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Chlorine i7-A-1

17-A. Crystal Chemistry

Minerals containing chlorine as a major consttueat are chiefly binary and tertiary
chlorides, oxychlorides and also borates, sulfates, pbosphates and silicates.

The behavior of chlordne is completely non-metallic. In the ground state, the
outer electrons of the Cl atom have the configuration 3523 p8. Chlorine ocours in the
oxidadon states —1, 41, 43, +5, +7. In its minerals, chlodne exists as Cl-
exclusively. The ionic radius of Cl- has been found to be 1.81 A (GorpscmMipr,
1926, see Chapter 12 of Volume I of this handbook); Pavring and Hucems (1934)
report a covalent tetrahedral madius of 0.99 A. The electronegadvity of Cl is deter-
mined as 3.0 (Pavimig, 1960, see Chapter 12 of Volume I of this handbook).

I. Elementary Chlorine

Elementary chlorine is 2 diatomic gas (C1—Cl intramolecular: 1.989 A; Henz-
BERG, 1950). In the crystalline state at —160° C, the Cl, molecules are arranged in
layers (Covrn, SR 1952, 157) with an intramalecular distance of 1.980 A (DoNoHUE

- and GoopmanN, 1965). There also exists a clathrate structure Cl, - 72, HLO (Pau-
NG and MarsH, SR 1952, 376). :

The compounds XX, where X and X" arc different halogen atoms which con-

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

H. Binary and Related Compounds

Al elemeats, except the inert gases, form chlorides and some elements occur in
several oxidadon states in these compounds. Most chlorides are of ionic chaczeter;
with the increasing ratio of charge to mdius of the metallic ion, the covalency of the
bonding increases. A large vadety of structures exists due to the different valeacy,
radius and polarizing power of the cations. According to the A—Cl bonds, these
structures can be subdivided into framework, layer, cbain and malecular structures
(WeLLs, 1962). Table 17-A-1 contains several examples of structure types including
data on coordination numbers and coordination polyhedra around chlorine.

HCl - H,O consists of layers HyO+Cl- (Q ... Ql: 2.95 A) (YooN and CARPENTER,
SR 1959, 293). In HCOl - 2 H,O, puckered layers of Cl- ate connected hy hydrogen
bonds of HO%: O... O: 241 A:0,..d:3.043104A (LuNDGREN and OLovssoN,
19673). The structuze of HCl - 3 H,O may be written as HyO3Cl- - H;O with O ...Cl:
3.01—3.13 A (Lunpcren and Orovsson, 1967h).

II. Hydrates of Binary Chlorides

Several of the binary metzl chlorides form hydrates which contain different
numbers of water molecules per formula unit. A fow of these compounds occur in
nature. Examplks of different types of hydrates of binary chlorides are given in
Table 17-A-2.
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"Table 17-A-1. Exanples of binary chlorides

Coordination Structufe-type

Compounds,

Reference

number of mineral names,
chlorine interatomic distances
8 CsEI1C] 0] a-NH,Cl (salmiac) HaviNGHURST, Mack and Braxs
(SB 1913—28, 99,
Kuwasara (SR 1959, 295)
CsQe Wrckorr (5B 1913—28, 97)
Cs-Q: 3.57 A
[ NalCl Na( (halite)® BraGG and Brace (5B 1913—28,
Na—:282 A 103)
K (sylvite) Brace (SB 1913—28, 105)
K-Q:314 A
AgCl (cerargyrite) WiLsey (SB 1913—28, 111)
Ag-Cl: 2.77
LiCl, RbCle Wrckorr (SB 1913—28, 97)
4 a-Zn S 14 CuQ (nantokice)ss Wrckorr and Posn)ax (5B
1913—28, 110}
CaIFL scCl, Mark and TOLKSDORF
(SB 1913—28, 187)
3 Ca (110 Ca(l, (hydrophilite) vAN BEveR and Neuwen-
(approx. xaup (SB 193335, 278)
planar
triangular)
3 cdc MnCl, (scacchite) PauLiv (SB 1913—28, 774);
FeCl, (lawrencite) Brunr and Ferrarz (SB 1913—
MgCl, {chloromagncsite) 28, 773)
NiCl,
(pyramidal Ni-Cl: 2.426 Ace Ferrart, BRATBANTI, BIG-
triangular) r1axor (1963)
Cqreniy V(l, ViLLansen (SR 1959, 298)
LM LaCl, ZacHARIASEN (SR 1947—48, 277)
CubalCliznl  CuCl,eo WevLLs (SR 1947—48, 263)
Cu-Cl: 229 A (4%)
298 A (2x)
2 Bi (oM FeCly (molysite) Wooster (SB 1928—32, 293)
Fe-Cl: 2.39 A Grecoay (SR 1951, 151)
{angmlar) CrinCm Crd, Wooster (SB 1928—32, 292)
Hg @ p-ZnClae BrerrEr (SR 1959, 297y
Zn-Cl: 227 A
a-Zn QA a-ZnCl,Be Brenver {SR 1959, 297}
Zn-Cl: 234 A
5/4 PLEHICINC]M  PhC, (cotunnite) BRAEXXEN and HARANG

Pb-Cl: 2.86—3.08 A (720
3.64 A (2X)

(SB 1928—32, 251)
SaHL and ZeEmanw (SR 1961,
324)
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Table 17-A-1 (continued)

17-A-8

Coordination Structure-type  Compounds, Reference
nurnber of mineral names,
chlorine interaromic distances
Molecular -\ NICTLY a-W(Q, KereLaar and van QoSTERHOUT
structures (SR 1942—44, 159); SrrH &£ al.
(1968)
SbRICIH 5bdl, Lwoqurst and NicaL1 (SR 1956,
Sb-Cl: 2.36 A (av.) (3 %) 240)
[HgiCl, e-Hg, O, Hyceeras (5B 1913—28, 256)
(calomel)
NBOQIaH NbQ, Zavkan and Sanos (SR 1958, 237)
MNb-Cl: 2.555 (2%}
2.250 (2 %)
2,302 (2%)
B, Aoy and Lirscoms (SR 1959, 303)
BQ: 170 A (av.) Jacorson and Lerscome (SR 1959,
303)

8 Abovc 460°C, CsCl crysullizes in the NaCl-type (West, B 193335, 231).

b Na({l and NaBr form solid solutions (NicxeLs, Frvewan, Wacrrace, SR 1949, 285)

¢ Under high pressures, Rb( cryscallizes in the CsCl-type (VEREEEAGIN 2nd KABALKINA,
SR 1957, 215).

&3 Ahove 407°C, CuCl crysmilizes in the wurizire-rype (Lorenz and Prever, SR 1956,
237).
bb The CaCl.-type is 2 weakly deformed rutile structare.
¢¢ The dismnee Ni-C! is shotter than the sum of their ionie radii; CI-Cl {in the
octahedra): 3.85 and 3.48 A; CI-Cl (berween different ocrahedma): 3.67 A

ab Melanothallice has the eomposition CuCl, or Cu{Cl, OH),.

ac The distanee Zn-O is significantly shorter than the sum of their ionic radii, its
value is approximately that of the sum of retrahedral mdii,

IV. Complex Chlorides

Many unhydrated and hydrated complex chloddes 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}, Ifpo (1962) has studied
the structures and properties of a series of chlorides and complex chlordes 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 contin hydro-
gen bonds. A dersiled discussion of the relations between chlodne atoms and water
molecules and of the probable hydrogen bonding in chloride hydrates of divalent
metals has been given by Jensen (1969). He reports distances between 3.07 A and
3.33 A for linear and beaded O—Cl-hydrogen bridges and values between 3.22 A
and 3.45 A for bifurcated bridges.

V. Oxychlorides and Related Compounds

There are many compounds containing both oxygen or OH in additon to chlorine
andfor different halogea atoms.



17-A-4 Chlorine
Table 17-A-2. Hydrated binary cblorides
Compound Structural formula, Reference

(mineral name)

interatomic distances ere.

ZnCl, 1Y, H,0

CuCl,-2 H,0
(eriochalcite}

Nidly-4 HO

FeCl,-4 H,0

Coll,-6 B,O

AlCl,-6 H,O
(chloroalluminite)

Mgdl,-6 H,O
(bischofire)

MgCl,+12 H,0

ZnMA(H,0), Znl4Cl,

ZnW.Cl; 2.24—2.35 A

ZalM.0H,: 2,02 A (4}
.. -CI8: 2,60 A (2)

Cul**ICL(H.O).
Cu-Cl: 227 A
Cu-0:192 A
[NI(F0),1.NiCl,
Ni-OH,: 2.13 A

FeW(H,0),Cl,
Fe-Cl: 2.53 A
Fe-OH,: 212 A 208A

[CottaI(H,0),01,]-2 HyO

[ANH,O),]C1
ALOH,: 3.03 A

[Mg (H,0),]Ck

FoLLNER and BresLEr (1970)

PerersonN and Levy
(SR 1957, 397)

Strocawov, KoZma,
Anpreey and Kovjapm (SR 1960,
282)8

Penrorn and Grigonr (SR 1959, 299)

Meuniea-PIrer and
vaN MEeersscuE (1971)

Stroganoy, KoZmva and
AwDREEY {SR 1958, 240) .
Mrzuno, Uxer and Sucawana i
(SR 1960, 280yv
EL SarFan (SR 19462, 435)

BucuHanam and Hannrs (1968)
EL SaFFar and Murcany (1971)

Anparss and GuNDERMANN
(5B 1933—35, 489)

IMg(H,O)]CLETO(H0), Sasvirr and Jzeeaey (1966)

C-0OH,: 3.17—3.23 A~

& NiCl,-6 HyO is isorypic wich Coll;-§ H.O (S5Trocanov, KoZma and ANDREEY,

SR 1960, 282).

b ‘The intcratomic distances found in the two investigations are very different.

Oxychlorides and bydroxychlorides bave some mineralogical importance. The
naturally-occurring compounds of these types are listed by Srrunz (1970); examples
are piven in Table 17-A-5.

VI. Chlorites, Chlorates, Perchlorates

Chlorine forms salts of the acids HCO,, HCO, and HCIO, with several metal
ions; examples are given in Table 17-A-6.
Coosidering the zverzge Cl—O distance in the different ClQ spedies, there seems
to be a correlation between this distance and the oxidation seate of Cl (GILLESPIE,
Searxs and TauEBLoon, SR 1959, 458) (see Table 17-A-7). ,-—\
Perchlorates are known of all electropositive metals. ‘They are often isotypic with ()
the sulfates, permanganates ete.
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Table 17-A-3. Selected excampier of complexe chlorides

Compound Mineral name, inter- Reference
atomic distances

K, [MnCl,) chloromanganokalites  BeLranca (3R 1947—48, 413)
K,NaJFe(l,] rinnejies BerLAncA (SR 1947—48, 415)
K,[FeCl,OH.] erythrosidecice® BeELLAanca (SR 1947—48, 419)
K, [Pel* *1C1,] PwCl: 2.308 A Dicknsow (SB 191328, 224)
K-C1: 3239 A Mars eral. (1972)
CsN1 81,0 Ni-C1: 243 A TiiCenkro (SR 1955, 332)
CsPbl01(Cl, e perovskice Marren (SR 1959, 34)
Cs,T1,18C] 28 Hoarp and Gornstein (SR 1933 —35, 505)
Cs,[CoCl,]CI Powert and WeLrs (SR 1935, 498)

8 Minerls of the seme structure type.

b In CsNiCly, chlorine and caesivm are forming & hep; Ni occupies those octahedral
holes which are only conrdinated by chiorine. A further isorypic substance is, e. g., CsCrCl,
(SerPERT and KraTxy, SR 1962, 457],

¢ Further isorypic substances are CsCdCl, and CsHgCl, (NARaY-Szand, SR 1947—48,
454).

1a s, TL,Cl, is built up of a close packing of Cs* and CI- with TI* in certain pairs of
adjacent octahedml holes.

Table 17-A-4. Hydrated complex chlorider

Compound Mineral name, Reference
interatomic distances

K SIC],Mg(OH,), carnallite Fiscuer (1973)
Cl-K: 317-333A
Cl-H,0:3.10—323 A

K[Zn?UCLOH,]-H.O Zn-Cl: 225A Susseand Brencer (SR 1964, 278)
C.H0:3.20-340 A

K[ZnB.UC1,0H,] Zn-Cl: 226 A Brewien and Konie {1969)
C-H.0: 311 A

Na(OH.),[Znl4C),] Zn-Cl: 232A(1x) BrexLer (SR 1960, 289)
Zn-Cl: 227TA(3%) Breurer and Truwz {unpub-
Cl-H,0: 326 A lished)

[Co(NHD,(H.0),] [TIMCL] TI-Cl: 25447 Linnapo, MaNTHEY and Prrerx

{SR 1953, 353)

VII. Sulfates, Phosphates, Silicates, etc.

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

Several addidonal details about the crystal chemistry of chlorine ace given by
WeLLs (1962).



17-A-6

Chlorine

Table 17-A-5. Sefected exompler of oxycblorides and relosed conpoinds

Compound Mineral pame, Reference
interaromic distances
BiOCls bismoclite Bannrster and Her (SB 193335,
3700
PbEFClA matockite Niguwenkase and Brjvoer
Cl-Pb: 3.07 A (4x) (SB 1928—32, 232)
321 A (1x)
PbOHCI laurionite Brasseun (SR 1940—41, 131)
PbSbO,C1 nadorite SiLiEn and Macanper (SR 1950,
. 307)
Cu,(OH),Cl atacamited Werrs (SR 1949, 20)
Pb,Cu(OH),CL. diaboleire Rouse (1971)
Cl.Pb: 3.215 A (2x)
3,430 A (2x)
Cl-Cu: 2548 A
2946 A
Pbyy AgyCutaClop(OH),s  boleite Rouse (19732)
Cl-Pb: 2.94—3.31 A
Cl-Cu: 2.85—291 A
Cl-Ag:2.52—2.83A
Pb,Fe,0,CL hematophanite Roase (1973 b)
Cl-Pb: 322 A, 333 A
Hg, 0,01, terlinguaire Séavnidar (SR 1956, 242)
Cl-Hg(): 3254
Cl-Hg(I): 2.80 A
Cl-He(II): 2.57 A
Pb,0,C1 probably identieal VinceNnT and PERRAULT

with mendipite

{1971}

3 BiOCl bas been found isotypical with PbFCl. In the PbFCl-type, the Cl atoms arc
on the outer sides of layers CIPbE,PbClL. The 1 atoms have four Pb-neighbors in one layer
and a fifth one in the next layer. FeOC! crystaiiizes similar to PBFCL

® Closely related to atacamite is the other modification of Cw(OH},Cl, paratacamite
(atellice) (Fronoer, SR 1950, 201).

Table 17-A-6. Exampier of chlorites, chlorates and perchiorates

Compound Reference

NH,[C1O,]s GILLESPIE, SPARKS and TruesLoon (SR 1959, 458)

Ag[ClO,]v Curtr, Ricanpr and Loccar (SR 1957, 355)

Na[ClO,] ZACHARIASEN (SR 1928—32, 407): ARAvINDASHAN (SR 1959, 460)

NH, [Cl1O,] GILLEsPIE, GanTZEL and TruesLoop (SR 1962, 641)

K[CO, ]« GorrFRIED and ScuusTerius (SB 1928—29, 413); Manx (SR 1957,
358)

Ba(OH,),[C1O,]y  Manr and Ramasesuan (SR 1960, 438)

a8 HAO,-H,0 is isorypic with NH,ClO, (Vorumer, SB 1928—32, 415; Lee and CaR-
PENTER, SR 1959, 461). Proton magmetic resonance confirms the formule H,Q+ClO-
(Kaxrucur, S#ono, Komarsu and Kigosur, SR 1952, 283).

b In AgQO,, discrete AgClO, molecules exist rather than Agt snd ClO, ions.

© The scoucture s isotypic with BaSQ,, baryte, KOO, forms a high temperature
modification {(HErymANN and Irce, SB 1928—32, 411); the high temperruce medifications
of Na, K, Rb, Cs, NH,, Tl and Ag perchlorate are isotypical.

—,
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Table 17-A-7. CLO distance and O-CLO angle in ClO3

Cl-O distance (A) O-C1-0 angle () Atomic armangement

ao,~ 1.44 ' 109.5 tetrahedral
ClO, 146 108 pyramidal
C10,~ 1.57 110.5 angulac

Table 17-A-8. Exampler of Cl-bearing rulfates, phaspbater, silicotes, ste.,

Compound Mineral name Reference
KMgCl[50,]- 2%, H,O kainite Roamson, Faxg and Onra (1972)
Na,, MgCL[50,],, d’ansite Burzrarr and HeLiner (SR 1961,
453)
KN, J(50,],[CO,l. hanksite KaTto and SaaLreLn (1972)
Pb,Ne,(1[50,], cacacolite® ScHNEIDER {1947; 1969)
Ca,C[ro,), chlorine Henpricks and JEFFERson (SR
- apacice® 192832, 458); Taporszxy {1972)
Pb,CI[PO, ], pyromorphite Henpaicks and JEFFERSON (SR
192832, 458)
WonpraTtscHEK (1963)
Fartsch and WonpraTscHek (1963)
PbyCI[AsO, ], mimetesite Henpricks and JERFFERSON
(SR 192832, 458)
KerrLER (1969)
AlGAINO(OH, F),,Cl[Sis0,]  znnyite Kaup (SR 1960, 474)
Ba, Ti,(Ti, Nb, Fe)Cl O,4[8i,0;.] baotite NEexrASov ¢ of. (1969)
{Mn, Fe}(OH),Cli[5i,0,,] pyrosmalite Kasnaev (1967)
Na,CL,[Si AL, sodalite Léws and ScHoLz {1967y
Na, {51, A1,0x] mariglite Parike and Zorrar (1965)
B-Mp,CI{B,0,,] boracice Iro, Mormoro and SApANACA
(SR 1951, 282}
Ca,Na,C1[SO, ] [BsO{ OH), ] heidornitess Bunrzrarr (1967)
CuCl[B(OH),] bandylite Fornaserr (SR 1950, 346);
Corrv (SR 1950, 346)
Na,Cl[B{OH), ] teepleice Fornasert (SR 1949, 263)
Fe,H,[ Te(,],C1 rodalquilarice Dusavsoy and Proras (1969)

& Caracolice is isotypical with chlarine aparite.

b A synopsis of apatite rescarch has been given by McConwer (1973). In the aparite-
group minerals, Cl is ocmhedrally coordinared by cations.

e Cl is retrahedally coordinated by 4 Na wich Na-Ci: 2.73 A,

an In heidornite, Cl is octahedmlly coordinared: Cl-Na- 3.02 A (2%); Cl-Ca: 283 A;

Cl-H: 2.27 A 2x).

Reviscd manuscript roceived: June 1973



17-B-1 Chlorine

17-B. Isotopes in Nature

Thbere are two stable isoropes of chlarine, ¥Cl and **Cl], their natural abundances
being 75.53% and 24.47%, respectively (Boyp ef4l., 1955). The atomic weight of
chlorine is 35.453 (Hears, 1971).

Nine unstable isotopes of chlodne are known: 3Cl, 331, 3m] 4| 38C], 3],
2] 2, and 4°C) (HeATH, 1971).

I. Stable Isotopes

Several workets have dctermined the fsotopic abundance of ¥Cl and ¥l in
geological samples. BagrTscrx (1953) found no fractionation of these isotopes in
Atlantic Ocean water, aad OWEN and ScHAEFFER (1955) similarly found no isatopic
vadation in several rocks and a sample of sodium chloride.

The most extensive work on the namiral abundance of the seable isotopes of
chlorine was that of HoErmng and PArRkER (1961). These workers determined the
isotopic composition of Gulf of Mexico and Pacific Ucean 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 rerrestdal origin).
From their results, these workers concluded that no Iarge-scale isotopic fractionation
occurs in nature,

More recently, Morron and Caranzaro (1964) have determincd the chlorine
isotope rato of five Precambrian apatites, including both original high chlorine
apatite and metasomatised low chlorine apatite; they found that no isotope fractiona-
tion occurs during original etnplacement or dufing subsequent merasomatism.

II. Unstable Isotopes

88C] has a half-life of 3.1 x10°% years (HEeaTH, 1971) and decays to 3%Ar,

The terrestrial distribution of #¥Cl was studied by Davis and ScHAEFFER {1955)
and they examined several chlotine-containing materials for the presence of ¥, which
they considered to be formed essentially from the action of cosmic ray neutrons and
pentrons derived from spontaneous fission of uranium. Appreciable amounts of
3C] wete found in a pbonolite from an altimde of 3.5 km, bur no detectable ¥Cl
was found in a nepbeline sodalite from a low altitude locality. In addition the isotope
was not detected in Atlantic Oceaa water or in the Great Salt Lake of Utah,

SCHAEFFER #f /. (1960) determined the concentration of ¥Cl in raig warer and
other natural waters. These workers eoncluded that #Cl production in the atmosphere
from cosmic ray interaction with argon, was insufficient to account for all of the
observed concentrations of the isotope in matural warers; they suggested that another
source of ¥C] resulted from neutron irtadiation of sea water by marine nuclear
explosions.

Some values for *Cl in rerceserial materials are given in Table 17-B-1.

@ Sptinger-Verlag Beslin - Heidelbery (91



Table 17-B-1. C jr ferrestrial materials

Sample 1Y activity ¥ content Reference

{d.p.m.= {(g*Cl/g CI%}

per gram Cl)
Pitchblende : Great Bear Lake, M, W. T., Canada 17 2,40 x 10-1° JonTe (1956)¢

4 5.64 x 10-1 Kurona ef al. (1957)
Lartite phonolite: Bull Cliff, Cripple Creek, Colorado, U.S.A. 0.12 1.69 x10-19 Davies and SCHAEFFER
(1955)

Spring water: Hot Springs National Park, Arkansas, U.S.A. 21 296 x 10-1t Jowre (1956)¢
Petroleum brine (very high in Ra) 1.9 2,68 x 10-1t Jowre (1956)¢
Well water: Long Island, U.5.A. 1.02 1.44 x10-1 ScHAEFFER &/ af, {1960}
Stecam: Vermone, U.5.A, 0.56 7.90 x 10-1 SCHAEFFER ¢ al, (1960}
Lgke Ronkonkoma: U.5.A. 0.28 3,95 x 10-18 SCHAEFFER ¢ al, (1960}
Rain water: U.S.A. 0.80—12.2 1.13 x 101 (0 1.72 x 10-1¢

[Mean (5)=5.9] (Mean 8.32 % 10-11)

ScHAEFFER ¢f al. {1960)

8 d.p.m. = disintegrations per minute.
b assuming 1009 counting efficiency.
© J. H. Jowre, Ph. D. thesis, University of Arkansas—quoted by Rankasa (1963).

Table 17-B-2. Conreniratian of radivisotopes W=Cl, BCY, and ®C in rain water

Sample (locality, dates umcy s8] el
collected, reference) - :
d.p.m.licer atoms/liter b d.p. m.2flicer atoms/liter ® d.p.m.afliter atoms/litert
Bombay, India, 7/8/64—2/8/65, 0.45; 0.9 21; 42 — 2.1-—-15.7 117—1.257
BHANDARI ¢/ o/, (1966) (Mean (2) =0.7) 32 (Mean (5)=13.3) 716 (Mean (12)=8.2) 657
Richland, Washington, 0.3—1.5 14—69 9—147 484—17912 15—200 833—16,017
U.S.A., 29/7/64—26/1/67, (Mean (T)=09) 42 (Mean (10) =58.8) 3,165 (Mean (10) =84.2) 6,743

WoGman ef af. {1968}

& ¢, p.in. = disintegrations per minute. b Assuming 1009 counting efficiency.

aunolyD

g-a-Li



17-B-3 Chlorine

(] 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 alse he derived
in large iron mereorites from nevtron capture reactions on the lawrendite inclusions
within the metal. ¥Cl decays to ¥Ar and the ¥A-/%C] ratio in iron meteories has
heen vsed to determine their cosmic ray exposure ages and terrestrial ages (ScrAEP-
FER 2nd HEYMANN, 1965; Vicser and WAnke, 1963; see also HoNpa and ARwoLp,
1964, and Marsuna ¢ al., 1970).

Cosmic-ray produced ¥Cl has been found in lunar samples by several workers
(BEGEMANN & of., 1970; SHEDLOVSKY &f o/, 1970).

The respective half-lives of ¥™Cl, ¥Cl, and ¥*C] are: 32.0 minutes, 37.3 minutes,
and 55.5 minutes {HeaTH, 1971). These three radio-isotopes which are produced in
the troposphere by cosmic ray inreraction with argon, bave been studiedin conjuncdon
with their possible use 25 radioactive tracers for the study of short-term tropospberic
processes (BHANDARI ef al., 1966).

39C] was firgt detected in rain water by WinsBERG (1956), while38Cl was first detected
in rainwater by PERkINS ¢ @/, (1965) and BHANDARY ¢ af. (1966); these lavter workers
also detected 3],

Buannarr ef al. (1966) found that the production rate of these radioisotopes of
chlorine increases with altitude. WocManN e &/, (1968) observed that the concentra-
rions of these isotopes varies inversely with precipitation, a fact which belps to
explzin the large degree of variation shown berween the results of various workers
(see Table 17-B-2). EngeELman and Perkins (1971) stated that 3Cl and #Cl production
rates are such that their equilibfum coneenrrations are in a ratio of about 1.5:1 in
the atmospbere; this ratio can vaty markedly during precipitation.

The other radioisotopes of chlorine have very sbart half-lives; apart from #°Cl
with a balf-life of 1.4 minutes, the rest have haif-lives of less tban 2.5 seconds (HeaTn,
197). There is no information regarding the occurrence of these isotopes in nature.

Revised manuseript reccivedr March 1973
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Chlorine 17-C-1

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

1. Cosmos

Several values have heen proposed for the cosmic abundance of chlorine (Case-
roN, 1966, 1948) having been derived mainly from analytical data for meteorites,
Recently, LasmerT ef o/, (1971) have proposed a cosmie abundance of 5.5—5.8 log
N(Cl), based on their observed solar abundance and that for the Osion Nebulz
{Table 17-C-1).

Tahle 17-C-1. Exfraterrestrial chlorine absndances

System Abundance log N (Cl) Reference

(where log N (H) = 12.00)
+Pegasi 6.25 Avrcr (1961)
QOrion Nchula ~5.48 LAMBERT ¢ af. (1971)
Planctary Nebula 6.9 ArLer and Cryzax (1968)
Sun (upper limit) =5.5 LaxtsenT ¢f of. (1971)
Cosmos 55—5.8 LaMBERT #f af. (1971)8
Cosmos 4.84 CAMERON {1968)P

a Based on Solar and Orion Nebula abundanees.
b Bascd essentially on Ce, mercoritic abundances.

II. Meteorites
a) Stones

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

‘From the values listed in Tables 17-C-2 to 17-C4, it is apparent that several of the
earlier estimates of chlorine abundance in meteorites are much too high (Neppack
and Nobpbpack, 1930; Bankams and Sauama, 1950; Saveerer, 1952).

GreeNCAND and LoverinG (1965) have analysed “falls” and “fnds ™ from the
CL and CH classes. The results given in Table 17-C-5 show that the mean ehlorine
values for the “finds™ of both classes are at least double those of the “ falls™,

There are marked diflerences in the chlorine contents of the various classes of
chondrites (Table 17-C-G), the values for the carbonaceous and enstatite (Ce,)
chondrite classes being generally much greater thzn those for ordinary ehondrites.
Chlorine has been elassed by Larner and Anpers {1967} as a strongly depleted ele-
ment in chondritic meteorites. :

A major host mineral for chiorine in ehondrites is chlorapatire, which has heen
ro found contaia 3 to 6% Cl and 0.1 to 0.4% F (FucHs, 1969; van Scramus and

> Springer-Yerlag Berlin » Heidelberg 1974
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17-C-2 Chlorine

Table 17-C-2. Chlorine in carbonaceons and ensiavite chondrites

Class  Meteorive  Number of (i Method Refercnce
samples (ppm)
Cey Orgueil 1 290 C GrEPNLAND and Lovemne (1965)
1 210 N/R Reep and ALLEN (1966)
3 720 N/R Goves ¢ al. (1967)
Ivuna 2 28D N/R Reen and ALLEN (1966)
1 750 N/R GoLEes ef ol (1967)
Ce,  Mighei 1 350  N/R ReEn and ALLEN (1966)
2 470 N/R GoLEs ¢f afl, (1967)
Murray 2 200 N/R GoLEs & al. (196T)
1 108 N/R Quryano-Rico and WAnkE (1969)
CHL Lancé 1 350 C GREENLAND and LoveriNG (1965)
1 125 N/ REep and Aren (1966)
2 277 N/R GoOLES ¢f al. (1967)
1 248 N/R Quijamo-Rico and Winke (1962)
Karoonda 1 31 C GrEENLANO and Lovering (1965)
1 117 N/R Reen and ALLen (1966)
1 45 N/R Qurjano-Rico and Winke (1969)
Mokoia 1 370 C GreerLann and Lovering (1965)
Warrenton 1 360 C Greernanp and LoveriNg (1965)
Felix 1 270 N/R GoLEs ¢ ol (196T)
Grosnaja 1 423 N/R Quijano-Rico and WiANkE (1969)
Ce, Abec 2 500 N/R von GUNTEN ¢f af, (1965)
1 432 N/R Reep and ALLEN (1966)
1 750 N/R  Gouss e al. (1967)
1 994 N/R Quigano-Rico and WANKE (1969)
Indarch 1 200 C GREENLAND and Lovering (1965)
2 675  N/R Reen and Arien (1966)
1 570 N/R GoOLES e of, {1967)
Cey St Marks 1 210 C GRrEENLAND and LoveErmG (1965}
Ce. Hvittis 2 222 N/R voN GUNTEN  af. (1965)
1 250 C GREENLANO and LoverING (19465)
1 LYK N/R Reen and ALLEN {1966)
2 144 N/R GoLzs ef al. (196T)
1 234 N/R Qurjano-Rico and Winke (1969)
Khairpur 1 23p C GREENLAND and Lovermic (1965)
Pillistfer 1 160 C GrEENLAND and LovErmag (1965)

RimeE, 1969); meteoritic chlompatite was first identified by Sranvon and Laasen
(1925) in the New Concotd chondrite. Fucus (1969) lists the following chondrites
in which chlorapatite has been identified : CL class = Ariba, Bruderheim, Harleton,
Ness County, New Concord, Shaw and Walters; LL class = Soko-Banja; CHL
class = Karoonda. VAN Scemus and Risee (1969} bave identified and analysed
chibrapatite in the CH class Djadi-Pengilon, the CL class Forksville and the CLL class
Manbhoom,

The chlorine conteatr of mereoritic chlorapatite so far analysed is insufficient to
balance the formula Ca {PO,),Cl. Van Scumus and Risse (1969) have found small
quantities of fluorine in two chondritic metcorites and they assume that small
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Chlorine 17-C-3

Table 17-C-3. Chlorine in ordinary cbondrifes (falls only; average values)

Clasy Number Chlorine Mean  Method Reference
of (range (ppm}
samples  in ppm)
CH 1 97 N/R voN GUNTEN #f 2/, {1965}
4 57170 127 C GreerLano and Lovermic (1965)
2 0.44, 9.05 47 N/R Reep and ArLen (1966)
1 77 N/R GovEs ef of. (1967)
23 7—210 a2 N/R Qurjang-Rico and WaANkE (1969)
CL 4 27—136 93 N/R von GUNTEN ¢ 21, (1965)
K4 92—270 174 C GreenLanD and Loverine (1965)
4 11.1—71 35 NfK REED and Arven (1966}
5 42—124 80 N/R Govrgs ef al, (1967)
3 27212 76 N/R Quijarno-Rico and Winke (1969)
CLL yA 37, 266 162 N/MR von GunTen of 2. (1965}
2 89, 230 140 C Grepneang and Lovering (1965)
2 121, 131 126 N/R Quryano-Rico and Winke (1969)
1 150 N/R GoLEs ef al. (1967)
Table 17-C-4, Chlorine in achondrites
(Jass Meteorire ppm {1 Reference
{method)
Ae Norton Councy 3.8 (N/R) von GUnTEN of al. (1965)
Ab Johnstown 13.0 (N/R) Quijano-Rico and Winke (1969)
Aor Frankfort 14.9 (N/R) REED AnD Jovanovic (1969)
Ap Moore Counry 23.8 (N/R) REED and Jovanovic (1569)
Juvinas 18.0 (N/R) Quirano-Rico and Winke (1969)
Pasamonce 8.0 (N/R) Qurjano-Rico and Winxks (1969
Stanncm 34.5 (N/R) Quryanc-Rico and Winee (1969)

Table 17-C.5. Camparison of chiorine content of *falls’ and *finds” (fiom GREENLARD and

LoveErmeG, 1965 method:

Mercorite class Number of Mean C1 Standard
samples {ppm) deviation

CL “falls™ 11 170 58.4

CL “finds™ 20 349.5 2116

CH “falls™ 4 1949 —_

CH “finds” 4 ' 560.5 —




17-C-4 Chlorine

Table 17-C-6. The relative abiordanse of chlorine in 1be varions clasees gf chondrites (from LARIMER
and ANDERsS, 1967)

Class Atoms/10° atoms Depletion or
Si cnrichment {factor

reladve to Ce,
meteorites)

Ce, 2,000

Cc, 2,100 1.1

CHL 1,800 0.93

Ordinary 41 0.021

chondrites
Ce, 3,100 1.6
Cey 720 0.37

quantities of the hydroxyl ion are also present. They have, therefore, suggested that
the essential compositon of meteoritic chlorapatite is represented by: Cag(POp;
(Cly 5Fp.1OH, ).

Some of the chlorine in stony meteorites is present in a water-soluble phase.
Varable amounts of chlorine, ranging from 1.3 to 91% of the total, have been
found to be watet-soluble (voN GuNTEN efal., 1965; Reep and Avren, 1966; Reep
and Jovanovic, 1969) (Table 17-C-7); some of this soluble chlorine may be present
as the iron chloride lawtencite,

In addibon, MEULLER {1953) and STUDIER éf af. (1965) have found some chlotine

in complex otganic compounds extracted from carbonaceous chondrites.

b) Irons

Berxey 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-
Hon (Table 17-C-8).

As expected from the pronounced litbophilic nature of chlotine, the element is
fractionated away from the metal phase of iron meteorites, occurring mainly in
lawrencite, chlorapatite (which has been identificd in threc iron meteorites, Odessa,
Mount Stirding and Weekeroo Stztion — Fuchs, 1969), and also possibly djerfisherte.

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

There is evidence of terrestial contamination resulting in higher chlorine contents
of iron meteorites (BErRkEY and Frseen, 1967). This is particularly ttue 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 intedor of the meteorite and in this way correlates with the oxide content of
the metal.

-
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Chlarine 17-C-5

Table 17-C-7. Leachable chlorine content of slony meleorites

Meteorite Class ‘Total Water Refecence
chlorine leachable
{ppm) chlorine
: (% of total)
Orgueil Ce, 210 71 Reep and Aruey (1966)
Tvuna C, 240 35 Reep and Avuey (1966)
320 35 Reep and Arien {1966)
Mighei Ce. 350 35 Rzep and ArLew (1966)
Karoondz CHL 117 4.1 Rzeo and ALLen {1966)
Lancé CHL 125 13 REeep and ALLen (1966)
Abee Ce, 432 49 REeD and ALLen (1966)
Indarch Ce, 580 75 REep and ALLEN (1966)
770 61 REerp and ALLEN {1966}
Hvittis Ce, 323 20 Reep and ALLEN (1966)
222 21 van GUNTEN ¢/ af. (1965)
Beoton CLL 57 7 voN GUNTEN ¢f al. (1965)
Dhurmsala CLL 266 81 vaN GUNTEN ¢/ af, (1965)
Bruderheim CL 89 6.7 vaN GUNTEN ¢f af. (1965)
50 24 REED and ALren (1966)
2.52 1 ReED and ALLEN (1966)
35 37 REeED and Avien (1966)
32 82 ReEp and Avren (1966)
Harletoo CL . )| 1.3 REED and ALien (1966)
80 48 REED and ALLEn (1966)
96 2.7 REED and Arren (1966)
Holhrook CL 21.6 21 REED and Arren {1966}
Mo CL 99 S " vON GUNTEN ef af. (1965)
173 35 voN GUNTEN ¢f af. (1965)
New Concord  CL 3 4.8 REED and Arven (1966}
63,7 17 ReeD and ALLEN {1966)
Allegan CH 10.2 32 Reep and Arien (1966)
7.9 30 Reep and ALLEN (1966)
Miller CH 0.44 82 Reep and ALLEN (1966}
Panmc {I)b CH 50 19 Reep and ArLen (1966)
Panrar (d)® CH 33 39 REeep and ALLEN (1966)
Pultusk CH 97 13 voN Gunten o af. (1965)
Plainviewa CH 9.6 33 Rzeeo and Avven (1966)
Norton County Ac 2.1 10, voN Gunten of of. (1965}
Frankfort Aor 14.9 1 Reep and Jovanovic (1969)
Moore County Ap 26.0 79 REeD and Jovanovic (1969)
21.5 73 REED and Javamgvic (1969
8—"find”,

b (1) and {d) = light and dark portions of meteorire.

II. Tektites

The only data available for the chlorine contene of tekdtes is from the waotk
of Becker and MawnveL (1972) (Table 17-C-9). The mean value for five samples pf
various groups was found to be 2.8 ppm, which is significantly lower than the mean
value of 20 ppm quoted by these workers for four analyses of impact glasses.



17-C-6

Chlorine

Table 17-C-8. Chlorine in iron meteorites (from Berkry and FisHERr, 1967; Method: N/R)

Meteorite Class Descriptivn Cl

of sample® (ppm)
“ Falfs™
Boguslavia H 0.0109

i k 0.0082
Sikgte-Alin H-Ogg 0.0899

10.7

i, k 0.365

i, gh Mean {2) 13.9
N'Goureyma O-brecc 5 Mean {3) 5.7

0.052—2.09

Norfolk Om gb { N & 102
“F,‘m..
Sanm Rosa D Lk Mean (3} 0.187

i, nc 40.5
Tombighee River D= i, k 5 samples < 0.016

5, 5V0 { 0.4—146

> Meas (9) 42

Smithonia H i 0.474

i, svo Mean (3) 1036

s, vo Mean (4) 6665
El Burro RH—0Ogg ik 4 samples <7 0.02

i Mean (3) 1.69

5, ¥0 9.95

I, gb vo Mean (3) 20.7

& Key: i =internal picce; s =surface pitce; k =kamacite; gb—=sample with grain boun-
daries, nt=neighborhood of troilite nodule, vo = visible oxide, svo==slight visible oxide.

Table 17-C-9, Chlorine in fektites and impact glaster {from BecxEr and Manuer, 1972; Method:
N/R)

Sample a
(ppm)
Tekliies
Lee County, Texas 23
Australice 4.3
Moldavite 21
Philippinice 3.6
Thailand 14
Tmpact Glasses
Aouelloul 26 )
Meteor Crater, Arizooa 21
Monturagui 137 { /-j
Wabar 14 .
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Chlorine 19-C-7

IV. Lunar Samples

Several workers have quoted results'tor chlorine in lupar samples (Table 17-C-10).
Haskin ef al. {(1970) comment that the chlorine content of lunar rocks is distinctly
lower than the chlorine content of the breccias and fines. This is supported in the
case of Apollo 12 sampies by the values of REED and Jovanovic (1971); however,
not all of the analytical dara support the contention (REED and Jovawovic, 1970).
Mason and Messo (1970) suggest thar 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 Junar rocks and breceias
(KT ¢f 21, 1970). Vadable amounts of chlorine have been detected in rhe apatite;
Avreer and CHopos (1970) found 1.14% chiorine in one sample of apatite, while less
than 0.1% was found in others.

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

Table 17-C-10. Chiorine in some lunor sampies (Method : N/R)

Sample Source Cl Number of Reference
{(ppm) samples
Rock Apollo 11 13.1 2 Haskm ¢/ 4/, (1970)
12.1 2 Winxe ¢f o/, (1970)
14.5 4 Reep and Jovawavic (1970)
13.1 1 ReeD and Jovawovic (1971)
Apollo 12 6.4 7 Reen and Jovanovic (1571)
10.1 4 BRUNFELT # al. {1971a)
Breccia Apollo 11 65.4 1 Haskm ¢f al. (1970}
. 16.0 2 WANKE ¢f al, (1970)
12.2 2 REeep and Jovanovic (1970}
Apollo 12 50.6 1 Reep and Jovamowvic (1971)
Fines Apollo 11 24.1 1 Haskm ¢f af. (1970}
27.1 1 WANKE et af, (1970)
1.3 1 Rren and Jovawnovic (1970)
45.0 1 ReeD and Jovanovic (1971)
Apollo 12 30.9 2 ReED and Jovawovic (1971)
'24.0 1 BRUNFELT ¢ af. (19714a)
Apollo 14 47.0 1 BriwrEeLT of of. (1971h)
Apatitc Apollo 11 1.14% — Areee and Cuooos (1970)
(Analysis M) 0.1% - Avgz and Cronos (1970)
' <0.1% — Arpee and CHobos {1970)
0.34% — Kemw ¢f af. (1970)
Luna 16 0.06% — Avrsre #f al. (1972)

Revised manuseripe received : March 1973



17-D-1 . Chlorine

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

I. Rock-Forming Minerals

Chlorine forms few independent rock-forming minerals (Table 17-D-1). In sodalite,
Na, Al,5i,0,,Cl, which occurs in silica-undersaturated igneous racks, the chlorine
content may be as high as 7.3% ; however, sodalite forms solid soludons with nosean
and haiiyne {Correns, 1956) and consequently the chlorine content is frequently
lower than this.

Another chiorine mineral which occurs in the undessarurated igneous focks is
eudialyre, Na,ZrSiO,,Cl, the chlorine content of which has heen found to range
upto 2.2% (KosrETsKAYA, 19612).

The mineral scapolite, which occurs in metamorphic znd pegmatidc rocks
(Sraw, 1960), has rwo principal end members, chlorine-rich marialite and carbonate-
rich meionite (DEER ¢fal, 1963). The chlorne conteat of scapolite has been
shown by Smaw (1960) to range upto 3.3%

Apatite, which is widely distdbured in igneous, metamorphic and sedimentary
rocks, has a chlorine end member Cay(PO,),Cl, chlorapatite, which can contiin upto
6.8% chiorine. Terresteial occurrences of chlorapadte appear to be rare, being
limited to some hydrothermally formed vadeties as at Odegarden, Norway (Mor-
ToN a0d CATANZARO, 1964). Apatite found in rocks generally contains less than about
1% chlorne (Kmvp, 1938; Beune, 1953). An experimental study of the calcum
orthophosphate—calcium chloride system and the stahility of chlorapatite was per-
formed hy Morrow (1961).

Halite, NaCl, occurs in evaporite sediments along with other alkali and alkaline
earth chlorides. Ir has also been found in metamorphosed sediments (Encer and
EnceL, 1953). In addition, crystals of balite have been shown to occur within fluid
inclusions in igneous rocks (StoLLeryY ef o/, 1971; RorpnER, 1972).

The chloride ion can substitute for the hydroxyl ion in bydroxysilicate minerals,
despite the fairly large difference in the respective fonic radii (OH- 1.40 A; CI- 1.81 &)
(Correns, 1956; Jonws and Huang, 1967), The reladvely large ionic radius of
chlorine compared with thar of fAuorne (1.36 A) make it appear unlikely tbat these
two halogens ean readily substitute for one another in minerals (Jorws and Huang,
1967). LegLananpay (1969 h) found a definite negative correlation between chlorine
and fluorine in some hornblendes from chammockites, but suggested the possibility
of 4 vague positive correlation between these two elements in bipttes from the same
rocks (LEELANANDAM, 1969a).

Kuropa and Sanperr (1953) considered it possible for chlorine to substitute in
the Q- position in silicate minerals, but this is consideted unlikely by Jorws and
Huawne (1967).

© Springer.Verlng Berlin - Heidelberg 1974
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Tuble 17-D-1, Chisrine in rock-forming minerals

Sample, source Number  Chlorine content % Reference
of
samples  Range Mean
(Method)
Sodalites, compilation 7 5.56—7.18 6.55 DEeen & al, (1963)
Sodatite, pegmatite, Norway 1 6.69 TaxLor (1967)
Sodatice, phonalite, Kenya 1 5.99 TarLor (1967)
Noszan haliynes, various igneous rocks 11 0.22—1.26 0.61 Taxror (1967}
Scapolites, compilation of “reliabie data™ 35 0.03—3.30 1.29 SHaw (1960)
Scapolites, Canada 8 0.03—-2.30 1.58 (M) Havcrron (1971)
Scapolites, granulite pipes, E. Australia 2 <0.02{M) Lovermg and WarTE {1964)
Scapolires, Nairn (8. Australia) ) 2 1.8; 2.1 1,95 (M} LoveninG and Warre (1964)
Eudialytes, nepheline syenites and pegmatites, 27 0.97—1.58 1.36 (W) Kosterskaya (1961a)
Lovozero Massif (U.5.5.R.)
Eudialyte, Lovozero Massif (U.5.5.R.) 1 2.19 BORNEMAN-STARTNKEVICH,
Eudialytes, Norway L44—L1.70 quoted by KostErskara (1961a)
Apatites, igncous rocks & 0.08—0,96 0.31 Kinp, quoted by Correns (1956)
Apatite, Jumilla (Spain) 1 0.563 (W) BennE (1953)
Apatite, Floitental, Tyrol (Austria) 1 0.053 (W) Benne (1953}
Apatites, ipneous and metasomatic rockes 13 0.25—3.50 1.23 VasiLeva (1957)
Micar
Biotite, pranite, Germany 1 0.053 (W) Benne (1953)
Biotites, granites, Sweden 30 < 0.005—0.66 0.065 (IN/R) Girreeac {1964)
Bioptites, granites, Japan 7 ¢.002—0.102 0.038 (C) Suciuna (1968}
Biotites, granites 51 0.008--1.10 0.168 (30) Haacx (1965}
Biotites, granites, Dzhida granitoid complex, 15 0.11—0.30 0.20 (C} Kosrerskaya and MorpiNova
. Transbaykalia (U.S.5.R.) {1965)
Biotites, granodiorites, Providencia (Mexico) 20 0.17—-0.47 033 (M) STOLLERY e/ /. {1971}
Biotites, diorites, Dzhida granitoid complex 10 0.11—0,51 0.22 (C) Kosrerskaya and Morpinova
W. Transbaykalia {U.5.8.R.} (1965) ]
Biotites, syenites, Dzhida grenitoid complex 14 0.12—0.33 0.21 (C) Kosterskaya and MorpiNova
W, Transbaykalia (U.5.5.R.) . (1965)
Biotite, gabbro, Sweden 1 0.03 (N/R} Groieerc (1964)
Biotite, pegmatite, Kondapalli (India} 1 1.96 () Leeranannarm {1970)
Bigtites, gneisses 34 0.035—-0.61 0.191 (X} Haack (1969)
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Table 17-D-1 {continued)

Sample, source Number  Chlorine content % Reference
of
samples  Range Mean
{Mecthod)
Biotitc, schist 1 i1 LEE (1958)
Biotites, charnockites, Kondapalli (India) 10 0.14—0.62 0.33 (M) LeeLananpax (19692)
Phiogopite 1 0.06 (C} Kuvropa and Sanperr (1953)
Phlogopite, kimberlite, S. Africa 1 0.08 Rimsarre {1971)
Phlogopite, eclogite, 5. Africe 1 0.05 RiusarTe {1971)
Muscovires, granites, Sweden 2 < 0.005 (N/R) GirLeerc (1964}
Lepidolite, Black Hills, 8. Diakora (U.S.A.} 1 0.031 (C} Kurona and SANDELL (1953)
Lepidolite, Africa 1 0.008 (W) Hoering and Paeker (1961)
Lepidolite, 8. Rhodesia 1 0.005 (W) Hoering and Parker {1961)
Stilpnomelane, Baern, Bohemia {C.5.5.R.) 1 0,043 (C) Kurppa and SanpeLL {1953)
Amphiboles
Hornhlendes, granites, Adirondack Mts., New York (U.S.A) 7 0.26—0.77 0.53 BunpinGTon and LEoNaRD (1953)
Hoenblende, Rapakivi granite, Finland 1 0.51 SaHaMA, quoted by Correns
(1956)
Hornblende, diorite, Rhiw, N. Wales (Great Britain) 1 0.099 (Cy CarreamoLE and Fuce (1969)
Hornblende, andesite, Sicbengebirge (Germany) 1 0.021 (W) Benne (1933)
Horablende, gabbro, Burlington, Pennsylvania (U.5.A.) 1 0.06 RosenewEIG and WATsON,
quoted by Connens (1956)
Hornblendes, amphibolites {least altered), N. W. 16 0.01—0.13 0.035 (W) ErceL and EnceL (1962)
Adirondacks, New York (U.5.A.)
Horaoblendes, amphibolites (retrograded), N. W. 3 0.02—0.17 0.103 (%) EnGeL and ExnceL (1962}
Adirondacks, New York (U.5.A.)
Hotnblendes, gneisses, Adirondacks, New York (U.5.A.) 3 0.03—0.63 0.233 (W) Bubpingron (1952)
Hornblendes, ultrabasie charnockites, Kondapalli (India} 4 0.13—0.46 0.315 (M) LEELananNDAM (1969b)
Hornblendes, basic charnockites, Kondapalli (India) 5 0.66—1.12 0.824 (M) LEELANANDAM (1969b)
Hornblende, skarn, Basttjiicn (Sweden) i 1.42 MacnNussoN, quoted by
GiLLBERG (1964)
Hornblende, skaen, Langban (Sweden) 1 0.20 Ger ]gE.H., quoted by GiLLBERG
(1964)
Amphiboles, diorites, Dzhida granitoid complex, 2 0.21: 0,26 0.235 (C} Kosterskaya ¢f af, (1969)
W. Transbaykalia (U.S.5.R.)
Amphiboles, syenites, Dzhida granitoid complex 6 0.10—0.26 0.18 (C} KosTETsKAYA ¢/ al. (1969}

W. Transbaykalia (U.5.5.R.)
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Amphiboles, subalkaline syenites, Dzhida granitoid 3 0.16—0.33 0.26 (C) KostErskaya ¢/ al. (1969)
complex W. Transbaykalia (U.5.5.R.) .

Alkali amphiboles, granites, Nigeria 14 0.01—0.40 0.11 (C) BorLey (1963)

Perrohastngsites, granites, Nigeria 4 0.66—1.98 1.04 (C) Boreey (1963)

Ferrohastingsite, schist, California (U.5.A.) 1 0.66 Conrron (1958)

Other Hydroxysilicates

Tourmalines, genites and aplites, 5. W, England 5 0.038—0.045 0.040 (C) Fuge and Powen (1969q)

Tourmaline, Black Hills, 5. Dakota (U.5.A.) 1 0.006 (C) Kunropa and Sanpett {1953)

Topaz 1 0.01 (C) Kuvnona and SANDELL (1953)

Pyroxenes

Pyroxenes, mafie and ultamafic rocks, Japan 3 0.006—0.007  0.007 () Suctura (1968)

Diatlage, gabbro, Harz (Germany) 1 =0.002 (W) Beung (1953)

Diallage, Sonoma Co., California (U.5.A.) 1 0.009 (C) Kuropa and SANDELL {1953)

Enstatite 1 0.011 () Kvnopa and SanperL (1953}

Hyperstbene, Nein, Labrador (Canada) 1 4.022 (C) Kuropa and SanpeLL {1953)

Diopside, Hull, Quebec (Canadr) 1 0.034 (G} Kunopa and SanpeLL (1953)

Feldspars

Feldspar, granite, Erzgebirge (Germany) 1 0.006 (W) Benne (1953)

K-feldspar, granite and pegmatite, U.5.A. 3 0.005—0.018 0012 (C) Kvrooa and Sanpeie (1953)

Perthite, pcgmatite, Montana (U.S.A.) 1 : 0.058 (C} Kvaooa and Sanpect {1953)

Bytownite, Minnzsore (U.5.A.) 1 0.005 (C) - Kvnrobpa and SanozwL (1953)

Plagioclase, gabbro, Japan 1 0.008 (C) Svaiona (19568)

Otber minerals

Olivine, basalr, Hawaii 1 0.003 () Iwvasakt and Katsuna {1964)

Olivine, peridotite, Japan i 0.001 (C) SuGtura {1968)

Garnet, eclogite, Japan 1 0.001 (O Sucruna (1968}

Spinel, peridotite, Japan 1 0.008 (&) Suctura (1968}

Quartz, granite, Erzgebirge (Germany) 1 =0.002 (W) BennEe (1953)

Quartz (with liquid inclusions) 1 0.003 {C) Kuropa and SANDELL (1953)

Quartzes, granite and pegmarite, Japan 3 0.001—0.003 0,002 (C) Sucruna (1968)

Calcite, Minnesota (UJ.5.A.) 1 0.0Z(C) KvuroDa and SanperL {1953)

Fluorite, England 1 0.017 (C) Kuropa and SanpeLL (1953)

Magnetite, gabbro, Japan 1 0.009 (C) Suciuna {(1968)

auLO)
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Table 17-D-2, Chiorine in some co-existing minerals, it igneons and metamorphic rocks

Rock Cl content nf Ana- Reference

minerals (%) lyieal

method

Musco- Biotite

vite
(1} Murcovife and bigtite
Granite <0.002  0.065 W Besmng (1953)
Pegmatite 0.005 <0.005 N/R GrLserc (1964)
Pegmatice 0.005 0.18 N/R GuLeerc (1964)
Pelitic schist <0.01 0.03 M Evans (1969)

(Mezn  (Mecan

of 22) of 27)

Biotite  Amphibole
(i) Biotite and ampbibole
Grnite 0.065 0053 (h) W Benx~e (1953)
Granite 0.040 0.10 N/R GiLLeerc (1964)
Granite 0.090 0.040 N/R GrLBERG (1964)
Granite 0.070 0.040 N/R GILLBERG (1964}
Granice 0.020 0.010 N/R Griiserc (1964)
Granite 0.060 0.030 N/R Grrperc (1964)
Gnranire 0.010 0.020 N/R GiLnerc (1964)
Charnockite (mafic} 0.53 0.75 (k) M LerLanAnDAM (1969¢)
Chamockite (mafic) 0.43 0.58 (h) M LEELANANGAN {1965¢)
Charnockire (mafic) 0.32 0.66 (h) M LErrananpan (1969¢)
Charnockire (ultramafic) 0.28 0.46 (h) M LEELANANDAM (1969¢)

0.19 0.24 (k) i ! LEBLANANDAM (1969¢)

Charnockite {ultramafic)

k =hornblende.

Table 17-D-3. Chlorine content of felric minerals in rocks of the Dzbida granitoid complex, W.
Transbaykalia (U.5.5.R.) (from KosTETSRAYA ¢ al,, 1969; method: C)

Rock Cl content of minerals {ppm)

Quartz Plagioclase K-feldspar

Soluble  Insoluble Soluble  Insoluble Soluble  Inspluble
Diorite 35 210 M 18 — —
Syenice 42 450 48 250 210 460
Syenice 50 270 47 210 40 80
Guranite 23 70 20 70 220 90
Granite 12 400 21 420 28 130
Granite 28 BO -— — 20 300




Table 17-D-4. Cbiorine balance of tome jgneons rocks

Rock, locality Minerals % of Clin Absolate Clin Ana- Reference
mineral mineral % of (1  rock by  lytical
infock (%) contributed direct method
to rock analysis
Granite, Skeatns Co., Hornblende (4 biocite) 7 0.18 0.013 C Kunona and SanpeLL
Minnesora (U,S.AL) Feldspar (mainly K) a0 0.014 0.011 {1953)
Quartz 10 {0.00) 0.00
0.024 0.020
Porphyritic granice, Biorite 6.8 0.19 D.012% C KOSTETSKAYA ¢f af. (1969)
Dzhida complex, Amphibole 2.4 0.22 0.0052
W. Transbaykalia Quarez 19.0 0.0093 0.0017
(U.5.5.) Plagioclase 30.2 0.0090 0.0027
Microcline 282 0.0110 0.0041
0.0266 0.034
Quartz monzonite, Microcline 35 0.014 0.005
Rockville, Plagioclase (An 28) 35 0.028 0.010 C Kunona and SaNDELL
Minnesota (U.8.A.) Biotite 7 0,18 0.013 (1953)
Quartz 0,002 <0001
0.029 0.032
Syenite, Dzhida Biotite 5.6 0.240 0.0120 C KosTETSiAYA ef af. (1969)
complex (U.5.5.R.) Amphibole 25 0.330 0.0080
Quartz 4.9 D.049 0.0024
Plagioclase 36.7 0.025 0.0092
Microcline 46.% 0.065 0.0305
0.0631 0.055

"/
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The chlorine content of co-existing biotite and amphibole (Table 17-D-2) has
been shown to be of similar magnitude (CorRRENS ,1956; GrLLaERG, 1964 ; LEEranan-
Dan, 1969 c).

In general the chlerine content of muscovite is low, Where chlorine has been
determined in co-existing muscovite and biotte (Table 17-D-2), the latter almost
invariably has a far greater chlorine content {(BeEmwE, 1953; GriiaErg, 1964; Evans,
1969).

Haacxk (1969) found little variation in the chlorine content of biotites from
goeisses and granite (Fig. 17-D-1b; see also the daia of Storrtery etaf, 1971,
Fig. 17-D-12)

LeELananDam {1969a) suggests that iron-rich charnockidie biotites tend to be
enriched in chlarine. The same author (1969b) found a definite increase of chlotine
with increasing Fet+/Mp rado in charnockirie hornblendes (see Fig. 17-D-2).

KosTETSkava et al. (1969) found chlorine ro be present in zll essential minegals of
the granide and syenidc rocks of the Dzhida graniroid complex (Table 17-D-3).
Upto one third of the chlorine in the felsic minerals was found to be water-soluble,
and is probably present as liquid inclusions. The authors suggested that some of the
chlorine in the felsic minerals is contained in microscopic indusions such as biotite
or apatite. Whereas the biotites and amphiboles are enriched in chlorine, one- to
two-thirds of the chlbrine in the rocks is contnbuted by the felsic minerzls. Similar
results were obrained by Kuropa and SanpeLr (1953) for the chiorine balance of
some rocks from North Ameriea (Table 17-1)-4).

Faper (1941) showed that appreciable quantitites of chlodne could be leacbed
from pegmatitic quartzes and feldspars. The troral chlorine content of a granitic
feldspar sample was found by BEnE (1953} to he water-soluble. Kuropa and Sax-
pELL (1953) found that 12% of the chlorine content of a perthite sample was water-
scluble, whereas 50% of the chlorine content of 4 ealcite was soluble. Halite crystals
have been found to occur in inclusions of granitic quartzes and feldspars (RoEDDER
and Cooxss, 1967; SToLiERY ¢f af., 1971). '

Some of tbe chlerine occutting in hydroxy minemls may also be in a water-
soluble stare; Benwe (1953) leached almost 10% of the chlorine from a biotte by
boiling with water, and Fuce and Power (196%4a) found that from 0 to 48% (mean
11%) of the toral 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.

Table 17-1D-5. Chiorine minerafs (compiled mainly from Hey ,1950, and FLEIscHER, 1966)

Mineral Fotmula
FHalides, oxcybalider e,

Halite NaCl
Hydrohalite NaCl-2 H,O
Sylvine (sylvite) KQ
Sal-ammoniac NH,CL

Carmallite KMgCl,-6 H.O
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Table 17-D-5 (continued)

Mineral . Formula

Chlormagnesite MgCl,

Bischofite MgCl;- 6 H.O
Tachhydrite CaMpg,Cl,-12 H,O
Ancarcticite CaCl,-6 H,O

Gagnatinite NaCaY(F,Cl),

Koencnire Mg Al QL (OH),,- 2(?) H,O
Cadwaiaderite Al(OH),Cl-4 B,©
Chloraluminite AlCly-6 H,O

Zicklerite (Fe, Mg, Ca),AlLClyy(OH)0" 14 HyO(?)
Calomel Hg,Cl,

Terlinguaite Hg, QGO .

Eglestonite Hg, QO

Moszesite Hg NC1-H.O
Chlorargyrite AgCl

Emhalice Ag(Cl, Br)

Todembalite ’ Ag(Cl Br, I}

Bideauxzite Pb.Ag Cl, (F, OH),
Mitscherlichite . K Cu -2 HO
Nantokite CuCl

Eriochalcite (antofagastice) CuCl,-2 H,O
Melanothallice CuCIOH(?)
Hydromelanothallice CuClQH- £, H,O(?)
Atacamite Cu,Cl (OH), orthorhomb.
Paratacamite Cu.Cl (OH), hexagon.
Botallackite Cu,Cl (OH),

Anthonyite Cu (OH,CI),-3 H.O
Calumetire Cu (OH, (1),-2 H,O
Percylite Pb Cu CL. (OH),
Cumenggéite PbCuCL,(OH}

Disbaleite Pb.CuCl,(OH),
Chloroxiphite Pb,yCu CL,O, (OH),
Pseudoboldite PbyCu,Cl,, (OH)s-2 HO
Boléite Pb,CuyAg,Cl, (OH),yHO
Pscudocorunnite 3KPb(l,- H,O

Matloekite PbF Cl

Cotunnite PbCl,

Meodipite Pb,Cl,0,

Laurionite PbCIOH ortharthomb.
Paralaurionite PbCIOH monocl,
Penfieldite Pb,C1,0H

Fiedlerite Pb, O, (OH),

Blizite Pb.Cl{O,CH).;
Lorettnice Pb,0,Cl,

Hematophanire PbyFe, (C,OH),G,, -
Rinneite K NaFeCl, (Poss. K,FeCly)
Kremersite K NH Fe(l,-H,O
Erythrosiderite K,Fe(l;-H,0

Douglasits K. FeCl,-2 H,O(?)
Inwaite 4Mg{OH},  FeOCl-4 H,O
Lawrencite FeCl,

Molysite FeCl,

Unnamead FeCl,y 6 H,O

Chloromanganckalite K,Mn(,
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‘Table 17-D-5 (conrinued)

Minecal Formula

Scacchite MnCl,

Kempite MaCl,-3MnO,-2 HO
Onoratoite $bhyO,,Cl,

Nadorire PhSbO,CL

Bismpclite BiOCl

Perite FbBiQ.Cl

Borates and carbonates

Teepleite Na.BO.Cl-2 H,O
Boracite Mg,B,,0,,CL, (at low temperature: cubic)
a-Boracite Mg,B,, 0., (at high temperature: orthorbombic)
Hydrochlorborite Ca,B,0,,Q.,-22 H,O
Hilgarditc Ca,(B0,,)4,Cl,- 4 H,O {monocl.)
Parabilgardite C2y(B,0,),Cl,-4 HyO (rricl.)
Ericaire (Fe, Mg, Mn),B,0,,Cl
Bandylire CuBO,Cl1-2 H,0
Wisetite Mn,B,O,(OH,Cl),
Chambersice Mn,B,0,,Cl
Sakhaite Ca,, Mg, (CO,),(BOS),CIOH), - H,O
Northupite NaMg(CO,Cl
Phosgenite Pb,CO,C
Sulfates
Galeite Na,(SO,) (F,Cl)

F:Cl=4:1 (hex.: PI1m) (cp: 13.94)
Schairerice Na,(SO,) (F,Cl)

F:Cl=4:1 (hex.: P31 m) (c,: 19.19)
Sulphohalire Nay(S§0,),CIF
D’ Ansite 9N2,50,-MgS0,-3 Nall
Kainite KMgSO,Cl-3 H,0
Caracolite Na,PbSO,CIOH
Trudellite ALy (50 ,},CL1.(OH), 30 H,O
Spangolite ~ CuAISO,CI{OH),,- 3 H,0O
Arzrunite Cu Pb,50,Cl {OH),-2 1,0(
Kleinite HgN{CL,SO ) -xH,O :
Heidornite NayCa, B, 0y{50,}.CI{CH),
Tararskite Ca,Mg(50,)CO)CL(OH), 3Y, H,O
Wherryite Pb,Ca(CO)(S0,).{Cl,0H},0

Phaspbaier, arsenartes and vanadater

Sampleite NaCaCu,PO,),Cl-5 H,O
Chlorapatite Ca,(PO,},Cl
Pyromorpbire Pby(PO,).Cl

Swabire Cag(AsO).(OH,ECl)
Georgiadesite Pby(AsO)Cl,

Mimetice Pb,(AsO,),Cl

Sahlinite Pby,(AsO),O0,Cl,
Vanadinite Pb(VO),CL

Nitrate

Buctgenbachite

Cu,,C1,(NOJ),0H,,-2 H,0
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Miaeral Farmula

Antsmanate

Nadaorite PbSbO.CI

Arseniies

Magnussonite Mn{AsO.{(OH, )
Finnemanite Pby(AsOp

Heliophyilite Pb,As**0Q,_ Cl, ,, orthorhomb.
Ekdemite Pb,As* 0, _Cl. 4, tetragon.
Tellurite

Rhodalquilarite

Fe§+ TeOQ,(TcO,H),(-0.5 H,0

Aestale

Calclacite CaCl,- Ca(CH,COO),- 10 H,0

Silicates

Sadalite Na AlSi,0,.01

Eudialyte Nz, Zr51,0,,C1

Marialite 3 NaAlSi,Oy- Na(l {end member of scapolite group)
Afghanite ~ {Na,Ca,K),.(51, Al),40,,((1,50,,C0,), 0.6 H.O
Unnamed (K, Na)Ca,(AL Fe)(Si,Al}(0,0H, F), o NaCl
Tugtupite Na, BeAlSi 0,,C

Barytolamprophyllite (Na,K)(Ba,Ca,S5r,Mn),(Tt,Fe, Mg}, (5i,Al) yOpa
Delhayelite (N, K)  Cag Al ySiy,O g0 3(Na,K,(Cl,, F,,50,)- 18 H,O
Zunyite Al481,0,,(OH,F),4Cl

Harkerte Ca, (Mg, Al),(B,51),(0,0H,CY),, -5 CaCO,
Nasonite Ca Pb,5i,0.,CL

Muirite BaygCa;MnTiSi,,0;5,(OH,F,Cl)yo

Baotite Ba (Ti,Nb)s5i,0,sCl

Verplankite Ba.(Mn,Fe, Ti)51,0,(0,0H,CLF),- 3 H,O

Traskite Ba,Fe, Ti.51,:035(0H,CLF),- 6 H,O

Yoshimuraite {Ba, 5}, TIMAL(Si0,),(PO,.SO )(OH, )
Friedelite Mn,51,0,,(OH,C1),-3 H,O

Pyrosmalite (Mn,Fe3t),81,0,(0H,Cl),

Manganpyrosmalite {(Mn,Fe?+),81,0, (OH,CI),,

Schallerite {Mn,Fe) s AsSiy(Q,0H,Q),,

Jagoite PbyFe,Si; 10, (OH,Cl),

Dashkesanite chlorine-rich amphibole {7 percent {T)

Reviscd maousipt reccived: March 1971
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Chlorine 17-E-1

17-E. Abundance and Distribution
in Common Igneous Rocks

From the data in Tables 17-E-1 and 17-E-5, ic is apparent that there is litde
correlation between the chlorine and silica contents of plutonic roeks. Jomws
and HuanG (1967) have claimed thac there is a clear positive correlation between
ehlorine and silica in cthe extrusive rocks, bur this is noc very apparent from Tahle
17-E-2.

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

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

Voleanic glasses show matked enrichment in chlorine compated to equivalent
ccrystalline types. Nosie eral. (1967) found on comparing giassy and crystalline
siliccous rocks, that 80% of rhe original chlorine is likely ro have been lost from
crysrallized voleanic rocks (see Table 17-E-3). In the case of the peralkaline pantelle-
rites and comendites, these differences are even more marked (see Table 17-E-3).
LovermG (1966) has shown that almost the toral chlorine content of glassy pantel-
lerites is sicuared in the residual glass. Twasakr and Katsura (1964) found chlorine
to be concentrarcd in the groundmass of Hawaitan basalts.

In under-saturated rocks such as the phonolites, glassy and crystalline types are
similar in chlorine content, due ro the retention of chlotine by the precipitation of
sodalite (STormER and CanMicHAEL, 1971).

A possible regional diffeccnce in the chlorine content of igneous rocks was
suggested by Kuropa and Sawpere (1953), with particular reference to the low
chlorine values they ohtained for Japanese volcanics compared to rhose of American
origin. Twasakt e2 af. (1957) found no significant difference in the chlorine contents
of Japanese volcanics and those of orher parts of the world. The volcanic rocks of
Hawaii were found hy Iwasakr and Karsura (1964) to conrain distinetly less chlorine
than those of Japan.

Varying amounts of water-soluble chlorine bave been found in igncous rocks;
some of rhis chlorine is probably due ro contamination by sca water and orher
fluids {Iwasakr and Karsura, 1964; YosHiDa ¢f af., 1971). However, much of the
chlarine is likely to be derived from soluble chlorides occurring in the rock within
fluid inclusions (see Section 17-D).

Several workers have nored the high chlorine cantenr of serpentinised ultramahe
rocks (see Table 17-E-4). EARLEY (1958) suggested that the extremely high chlorine
contents which he determined in serpentinised dunites, were introduced during see-
pentinisation by chloride-cich solutions. The chlorine in serpentnised dunite has
been shown by Ruckuipge {1972) to occur in solid soludon in the serpentine, being

S SpringerVerlag Betlin - Heidelbeeg 1974



Table 17-E-1. Chiarine in plutonic rocks

Rock Number  Chlorine content {ppm) Reference

of

samples  Range Mean (method)
Gabbros (U.5.5.R.) 2 140; 260 200 SeLV ANOV (1940}
Gebbros (Germany} 1 8O (W) Benne (1953)
Geabbros {U.5.A.) 20 210 (Cy Kuropa and SanpeLL (1953)
Gabbros (U.5.A.) 2 210; 270 240 (W) HpERING and Parken (1961)
Gabbros (japan) 2 290; 500 395 Kpxruoo (1956}
Gabbros {Japan) 1 70 (C) Sucrura {1968)
Gabbros (compilation) 53 80—500 186 Jornns and Huang (1967)
Essexites {Oslo) 2 650 Barra and Bruun (1945)
Essexites (Czechoslovakia) 3 140—220 177{X) MacnAlex and Surepeny (1970)
Theralite (Czechoslovakia) 1 360 (X) MacinAZex and Sureseny (1970)
Gabbroic diorites (Japan) 2 100; 150 125 (C} Kuropa and SanpeLL {1953)
Gabbroic diorites (California) 4 280(C) Kuropa and Sanpeet {1953}
Diorite {(Germany) 1 240 (%N BeHnE {1953}
Diorites (U.S.A.) 7 400 (C) KuroDa and SanperL {1953)
Quartz diorite (Italy) 1 100 (W) Beune {1953)
Quartz diorite {Japan) 1 70(C) Suciuaa (1968}
Diorites and quactz diorites {eompilation) 25 100—700 335 Jouns and Huang (1967)
Granodiorites (1J.5.5.R.) 2 300; 790 545 Serryanov {1940)
Granodiorite {Norway) 1 =20 (N BeHnNE (1953)
Granodiorites and tonalires {Japan} 16 1%0—580 399 Koxuso (1956}
Granodiorite (Minnesota) 1 200 (W) Hoering and Panker (1961)
Granodiorites (Mexica) 2 500; 900 700 (W/A) Srorrzay ¢f of, {1971}
Granodiorite (Japan) 1 ' 90 (C} Svcura (1968)
Granodiorites {compilation) 16 20—-500 219 Jouns and Huanc (1967)
Granites (U.5.5.R.) 4 90—400 275 Sevrvanov {1940}
Granites (Germany) 18 106 (W) Benne (1953)
Granites (mainly U.S.A.) 59 220{C} Kunooa and SanpeLt (1953)

{includes some granodiorites)

Granites (Japan) 4 200—910 418 Koxusu (1956)
Granites (U.S.A.) 3 60—250 160 (W) Hoerine and Panker (1961)

—
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Granites (Japan)
Granites (5. W. England)
Granites {N. Wales)
Granites {compilation)

Syenites (U.5.5.1R.)

Sycnite (Germany)

Syenites (U,5,A.)

Syenites (US.AL)

Syenites (Arkansas)

Sycnites (U.5.5.R.)

Syenites, quartz syenites (S. Greenland)
Syenites {compilation)

Alkali syenites (Norway)

Lacvikites (Norway)

Nepheline syenites {U.5.5.R.)

Nepheline syenites {Germany)

Nepheline syenites (Arkansas)

Nepheline syenites, Lovozero massif (U.5.5.R.)
Foyaites, Lovozero massif (U.5.5.R.)

Foyaites, Lovozero massif (U.5,5,R.)

Lujavrites, Lovozero massif (J.5.5.R,
Urtites, Lovozero massif (U.5.5.R.)
Urtites, Lovozere massif {UJ.5.5.1.)
Sodalite sycnites, Lovozero massif (U.5.5.R.)
Sodalite syenites, Lovozero massif (LLS.5.R,)
Tawites, Lovozero massif (U.5.8.R.)
Tawites, Lovozero massif (U.8.5.R.)
Nepheline sycnite types, Kola peninsula
(except Lovozero) (U.S.5.R.)
Nephéline syenites {various localirics)

Lujavrites, Lovozero massif (U,8.5,R.)
R.)

S L

Tt
— ) o]
o= NN EN OB N Me =W

184

10—100 4(©
75—1,180 507 {C)
23—855 195 (C)
30—500 202
10—980 450

450 (W)

550 {C)
90; 160 125 (W)
100—800 433 (W)
360; 550 455 (C)
200—900 360 {C)
90—2,000 429

200

670
240; 260 260

970 (W)
760; 4,600 2,650 (W)
500—3,200 1,000 (W)
1,100—2,900 1,800 (W)
<100—4,000 2,000 (W/C)
300—2,500 1,480 (W)
<100—4,200 1,290 (W/C)
400—3,200 1,200 (W)
<100—12,500 3,337 (W/C)

24,600 (W)
16,000—27,000 23,300 (W)
21,900 (W)

24,500—31,000 27,500 (W)
<300—5,000 500 (W)

0—2,400 600 (W)

Suciura (1968)

Fuoe and Powen (1969b)
Fuce (unpublished)
Josuns and Huang {1967)

SeLtvanov (1940)

Brune (1953)

Kurona and Sanpere (1953)
Hoering and Parxen (1961)
Enrickson and Brape (1963)
KosTETsxAYA ¢f al. (1969)
Urron ef al. (1971)

Jonns and Huanc (1967)

BartH and Bruun (1945)

BartH and Broun (1945)
SELtvanov {1940)

Benne (1953)

Erickson and Brape {1963}
Gerasisovskir and Tuzova (1964}
Gerasimovskir and Tuzova (1964)
KosTETskava {1961b})

Genasivovskrr and Tuzova {1064)
Kosterskaya {1961b)
Gerasniovski and Tuzova (1964)
KosTerskaya (1961b)
Gerasimovskn and Tuzova (1964)
KosTETsKAYA (1961D)
Gorasinovskr and Tuzova (1964)
KosTtETskara (1961b)
GEerasvavskir and Tuzova (1964}

Gerasmsovskir and Tuzava (1964)

suuolyD
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Table 17-E-2, Chlprine in vokanic rocks

Rock

Numbet Chlorine content {ppm) Reference
of samples
: Range Mean
Basales (11.5.5.R.) 3 120—460 260 SeLivanov (1940}
Basalts (mainty U.S.A.) 39 140 (C) Kurpoa and SANDELL {1953)
Bagalts {Germany} 2 30; 120 75 (W) BEuNE (19533
Bayalts (U.5.A.) 3 100—160 123 (W) Hoeruwe and PARKER (1961)
Basalts (Japan and N. E. China} 84 80—890 230 {C) Iwasakr e al. (1957)
Basalts {Gough Island) 2 600; 900 750 Le Maitre {1962)
Basalts, tholetitic {Hawaii) 119 650—2,1802 165 (C) Iwasaxi and Katsura (1964)
40—250%® 81 {Q) Iwasakl and KATSURA 51964)
Basalts, non-tholciitic, mainly alkali basaks and 34 60—6708 in §C) Iwasaxr and Katsura (1964)
oceanites, also including some ankaramites, 40—6600 134 (C) Iwasaxi and KaTtsura {1964)
hawaiites, muparites and basanites (Hawaii)
Basalts 83;:&:1) 4] 100—450 235 { Sucivaa (1968)
Basalts (Japan) 18 32600 206 (C YDSHIDA &f af.élg'?l)
Basalts (Czechoslovakia) ] 60—1,100 543 (X) Macuieek and SArBENY (1970)
Limburgites {Czechoslovakia) 3 600—1,000 810 (X} Macuitex and SnrBENY (1970)
Basales E mpilation) 95 30—600 149 Jotins and Huane {1267
Andesites {_]apan and U,5.A.) 11 20370 180 (C) Kuropa and Sanbpere (1953)
Andesites {(Germany) 2 110; 200 155 (W) BEHNE (1953
Andesite (U.5.4.) 1 140 (W) Hoermic and ParxEr (1061)
Andl:.sucs and dacites (Japan) 82 30—3,900 250 {C) Twrasaxu e af. (1957)
Andesites (Japan) g 80—430 202 (C) Suciura ef of, (1968)
Andesites (Japan) 13 TO—620 285 (C) Yosuina e af. {1971)
Andesices (compilation} 17 20370 166 Joutrs and Huawg (1967)
Dacites and rhyodacites (California) S 140-—510 264 () Kurooa and Sanocers (1953)
Dacite, Colorado {U,S.A.) 1 90 (W) HoEermng and Panrken {(1961)
Dacites (Japan) [ 30—190 100 (C) Suctuna {1968)
Dacites (Japan) 4 30—610 188 (C) YasHIDA ef af, (1971)
Dacites (compilation) 10 90—510 213 Jonws and Huanag (1967)
Rhyolites and liparites (Japan and U.S.A.) B 140 {C) Kurooa and SanpeLL {1953)
Liparite (Hungary) 1 20 (W) BeEnnE {1953)
Rhyolitc {Montana) 1 110 (W) Hoeang and Panker {1961)
Rhyalites (Japan) 6 240—690 350 (O Iwasakief af, {1957)

)
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Rhyolites and liparites (Japan)
Rhyolites and liparites (compilation)

Glassy rocks (Japan and U.8.A))
Obsidians

Obsidians (Germany)

Glassy roeks (Japan)

Glassy rocks (Japan)

Obsidians

Obsidians and pumices (compilation)

Trachyte, Texas {(U.5,A.)

Trachyte (Germany)

+ Trachyte, Colorado (U.5.A)

Trackyte, Arkansas ([J.5.A.)

Trachytes (Gough Island}

Trachytes and trachyandesices (Japan)

Trachytes, including alkali uachyces and trachybasales
{Czechoslovakia} ’

Alkali trachyze (Kenya)

Sodalite rachyte {Arkansas)

Sodalite trachyces (Gough Islznd)

Pptassium-rich shoshonires, Devon (England)
Phonofices

Phonolites, Bohemia (C.5.5.R.)

Phonolite, Colorado {[J.5.A))

Phonolites (Kcnyn?

Phonolites, phonolitic trachyte, Atkansas (U.5.A.)
Phonoclites (Czechoslovakia)

Phonolite, Vesuvius (Italy)

Phonolites and trachytes (compilation)

Phenelitie tephrites, Vesuvius (Ialy)

Tephrites ang basanites (Czechoslovzkia)
Leucite basanites and tephrites, Vesuvius (Iraly)
Leucite basanites and rephrites, Vesuvius (Italy)

Nephelinites (Czechoslovakia)
Nephelinite (Germany)

Leucitites (Czechoslovakia}

Wb e WA -l o

I YU

—_
R 0P A e o fa LR

30—1,220 598 (C)
20—2,000 328
310—1,000 587 (Q)
80—4,560 2,205 (W)

240 (W)
901,020 517 {Q)
160—800 560 (C)
143—760 473 (N/R)
788
140 {C)
<20 (%)
130 (%)
960 (W)
200—700 400
17—100 72 ()
< 50—1,200 128 (X)
800 (X)
5,200 (W)

1,700; 3,800 2,750

104—8,916 594 (X)
500 {C)
160 (%)
2,500 (W)
900—4,500 1,910 (X)
4,200—7,100 5,767 (W)
2.500; 2,600 2550 (X)

1,400 {X)
20--2,500 494
50-—540 166 {X)

<50—750 226 {X)
1,000—9,400 4,800 {X)

,600
50—1,400 548 (X)
' 370 (W)
120—720 359 (%)

YosHina ¢ al. (1971)
Jouns and Huanc (1967}

Kunopa and SanpeLL (1953)
BeHNE (1953;

BEHNE (1953

Suciunra (1968)

Yosuina ef al. (1971)
Becker and ManuEeL (1972)
Jonns and Huane (1967)

Kuropa and SanpELL {1953)
BeEHNE (1953

HoEering and Parxken (1961}
Erickson rnd Brane (1963)

Le MarraE {1962)

Y osHIDA ¢f ai. (1971}
Macui2ex and SurseEny {1970)

Nast 2f al, (1969}
Enickson and Brabe {1963)
LeMarrae (1962)

Coscrove (1972)

Kunropa and SaNDELL (1953}
Beunge (1953)

Hoerine and PARkEeE {1961)
NasH ¢ afl. (1969)

Enrickson and Brape (1963)
Macuieex and Surarny {1970)
Saverwr (1967)

Jonns zad Huane (1967}

Saverre (1967)

MacHAREK and SursuNY (1970)
SaverLr (1967)

StormEer and CarMICHAEL (1971)

MacHACex and SkaBENY (1970)
Benne (1953)

MacuAlex and Sunseny (1970)

& Total Cl. & H,O-insoluble Cl.

sulo|y]
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17-E-6 Chlorine
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Fig. 17-E-1a—d. Distribution of chlorine in: a Granites and granodiorites, b Rhyolites and (—\

liparites. ¢ Gabbros. d Basalts (from data of: Jouns and Huawg, 1967; Koxusu,
1956; SuGtura, 1968; Yosuioa &f o, 1971; Fuce, unpublished)
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Table 17-E-3. Contparison of chlorine content of glassy and erystaliine voleanic racks aud residral glarses

Sample Number Chlorine content (ppm) Reference
of
samples  Range Mean

Silicic welded tufls and lavas, groundmass of 47 < 100--5,100 9290 (W) NOBLE ¢f al, (1967)

hydrated glass (U.S.A.)
Silicie welded tuffs and lavas, groundmass 67 < 100—9,800 396 (W) NobLE ¢f al. {1967)

devitrified (U.5.A.)
Silicic welded tufls and lavas, groundmass granophyric 20 < 100—1,700 165 (W) NoOBLE ¢f al. (1967)

crystalline (UL5.A.) .
Silicic welded euffs and lavas, non-hydrated glass 18 500—7,800 1,900 (W) NosLE ¢/ o/, (1967)

separates
Silicic welded tuffs and lavas, hydrated glass separates 5 500—1,700 1,300 (W) NobLE ¢f a/. {1967)
Glassy liparites {U.5.5.R.) 14 300—2,000 964 SuaTkov # al. (1970)
Microfelsitic liparices (U.5.5.R.) 5 << 100—100 <100 SuaTkov ef al, (1970)
Pantelleritic obsidian {Kenya) 1 3,700 {X) Nicnorrs and CarMicHAEL (1969)
Glassy pantellerites (Pantelleria) 2 3,700; 7,600 5,650 (W) Zzis (1960)
Residuzl glass from samc pantellcrites 2,900; 6,900 4,900 (M) Lovering (1966)
Residual glass from pantelleritic obsidians (Pantelleria) 4 3,100—8,200 6,200 CarsICHAEL (1962)
Porphyritic microcrystalline pantellerite (Pantelleria) 1 400 CarMICHAEL {1962)
Glassy comendites {New Zealand) 2 2,100; 2,200 2,150 {X) NrcxoLrs and CArmIcHAEL (1969)
Residual glass from same comendires 1,700; 2,200 1,950 Nricrovrrs and Carstrcuaer (1969)
Crystalline comendites (New Zealand) 2 100; 300 200 (X) Nicaorrs and CanmicHAEeL (1969)

W),
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Table 17-E-4. Chlorine in alttred and wnaliered wiiramafic rocks

Rock Source Number  Chlorine content (ppm) Reference
of
samples Range Mean
Dunite U.5.A. and Newfoundland 3 60—1,000 292 (C) Kunopa and SanDELL {1953)
U.5.A. 2 149; 170 155 (W) Hoerme and Panken (1961)
Dun mounnain, New Zealand 1 S0(C) Yosuiba et af. (1971)
Inclusion in basalt 1 28 (C) Stueser #f of. (1968}
Alpine intcusions 7 33—184 88 (O StuesER of af. (196G8)
Compilation 19 28—199 96 Jomws and Huane (1967}
Peridotite 1 60 (C) Kunropa and SanpeLL (1953)
New Guinea 1 <10(C) Yosumoa e af, (1971)
Japan 1 40(C) Sugiura (1968)
Bjorkedal, Narway 1 40 (W) Bexne (1953)
Inelusions in basale 10 T—87 34(Q) STUEBER ¢/ @/ (1968)
Kimbeelite pipes 5 142—299 230 (C) STUEBER ¢f al. (1908)
Kimberlite pipas 8 140—1 000 550 (C) GREENLAND {quoted by
STuERER ¢/ o/, 1968)
Intrusions and sheets 6 65—185 108(CQ StuEBRR #f 4, (15968)
Compilation 19 7—600 156 Jonns and Huare (1967)
Pyroxenite Newfoundland 1 200 (C) Kurooa and SanpriL (1953)
Magnet Cove, Arkansas (U.8.4) 2 200; BOD 500 (W) Enrckson and Brabg (1963}
Hawaii 1 18(0) STuRBER &f af, (1968)
Russia 1 71 (G STuEBER &f ol. (1968)
Compilacion 7 18—800 275 Jonns and Huang (1967)
Harzbusgite Newfoundland 1 600 (C) Kurnpa and SanneL (1953)
Montana (U.5.A.) 1 540 {C) Kunropa and Sanprie (1953)
Red Hill, New Zealand 1 < 10(C) Yosnipa ef af. (1971)
Bronzitite Montana (11.5.A.) { 540 (Q) Kuroba and SanpEeLL (1953)
Eclogite Kimberlite pipes 5 100—270 160 (C) GRLENLAND (quoted by
STueBER & al., 1968)
Jopan 1 52(0) SuGrura (1968)

auuoyD
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Table 17-E4 (continued)

Rock Source Number Chlorine content (ppmj} Reference
of
samples  Range Mean
Serpentinized Newfoundland 1 2,400 (O Kuropa and SANDELL {1953)
dunice Oanrario (Canada) 29 1,100—7,000 2,290 (W)> EanLey (1958)
Puerto Rico 4 40—310 “150 Hess and Orarora (1964)
Qucbee (Canada) 3 1,100—1,500 1,233 (W/A) Ruckripce (1972)
(10—759% scrpentine) 3 130365 234 () Stursen & ol (1968)
Serpentinized Oneario {Canada) 23 300—2,400 654 (WHa Earcey (1958)
peridotite (10—759% serpentine) 2 187; 214 101 (C) Stueser ¢f af. (1968)
Serpentinized Ontario {Canada) 3 280—700 453 (WHa Earcey {1958)
pyroxenite
Serpentinized N. America 1 1,300 {C) Kunropa and Sanpert (1953)
harzburgice Puerto Rico 9 40—310 156 Hess and OraLora (1964)
Serpercinites 1.5.A. and Japan 7 20—520 270{C) Kuvroba and SanpeLt (1953)
17 352,870 670 (C) Sruemen e af. (1968)
Sugpgested average for ultramafic rocks: 85 TureExIaN and WepEroRL (1961)
50 VmnoGRaDOV (1962)
Suggested average for unaltered ultramafic rocks: 32 SruesEr ¢f al. (1968)

& Potentiometric method.

01-3-L1
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Chlarine 17-E-11

Table 17-E-5. Chlorine in some *“ standard™ reference rocks

Sample Chlocine Method Refetence
{ppm}
Granite G-1 63 C Huawne and Jonns (1967)
50 C IwasAKI ¢f al. (1955)
Granire G-2 192 c Huang and Jouns (1967)
122 C SEN Gurta (quoted by FLanacan, 1965)
oo C Fuge and Power (1969)
53 N/R Jonansew and StEINNEs (1967)
Granodiorite 342 C Huawe and Jonns {1967)
GSP-1 365 C Sen Gurra (quoted by Franacan, 1969)
305 C FuGe and Powen (1969)
31 N/R JouawnseEN and StEinNEs (1967)
Andesite AGV-1 319 C Huang and Jouns (1967)
1B5 C Sen Gurra {quared by FLanAGAN, 1969)
147 C Fuce (unpublished)
115 N/R Joransen and STERNES (1967)
Basalt BCR-1 62 C HuanG and Jorws (1967)
120 C Sen Gurra (quoted by FLanacan, 1969)
62 C CarrerumoLE and Fuce (1969)
58 N/R Jouansey and StEmines (1967)
Diabase W-1 187 C Huaxc and Jouns (1967)
(Basalt) 188 C CarrErmore and Fuce (1969)
204 N/R JoranseN and StemnEs (1967)
Peridotite PCCA1 74 C Huang and Jomxns (1967)
100 C SeN Gurta (quoted by Franacan, 1969)
85 C CarrerMoLe and Fuge (1969)
65 C STUEBER ¢f af. (1568)
66 N/R Jonansen and STeEmngs (1967)
Dunite DTS5-1 33 C Huanc and Jomxs (1967)
20 C SeEN GurTa (quoted by FLanagan, 1969)
10 C Carreamore and Fuce {196D)
9.4 N/R Josansen and Stemnes {(1967)
Nepbeline syenite 431 N/R JouanseN and Stemwnes (1967)

STMA1

almost entirely absent from the olivine; the serpentine conmined upto 0.8% chlo-
rine (M). '

The efiect of serpentinisation on dunite appears to be greater than on other ulira-
mafic rocks.

STURBER ef @f. (1968) propose that as chlorine appears to be easily introduced
into ultramafic rocks by secondary alteration, a downward revision of previous
estimates of abundance is necessary. They suggest chat the chlorine content of un-
altered ultramafics is more nearly represented by that of ultramafic inclusions in basalt
{mean 32 ppm). '

Bovixcd menuteripe sereived: March 1973



17-F-1 ‘ " Chlorine

17-F. Behavior in Magmatogenic Processes
(Pegmatites, Gas Transport, Ore Depositon etc.)

I. Behavior during Crystallization and Differentiation

Few studies have been undertaken of the behavior of chlorine during magmatc
differendadon. Kuropa and Sanperr (1953) found linde variation in the chlorine
content of the upper and lower zones of differentiated bodies; GREENLAND and
Lovermng (1966} showed that the chlorine content of a diferendated Tasmanian
tholeiitic dolerite varied between 50 and 120 ppm (W), there being a possible slight
earichment in the final granophyric differendates (Fig. 17-F-1a).

The distrdbutdon of chlorine in a differendated ulecamafie to mafic body was
studied hy Catrermore and Foce (1969). Theit data, summarized in Table 17-F-1
and Fig. 17-F-1b, show that there is a general earichment of chlotine with inereasing
silica content.

Table 17-F-1. Chiorine in a layered sliramafic to mafic intruiton { Rbiw, N. Waler) (from data
of CarrermoLE and Fugg, 1969; method: C)

Rock cype Number SiOy cl
of samples (%) {ppm)

Marginal rock 2 431 203
Homblende olivine gabbro 2 40.5 161
Homblende picrite (and pyroxenite) 6 39.6 293
Leucogabbro | 445 215
Pegmalitic gabbro 1 422 400
Homblcnde magnetite gabbro 4 381 351
Diorite 4 454 283
Granaopbyre 1 58.6 433

During crystallization, some chlorine enters hydroxyl posidons in the latdce
of hydroxysilicates and apatite (see section 17-D}. Howevet, most of the chlorine
is likely to remain in tbe residual fluids, as has heen demonstrated expetimentally
by KosTER vax GROOs and WyrixE (1969). At extremely high chlofde concentra-
tions thete is likely to be liquid immiscibility berween the silicate and chloride-rich
aqueous phases (DELITSYN and MELENT'YEV, 1968). Aecording to RoEnper (1972),
some residual magmatic liquids can contain upto 50% by weight of sadium chlaride,

Roepner and Coorss (1967) have shown that liquid immiscibility has occurted
between the siliceous magma and chlorine-containing phase in granitic blacks from
Ascension Island. Immiscibility in the late stages of differendation of under-sacurated
magmas, due o high chlorine and other volatiles, has been suggested for the Lovo-
zero alkali massif (Kosarko and Ryascuikov, 1969). -

© SpringesVeting Berlin - Heldelberg V974
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Chlorine 17-F-2
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Fig. 17-F-1a and b. Varatiocn of chierine content during differentiation of: a Thaleiitic
dolerite, Tasmania (fiom GREENLAND and Lovering, 1966); b Layered ultramafic/mafic
intrusion, Rhiw, N. Wales (from data of CatTEruoLE and Fuge, 1969)



17-F-3 Chlorine

II. Pegmatites; Behavior duting Metasomatism

The earichment of chlorne in the residual magmatic fluids can result in the
occurtence of chlorine-rich hydroxysilicate minerals in pegmatites and also in
metasomatic deposits such as skarns (Tables 17-P-2 and 17-F-3}. In addition scapolite
may occur in pegmatites and mctasomaused rocks. However, it appears in general
that granitic pegmatites are not greatly entiched in chlorine.

The high chlorine content of iate stage fluids may greatly affect the crystallized
rocks. ORVILLE (1963) showed that chloride-rich fluids assist the movement of alkalis

in feldspars. Barsukov and Krmrsova (1969) have shown that interaction of granite -

with alkali chloride solutions reproduces such metasomatic effccts as alhitization,
muscovitization and K-feldspathization.

The action of chlorine-rich residual fluids in the Lovozero alkali massif has
caused secondary sodalization (KoGarko and RyascHIKov, 1969).

However, many metasomatised and hydrothermally altercd granitic rocks par-
ticularly greisens (Table 17-F-3) show a marked decrease in chlorine content (FuGE
and Power, 1969b), and Stowery ef af. (1971) have shown that chlaritisation of
biotites results in lowering of their chlorine conrents.

II. Volcanic Gases and Su_blimates

Chlorine accurs in voleanic pases primarily as HCL (see Tahle 17-F-4).

The chlorine contenr of voleanic pases from Showashinzan volcano, Japan, was
shown by Sucrura efal. (1963) to vary greatly with time, Basmarmva (1965} has
stated that In common with other voleanic gas components, the chlorine content
varies with the composition and stage of cooling of the magma, and a study of voleanic
gases in Kamcharka showed that those of a basaldc velcano were richer in chlorine
than those of an andesitic volcano.

Sucrura e al. (1963) found that the chlorine content of the volcanic gases of
Showashinzan volcano, Japan, deereases as the temperarure falls (Fig. 17-F-2a).
High temperature gases of Kamchatka were found by Basmarmia (1965) to he en-
riched in acid gascs such as HCl. However, WmTE and and WArmG (1963) state
that the HCl contents of volcanic gases show little tendency to increase with rising
tempemturl:.

The ratio F/C! in the voleanic gases of Showashinzan (Fig. 17-F-2b) falls rapidly
with temperature decrease (SUGIURA ¢f af., 1963). This feature was also observed by
Bastarmva (1965) ar Kamchatka. Yosuipa (1963) found tbat during heating of
volcanic rocks, chlorine is volatilised to a greater degree than Auorine.

The HCI content of volcanic gases generally preatly exceeds that of HF (WHITE
and WarING, 1963). (The cnergetics of HCl and its relationship with HF in volcanic
emanations is discussed by MyziLer, 1970).

Basuarma (1965) found that the chlorine content of volcanic gases can greal:ly
influence their mctal content, high temperarure HC[-nch gases of Kamchatka
frequently bemg cariched in aluminum and iron.

Chlerine is extremely enriched in many voleanic sublimates, Cl- often being
the major anion. Hence ammonium and alkali chlorides are often abundant in volcanic
sublimates (WrnTe and WaRmNG, 1963). These chlorides together with iton com-

()
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Table 17-F-2. Célorine in miinerals fram pegmatitic and metargmaiic racks

Sample, source Nfumbcr Chlorine content % Reference
o
samples  Range Mean

Apatites, veins, OdegArden (Norway) 2 6.02; 6.24 6.13 (W) MorTon and Catanzaro (1964)
Apatite, vein, metasomatically altered, 1 1.40 (W) MonTon prd CaTanzaro (1964)

Odegarden (Notway)
Apatite, marble, Onizacio (Canada) 1 6.2 (W) Houwstow and Crao {1970}
Biotite, pegmatite, Kondapalli (India) 1 1.96 (M) Leet aNanpad (1970)
Biotites, pegratites {Japan) 2 0.004; 0.24 0.14 (C} SuGlura (1948)
Siderophyllice, pegmatite, Brooks Mt, (Alaska) t 0.24 Gowen (1957)
Muscovite, pegmatite, Brazil 1 0.035 (W}  Beune (1953)
Muscovite, pegmacite, Japan 1 0.001 (C) Suciura {1968)
Hornblende, skarn, Basttjirn (Sweden) 1 1.42 Macnusson (quoted by Giwieenrs, 1964)
Hornblende, skern, Langban (Sweden) 1 0.20 Ge1jER (quoted by Gitirenc, 1964)
Ferrohastingsites, metasomatic magnerice deposits 18 0.81—-2.93 1.61 Marmvoski and Kastyux (1970)
Chlorohastinpsites, metasomatic iron-ore deposits 6 0.96—1.69 137 Krutov ¢ ol {1970}
Dashkesanites, skarn, Dashkesan {U.8.8.R.) 2 5.59; 1.24 6.42 Knvrov (1936)
Dashkesanite, skarn, Dashkesan {U.5.8,R.) 1 3.25 SeLivanov (1940)
Dashkesanites, skaras, Trans-Baikal {U.5.8.1.) 2 1.42; 2,77 2,10 Novaserova (1961)
Tourmalines, pegmacites, veins and related rocks, 17 0.024-0,102 0,045 (C} Fuat and Power (1969a)

8. W. LEogland
Tourmalines, contact zones, 5. W. England 3 0.067—0.078  0.073 (C) Fuce and Powen (19692)
Tougmalines, hydrothermal, 5. W. England 6 0,035—£.071  0.054 (C) Fuce and Powen (19692a)

auLIoy)
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Table 17-F-3. Chlorine in some pegmatitic rocks and altered granites

Sample Number Chlorine content (ppm) Reference

of samples

Range Mean

Pegmatites, Japan 2 20: 40 00 Suciuna (1968)
Pegmatites, 5. W. England 6 5§7—530 383 (C) Fuce and Power (unpublished)
Topazfels, 5. W, England 1 273 (C FucE and Powen (unpublished)
Quartz tourmaline rocks, 5. W. England 3 1711—196 180 (C) - Fuce and Powea (unpublished)
Greisens, Germany 24 50 (W) Benxe (1953}
Greisens, 5. W. England 5 12-96 40 {C) Fuce and Powen (1969b)
Hydrothermally altered granites, S. W. England 5 80—221 198 {C) Fuce and Power (1969b)
Kaolinised granires, 5. W. England 14 70—381 153 (C) Fuce and Powek (1969b)
Unaltered granites, 5. W. England 90 75-—1,180 507 (C) Fuce and Powek (1969b)

g-4 L}
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Chlarine 17-F-6

Table 17-F-4. HC! contens of voleanic gases in volume % (from compilation of Wurre and
Warmea, 1963)

Sample source Temp. H,O Toral . HClas Year
Q) con- “active®  peecentage collect-
cencea- gases of active ed
tion gases
Showashinzan volcano (Japan) 750 99.25 0.723 5.39 1959
Hyperstbene dacite 655 99.48 0.516 8.7 1957
464 99.10 0.859 1.51 1959
4460 99.24 0.537 10.6 1959
190 99.72 0.258 4.66 1959
Sheveluch voleans, Kam- 280 n.d, 13,50 i1 1953
chatka (U.5.5.R.), 180 n.d. 1.60 41.0 1953
Andesite 110 n.d. 11.76 25 1953
Klivnchevskii volecano, Kam- 170 n.d. 0.06 33 1944
chatks {(U.8.5.R.), 150 n.d. 008 . 20 1947
Basalt 86 n.d. 0.35 0 1949
70 n.d. 0.065 3 1946
Ten Thowsand Smokes, Katmai 400 99.97 0.03 87 1917
volcano, Alaska (U.5.A.) 300 99.69 0.31 78 1917
Ripyolite ash 100 09,98 0.02 40 1917
White Island (New Zealand) ~ 500 o.d. 85.0 11.5 1927
Hypersthene andesite
Mount Hekla (Tceland) 620 o.d. 7.0 11.4 1951
Basalt

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

Rusey (1951, 1955) and Kunopa and SanpeLn (1953) have suggested that much
of the chiorine of the oceans has been derived gradually through time from volcanic
gas sources (see also IwASAKI e# /., 1968).

IV. Hydrothermal Fluids; Ore Transport
and Chloride Complexes

Most thermal warters are derived from meteoric water which has subsequently
been beared, but small quantities may be of magmatic origin (WHITE 7 al., 1963).
Erris and Manon (1964, 1967) have shown by experiment thar thermal waters can
leach over 50% of the chiorine from volcanic and sedimentary rocks (see Table
17-F-5); such rhermal warers (Table 17-F-G), enriched in chlorine, could play a
vital role in tbe transport of metals in solution (ELLis and Manown, 1967).

Many theories bave been advanced to explain the origin of ore bodies (Krauskors,
1967; Bannes, 1967; and others) The aqueous fluids connected with magmatism
have long been thought to be responsible for the deposition of ore bodies related to
granitic intrusions (Howvano, 1972), For ore deposits related ro sedimentary en-
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Fig.17-F-2a and b. Variation with temperature of: a Chlorine, b Fluorine/chlorine ratio, in
volcanic pases, Showashinzan volcano, Japan (from SuGlura ¢/ o, 1963; method; W)

vironments, there is no general agreement on the origin of ore-forming solutions
(Duwnam, 1970). At the present time bot metalliferovs brines occurring in the
Salton Sea, the Red Sea and at Cheleken, U.S.8.R., are precipitating ore minerals
(Toowms, 1970), and it has been suggested that similar sources may account for some
mineral deposizs of the past (Wurre, 1968; Dunuawm, 1970).

()
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17-F-8

Table 17-F-5. Maximum quantity of chlorine leached from rocks during reaction for 2 weeks (400° 1o
600° C; 1,500 bars) (from Erris and Maron, 1967; method: potentiometric)

Rock Cl content 24 chlorine leached
{ppm) from rock
Pumice 990 100
Obsidian 900 54
Ignimbrite 600 14
Rhyolite 600 48
Dacite 120 93
Andesite 190 79
Basalt 360 85
Greywacke 12 66

Table 17-F-6. Chiorine in thermal valers

Origin

Chloride
content (mg/fl)

Reference

Average composition, Japanese

1,250 Sucawanra (1967)
thermal and mineral springs .
New Zealand thermal waters 280—61,840 ELris and Manon (1964)
associated with volcanieity Mean (20) 4,280 (W)
New Zealand thermal waters in 42—16,000 ELr1s and ManHoN (1964)

non-volcanic and old volcanic
areas

Spring and drill hole waters,
Tokaanu—\Waihi area, New Zealand,
associated with andesidce intrusion

Mean (12) 2,510 (W)

7.1—3,255
Mean (64) 1,560

ManoN and Kremv (1968)

Geyrer waters

Yellowstone Park, Wyoming 405; 744

(U.5.A)

Steamboat springs, Nevada 865

(U.5.A)

Iceland 63—27,400
Mean (3} 9,200

Kamchatka 700—1,680

Mean (3) 1,080

WHITE ¢f af. (1963)

Thermal waters, probably entirely meltearic in arigin

Bowers, Nevada (U.5.A.) 5.4
Hot springs, Arkansas (U.5.A.) 25
Kristenes, Iccland 13.0

Warre ¢ of. (1963)

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
major anion of many fluid inclusions in ore minerals (see Table 17-F-7), WeTe
(1968) bas suggested that ore-bearing fluids are likely to be Na—Ca—Cl brines whicb
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Table 17-F<7. Chilorine comtemt of flid inclusions from mineral deposits (from compilation by

Chlarine

RoepDER, 1972)

Mineral Source Chloride
{ppm of total
inclusion
finid)

Sphalerite  Sphalerite-galena, Mississippi Valley-type depuosit: 124,600

Oklahoma (U.S.A.)
Replacement deposit, limesrone ; Santander {Spain)} 91,000
Au-Ag-Cu deposit, voleanic rocks; Japan 63,600
Pb-Zn-Ag deposit, volcanic rocks; Colorado (U.S.A)) 17,600
Sphalerite-galena deposit, Mississippi Valley-type 129,600
deposic?; Corragena (Spain)
Galena Fluorite-sphalecice, vuggy-bedded replacements; Cave- 115,000
in-Rock districr, INinois (U.5.A.)
Sphaletite-galena, Mississippi Valley-type deposit; 83,000
Mississippi {(U.8.A.) )
Barite Kopet-Dag barice area, Arpalkden deposic (U.S.5.R.) 42,900
Upper Racha, Georgia, Lesora Section, Chorda (U.S.5.R.) 18,400
Upper Racha, Georgia, vpper Gvalvana, Chorde (U.5.5.R.) 13,400
Centre of vein, Okureshi deposit; western Georgia (U.S.5.R.)  B8,200
Macgin of vein, Okureshi deposit; western Georgia (U.5.5.R.) B8B,800
Fluorite Fluorite-spbalerite, vuggy-bedded replacements; Cave- 84,000
in-Rock district, Dlinois (U.5.A.)
Fluorite-sphalerite, vuggy-bedded replaceinents; Cave- 78,000
in-Rock district, Ilinrois {U.8.A.)
Hypogene fluorire replacing limestone; Aurakhmat, 53,000
ceneeal Asia .
Hypogene fluorite replacing limestone; Auralkthmat, 49,000
cencral Asia
Hypogene fluorite replacing limestone; Aucakhmat, 4,000
cenceal asia

Caleite Iccland spar deposir, pillow lavas, Gonehak, Siberizo 83,600

shicld (U.5.5.R.)

Ieeland spac deposir, pillow lavas, Gonchak, Siberian 158,800
shield (U.S.5.R.}

Ieeland spar deposit, pillow lavas, Nidym, Siberian 47,700
shield {U.5.5.R.)

Iceland spar deposic 65,890

Quarrz Antimony—metcury deposit; Pacific region, (U.S5.5.R.) 40

Antimony—mercury deposic; Pacific region, (U.5.8.R.) 660

Quartz with cinnabar from *concordanc type ™ deposir, 580—620
cenaral Asian mercury-gntimony province, U.5.5.R,

Barren quarez vein, rbyalite, Arizonz (U.5.A.) 630

Fluorite-sphalecice, as vugpy-bedded replacements; 47,000

Cave-in-Rock district, Illinois {U.5.A.)

he further suggests may be derived from mapmatism, connate waters, solution of
evaparites followed hy reaction with scdiments, or hy memhrane concentration (sce

Secdon 17-T).

()



Chlorine 17-F-10

Kime and BurnHAM (1972) have shown experimentally that the chlorine of
silicate melts is very strongly partifioned towards the aqueous phase; in addidon
these zuthors report that previous studies have revealed that base and precious
metals are also strongly partitioned in this manner. Horranp (1972) has also found
that zinc, manganese and probably lead are strongly partidoned into the aqueous
phase of silicate melts and that this partidoning is proportional to the square of the
chlorine content of the aqueous phase. Tooms (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 the hydrothermal
solutions are present as chlaride complexes,

The solubility of ore minerals in pure waters is extremely low (Kravskorr,
1967) and thus it appeats reasonable to suppose that ore metals must be transported
in the form of eomplexes (HELCEsON, 19G4).

HercesoN (1964) demonstrated that the solubility of galena in sodium chloride
solutions increases with temperatures vpto 350 °C. The same author (1969) has
suggested that computed solubilities of many sulfide minerals in 3 molal sodinm
chlocide at pH 5 are morce than sulficient at high temperatures to account for hydro-
thermal deposits. The order of stability for chlodide compleses at 25° C as quoted
by HeLceson (1964} is:

Cutt < Znr < Pbt+ ¢ Agt< Hegtt
with log Ky, for the ion pairs heing:
~0 ~—2, —157, ~—33 —73

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 not unique to chloride
complexes. :

From thermodynamic consideratons, HercesoN (1969) has shown that there
is a high degree of assodation of metal ion-chloride complexes at high temperature.

Revised manupcript reecived: Much 1973



17-G-1 Chlorine

17-G. Behavior during Weathering

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

The behavior of chlorine during weatbering of granite was studied by Benne
{1953). The results, given in Table 17-G-1, show that there is an increase of chlorine
content in the lower weathered layers, the loss of chlorine parallels the bleaching
of biotire. The upper layers of the locality St. Andreasberg arc higher in chlorine
than the fresh granite from Schierke which may be due ro local primary diflerences
or secondaty accumulation.

Table 17-G-1. Chlorine comtent and distribution in a weathering profile of granite (from Benne,
1953; method: W)

Sample, depth below surface Cl (ppm)
Fresh granite, Brocken, Schierke {(Germany) 270
3—5 m altered granite, St, Andreasberg {Germany) 600
2-—3 m altered granire, St Andreasberg {Germany) 670
1-—2 m aitered granire, St. Andreasberg (Germany) 140
1—1 m aitered granite, St. Andreasberg {Germany) T =20

Table 17-G-2. Chlorine content of soils (from ViNoGRADOV, 1959)

Soil type Horizon Chlorine
(ppm)

40
70

35
30
30
18
20

25
25
o0

Brown Forest 35
Peats 130—650

Podzol on varved clay

&

Grey forest

OEs> w

Chemozem

- OWp

€ Springer-Verlag Berlin - Heidetberg 1974
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Chlorine 17-G-2

Sodium chloride can be leached from marine deposited sedimentary rocks to
appreciable depths (Brrimgs and WiLLiams, 1967). NesLE ¢f of. (1967) found that
chlorine could be removed from and added to volcanic glasses by the acdon of
ground water.

From their work on Miocene tuffaceous seduments in Gifu Prefecture (Japan),
Isynzuxa e# ol. (1970) found chat as the glassy material weathered to clay, the chlorine
content decreased {see also Ocrra ¢f 2/, 1967),

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

Revised manuscripe received: Mirch 1973



17-H-1 Chlorine

17-H. Behavior and General Chemistry
in Natural Waters

A very large portien of the chlorine released during weathering is easily soluble
in water. In natural warers ir occors almoss exclosively as the chloride anion and forms
no important complexes with other ions (Heym, 1970). It is noc adsorbed to any
marked degree on mineral sorfaces (Hesr, 1970) and is concentrated greatly by only
a few groups of organisms. Its behavior in narural waters has heen-described by
Hewm {1970) as “rame and subdued ™.

Most of the natrally occurring chiorine in surface rug-off is originally marine
in origin being derived either from atmosphericaily transported sodium chloride
(see Secton 17-1} er from sedimentary rocks and evaporites ete. For this rcason
chlorine has been deseribed by GornscHmint (1954) as a cyclic element.

Reovised manusript roacived : March 1973
D Springee-Verlag Berlia - Hadelboeg [974
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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 surfaee (WincaesTER and Ducg, 1967);
part of this chlorine is present in a gaseous state and part occurs in the aerosol phase
(JunGe, 1963; Duck eral,, 1965). The gascous phase may in part be chlorine gas,
whieh may be formed due to reaction of NaCl with ozone (Caugr, 1951), and in
part HCI, due to reaction of sodium chloride with sulfurie acid (Eriksson, 1960}

The data presented by Junce (1963) (see Table 17-I-1) shows thac chlorine ia
the gascous state may make up over 50% of the total. Aceording to Duck ¢ i,
(1965), 50% of atmospberie chlorinc over Hawaii is in the gascous state,

Much of the sodium chloride teansported from the sca has a fairly short residence
time in the atinosphere, being deposited on the land surface by wer or dry precipita-
tion (see Subsection 17-1I-a). However, some of the chloride is transported large
distances in the form of aerosols. Loucks and Wmvcnester (1970} found that the
major portion of the chlorine found in contnental acrosols of the U.S. A. is derived
from the oeean. WiNcHESTER and Duce (1967) determined the chlofine content of
aerosols from three widely differing regions of the U.S.A.; their results are summariz-
ed in Table 17-I-1.

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

II. Natural Waters

a) Rain Water

The greatest source of chlorine in rainfall is the sca. The chlorde coateat of
rainfall is far greater near the coast than inland (Er1ksson, 1952; Junce and Wersy,
1958; see Fig. 10-2 in Volume I of this handbook). The chloride contents of inland
precipitation do not vary greatly.

Orcher minor sourees of chlorine in precipiration are combuston of ceal, buman
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 ete., and volcanic emanations (Eriksson, 1952}, In connection witb volcanic
sources of chlorine in rain water, Enixsson (1952) records upto 247 ppm chlorine
in rainfall near Vesuvius, Italy, and 400 ppm chlorine in rainfall near Padeutn,
Mexico. .

b) Ground Water

The chlorine contents of ground waters associated with specific rock rypes as
quoted hy WrHItE 2 af. (1963) are given in Table 17-1-2. It is obvious from this

& Springer-Yerlag Berlin - Heidelberg W74



Table 17-1-1, Chloriae contents of atmorpbere, raipwater and niow

s-I-Ll

aulolyy

Locality Number Concentration of chlorine Method Reference
of (kg/m?)
samples
Aerosol Gas
Altmosphere
Florida, land breeze 6 0.56 0.80 c Junce (1963)
sea braeze 7 2,39 2.23 c Junce (1963)
all data 13 1.54 1,57 C Junce (1963)
Hawaii 10 {14 Gas) 5.09 1,92 C Junge (1963)
5 2.58 N/R WvcHEesTER and Duce (1967}
Ipswich, Massachuserts 9 440 C Junce (1963}
Cambridge, Massachusetts 10 2.65 N/R WmicHEsTRR and Duce (1967)
Batrow, Alaska : 23 0.67 N/R Wnvenesten and Duce (1967)
Chlorine content {mg/liter)
Range Mean
Srow
Barrnw, Alaska 31 0.65—210 6.4 N/R Duce ef af. (1966)
Sierra Nevada 28 0.0—-2.6 0.6 C FETH ¢f af. (1964)
Czechoslovakia 40 39 VaLacH {quoted by CARPENTER
{1969
Rain
Hawaii 85 0.23—15.6 2,95 N/R Duce ¢ al. (1965)
Japan 300 1.1 Sucawara (1967}
California 56 0.0—-23 3.55 C WHITEHEAD and Feru (1964)
New Zealand, .3 miles from sea 2 25.0; 27.3 26,2 BrakeEmore (1953)
4 miles from sea 2 10.3; 131 1.7 BrakeMmore {1953)
over 4 miles from sea 5 3.7—6.1 5.2 Braxzmonre {1953)
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Chlorine ) 17-1-3

Table 17-1-2. Tér cbiorime content of groind water frem variors rock fypes (from compilacion of
WHITE ¢f al., 1963}

Rock rype Number Chlorine content
of samples

Range Mean
Granites and rhyolites 15 1.2—193 37.5
Gabbros, basalts and ultramafies 16 0.7-—75 2.5
Andesictes, diorices and syenites 4 0838 4.35
Sandstones, arkoses and greywackes 17 1.5—442 373
Siltstones, clays and shales 18 2.0—1,710 209.2
Limestones 14 1.8—112 19.7
Dolomites 6 1.0—17 6.92
Quartzitey and marbles 7 0.8-99 5.59
Other memmorphies 15 &.4—106 23.2
Unconsolidstzd sand and gravel 20 1.3 1,820 234.7

Table that waters from fine-grained sedimentary rocks are enriched in chlorine, due
probably ro the leaching out of sodium chloride from rocks of marine origia (WHiTE
et al., 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 fertilizers and animal and human sewage
(WHITE ¢t 2l., 1963). In connection with the latter sources it is of interesr to nore that
Lauervo (1970) found high chloride values, mean 67.0 mgjlirer, for samples from
near agricultural settlements in Finland; his values for vncontaminared groundwater
were in the range 0.7 to 17.7 mg/licer.

Sucawara (1967) has estimated that of the 5.2 mg/liter of chlorine in Japanese
dver waters, 0.45 mg is derived from ferilizers (l.e. 8.7%).

The chlorine conrent of ground water fram igneous rocks is generally fairly low,
bur some samples give very high values (WiitE ## 4l 1963), Ganners (1967) has
sugpested that much of the chloride in ground waters in igneous rocks is derived
from rain watet, small amounts possibly being added from chloride-rich fluid in-
clusions. NoBLE ¢/ a/. (1967) have suggested that chlorine can be easily temaved from
glassy igneous rocks, and i¢ is therefore likely that some may be added to water in
this way.

Kovrotov and Kororov (1967) found high chlorine contents in pround waters
near alkaline intrusive bodies.

c) River Waters

The chlorine contents of the world’s rivers are given in Table 17-1-3; from
several studies performed in the U.5.A., it is apparent that much of the chlotize of
river waters is derived from sovrces other than precipitarion (Heum, 1970). Human
activities, such zs the applicarion of chloride-conuaining fertilizers erc., volcanic
gases and thermal springs are likely to be sources. Hurcnmson (1968) found that
one impormant source in Mainc, U.5.A., was sodium chloride used on coad surfaces
for de-icing purposes.

A variable amount of the chlorine oceurring in river watcrs is derived from wet
ot dry precipitation. BALDwIN (1971) has shown that 59% of the total chloride carried



17-1-4 Chlorine

Table 17-1-3. Weighted mreans of chlorine content of worid’s rivers (from LivngsTong, 1963)

Chlorine content

(mg/liter)
N. America 8.0
S. America 4.9a
Europe 6.9
Asia ] 8.7
Aftica 121
Australia 10.0
World 7.88

2 Gieas (1972) has given a modified value of 5.4 for S, American rivers, and 8.1 for the
world’s tivers.

out of a coasta] 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%.

Sucawara (1967) estimated the average contrbutions 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 products: 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 heen termed a cyclic element, being derived from the sea and carried
back to the sea in surface run-off. Whereas a large percearge of the ehtorine in rivers
is not derived directly from tbe sca, much of it has heen derived indirectly from the
sea. Evaporire sediments, brines, sedimentary pore waters cte., some volcanic
waters and gases, and even chlorine used for industrial purpases 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 (Curxm, 1965), while some closed basins such as the Dead Sea can
contain as much 208,020 mgfliter (BenTor, 1069).

It is likely that almost 2ll the chlorine occurring in the oceans has originated from
volatiles (Rusey, 1951). It has been suggested that a large proportion of this chlorine
may have been derived from outgassing of the primordial Earth (VinoGRranov,
1967). Other workers have suggested that much of the chlorine has been derived

from volcanic emanations (Kuropa and Sanperr, 1953; Rueey, 1955; see also-

Section 17-F).

¢) Oilfield Brines and Formation Waters

This very imporrant topic can be considered only briefly here. In most oilfield
bdnes and formation 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 warters have a chloride
content which exceeds that of sea water and it appears likelv that most waters oc-
curring in sedimentary rocks are detived 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 immediatly after the watcr has been separated from free cir-
culadon with the ocean, The processes which alter the composition of buried sea
water have been classified into four caregoties by CHILINGARIAN and RaExE (1969):

(i) physical (compaction)

(ii) chemical {rcaction with rock minerals, organic matter and poce solutions cte.)

(iii} physicachemical (membrane hitration, adsorprion etc.)

(iv) biochemical.

The salinity of formaton waters incrcases with depth (i.e. pressure) in porous
rocks (von ExcecHARDT, 1960). von ENGELHARDT and Gaipa (1963) found ex-
petimentally that increasing pressurc on montmerillonite ¢lays, upto 800 atmos-
pheres, resulted m the removal of NaCl (and CaCly) from the pore soiutions. At
higher pressurcs, upto 3,200 armospheres, the NaCl content of the pote soludons
began to increase again, _

The high salinity of some oilfield brines and formatdon wartcrs is due to the
dissoluden of evaporites (WHITE #/ #/., 1963; HircHon e af., 1971).

Clays and shales can act 25 semi-permeable membrancs, due to the elcctrical
properties of clay minerals and, possibly, of kerogen (Berry, 1969). This author
has also deduced the following hyperfiltration selectivity scquence for the halogens:
Cl = Br> I > F (Auvorine showing the greatest rendency to pass through, chlorine
the greatest rendency to be retained).

WHiTE (1965) has suggested the following rclative mobilitdes of ions through
clay membranes:

Catt, SO < G-« NHj{, 7, HS~ < Nat, HCOj, F-, I-, H,O
(see also EvErRDINGEN, 19G8).

A review of diagencetic effects on subsurface waters is given by CHmLiNG ariaN and
Rieke (1969).

It is possible that some chlorine may be lost frem warers due 10 its incorporation
in such minerals as chlorite (Jonwns, 1963). In addition it bas been pointed out by
Jouns (1963} that chlotites of marine origin can coutain as much as 1,000 ppm
chlorine and slight metamorphism of these chlorites may result in a rcleasc of con-
siderable amounts of chlorine into formation waters.

Re vised manuscript reccived: Mach 1973



17-K-1{ Chlorine

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

From the values quoted in Table 17-K-1, 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 conrent of
the sediments.

GuLyAYeva and Itxana (1962a) and Muw and BaziLevicH (1962) showed that the
total chlorine content of sediments could be related to the salinity of tbe environ-
ment of deposidon. In the case of coals, it has been shown by GuLyayeva and Irxmva
{1962b) that those laid down in a continental environment have a lower solublc
chlorine content than those deposited in shallow marine conditions.

1. Argillaceous Sediments and Sedimentary Rocks

- Brranes and Wrintams (1967) found that the warer-soluble chlorine contenr
of Alberta shales from bore holes was considerably grearer than that for shales
accurring at the sutface. It has been suggested by Jorns and Huang (1967) thacche
loss of soluble chlorine from marine deposited shales represents the leaching-out
of sodium chloride by ground waters.

Berne (1953) found very large chlorine contents in deep-sea sediments; however,
this author demonstrated thar as much as 100% of this chlorine is ina water-soluble
form,.

Jonns (1963) has obrained some interesting results on the insoluble chlorine
contcat of recently deposited marine and nan-marine pelidic material in a coastal
region of Texas., The samples were separated into fractions of differing grain sizes.
In the 1-—2 4 fractions, dominatcd by clay mincrals, the chlorine content was found
to increase with increasing salinity, this change parallelling the conversion of mont-
morillonite to chlorite. The chlorine content increased from about 85 to 200 ppm
in response to the minemnlagical change. The increase of chlerine (upro 500 ppm)
was even more pronounced in the < 14 fracton, as was the change of monr-
motillonite to chiorite. In the non-clay mineral fraction, consisting of quarnz, K-
fcldspar and calcite, the chlorine content was constant at about 50 ppm, irrespective
of the cnvirpnmeatal saliniries.

Jonns (1963) has explained this increase of chlorine with conversion of mont-
morillonite ta chiorite as being due ro the assimilation of chloride ions along with
hydroxyl ions into intermediary layers of the chlaotire, a5 magnesium hydroxychlaride.
In addidon, this worker has calculated tbat chlorites from fresh-water sedinents
contain about 100 ppm chlorine, while those from marine cnvironments conrain
upto 1,000 ppm chiorine.

& Sprngec-Veelag Derlin « Heidelberg 1914
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Table 17-K-1, Chiarine in sedimentary rocks and sedintenis

Sample Number  Chiotine cantent (ppm}) Method Reference
of samples
Total Water-soluble
1. Clastic Sediprents
Conglomerates, Miuca Peninsula (Japan) 8 70—4,500 20—4,500 C Iwasaxt et al, {1966)
Mean 1,020 Mean 780
Breccias, Miura Peninsula (Japan) 4 410--1,B00 30—1,700 C Twasaxr ef al, (1966)
Mean B70 Mean 520
Sandstones and quartzites, Germany iy =20 (N5 W Benne {1953)
Sandstone, Minnesota {[J.5.4.) 1 20 C Kupoba and Sanpeny (1953)
Sandstones, Miura Peninsula (Japan) 16 180—14,900 20—14,500 C Twasakrt e af, {1966)
Mean 2,135 Mean 1,903
Sandstones, drill holes, 1,100—3,500 meters, 4 127510 Krasivrseva (1964)
W, Turkmenia {U.5.5.R.) Mean 439
Sandstanes, Japan G 10—1,500 5—--1,500 C Qacira ef of. (196T)
Mean 423 Mean 419
Pyroclastic sandstones and conglomerntes. 5 200—2,500 60—2,500 C Iwasaxi ¢ af, (1066)
Miura Peninsula (Japan) Mecan 894 Mean 672
Tuffaceous sandstones, Kakegawa, Sizuoka 706 30—100 15—50 C Ogira ef af. (1967)
{(Japan) Mean 69 Mean (6) 25
Tuffaceous sandstones, Toki, Gifu Pref, 13 110—480 0—190 C Ocrra of al. (1967)
{Japan) Mean 285 Mean 37
Quactzites, Wales (Great Britain) 5 200—668 C Kaxar (1971)
Mean 444
Greywackes, composite, Germany 17 100 w BennE {1953}
Greywackes, Harz (Germany) 2 =20; 70 W Beune (1953)
Greywackes, Japan 3 5--55 5—10 C Ocita ¢f al. (196T)
Mean 28 Mcan 8

suMO[YD

oMLl



Table 17-K-1 {continued)

Sample Number  Chlorine content {ppm) Method Reference
of samples
Total Warter-soluble
Greywackes, compilation 25 12-—200 Jorns and Huane (1967)
Mean 112 .
Siltstones, drill holes, 1,100—3,500 meters, 5 135—1,791 Krasmerseva (1964)
W. Tuckmenia (U.5.5..) Mecan 729
Siltsones, Miura Peningula (Japan) 47 80—4,100 20—4,100 C Iwasaxi ef al, (1966)
) Mean 530 Mean 396
Siltstones, Wales (Great Britain) 8 151—370 C Kaxar (1971)
. Mean 264
Shales, clay and slates, U.5.A, 4 70—230 C Kuroba and Sanpect (1953)
Mean 128
Shales and clays, Germany 17 15—450 =10—450 W Beune (1953)
Mean 1706 Mean 67
Shales and clays, Pierre Shale, U5, A, 22 < 100—1,300 Tourtzror {1962)
Mean 170
Shalc, composite - 32 T2 C Huawec and Jouws {1967)
Shales, surface, Alberta {Canada) 7 7—I110 W Biirmngs and WiLriams (1967)
Mean 20
Shales, subsurface, Alberta (Canada) 13 45—-2,450 W Brruines and WirLrams {1967)
Mean 1,386
Shalcs, Wales (Great Britain} 8 215—409 C Kaxar (1971)
Mean 265
Shale, Nagasaki (Japan) 1 760 760 C Ogcrta ¢f af, (1967)
Slates, Japan 4 0—50 0—20 C QOarta of al. (1967)
Mean 20 Mean 6
Clays, drill boles, 1,100—3,500 meters, 8 102—1,017 KrasinTseva (1964)
W. Turkmenia {J.5.5.R.) Mean 665
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Clays, Aichi Pref. (Japan) 8 0—45 0 Ocita o of. (1967)
Mean 12,5

'Claystones and argillites, Volga-Ural region 51 Mean 1,308 GueyayEva and Itkina (1962a)
(U.8.5.R.)

Claystones and argillites, organic-rich, 7 Mean 1,100 Guryaveva and ITkina (19622)
marine, Volga-Ural region (U,5.5.R.}

Argillices, organic-rich, brackish water, 3 Mean 200 Guryaveva and [Tkina (1962a)
Volga-Ural region {U.5.5.R.) .

Argillites, organic-rich, freshwater, Volga- 5 Mean 60 Guryayeva and Irxina (19624)
Ural regian (U.S.5.R.)

Arpillites, low organic matter, freshwater, [ Mean 3 GuLyarcva and Itkina (1962a)
Volga-Ural cepion {U.S.S.R.)

Argillites, low organic matter, freshwater, 6 30—790 Guryayeva and ITkina (19622)
China

Merls, organic-rich, Volga-Ural region 10 Mean 600 Guryayeva and Itkina (196237)
(US.S.R)

Shales and clays, compilation BO 50450 Jonxs and Huang (1967)

Mean 103

Muds, lacustrine-freshwater, Central 13 1,300—14,600 Mun and BaziLevicn (1962)
Kazakhstan (0.S.S.R.) Mean 6,550

Muds, lacustrine-saline, Central Kazakhsman 15 8,500-—125,800 Mun and BaziLevien (1962)
{U.S.S.R) Mean 44,600

Deep-sea sedimenss

Pelagic clays, Adantic—2 statians, various depths 4 14,980—24,900  14,200—24,900 Beune (1953)
of core Mean 19,225 Mean 19,060

Blue mud, Atlantic 1 13,960 13,630 Brune (1953)

Pelagic clays, Pacific—2 stations, various depths 3 16,900—31,900 16,800—31,900 Benne (1953)
of core Mean 25,880 Mean 25,825
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Table 17-K-1 (continued)

Sample Number Chlorine content (ppm) Method Reference
of samples
Toral Water-soluble
11. Biogenic and Chemical Sediments
Carbartates
Limestones, Germany 3 50—240 20110 W Benne {1953}
- Mean 157 Mean 69
Limestone, U.5.8.R. 1 100 Qsmova (1959)
Limestones, Japan 6 10—45 1025 C QocrTa ef al, {1967)
Mean 32 Mean 16
Chalk, Rigen 2 {1} 220; 2,000 (1) 2,000 W Bewne (1953)
Dolomites, Harz (Germany) 2 610; BBO 80, 220 w Beuwme {1953}
. Dolomites, drill holes, 580—1,047 meters, 15 100—3,970 KRrasINTSEVA (1964)
W. Tutkmenia (L1.5.5.R.) Mean 907
Dolomites—compilation 4 400—880 Jouns and Huang (1967)
Mezn 659
Sificeous rocks
Cherts, flints and diatomites, Gecmany 5 90330 15—90 W Benne (1953)
Mean 178 Mean 63
Cherts, Japan 3 10—45 05 C Qgira e al. (1967)
Mean 28 Mean 3
Coals
Coals, continental in origin, U.5.5.R. 13 2041157 17—95 Guryaveva and Iterva (1962b)
Mean 435 Mean 4950
Coals, near-shore marine origin, U.5.5.R. d 256—1,995 63—129 GurLyaYEva and Itkiva (19621h)
Mean (5) 955 Mean 93e
Coals, North and Central England 33 Mean 3,255 Mean 3,001 W DayserL (1967)
Coals, Illinois {U.5.A.) 35 . < 30—3,600 0—1,900 N/R; W Gruskorsr and RusH (1971)
Mean 594 Mean 426

» Leached with very dilute nitric acid.
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Chlorine 17-K-6

Undoubredly, some of the ehlorine present in sediments is contained in amphiboles
and micas. Clay minerals generally have a low chlorine content, but some comparat-
vely high values have been quoted (Tahle 17-K-2). Beune (1953) found that on
shaking up clay minerals with very dihite HCl for extended periods, appreciable
quantities of chlorine can he taken up. .

Warters and WiNncHESTER (1971) found that whereas most of the chlodne content
of sediments occurs in the water-soluble fraction, nor all of the remainder was found
to occur within grains (Le. in the lattices of constituent minerals). A small fracdon
of insoluble chlorine is bound to the surface of sediment partieles.

Table 17-K-2. Chlorine in clay ptinerals

Sample Chlorine content  Method Reference
(ppm)
Total Soluble

Monunorillonite, Niigata {Japan) 25 1] C Ocrra ef al. (196T)
Monunorillonite, Niigata {Japan) 10 1] C Ogcrra ¢ af. (196T)
Monunorillonite, Bavaria (Germany) 30 30 W Benuwe (1953)
Ilite, Iinois (U.5.A.) 30 25 C Oaorra ¢f al. (196T)
Hlite, Itlinois (U.5.A.) 70 70 C Ogcrra ¢ al. (196T)
Kaolinite, Bavaria (Germany) 290 80 W Beune (1953}
Halloysite, Lawrence County (U.S.A) 350 210 W Benne (1953)

II. Coarse-Grained Clastic Rocks

Very coarse-grained clastic rocks appear to be more enriched in chlorine than are
the sandstone-greywacke rocks, which are in general low in insoluble chlorine.
Ocrra 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, high glass contents
generally giving high chlorine contents. Weathering of the glassy material to clay
resulted in a very marked decrease of the insoluble chlofine content (IN.B.: OGrra
¢ al. leached their samples with cold water which would result in the extraction of
easily soluble chlorine. Reference to the work of NosLs ef 2/, (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 hot water for extended perfods of
time is necessary to remove this chlorine).

I Organic-Rich Sediments and Carbonate Rocks

The data of GuLyayeva and ITkmva (1962a) appear to show that chlorine, unlike
the hcavier halogens hromine and iodine, does not appear to he concentrated in
organic-rich sediments. However, WaALTERS and WiNcHESTER (1971) found that
27% of the surface-hound chlorine of sediments can be extracred with organic
solvents. In additon, coal samples are generally enriched in chlorine, presumably
due in part to its incorporation into plant material which formed the coals. The mode



17-K-7 Chlerine

of occurrence of chlorine in coals has been the subject of much discussion; it is
possible that greater or lesser amourus of the chlorine occur as inorganic salts, but
appreciable quantities may alsa occur in organic complexes (Gruskorer and Ruch,
1971).

Relatively little data are available on tbe chlorine content of most biogenic
and earbonate sediments but it appears that dolomitic limestones may be somewhat
enrcbed in insoluble chlorine. Krasinrseva (1964) has also shown that dolomites
from deep boreholes ean contain appreciable quantities of soluble chlorme.

IV. Evaporites

The composition and origin of cvaporites has been the subject of mueh research;
the larpe amount of data published on these topics bas been reviewed hy Brarrscu
(1962, English Translation, 1971), Srewarr (1963), and BorcHERT and Mutr (1964).

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

Present-day evaporites are accumulating throughout the world in both hemispheres
in twa bels lying approximately becween 15° and 35° from the equator {(BoRcHERT
and Murr, 1964). Older evaporice deposits are widely distributed, occurdng on all
the continents. Evaporite deposits are recorded throughout the geological column,
the greatest accumulation occurring during the Permian (Brarrscu, 1971).

It has Jong been accepted that marine evaporites bave been formed by evapara-
tion of sea water bodies with restricted exchange wirh the open sea together with a
low influx of freshwater (BorcHerT and Muir, 1964), althougl SHEARMAN (1966)
has suggested that many marine evaporites may be diagenctic in origin.

Table 17-K-3. Some of the chlarine-containing minerals of sarine evaporites {from BrartscH, 1971)

Mincral Chemical formula

Halite Nadl

Hydrohalite NaCl-2 H,O

Sylvite Ka

Bischofite MgCl,+ 6 H,O

Carnallite KMg(Cl,-6 H,O
Tachhydrite CaMg,(l,-12 H,O
Chlorocaleite KCall,

D’ Ansite 9 N,SO, - MgS0,-3 NaCl
Kainite KMgSO,Cl-3 H.O
Rinneite K ,NaFe(Cl,

Douglasice K, FeCl,-2 H.O(
Erythrosiderite KiFeCl,-H,O

Kgeoenite Mg ALCL{OH),a-2(# HyO
Zirklerite (Fe, Mg, Ca)o Al C1,,(QH),," 14 H,O(?)
Heidozrnire Na,(Ca,B;0,(50.CI{OH),
Bonacite MgeB;.02,CL:

Hilgardite Cag(B,04,):Cle- 4 H;O

Parahilgarditc Cae(B,0,):Cl, -4 H,O

—
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Fig. 17-K-1. Comparative precipitation profiles for evapotites: a experimental eva-
poration of sea water; b the Zechstein; ¢ average of many other deposits (from BoacHErT
and Mura, 1964) (IN.B. In b and c bischofite is absent, heing replaced by carnallite)

Halite is the major chloride mineral of evaporite deposits and is the fArst of the
chloride minerals to form, generlly occurring with or following the calcium sulfate
minerals, The other chlorddes occurring in significant amouants are sylvite and cac-
nallite which are more soluble than halite and are consequently precipitated duting
later stages of evaporation. Bischofite occurs in the final seages of crystallizaton
(see Fig. 17-K-1). In addition to the occurrence of sylvite as a primary mineral of
cvaporites, maay deposits of this mineral are secondary in origin, resulting from
solution metamorphism of camallite (Brarrscn, 1971), Many of the chloride minerals
of evaporites are formed due to solution metamorphism. Hence CaCly-tick solutons
may be importanr in the formation of secondary rachybydrite, while rinneite is
formed during metamorphism by FeCl,-rich solutions (Brarrscs, 1971).

The composition of non-rarine evaporites is far more varied, but pormally
the chloride ion is quandtatively less imporeaar rhan the sulfate and carbonate
apions.

Detailed accounts of the origin and pature of evaporites are given in the pre-
viously cited works.

ferised manuscopt received: March 1973 -



17-L-1 Chlorine

17-L. Biogeochemistry

Chlorine as the chloride anion is an essential element for many animal and plant
groups including the mammals, insects, angiosperms and possibly algae and bac-
tera (Table 17-L-1; Bowen, 1966). Chlonde is a major anien in mammalian blood
and is also concentrated in the hair of mammals (Bowen, 1966). Some coelenterates
concentrate chlorine (VmoGRADOY, 1953).

Table 17-L-1. Chiorine in planis, animails and animal bard parts and dry tisrues (from compilation
of Bowzen, 1966)

Sample d (ppm)
BPlanir )

Brown algae 4,700
Bryophytes 670
Ferns 6,000
Angiosperms 2,000
Bacteria 2,300
Fungi 10,000
Animale

Coclenterata 50,000
Mollusca 5,000
Echinodermata 7,000
Crustacea 6,000
Insecta - 1,200
Pisces 6,000
Mammalia 3,200
Animal bard partr

Mammal hotes (apatite} 3,900
Porifera (510 52,000
Comls (CaCO.4) 1,700
Molluses (CaCO4) 35
Red algae {CaCO,) 5,000
Dried mammalian tissuer

Brain 8,000
Heart 6,000
Kidney 9,000
Liver 4,800
Lung 12,000
Muscle 2,800
Skin 11,000
Hair 20,000
Mammalian bisod 2,900

@ Springer-Yerlag Beelin - Heidelberg 1974



Chlorine 17-L-2

Chlorine is taken up by marine and terrestrial plants; Suaw (1962) states that
it occurs in all algae and is the major halogen in this group. However, chlorine is
oot generally concentrated in marine algae with respect to sea water (Suaw, 1962;
ViogrADOV, 1953). From the work of Gasrrerrr and Marrerra (1969) on algae
in the Gulf of Trieste, it appears that the Rhodophyceae are richer in chlorine than
the Phacophyceae or Chlorophyceae, but this is not apparent from the values quoted
hy Vmograpov (1953).

In the freshwater algae, chlarine is often eariched compared to the envitonment
(SHAW, 1962). In terrestrial plants also, chlorine appears to be concentrated relative
to the soil solutions (Bowen, 1966).

From a study of several terresmial plants, Portyanxo efgl. (1970) found that
chlorine was conceatrated generally in the comex, mature leaves and peduncle;
lowest chlotine contents were found in young leaves, seeds, wood and other young
organs.

Chlorinc in plants is present mainly as the chloride anion, but some organic
chlorine-containing compounds have heen found in marine algae (Smaw, 1962)
and fungi (Bowen, 1966). Some of thc organochlorine compounds of fungi arc
antihiotics (Bowen, 1966).

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

Revised manusespt reccived: barch 1973



17-M-1 Chlorine

17-M. Abundance in Common Metamorphic Rock Types

The chlorinc contents of preisens and metasomatised rocks have been dealt
with in Section 17-F; also the chlodne 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
Jouns and Huang (1967) (see Table 17-M-2). The data of Jonns and Huang also

Table 17-M-1. Chiorine in metamorphic rocks

Rock Chlorine Reference
content
in ppm
{method)
Phyllite, Morrison County, Minnesota 80 (C) Kuropa and SanpEeLL (1953)
(U.58.A)
Miea schist, Morrison County, 80 (O Kuropa and SanpELL (1953)
Minnesora (UJ.5.A.)
Stanrolite schist, South Aitkin County, 70 © Kurooa and Sampece (1953)
Minnesota (UJ.5.A.)
Schist 120 (W) GREENLAND and LovERING
' (1965)
Chlorite-carbonate schist, shear zone, tace (W?) Borre (1961)
Yellowknife {Canada)
Carbonate-sericite schist, shear zooe, 100 (W?) Borwe (1961)
Yellowknife (Canada)
Schist, Chichibu, Saitama (Japan) 55 (O Qacrra e al. (1967)
Schist, Chichibn, Saitama (Japan) 15 (O Qocrra of af. (1967}
Schist, Nagatoro (Japan) 10 Q) Qacrra e al. (1967)
Schist, Nagatoro (Japan) 10 (©) Qerra ef al, (1967)
Schist, Betsi, Ehime (Japan) 85 (O Qerra er af, (1967)
Schist, Takenuoki, Fukushima (Japan) 10 (O Qgrra er al, (1967)
Semi-pelitic schist 47 (Q Huang and Jouns (1967)
Graphite gneiss, Gifu Pref. (Japan) 140 (G Kuropa and SanpeLL (1953)
Homblende gneiss, Gifu Pref. (Japan} 230 (§) Kuropa and SANDELL {1953}
Migmatite 145 (W}  GrEENLAND and Lovermig
(1965)
Hornfels 150 (W) GrEENLAND and LovErmG
(1965)
Amphibolite, N. W. Aditondacks, 400 BuppmcTon and LEONARD
New York, (U.5.A.) (1962)
Amphibolite, N. W. Adirondacks, 300 BunpmiGron and LEONARD
New York, (U.5.A.) (1962)
Composite, meta-diorite and meta- 200 (w7 Boree (1961)

gabbro-dykes, Yellowknife (Canada)

@ Springee-Vexlag Betlin - Heldelberg 1574
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Chlorine 17-M-2

Table 17-M-2. Mean vales for chlorine in metamorpbic rocks (from compilation of JoHNs and

Huane, 1967)
Rock Number Chlorine content {ppm)
of samples
Range Mean
Schists 68 70—200 354
Gneisses 24 140—1,000 207
Amphibolites 16 100—460 300

show thae the chlorine content of amphibolites is fairly constant due, they suggest,
to the consistant mineralogy of these rocks.

It has been assumed by Jouns and Huang (1967) that chlorine is generally higher
in rocks rich in micas and amphiboles. Bovre (1961) thought that the chlorine of
metamorphics in the Yellowknife area of Canada, was likely to be present in apatite
and chlorde inclusions.

The chlorine content of biotites from gneisses was found by Haack (1969) to
be within tbe same range as those for granitic rocks. However, some hydroxysilicate
minerals from metamorphic rocks are extremely high in chlordoe (Lee, 1958). In
addition metasomatised rocks such as skarns can contain hydroxy minerals with
extremely high chlorine contents, e.g., Dashkesanitc,

Osrrova (1959) found between 100 and 500 {mean 230) ppm chlorine in seven
skarn samples from Tashbulak, U.5.8.R.

Fuce and Power (1969b) found between 498 and 1,760 (mean 904) ppm in six
xcpolith saniples from the granites of 5. W, England.

The chlorine contents of 53 amphibolite-greenschist rocks from the Dalradian aof
Scotland were found ro range between 63 and 430 (mean 130) ppm (X) (vAN DE
Kaump, 1970), while 5 pelites from the same series contained 85—210 {mean 129) ppm.

Fewised manuserip received : hiarch 1973



17-N-1 Chlorine

17-N. Behavior in Metamorphic Reactions

Boyie (1961) found little variation in the chlorine content of progressively
metarnorphosed roeks of the Yellowknife area; the average chlorine values for each
of the three facies types, amphibolite, epidote amphibolite and greenschist, were
300 ppm. Van pe Kamr (1970) found only slight variations with metamorphic grade
in the chlorine content of greenschist and amphibolite rocks of the Scottish Dalradian.

Only small increases of chlorine content were noted by Froyp 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 aiso noted that the contact
metamorphosed basics contained far more chlorine than regionally metamorphosed
rocks from the same arca; however, it must be botne in mind that the Land’s End
granite is chlorine-rich (Fuce and Power, 1969a).

During regional metamorphism, chlorine may be mobilised and enter newly
forming minerals such as scapolite and chlor-apatite. During progressive mctamorph-
ism of amphibolites in the N.W. Adirondacks, New York, the chlorine content of
hornblendes decreases (ENGEL and EnGEL, 1962).

Release of chlorine from minerals during progressive metamorphism could also
resulr 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 discusscd in Section 17-F.

Table 17-N-1. Chiorine content of some melomorphoied mafic and intermediate igneons rocks from
Cornwall, 5. W. England® (from Frovp and Fuce, 1973; method: C)

Rock type Number Chlorine content
of {ppm)
samples Range Mean
Confoct melamorphosed
Acunolite-bearing mafie homfelses 8 683—1,528 1,207
Hornblende-bearing mafic homfelses 18 700—2,129 1,355
Hornblende-bearing intermediate homfelses 9 460—2,090 1,253
Metasomatised
Anthophyllite-bearing magnesian hornfelses 5 216—360 280
Cummingstonite-bearing magnesian homfelses 15 240—1,373 945
Calc-silicate-bearing calcareous homfelses 4 232—1.450 956
Regionally metamorpbosed
Low-grade mew-dolerite-diabase 14 4—288 162
'» The conuct meamorphosed rocks are from the Land’s End granite aurcole, Peowith ﬂ
peninsula, Cornwall. Regionally metamorphosed rocks are from Cudden Poine, 5. Comish ( .

coast. (N.B. All of these samples were collected from coastal localities and therefore some
of the chlorine found may be due 1o conwmination.)

Revised manuieopt received: Murch 1973
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17-O. Relationship with Other Elements;
Economic Importance

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

Huane and Jouns (1967) found that the ratio CIfF decreases systematically from
basic to acidie racks. The ratio for ultramafic rocks is generally greater than one.

Fuce and Power (1968) have suggested thac during progressive alteration of
South-West England granitic rocks, the CIfF rado decreases.

Several workers have suggested that the BrfCl ratio of igneous rocks and volcanic
gases is fairly constant (Suciura, 1968; Yostupa ez al., 1971).

b) Relationship with Mineralisation
Ore-forming Auids, whatever their origin, are likely to be enriched in chlodne
(see Section 17-F). STOLLERY #/ al., (1971} suggest that the chlorine eontent of intcu-
sive rocks may be used as a possible prospecting tool. KesLER ef al. (1972) found that
high chlorine contents of plutonic rocks correlate with high copper values add thar

intrusives associated with mineralisation are chlodne-rich (see also KEster and Van
Loan, 1972).

II. Economic Importance

Chlorine has heen used extensively for the disinfecton of water supplies. It
finds wide usage io the manufacture of antiscptcs, 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 Hammono (1971) most industdally 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 dmes,
being aa essential ingredient of human and animal diets. In the Ancient world, salt
was a very important part of the economy and was even used as moaney (Encyclo-
paedia Britannica, 1962).

Sodium chloride is used as 2 seasoning ingredient of foods and a preservative
{or meats etc. As well as its culinary uses, salt is imporrant in industry, heing used for
the producton of sodium, chlorine, hydrochledc acid, sodium hydroxide, sodium
sulfate and other sodium salts. It also finds uses in the dyeing industry and in the
manufacture of soaps, paiats and ccments (Heesron, 1950; BorcuerT and Muir,
1964).

Revised monuscripn regeived; Alarch 1573
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