ., 1963; HITCHON et ttl., 1971). 

Clays and shales can act as semi-permeable membranes, due to the electrical 
properties of clay minerals and, possibly, of kerogen (BERRY, 1969). This author 
has also deduced the following hyperfiltrarion selecriviry sequence for tbc halogens: 
CI ~ Br > I > F (Ruorine showing the greerese tendency to pass through, chlorine 
the greatest tendency to be retained). 

WHITE (1965) has suggested the following relative mobilities of ions through 
clay membranes: 

Cat-t, SO; < 0-< NHt, S-, HS-< Nat, HCO;, F-, 1-, Hp 
(see aLso EYERDINGF..'J, 1968). 

A review of diagenetic effects on subsurface waters is given by CHU.lNChRlAN lind 
RJE"" (1969). 

It is possible that some chlorine mllY be lost ftom warers due ro its incorporation 
in such minerals as chlorite UOHNS, 1963). In addition it bas been pointed out by 
JOHNS (1963) tbat chlorites of marine origin can courain as much as 1,000 ppm 
chlorine and slight metamorphism of these chlorites rn.:l.y result in a release of con
siderable amounts of chlorine intO formation waters. 

(j
 



17-K-1 Chlorine 

17-K. Abundance in Common Sediments
 
and Sedimentary Rock Types
 

From the values quoted in Table 17-K-l, it is apparent that tbe chlorine content
 
of sediments varies greatly even within rocks of similar type. Most of this variation
 
appears to be due to the soluble chlorine content of the sediments. As very many
 
sedimentary rocks are deposited in a marine environment, it is to be-expected that
 
sodium chloride from this environment will modify the original chlorine content of
 
the sediments.
 

GULYAYEVA and ITKINA (1962a) and MUN and BAZILEVICH (1962) showed that the 
, total chlorine content of sediments could be related to the salinity of tbe environ

ment of deposition. In the case of coals, it has been shown by GULYAYEVAand hUNA 
(1962b) that those laid down in a continental environment have a lower soluble 
chlorine content chan those deposited in shallow marine conditions. 

I. Argillaceous Sediments and Sedimentary Rocks
 
BILLINGS and WILLIAMS (1967) found that the warer-soluhle chlorine conrenr
 

of Alberta shales from bore holes was considerably grearer than that for shales
 
occurring at the surface. It has been suggested by JOHNS and HUANG (1967) that the
 
loss of soluble chlorine from marine deposited shales represents the leaching-out
 
of sodium chloride by ground waters.
 

BEHNE (1953) found very large chlorine contents in deep-sea sedimenrs j howcver,
 
this author demonstrated rhar as much as 100% of this chlorine is in a water-soluble
 
form.
 

JOHNS (1963) has obtained some interesting results on the insoluble chlorine
 
content of recently deposited marine and non-marine pelitic material in a coastal
 
region of Texas. The samples were separated into fractions of differing grain sizes.
 
In the 1-2 # fractions, dominated by clay minerals, rhe chlorine content was found
 
to increase wirh increasing salinity, this change parallelliog the conversion of mont

morillonite to chlorite. The chlorine content increased from about 85 to 200 ppm
 
in response to rhe minemIogical change. The increase of chlorine (upro 500 ppm)
 
was even more pronounced in the < 1 # fraction, as was the change of monr

morillonite to chlorite. In the non-clay mineral fraction, consisting of quartz, K

feldspar and calcite, rhc chlorine content was constant at about 50 ppm, irrespective
 
of the environmental salinities.
 

JOHNS (1963) has explained this increase of chlorine with conversion of mont

morillonite co chlorite as being due ro the assimilation of chloride ions aJoog with
 
hydroxyl ions into intermediary layers of the chlorire, as magnesium hydroxychloride.
 
In addition, this worker has calculated that chlorires from fresh-water sediments
 (j
contain about tOO ppm chlorine, while those from marine environments contain
 
upto 1,000 ppm chlorine.
 

(I) SpringctoVcd'B 1Jc,lio' Hcidclbctx 19"H 
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Table 17-K-1. Ch/Qrill~ in mlim",Jary rock! andudimmfl 

Sample Number 
of samples 

Chlorine content (ppm) 

TOtal Water-soluble 

Method Reference 

Conglomernres, Miura Peninsula (Japan) 6 

1. Cia/lie S~dimtIJlI 

70-4,500 20-4,500 
Mean 1,020 Mean 780 

C IWoHAKI tl at. (1966) 

Breccias, Miura Peninsula (Japnn) 

Sandstones end quertzires, Germany 

4 

3 (1) 

41D--t.BOO 
Mean 870 

~20 

30-1,700 
Mean 520 
(1) 5 

C 

W 

IWASAKltJaJ. (1966) 

BeHNe (1953) 

Sandseone, Minnesota (U.S.A.) 1 20 C KURODA and SANDl!.l.l. (1953) 

Smdstoncs, Miura. Peninsula (Japan) 

Sandstones, ddll holes, 1.100-3,500 meters, 
W. Turkmenia (U.S.S.R.) 

Sandstones, JllP:Ul 

16 

4 

, 

180-14,900 
Mean 2,135 

to-l,500 
Mean 423 

20-14,900 
Mean 1,903 
127-510 
Mean 439 

5-1,500 
Mean 419 

C 

C 

IWASAKI rl 01. (l966) 

Kfl,ASINT5B¥A (1964) 

OGll"A tf al. (1967) 

o 
2: 
a,. 
~ 
~ 

Pyroclasuc sandstones end conglomerates. 
Miura Peninsula (Japan) 

5 290-2,500 
Mean 894 

60-2,500 
Mean 672 

C IWASAK.HlaJ. (1966) 

Tuffaceous sandstones, Kakegawa, Sizuoka 
(Japan) 

1 (OJ 30-100 
Mean 69 

15-50 
Mean (6) 25 

C OGiTA rl aJ. (1967) 

Tuffaceous sundsrcncs, Toki, Gifu pref 
(Japan) 

13 110---480 
Mean 285 

0-190 
Me:1037 

C Ocrrx tJ al. (1967) 

QU:lruitcs, Wales (Gre:tt Britain) 5 200-688 
MClUl 444 

C KA"AR (1971) 

Grcywackcs, composite, Germany 

Greywackes, Harz (Germany) 

Greyweckes, )ll.pan 

11 

2 

3 

100 

~20; 70 

5-55 
Mean 28 

5-10 

M=' 

W 

W 

C 

BEHNE (t953) 

BeHNE (1953) 

OGlTA tl al. (1967) 
-" " ,:, 



Sample 

Table 17-K-l (continued) 

Number Chlorine ecmene (ppm) 
of samples 

Total Water-soluble 

Method Reference 

-~, 
;>;, 
'" 

Greywaekes, compilation 25 12-200 
Mean 112 

JOHNS and HUANG (1967) 

Siltstones, drill holes, 1,100-3,500 meters, 
W. Turkmenia (U.S.S.R.) 

5 135-1,791 
Mean 729 

KRASINTSEVA (1964) 

Siltsones, Miura Peninsula (Japan) 47 8D--4,100 
Mean 530 

20-4,100 
Mean 396 

C IWASAKIelal. (1966) 

Siltstones, Wales (Great Britain) 

Shales, cley and slates, U.S.A. 

Shales and clays, Germany 

Shales and days, Pierre Shale, U,S,A. 

8 

• 
17 

22 

151-370 
Mean 264 

70-230 
Mean 128 

15-450 
Mean 176 

<;100-1,300 
Mean 170 

~10-450 

Mean 67 

C 

C 

W 

KAKAR (1971) 

KURODA and SANDELL (1953) 

BEHNE (1953) 

TOURTELOT (1962) 

" ~ 

0
a. 
" 0 

Shale, composite 32 72 C HUANG and JOHNS (1967) 

Shales, surface, Alberta (Canada) 77 7-110 
Mean 20 

W BILLINGS and WILLIAMS (1967) 

Shales, subsurface, Alberta (Canada) 13 45-2,450 
Mean 1,386 

W BILLINGS and WILLIAMS (1967) 

Shales, Wales (Greer Brlrain} 8 215-409 
Mean 265 

C KAKAR (1971) 

Shale, Nagasaki (Japan) 

Slates, Japan 

Clays, drill boles, 1,100-3,500 meters, 
W. Turkmenia (U.S.S.R.) 

1 

• 
8 

760 

0-50 
Me:ln 20 

760 

0-20 
Mean 6 
102-1,017 
Mean 665 

C 

C 

OGITA et al. (1967) 

OGiTA et al. (1967) 

KRASINTSEVA (1964) 

-r-; 

~ 
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Oays, Aichi Peef. Uapan) 8 0--4' 
Mean 12.5 

0 C OGITA el al. (1967) 

Claystones and argiUltcs. Volga-Ural region 
(U.S.S.R.) 

51 Menn 1,308 GULYAYEVA and ITKINA (1962a) 

Claystones and argillites, organic-rich, 
marine, Volga-Ural region (U.S,S.R.) 

7 Mean 1,100 GULYAYEVA end ITKINA (1962a) 

Argillites. organic-rich, brackish water, 
Volg;l-Ucal region (U.S.S.R.) 

3 Mean 200 GULYAYEV" and ITKINA (1962:1) 

ArgiUites, organic-rich, freshwater, Volga-
Ural region (U.S.S.R.) 

s Mean 60 GULYAYEVA and ITKIN A (1962:1) 

Argillites. low organic manes, freshwater, 
Volga-Ural region (U.S.S,R.) 

6 Mean 3 GULYAYEVA end ITKINA (1962:1) 

Argillites, low organic mauer, freshwater, 
Chin:t 

Marls, organic-rich, Volga-Dr:!! region 
(U.S.S.R,) 

Shales and clays, compilation 

Muds, lacustrine-freshwater, Central 
Kezakhsean (U.S.S.R.) 

6 

10 

80 

13 

30-790 

Mean 600 

50---450 
Mean 103 
1,300-14.600 
Mean 6,550 

GULYAYEVA end ITKINA (1962:1) 

GULYAYEIIA end ITKINA (1962:1) 

Jomn and HUANG (1967) 

MUN and BAZILEVICB (1962) 

o 
~ 

0
a. 
" m 

Muds, lacustrine-saline, Central Kazakhsr:m 
(U.S.S.R.) 

15 8,500-125,800 
Mean 44,600 

MUN and BAZILEVICII (1962) 

Dup-Jta udi",mlJ 

Pelagic clays, Adamic-2 stations, various depths 
of core 

4 14,980-24,900 
Mean 19,225 

14,900-24,900 
Mean 19,060 

W BtHNt (1953) 

Blue mud, Atlamic 1 13,960 13,630 W Br.HNE (1953) 

Pc:lagic chys, Pacific-2 stations, various depths 
of core 

3 16,900-31,900 
Mean 25,880 

16,800-31,900 
Mean 25,825 

W BE~INR (1953) ~, 
",.. 



Table 17-K~1 (continued) -Sample Number 
of samples 

Chlorine Content (ppm) 
. 

Method Reference ~, 

'", TOCll Warer-5oluble ~ 

1I. Biogtni( Ilnd Chtmklll Stdimtnlr 
ClJJ"bonlltu 

Limestones, Germany J .50-240 20-110 W BEHNE (1953) 
Mean 157 Mean 69 

Limestone, U.S.S.R. 1 100 OSll'OVA (1959) 

Limestones, Japan 6 10--45 10~25 C OGll'A ~t ai, (t967) 
Mean 32 Mean 16 

Chalk. Rugen 2 (1) 220; 2,000 (1) 2,000 W BeHNE (1953) 

Dolomites. Hera (Germany) 2 610; BBO B6; 220 W BI'.HNI'. (1953) 

Dolomites, drill holes, 580~1.047 meters, 15 100~3,970 KRASINl'SEVA (1964) 
w. Turkmenia (U.S.S.R.) Mean 907 o 

~ 

Dolcrnites-c-compilaricn 4 400-880 
Mean 659 

JOHNS and HUANG (1967) 0
o.,
• 

Si/ktIJJU 'orb 
Gierts, flints and diatomites, Germany 5 90-330 18-90 W BEHI'lE (1953) 

Mean 178 Mean 63 
Chene, Japan 3 10--45 0-5 C OGll'A et al: (1967) 

Mean 28 Mean 3 

ClJ4h 
Coals, continental in origin, U.S.S.R. 13 204-1,157 17-96 GULYAYEVA and 11'IClNA (1962b) 

Mean 435 Mean 49.5"' 
Coals, near-shore marme origin, U.S.S.R. G 256-1,995 63--129 GULYAYEVA and !TIONA (1962b) 

Mean (5) 955 Mean 931' 

Coals, North and Central England 3J Meen 3,255 Mean 3,091 W DAYBELL (1967) 

Coals, Illinois (U.S.A.) 35 <30-3,600 0-1,900 NJRjW GWSJ(Ol'BIl. and RUSH (1971) 
Mean 994 Mean 426 

.. Leached with very dilute nitric acid. 

~. 

j 
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Undoubtedly, some of the ehlorine present in sediments is contained in amphiboles 
and micas. Day minerals generally have a low chlorine content, but some comparati
vely high values have been quoted (Table 17-K-2). BElTh"'E (1953) found that on 
shaking up clay minerals with very dilute Hel for extended periods, appreciable 
quantities of chlorine can be taken up. 

WALTERS and WINCHESTER (1971) found that whereas most of the chlorine content 
of sediments occurs in the water-soluble fraction, not all of the remainder was found 
to occur within grains (i.e. in the lattices of constituent minerals). A small fraction 
of insoluble chlorine is bound to the surface of sediment pardeles. 

Table 17-K-2. Chlorint ill day minerals 

Sample:	 Chlorine: content Method Reference 
(ppm) 

Tow Soluble: 

Monrmorijlonire, Niigata (Japan) 25 0 C OGrTA t/al. (1967) 
Monrmorillonire, Niigata (Japan) 10 0 C OGITA et al. (1967) 
Montmorillonite:, Bavaria (Ge:rmany) 30 30 W BEHNE (1953) 
Illite, Illinois (U.S.A.) 30 25 C OGITA ttal. (1967) 
Illite, Illinois (U.S.A.) 70 70 C OGITA e/ al. (1967) 
Kaolinite, Bavaria (Ge:rmany) 290 80 W BEHNE (1953) 
Halloysite:, Lawrence County (U.S.A) 350 210 W BEHNE (1953) 

II. Coarse-Grained Clastic Rocks 
Very coarse-grained clastic rocks appear [0 be more enriched in chlorine than are 

the sandstone-greywacke rocks, which are in general low in insoluble chlorine. 
DelTA et al. (1967) found that in marked contrast to most other sandstones, some 
tuffaceous sandstones are enriched in insoluble chlorine and showed that this en
richment was correlated with the glass content of the tuffs, higb glass contents 
generally giving high chlorine contents. Weathering of the glassy material to clay 
resulted in a very marked decrease of the insoluble chlorine content (N.B.: DelTA 
e/ a/. leached their samples with cold water which would result in the extraction of 
easily soluble chlorine. Reference to the work of NOnI.E e/ al, (1967) and Section 17-E 
would indicate that at least some of the chlorine in the glassy material of tuffs would 
be soluble. Presumably a more vigorous leach in bot water for extended periods of 
time is Hecessary to remove this chlorine). 

m. Organic-Rich Sediments and Carbonate Rocks 
The data of GULYAYEVA and lTKINA (1962a) appear to show that chlorine, unlike 

the heavier halogens bromine and iodine, does not appear to be concentrated in 
organic-rich sediments. However, WALTERS and WINCHESTER (1971) found that 
27 % of the surface-bound chlorine of sediments can be exrracred with organic 
solvents. In addition, coal samples are generally enriched in chlorine, presumably 
due in part to its incorporation into plant material which formed the coals. The mode 
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of occurrence of chlorine in coals has been rhe subject of much discussion; it is 
possible that greater or lesser amounts of the chlorine occur as inorganic salts, but 
appreciable quantities may also occur in organic complexes (GLtJSKOTER and Rucrr, 
1971). 

Relatively little dara are available on tbe chlorine content of most biogenic 
and eerbonare sediments but it appears that dolomitic Iimesrones may be somewhat 
enricbed in insoluble chlorine. KRASIN'rSEVA (1964) has also shown that dolomites 
From deep boreholes can contain appreciable quantities of soluble chlorine, 

IV. Evaporites 
The composition and origin of evaporites has been the subject of mueh research; 

the large amount of data published on these topics has been reviewed hy Baarrscn 
(1962, English Translation. 1971), SrEwART (1963), and BORCHERt" and MUIR (1964), 

The major elements of marine evaporites are those of seawater, chlorine being 
the major anion (Table 17-K-3). The minerals found in marine evaporites are essen
tially chlorides. sulfates. carbonates, fluorides and boraces. 

Present-day evaporites are accumulating throughout the world in both hemispheres 
in two behs lying approximately between 15° and 35° from the equator (BORCl-lERT 
and MUIR, 1964), Older evapcrire deposits arc widcly distributed, occurring on all 
the continents. Evaporite deposits are recorded throughout the geological column, 
the greatest accumulation occurring during tbe Permian (BRAITSCH. 1971), 

It has Jong been accepted that marine evaporites bave been formed by evapor:t~ 

ticn of sea water bodies with restricted exchange wirh the open sea. together with a 
low influx of freshwater (BORCHERT and MUIR, 1964). although SHEARHAN (1966) 
has suggested that many marine evaporites may be diagenetic in origin, 

Table:17-K-3. S~mt of tht rhlorint-conlainiltg mintrals ofmarint fl'aporilu (from BRAITICH, 1971) 

Mineral Chemical formula 

Halite: 
Hydrohallte 
Sylvite: 
Bischufire 
Carnallite 
Tachbydrite 
Chlorocalcire 
D'Ansite: 
Kainite 
Rinneite 
Duugiasire 
Erythrcaiderire 
Koeoenire 
Zirlclc:rite: 
Hc:idornire: 
Bcracite 
Hilgardite 
Parahllgardiee 

NoO 
NaCI'2H,O 
KO 
MgO,'6H,O 
KMgOa,(j~O 

(;aMg,Ot'12 HsO 
KC:LO, 
9 Na:SOt,MgSOt'3 NaG 
KMgSO.a'3 H,O 
KsNaFe:O B 

K, PeO,,2H:O(?) 
K:FeOs,Hp 
Mg~A1"O,(OH)l'·2(?) HsO 
(Fe. Mg, CahAltOr.(OH)lS,14 H:OC?) 
N~Ca"B50.(SOJ"O(OH)s 
MgBBuOuo" 
Ca!(B!O,JsOt·4 a,o 
Ca!(BtOIJ.O.,4 a,o 
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Halile 

a 

Halite 
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c 

Fig. 17-K-1. Comparative prccrpuauon profiles for evaporites: a experimental eva
poration of sea. water; h the Zechstein: c average of many other dcposi[S (from BOIl.CHEIl.T 

and MUIR, 1964) (N.B. In band c bischofite is absent, heing replaced by carnallite) 

Halite is the major chloride mineral of evaporite deposits and is the first of the 
chloride minerals to form, gecceally occurring with or following the calcium sulfate 
minerals. The other chlorides occurring in significant amounts are sylvite and car
nallite which are more soluble than halite and are consequently precipitated during 
later stages of evaporation. Bischcfite occurs in the final stages of crystallization 
(see Fig. 17-K-1). In addition to the occurrence of sylvite as a primary mineral of 
evaporites, many deposits of this mineral are secondary in origin, resulting from 
solution metamorphism of carnallite (BRAlTSCH. 1971). Many of the chloride minerals 
of evaporites are formed due to solution metamorphism. Hence CaCl2-ricn solutions 
may be imp'ormnr in the formation of secondary rachybydrlre, while eicneite is 
formed during metamorphism by FeC4-rich solutions (BRAITSCH. 1971). 

The composition of non-marine evaporites is far more varied, but normally 
the chloride ion is quantitatively less Importanr rhan the sulfate and carbonate 
acicns. 

Detailed accounts of the origin and nature of evaporites arc given in the pre
viously cited works. 
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17-L. Biogeochemistry 
Chlorine as the chloride anion is an essential element [or many animal and plant 

groups including the mammals, insects, angiosperms and possibly algae and bac
teria (Table 17-L-l; BOWEN, 1966). Chloride is a major anion in mammalian blood 
and is also concentrated in the hair of mammals (BOWEN, 1966). Some coelenterates 
concentrate chlorine (VINOGRADOV, 1953). 

'Table 17~L~t. Ch/orinr in plan/s, animals aM animal /xlrd parIs and dry Ii/ruts (from compilation 
of BoWEN'. 1966) 

Sample a (ppm) 

Planls 
Brown algae 4,700
 
Bryophytc:s 67.
 
F= 6,000
 
Angiospl:fIDS 2,000
 
Bacteria 2,300
 
Fungi 10,000
 

Animals 
Coelenterata 90,000
 
Mollusca 5,000
 
Echinodermata 7,000
 
Crustacea 6,000
 
Insecta 1,200
 
Pisces 6,000
 
Mammalja 3,200 

Animal hard paris 
Mamma.I hones (apatite) 3,900
 
Porifera (SiD.) 52,000
 
Comb (CaCOJ 1,700
 
Molluscs (CaCOJ 35
 
Red algae: (CaCOJ 5,000
 

Drird mammalian tiSSI/U 

Bmin 8,000
 
H=< 6,000
 
Kidney 9,000
 
Liver 4,800
 
L=g 12,000
 
M=I, 2,800
 
Skin 11,000
 
H,;, 20,000
 (j 
Mammalian blood 2,900 

o Spriogu-Vabg Berlin· Hddclboqr 1!774 
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Chlorine is taken up by marine and terrestrial plants; SHAW (1962) states that 
it occurs in all algae and is the major halogen in this group. However, chlorine is 
not generally concentrated in marine algae with respect to sea water (SHAW, 1962; 
VlNOGRAOOV, 1953). From the work of GAllRIELLI and MARLETTA (1969) on algae 
in the Gulf of Trieste, it appears that the Rhodopbyceae are richer in c:blorine than 
the Phaeophyceae or Chlorophyceae, but this is not apparent from the values quoted 
hy VINOGRADOV (1953). 

In the freshwater algae, chlorine is often enriched compared to the environment 
(SHAW, 1962). In terrestrial plants also, chlorine appears to be concentrated relative 
to the soil solutions (BOWEN, 1966). 

From a study of several terrestrial plants, PORTYANKO eral. (1970) found that 
chlorine was concentrated generally in the cortex, mature leaves and peduncle; 
Iowesr chlorine contents were found in young leaves, seeds, wood and other young 
organs. 

Chlorine in plants is present mainly as the chloride anion, but some organic 
chlorine-containing compounds have been found in marine algae (SHAW, 1962) 
and fungi (BOWEN, 1966). Some of the organoc:blorine compounds of fungi arc 
antihiotics (BOWEN, 1966). 

For chlorine in coals see Table 17-K-1. 

(j
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17-M. Abundance in Common Metamorphic Rock Types 
The chlorine contents of greisens and metasomatised rocks have been dealt 

with in Section 17-F; also the chlorine content of minerals from metamorphic rocks 
are given in Table 17-D-1. 

Comparatively few analyses are available for chlorine in metamorphic rocks; 
some values are quoted in Table 17-M-1. From these values, it appears that chlorine 
is fairly low in schists, though this is not borne out by the average values quoted by 
JOHNS and HVANG (1967) (see Table 17~MM2). The data of JOHNS and HUANG also 

Table: 17-M-1. Cblorin: in mdamorpbi' ro,h 

Rock	 Chlorine Reference 
content 
in ppm 
(method) 

Phyllite, Morrison County, Minnesota 
(U.S.A.) 

Mica schist, Morrison County, 
Minnesota (U.S.A.) 

Staurolite: schist, South Aitkin County, 
Minnesota (U.S.A.) 

Sehist 

Chlorite-carbonate schist, shear zone, 
Yellowknife: (Canada) 

Carbonate-sericite schist, shear zooe, 
Yellowknife: (Canada) 

Schist, Chichibu, Saiuma (Japan) 
Schist, Chichibu, Saitama (Japan) 
Schist, Nagaroro (J3pan) 
Schist, Nagaroro (J3pan) 
Schist, Beisl, Ehime (J3pan) 
Schist, Takenuki, Fukushima (Japan) 
Semi-pelitic schist 
Graphite: gneiss, Gifu Pref, (Japan) 
Hornblende gneiss, Gifu Pref. (Japan) 
Migmatite 

Hornfels 

Amphibolite, N. W. Adirondacks, 
New York, (U.S.A.) 

Amphibolite, N. W. Adirondacks, 
New York, (U.S.A.) 

Composite, meta-diorite and meta
gabbro-dykes, 'Yellowknife (Canada) 

SO (C) 

SO (C) 

70 (C) 

120 (\V) 

trace (W?) 

100 (\'7 ?) 

55 (C) 
15 (C) 
10 (C) 
10 (C) 
S5 (C) 
10 (C) 
47 (C) 

140 (C) 
230 (C) 
145 (\V) 

150 (W) 

400 

300 

ZOO (\V?) 

KURODA and SANDELL (1953) 

KURODA and SANDELL (1953) 

KURODA and SANDELL (1953) 

GR.J'.ENLAND and LOVERING 
(1965) 

BOnE (1961) 

BOrLE (1961) 

QGIu:1 al. (1967)
 
QGIu:1 al. (1967)
 
QGIu:1 al. (1967)
 
QGITA:I at. (1967)
 
QGITA:/ at, (1967)
 
QGITA:/ al. (1967)
 
HUANG and JOHNS (1967)
 
KURODA and SANDELL (1953)
 
KURODA and SANDELL (1953)
 
GRBENLAND and LOVERING
 

(1965) 
GREENLAND and LOVERING 

(1965) 
BUDDINGTON and LEONARD 

(1962) 
BUDDINGTON and LEONARD 

(1962) 
BOrLE (1961) 

o SpriDSCl.V""bs8CIlin· HdddbcrB: 197~ 
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Table 17-M-2. Multi ~'Oh~l for ,Norine ill melol11orpb,& roth (from compilation of JOHNS and 
HUANG, 1%7) 

Rock Number 
of samples 

Chlorine content (ppm) 

R.ng, M"'" 

Schists 
Gneisses 
Amphibolites 

68 
24 
16 

70-900 
140-1,OUO 
10D--4(l0 

354 
207 
300 

show that the chlorine content of amphibclites is fairly constant due, they suggest, 
to the ccnsisranr mineralogy of these rocks. 

It has been assumed by JOHNS and HUANG (1967) that chlorine is generally higher 
in rocks rich in micas and amphiboles. BoYLE (1961) thought that the chlorine of 
meramorphics in the Yellowknife area of Canada, was likdy to be present in apatite 
and chloride inclusions. . 

The chlorine content of biotites from gneisses was found by H.u.CK (1969) to 
be within tbe same range 'as chose for granitic rocks. However, some hydrcxysilicare 
minerals from metamorphic rocks are extremely high in chlorine (LEE, 1958). In 
addition metascmatised rocks such 'as skarns can contain hydroxy minerals with 
extremely high chlorine contents, e.g., Dashkesanite. 

OSIPOVA (1959) found between 100 and 500 (mean 230) ppm chlorine in seven 
skarn samples from TashbuIak, U.S.S.R. 

FUGE and POWER (196%) found between 498 and 1,760 (mean 904) ppm in six 
xenolith samples from the granites of S. W. England. 

The chlorine contents of 53 amphibolite-greenschist rocks from the Dn1r:adian of 
Scotland were found ro range between 63 and 430 (mean 130) ppm (X) (VAN DE 

!<AMP, 1970), while 5 pclircs from the same series contained 85--210 (mean 129) ppm. 

(j
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17-N. Behavior in Metamorphic Reactions 
BOYLE (1961) found little variation in the chlorine content of progressively 

metamorphosed roeks oftbe Yellowknife area; the average chlorine values for each 
of the three facies types, amphibolite, epidote amphibolite and greenschist, were 
300 ppm. VAN DEKAMP (1970) found only slight variations with metamorphic grade 
in the chlorine content ofgreenschist and amphibolite rocks of the Scottish Dalradian. 

Only small increases of chlorine content were nored by FLOYD and FUGE (1973) 
on increasing contact metamorphism of basic and intermediate igneous rocks of 
the Land's End aureole (Table 17-N-1). These authors also noted that the contact 
metamorphosed basics contained far more chlorine than regionally metamorphosed 
rocks from the same area; however, it must be borne in mind that the Land's End 
granite is chlorine-rich (POGE and POWER, 1969a). 

During regional metamorphism, chlorine may be mobilised and enter: newly 
forming minerals sucb as scapoliee and chlor-aparlre. During progressive metamorph
ism of amphibolites in the N.W. Adirondacks, New York, the chlorine conrenr of 
homblendes decreases (ENGEL and ENGEL, 1962). 

Release of chlorine from minerals' during progressive metamorphism could also 
result in the accumulation of chlorine in the residual fluids of metamorphism, as is 
the case during magmatism. 

Much of the data regarding the behavior and role of chlorine during meta
somatism has been discussed in Section 17-F. 

Table 17-N-1. Chlorine (on/ml of 10mr mrJamorphoud mafi' and intrrmrdiatr ignro/II ro,h from 
Cornwall, S. W. England'" (from FLoYD end FUGB, 1973; method: C) 

Rock type Number Chlorine content 
of (ppm) 
sampll::'l 

JUnS' M= 

Con/aa mr/amorphoHd 
Actinolhe-beadng mafic boeuelses 8 683-1,528 1,207 
Hornblende-bearing mafic homfdses 18 700-2,129 1,355 
Homblecde-beceing intermediate hornfelses 9 460-2,090 1,253 

i\cfrlaIOma/iud 

AnthophyUire-bCU"ing magnesian hornfelses 5 216-360 280 
Cummlngsronlre-bearing magnesian homfelsl::'l 15 240-1,373 945 
Calc-sdicare-bearlng calcareous hornfclscs 4 232-1,450 956 

Rtgionally mtlamorpho,td 

Low-grade mera-dclerlte-diabase 14 4--288 162 

.. The eornaer metamorphosed rocks are from the Land's End granite aureole, Peowirh
 
peninsula, Cornwall. Regionally metamorphosed reeks ere from Cudden Point, S. Cornish l\ .
 
coast. (N.B. All of these samples were collected from coastal Iccalities and therefore some
 
of the chJorine found may be due to eontaminarion.)
 

lIovi.o<1l .,..."u~p< r=i.rd, Mll<h 19'7) 

o Spring......Vcrl>g Berlin· H<jiklbcrg 191~ 
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17-0. Relationship with Other Elements; 
EconoollcIDlportance 

I. Relationship with Other Elements 
a) Relationship with Other Halogens 

HUANG and JOHNS (1967) found that the ratio 0IF decreases systematically from 
basic to acidic rocks. The ratio for ultramafic rocks is generally greater than one. 

FUGE and POWER (1968) have suggested that during progressive alteration of 
South-West England grn.n.itic rocks. the OfF ratio decreases. 

Several workers have suggested that the BrIel ratio of igneous rocks and volcanic 
gases is fairly constant (SUGIURA, 1968; YOSHIDA. et a/., 1971), 

b) Relationship with Mineralisation 

Ore-forming fluids, whatever their: origin, are likely to be enriched in chlorine 
(see Section 17-F). STOLLERY eJ al., (1971) suggest that the chlorine eonrenr of Inrru
sive rocks may be used as a possible prospecting tool. KEsLER e/ at. (1972) found that 
high chlorine contents of plutonic rocks correlate with high copper values arid that 
intrusives associated with mineralisation are chlorine-rich (see also KEsLER and VMf 

LOON. 1972). 

Il. Economic Importance 
Chlorine has heen used extensively for the disinfection of water supplies. It 

finds wide usage in the manufaceure of antiseptics, medicines, dyes, paper products, 
insecticides, foodstuffs, paints, plastics and several other products. In addition, 
chlorine is widely used in organic chemistry for the production of such compounds 
as chloroform and carbon tetrachloride. 

According to HAMMOND (1971) most industrially produced chlorine is used for 
the manufacture of chlorinated compounds for use in sanitation, disinfectants, pulp 
bleaching and textile processing. 

Common salt has heen of great commercial importance since prehistoric times, 
being an essential ingredient of human and animal diets. In tbe Ancient world, salt 
was a very important part of the economy and was even used as money (Encyclo
paedia Britannia, 1962). 

Sodium chloride is used as a seasoning ingredient of foods and a preservative 
fee mears etc. As well as its culinary uses, salt is Impc rtanr in industry. heing used for 
the production of sodium, chlorine, hydrochloric acid, sodium hydroxide, sodium 
sulfate and other sodium salts. It also finds uses in the dyeing industry and in the 
manufacture of soaps, paints and cements (HEILBRUN, 1950; BORCHERT and MtrIR., 

() 1964). 

IC Sp~Vulog &1110· Hdddbc:rg 1974 
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