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).
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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)

auUNOIYD

g-a-L1



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

)



Chlorine ) 17-1-56

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
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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

D
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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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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
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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 -
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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
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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)
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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
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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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