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SCOPE AllD COr~T&~TS: 

The purpose of this thos:ts is to establish possible 

changes in the CI/Br ratio of ancient oceans over the pa.st 

2 x 109 years. Vru:-iations in the Cl/Br re.tio of carbonate 

rocks a.J:•e used to irdicate tho so changes. 

A socon:J.a.1~y object:i. vo of this thesis is to dotor~:1ine 

the clist:r:1.bution patterl1s of F in lim.ostones and dolonrttes. 

Va.riat:i.ons in tho F content of dolom.:.i.tes arc shoun to be 

related to onvil·orncmt of cloposi t:Lon and can be used to 

establish tho gonosis of dolomite. 

The codcsnts of tho thcds include; 1) a. cotl.Pl"Ghons:t VEl 

r "'V...L. e·r OJ·"' pc·c.-1-·l··~··eni: ]J"-'-t e••-~tn.~.·'"' 2) fl c'tJ·_~;·':'l .. ~,~·.·L0)1 of t.h"" .. ,~ro.1 .. u~· 
Q .~, ' · ....... • .. --·'·'""' ~--'-'t ~ ~ --~'-- • - -~- ~· 

tion of tho Cl/Br rc.tio of the occ,;.ns, .3) a.ppJj.ed:.ion of F in 
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ABSTRACT 

The geochemistries of F, Cl, and Br in the sedimentary carbonate 

systems from Recent to pre-Cambrian (2 x 109 years) age have been 

investigated. The investigation has shown: 

1. The Cl/Br ratio in the water soluble and acid soluble (0.48N Ht'J0
3

) 

extracts show progressive increases from 15/1 in the pre-Cambrian to 

appro:ximately 90/1 in Recen:t carbonates. This is interp:£•eted as indi~ 

eating an increase in the Cl/Br ratio of the ocean throughout geologic 

time. ~ geochemical mass balance has shoHn that the fractiona.tion has 

occurred in the sedimentary cycle. 

2. The Cl and Br occur largely in the water soluble phase, t-morea.s, J? 

occurs as a water insoluble phase. The order of water solubility is 

Cl>Br)F. 

3. Absolute Cl and Br abundances in limestones ar..d dolom:t tes are not 

sign:l..ficantly different; ho-vrever, aragonites contain signific.?.ntly more 

Cl and Br. Fluorine is enriched in aragonites and dolomites, but is 

not concentrated in limestones. 

4. Fluorine distributions in dolomite have bean· shom1 to be envil .. onment-

ally controlled. Refluxi.ng brines and precipitation of' Ca.F2 in sp0cific 

zones are suggested as the controJling mochard.sms. Interpretation of 

deposition.<U environ11ents and dolomite genesis on tho basis of F cont.smt 

are possible if used in conjunction with other geological data. 
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I.NTRODUC'riON 

The Problc:u 

Rubey (1951), LivirJ.gstone (1963a), and Horn and .Adams (1966) 

have shotm that the p:rinc:i.plo cations of sea -vrater (Na, K, Ca, Ug, etc.) 

and the vmjoz- elements in Sf::Xlimente.ry rocks (Si, AI., Fe, Ca, 1-lg, etc.) 

can ba derived from the llaathering of igneous rocks; 't'l'nile the 'l.·Jater of 

the oceans, the principle 8.nions of sea uater (Cl, so4, Br, and F), and 

a considerable part of the atmospheric gasses (N2 p co2 , o2 ) must havo 

been d€):F.lved from a different source. The "other sou:rce11 has been 

attribu .. ted to degassing of the earth1 s inter·i.or. 

The duration and d0£;a.ssifl..g re.te of the volatiles from tho depths 

of the earth are still.. unresol vecl; how·ever, it is gene:r<:lly accepted 

that tho oceans have accum.u.late.d by slC'ri·T degassing em that the comp.. 

osition of the ocean has been rela.ti vely w.d.form since the beginrrl..ng 

of pre-Crunl:n.':i.an time. The ir:1plic:ation is that the ocean is, and has 

been, in dyP ... amic cr~u.:i.librium for sone tim.e, uith in1mt bala.P..ced by 

re.'1loval (Holland, 1965). HoHever, in recent. years, several linos of 

evidence have i.ndicated thl?.t the chcm.i.cru. composition of the ocean has 

changed. Kras:i.nt.sov·r. (j,96l:·) repor·ted Cl/Br ratios of 50/1 fo:;.• sE:di-

mentary rocks of L. C[~m.br:i.m1 age fron. the Russian P.latfoYJ.n and v2lues 

of 290/1 fo:r:- the P.Li.ocone 11cd Beds of Tu:do:u.eni.a, and interprets t.hi.s 

as ropresont..ing a. ch2.nge :i.n t.b.e Gl/Br ratio of sea lrator since Cr;.:.·nb:dan 

time. If the CL/Br ratio of soa vTatc:l:' has increaBed from some unl;:nuY·rn 

va.luo to the p:t'8se.nt V.rl.luo of 292/1, hou h!',S this change b0en b:t:ougb:t 

1 
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about and uhat t-ms the c:J./Br ratio of the pre-Cambrian ocean! 

It is proposed in this study that the Cl/Br ratio of the pre­

Cambrian ocean ~cras equal to the Cl/Bx· ratio of the degassing materials, 

which is estimated to be approximately 60/1. The value of 60/1 vms 

selected as this value is representative of the Cl/Br ratio of igneous 

rocks. During crystillization of a magma, the volatile constituents 

accumuJ.ate in the late stage fractionates and are expelled in this 

gaseous and liquid residue. .Assuming that mv.gma. is the only source of 

material for the volatiles, the ratio of c:J.../B1• in the primit:i.ve ocean 

-vrould be Equal to the Cl/Bl" ratio of the late stage fractiomrtes. As 

discussed in a le.te:~ section; geologic<?J. evidence i:r.ilicates that the 

Cl/Br ratio of igneous rocks docs not v-ary during crystaJ.Jj.ze.tion of a 

magma. It is a reasonable assumption that the ratio of 60/1 in igneous 

rocks is represerrta.tive of the late stage fre.ctionates, t.'h..i..ch p.:i.~eslllunbly 

represent the degassing ma.teri2J.s. Other models using the Cl/Br ratio 

of chondrite metoorltes could acsume a different i1D.tiol Cl/Br ratio in 

the pre--Cambr:.i.<?~n sea. 

Several assumptions must be m.ade: 1) the Cl/Br :r·at:i.o of the 

degassing :ma.ter:lels has l~Ecma:ined constant, 2) the volmne of the original 

ocoe.n uas s:u<>~l (Hu.bey (1951) estimates the volum.o to be 10% of the 

preserk ocean) c.l¥.1/ or tho Cl/Br ratio of the p:~.,·i Y'.rl.t:i.ve ocean vras similar 

to tlw.t of tho degassing mate:dPJ., arrl 3) a uniform. rate of degassing. 

The q uest.ion non ari scs as to hot-r aul uhen the fra,ctiot.':'l.tion 

occur1·cd o,nd ho~·~ to demonstrate this f1•a.ctionation in t.he geologic 

recm:'Cl. Ii' the Cl/ .b'r ratio of the ocean has :i.ncrc.ased over the p<wt 

9 
2 x 10 ye~>:rs o:..~ lol'1-0Cl', i. t uould seam rcasonobJ.e to expoct tho Cl/B:t• 
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been selected to define che.nges :ln t.ho Cl/Bl .. ratio of sea "E'J.tel~ ovm.~ the 

past 2 :li: 1 o9 
yer::t ;;·so 

tiou of sea I'Jt'..tor should be reflected :tn the halogen :1.'2-tios of these 

e:x:t.ensivop ·t.he Cl/B:r: ra:t.io of e . .ncient. carbontrtes is ;,'Eil:xt.cd to the 

ever~ only pa:c·t. of the Br in ox·ea.nic mattcn· is relcaec-:1 into solt::.t.:ion. 

The o:rga.ni.c ma:t::1::e:t: contor.d.:. is further rd .. uced by ctnution vlt.h sedin:.ont 

should give a bd:.t.m.~ estimate of the Cl/B):' ratio of tho lJD.t£r•s of 

deposition th~.n tho acid ~~olublo fre.ctiono 

is p:;;•obably onl~· slightly af'fE:ct.scl by o::>grurtsi~ls. 



carbonates must be kno1m if the relationship of these ratios to sea 

water is to be corre-~tly interpreted. This problem is considere-d in 

the present study by exazrJ.:ining carbonates rllrl.ch have been subjected to 

various degrees of diagenesis. 

A geochemical mass balance of Cl and Br in the sedi..mentary 

env.iron~ent is presented to evaluate the possibility of fractionation 

'Within the normal sedimentary cycle. 

Throughout the text, the subscripts T and H refer to the acid 

soluble and water soluble fractions respectively. 

Source of Excess Cl and Br 

'It has been implied that the Cl and Br originated from the 

earth's interior (mantle and COl'e). Is there a sufficiently large 

reservoir of Cl and Br in tho mc..ntlo and core to supply the eY..ces::; in 

the lithosphere-hydrosphere system? 

Urey (1952) proposed that the earth accum.ulated from planet­

esimals of silicates arrl iron objects 1d.:l;,h approrlmately the sa.rne 

composition as present day meteorites. Urey1 s concept of planetesimal 

accumulation is the basis for estimating primordial earth halogen 

abund.anc es. 

4 

Assuming that iron meteorites and siliceous meteorites (pal·tic­

ularly carbonaceous chondrites) are representative of the material 

making up the oarth's core and mantle respectively, the availability of 

Cl and Br may be estima.tedo vlith these assumptions, average halogen 

abundances in carbonaceous cho.r..dl"ites a11d iron meteorites presented in 

Table 1, and masses of 4 x 1027 g for the coro 
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alrl mantle respectively, one arrives at the follo-vrl.ng halogen abundances: 

Core Hantle * 

Cl 1600 X 1020 g ~OOQ X 1021 g 

Br 4 X 1020 g 6? X 1021 g 

* Data of Reed arid Allen (I9b6) and Goles et aJ.. (1967). 

The masses of Cl and Br present in the litho sphere-hydrosphere 

system are 290 x 1020 
g and 170x 1020 

g respectively (Table 21). The 

amoWlts of Cl and Br contributed to the lithosphere-hydrosphere system 

by weathering of igneous rocksare .5 x 1020 g Cl and 8 x 1018 g Br, 

resulting in an excess of 290 x 1020 g Cl ani 160 x 1ol8 g Br. It 

would take less than 3% of the mass of the mantle to supply all the 

excess Cl an:.i Br. The choice of carbonaceous cho.P.dri tes or ordinary 

cholrlri tes as· representative of the mantle has no effect on the amounts 

of Cl and Br available. 

TABLE 1 

Halogen .Abu..rldances in Heteorites 

Type N Cl ppm Br P.F£11 Cl/Br Reference 

Carbonaceous chomrites 2 28.5 6.5 4.4 Reed. and A1J.en 
(1966) 

Type 1 carbonaceous 4 772 4.0 197 Golas et al. 
(1967) 

Type 2 carbonaceous 4 335 1.9 180 Golas et al. 
(1967) 

Enstatite chondrites 20 131 0.9 1.52 Golas et aJ.. 
(1967) 

Iron meteorites 4 40 o.o9 lt26 Goles e~ al. 
(1967) 

N = number of samples. 



TABLE 2 

.Equilibrium Reactions Controlling pH an:l Distribution of Br Species in Sea Water 

Reaction 

1. 3Brz(g) + 3H2o ::::::::;;; 

.5Br- + Br0
3
- + 6H+ · 

2. 2Br2(g) + 2HzO :=:;; 
- + 4Br + 4H + o2 (g) 

..., c co ....:___ 2+ 2-:>· a 3 ----;;. ca + co3 

4. co2(g) + HzO =:::::; co2(aq) + H2o 

- + 2-5. HC03 ~ H + co3 

- + 6. co2(aq) + H20 ~ HC03 + H 

T (°C) 

2.5 

2.5 

.5 

.5 

.5 

.5 

El uilibrlum Constant •:< 

K= 

K= 

K = c 

K = 0 

[Dr-] .5 ~r03J LH+] 6 -33.19 -=----=---=--- = 10 - -3 lpBrzJ 
[BrJ

4
\}l+] 4 [PoJ = 

10
9.9 

~Br~ 2 

r: 2+J r: 24 -8.09 
~a Lco3 J = 10 

@o2(aq~ = 
10

1.19 

rc02(g~ 
[.a+] [co':/,2-J -10.6 

K = "' = 10 2 [Hco3 -J 
r a+ir co 2-] -6 .52 
L J- 3 - 10 • K = ~ -

1 [co2(aq~ 

Reference 

Latimer (19.52) 

Latimer (19.52) 

Kramer (1964) 

Kramer (1964) 

Kramer ( 1964) 

Kramer ( 1964) 

* All concentrations in moles/litre except o2(g)' Br2(g)' an:l co2(g) "t'lhich are given in atmospheres. 

~ 
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Oxidation State of Br in the Oceanic System 

The che11ri.c8l behavior of Br in the oceanic system is of consid­

erable importance in the discussion of the c:l/Br ratio in the pre-

Cambrian seas. Because Br is present as a minor constituent, small 

changes in its absolute abundance 1dll have a significant effect on the 

Cl/Br ratio, particularly if the conditions are favorable for the exist-

ance of Br
2

• The species present in the aqueous phase are depement 

upon reactions of Br vlith H+, H
2
o, and o

2
• It is critical to establish 

the limits of Iii am P02 in the system under considerntion, and to 

determine the relative abundances of the various Br species. 

, The reactions controlli.ng the pH of sea water and the oxidation 

state of Br are s1..umna.rized in Table 2. The upper and. loue1~ limits of 

TABLE 3 

Pco
2 

(atm) P
02 

(atm) pH Predo:m.i.nant Br Reaction 
Species (> 99%) (Table 2) 

Recent 10-3•5 10-0.7 ·8.20 Br- 2 

pre-Cambrian 1 ? *6.07 Br03 and Br- 1 

pre-Cambrian 1 10-68 6.07 Br 2 

(Reactions 3, 4, .5, and 6 of Table 2). 

r:ca2+] This model assumes no other ions p:('esent, therefore, l\ 
replaced by ( [co

3
2-J[H+J /Z) K

2
• 

is 
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The upper limit of 1 atmosphere PCOz is the limit determined by 

the gravltationa.l constant an..d. the limit at 't'Ihich life forms can exist. 

The abundance of algae in the time interval considered indicates that 

the P 
002 

Has probably loHer t.l-J.an 1 atra.osphere. The loHer limit of P
02 

has been taken as the P
02 

necessary to oxidize magnetite to hematite 

( -68 ) 10 atmospheres • The pre-Cambrian iron ores indicate a P
02 

of at 

least 10-68• The pH of the pre-Cambrian se8.s is calculated to be 6.07 

at a PCOz of 1 atmosphere. 

The predominant species of Br present under varying conditions 

of pH and P
02 

are smnmarized in Table ). The species of Br
2 

is important 

only below a pH of about 5. 9. The Br in the present ocean is in the 

form. of Br-, vJhi.ch is also the predominant form of Br in the pl~e-Catilbrian 

seas. 



PREVIOUS GIDCHHITCliL DKrA FOR THE IIAtOGillJS 

The pu.blisho::l data on halogen gooch6<1.dstry are bA.":i.efly revieHed. 

Only the data which are pertinent to the mo.:lels and. concepts developed 

in the pre::;ent study are di:;;cussecl. 'l'h:i.s includes halogen data on the 

follo1-ring: 1) carbonate :rocks, 2) ignoous :rocks, ani J) biogeochemistry. 

A :revie1·1 of the previous investigations of cher.J.ical changes in the 

ancient oceans is also included as these are per-tinent to the concept 

of a steo.dy state ocean.i.c system since pro-Cambrian time. 

Investigations of the geochenrl..stry of the halogens up to 1961 

have been smr.ma-izs'Ci by Correns ( 1961). Fleischer and Robinson ( 1963) 

:rev:i..ew·ed the geochem.:i.stry of F. The most recent Slllll:'71D.1'Y of t.!w e;eoe:hcm-

istry of Cl h~.s been Freseuted by Johns and Huang (1967) & 

The percentage abundances of the halogens in tho earth's crust~ 

1967). .Abundances of the halogens in various matoriaJ.s of the earth's 

crust arc givon in To.b1e 1,~. 

The gooch~1ical cycle of F is cssentlelly tral1Sl)OJ:tntion to the 

sea. a.n:l deposition as Ca.F2 or co2-F-apat.ite (Rankama and SahDl>l~, 1950). 

The bulk of the Cl car1-d.e:d to the see. ronwins in solution &.s tho Cl- :i.on. 

Br roma:1.ns J..a:cgc-J.y in solution in sea 1-rater with pal'tiaJ. rc ..... incorporat.j.on 

into sedimoncs by means of organic mechanisms. The concentrat.:i.ons of 1", 

Cl, and Br in so a uater m:•e 1 • .3.5 ppm, 19, 000 ppm, fl.nd 6 5 pp:cn l'ospcct:lvol;y 

9 
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TPJ3LE 4 

Halogen Abundnnces in Various .Ha.terials of the Earth's Crust 

Rock TY}Je li' (prxil) C,'l (pp:n) Br (ppm) Refer-once 

Deep-Sea Sedi.r;1ents 69) Shepherd (191-J-O) 

Sandst.ones and 357 60 2.0 H2.nsen ( :t96i) 
Quartzites Correns (19Gi) 

Globigol~na Ooze 387 Co:l.'J:'011S (1961) 

GreJ1·<acke 211 6) 6.2 Se:t'o.phirn ( 19 51) 
J.i'J..eischer and 
Robinson (1963) 

Bentonite 5980 Kloischor e.nd 
RobinsoJ~ ( 1963) 

Shalo 732 255 4.4 Cor:cens (J.961) 
Barth m1d. Bruun 
(191+5) 

Coal 80 77 4.7 C1·ossley (191;1}) 

Phosphorites 20950 Kuroda nnd 
Snndell (1953) 

Bau.xito 90 686 2.3 Behno (1953) 

Gypsv..m 6.58 300 Ste'cre.:r·t (1963) 
Cor;;:ens (:t961) 

A.nhydl'ite 500 10000 20 Stounrt. (1963) 
Co:r~rons (1961) 

Sea llator· 1.l}· 19000 65 Hoo:d.ng e.nd 
Parker (1961) 
Hason (1964) 



11 

Geochemistry of the Halogens in Carbonate Rocks 

The geochemistry of Cl in calcareous sediments is la't"gely that 

of soluble chloride salts ( Correns, 1961). Correns report.s aver.ages of 

745 PJXIl and 152 ppm Cl in dolomites and limestones respectively. Johns 

and Huang (1967) repol•t averages of 659 pJX1 and 1.31 ppn Cl for dolom..i..tos 

and limestones respectively. Sample sizes in both cases are less than 

· ten, and both e:uthors use essentially the s8.me sources of data. Correns 

(1961) suggested that the difference in Cl conterrt. nw.y give an indication 

of the nature of the solutions active in bringing about dolo21rl.t:i.zation. 

Johns and Huang ( 1967) point out that it is still not know11 lrhethor the 

Cl in carbon::-.tes is present in fluid inclusions, 'td .. thin the carbonate 

lattice, or in the clay minol'al impurities. 

The mode of occurence of Br and F in carbonates is not kno"l'm. 

Tho average ofroportsd Br values in dolorr.i tes and JjJilei-rt:.ou;s are 11 • .3 pp.m 

ani Lr.8 ppm respectively ( Co1•rens, 1961). 

The average of reported F values in dolomites v.rd l:J.x1estones 

are Zlfl+ ppm and 345 pJ:..>:.n respectively (averages f:rcm Table 5). Averages 

reported by various ·uorkers are s1.1.llilllal'izod in Table 5. 

Considerable overlap o..'Ci.sts botueen the limestones and dolo;:;.ites. 

Tho ve.riatiOJ1 is not surpr:i.sir>.g in vicil of the fact. that l:i.t·l:.lo infor­

mation is gi \ren about the nti.nerelogy of the sam}iLos. AverD.[!,es g:i. von 

are a.r:i thm.etic means 11hich may not represent the bost estilflate of the 

F content. The lc:w.•e;e vari;;.tions are difficult to explai..n -vri.thoat more 

detills rega::cd:lng the natl..U'O of the samples ar.,'iJ..yzcd. It is not krJO'iJ11 

if the samp].crJ labcl.J .. ed 11 l:i.nestono11 contai.n apprecinble r.r.1ounts of clay 

minorCJJ., cr ho-;·r mu .. -:h do1om:Lt.6 is present in the carbor::'1to f).•action. 
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TABLE 5 

F Content of Carbon:J.te Rocks: 
A Compariaon of Averages of Various Investigators 

Reference Sa.YUple Size Average F (pp.u) 

Limeston0 I<:Leischer and. Robinson (1963) 98 220 

Danilova (1949) 9 227 

Jeffries (1951) 28 340 

Kokubu ( 19 56) 30 98 

Koritnig (1951) 12 240 
Ebe1-ius and Koiw.lski (1952) 

Hichael e..nd Blume (1952) 7 940 

Seraphim (1951) 6 90 

Dolornite Fleischer a."ld Hob:'t.nson (1963) 14 200 

Danilova (1949) 10 250 

Jeffrios (1.9 51) 2 390 

Ko:citrd.g (195:t) 2 180 

Gooch.<:-I.ni::d.-.ry of the H.?J.ogens in IgnGous Rocks 

The majOl':i.ty of the pub]_ished daJ~a for the halogens in igno01.1.s 

rocks has been fo:.t• F and Cl.. Johns ar.d Huang ( 1967) repo1•t an avern.;;e 

of 185 pp:J Cl :i.n ign0ous rocks, based on 2 P<-"-X'"Cs felsic ar.d 1 part 

mafic. Ku.roda and Sru1deD. (195.3) report. aver<>.e,es of 220 pp:11, 210 p_r::m, 

an:i 140 pp:u Cl in gr&,nitic roc1\:s, gabbros, aLxl ba::wJ.ts and d:i.D.basos 

respecti voly. Eai.·ley ( 19 !)E;) :t•epo:t'ts e.n a-;.•erngo of 200 ppm Cl in igneous 

rocks including gabbros, ba.sa_l.ts, and diabasese The renge rep:n·t.ed by 

thes8 authors is from 50 ppm C.l to grenter than 3, 000 ppn C.l.. The Br 

coDtont. of :i.encons l'Ocks reported by Corrons (196t) :1.s 3.0 pp:<r. Ku·c:.xb 
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and Sanrlell (1953) and Greonlard ~.nd Lovol•inz (1966) have shoim that 

there is no m.a.rkd. trend for Cl in differentiation of co::nr11on igneous 

rocks. Becau.se of the similarity of the chcnrl.cal cha.l"'actel~istics of C1 

and Br, it i~ reasonable to assume that Br follOi·rs C,'l in its beha.vlor 

in igneous rocks. AlthoUgh there is no apparent halogen fractionation 

1>1itbin tho solid phases, there must be a fractionat,ion bet·ueen the 

solid an:l liquid phases resulting in increasing halogen concentration 

in the residuc?J. fluids. It is assumed that there is no fractionation 

of Cl and Br in the liquid phase, ru:d. that the CJ./Br ra.tio in the solid 

phase is the s~uno as the CJ./Br ratio in tho liquid phase. 

Kogarko arrl Gulya.ycva (1965), in a study of the allwJ.ic rocks 

of the Lovozero massif, found the helogens to occm~ in the follcnlng 

modes; 1) ix:depGndent minereJ.s (villi.aunJite, sodalite), 2) isOl1lOX·phous 

substitution of F cnd. Cl- for OH- <:tnd o2
- in sili.cate IPj.norals, 3) Br 

substitution for Cl in sodali te and eudielyte, and 1+) F substitution 

- -·~~, o2- . ~ . b 1 • i for OH tw..I!...J. :1.11 e:rnp .. u o_.es and apa.tj,t.e. The govor.rD.ng factor is or>.ic 

radius, 'tlaich are (for six-fold coordination) (Pauling, 1960): 

Ion Rad:i.us (~) 

0 
2- 1.1.:-0 

oa 1.4·0 

It'- 1.36 

Cl- 1.81 

Br 1o9.') 

, . . , - ...,- --- 2- . "'. . ..L. morphous suJxn:,:t..tl).:ta.on or Cl and F fo:..• Ou ar.d 0 J.n a mfferont:!.a.l,d. 



tholeiitic nw.onao No fractionation of Cl .,ms four.d; hotrever, F vias 

found to be e.nriched in tho more mafic differentiates. 

The F concent:t·o.tion of igneous rocks is variable, generally 

being enriched in basalts a.nd ultramafic rocks (Corrons, 1961), reflect-

ing F enricl1.Jaent in ferromagnesian sj~ica.tes. Correns reports e.n 

average F cont. ant of 700 ppnt for igneous rocks. 

Biogoochemistl•y of the Halogens 

Organisms are lmom1 to concentrate the halogens, the dogree of 

concentl·a:t.ion being depel'"l.dent on;1) species, 2) halogen content of soil, 

and 3) halogen content of surrottr.tding media (gaseous ar.d liquid). Data 

of halogen aburrlancos in Va.1-ious organisms are smnmarized. in l'ablo 6 .. 

The mode of occurrence of F in the skeletal mateJ.•te.l is thought 

to be Ca1<'2 Ol' ca.10(.tu4)6lr
2

• The carbonate shells of marine orgo.ni&'l'.s 

are generrlly poo:c j_n phosphate. Shell8 of 17 spacies of lamellibranchs 

from the Black Sea contai.ncd botueen 0.004% arrl 0.02;~ P2o5 (Glagoleva, 

1961). On the basi~ of those lou P2o5 contents, Ca10(roL~)6F2 !n.;'l.Y not 

be the most iruportan.t, form of F in s..l-J.ills. Louenst.am and HcCon .. "lell 

( 1968) have idcrr'ci.ficd. Cal~ in sta.tholi ths of Recent mar:ine mysid 

Cl"'U.st2.ceans e.nd. t.ccr'c.:.i.branch gastropods. Ct:'Ji'2 may be the prcdolu..i.nant 

form of F :i.n skolotal me.t.o:t:1.8.l fo:;_• the major taxonomic groups. 

lT'lt..or:tne occm~s as a salt of .fl.uoron.cetic acid or t:ts fluo-oloic 

othert-rise 1.tnlmoun (Fleiseher and Robinson, 1963). 

Chlo:-cin0 :i.s prc;ssnt to some a-dent in most pl<:> .. rrts a:nd. an.i.mals, 

b . -1. • l . . "" t' . . 0 t e~.ng r:tore concEJnt',rat.c:: J.n o:c-gam.sns ..LrOlil ne mar:tne env.Lr .nmon • Only 
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T.AELE 6 

Halogen ./l.bundances in Vax1.ous OrgaP.isms 

Organism F (ppm) 

Theacea 758-3060 
(toa plant) 

*Dichapetoi!lcyruosu.m 150 

**Holluscs 

Lingula 15200 

Ostrea J0-120 

Hytilus J0-120 

**Helix JO 
(land snail) 

**Corals 

Sponges 

Sea-ueed 

PJ.gae 

* - a. pla.trl:.. 

Cl (ppm) Br (ppu) 

J.:.00-2000 
(dry l!w.tter) 

4 - 5'P 
(ash) 

2300-
26000 
(soft 
parts) 

480-1200 

46-1300 

Referenco 

Rankama and 
Sahama (1950) 

R~nkama and 
Sahe.ma (1950) 

Correns (1961) 

Chatin and Huntz 
(1895) 

Chatin and Hu.ntz 
(1895) 

i:>el·i.vunov (1939) 

Chatin aiY1 Huntz 
(1895) 

Vinogradov (1953), 
HcCance ani HB.stw.·s, 
(1937), Lo;.r (1951), 
Co:~:·rons ( 1961) 

Vinogradov (1953) 

Vinogradov (1953) 

Halters (1967) 

>:<* - deta a1•e for skeletal ma.torial unless other"l·rise noted. 



limited data aro available on the Cl contents of tho soft parts of 

shelled organisms, and data are non-e::r.:.i.stant for CJ. in calcareous skel­

etal mat0rial. ThE.• soft parts of marine organisms contein 0.057~ to 

1.0% Cl in the living matter (Vinogradov, 1953; McCance and Hasters, 

1937). 

The occnrrence of the hc..logons in the soft par-ts of V.?.riou.s 

orgar>.isms is t-Toll established; houovol~t the mode of occurren.~e is not. 

Craigie and G:r-uEH1.i.g (1967) identified 3,5-c.libromo-p-hydrox;ybenzyl 

alcohol and. 2,J-dj.brom.o-4,5-dihydroxybenzyl alcohol in both Or..clonthfLl:1.a. 

dentata. and Rhodo:nela confcr-voides. AshHorth and Cormier (1967) isolated 

.2,6-dibromophenol from the l1l&rine hem:tchorclate Ba.lenoglasstw ~~p.n~ensis~ 

Dibror,1ophenols appear to be importe.nt o:;•gani.c compounds in the soft 

pa...'t'ts of ma:d.ne organ.i.s111s. Brorr:tne occuJ:'s :i.n the forrrl of 6,6~,dibro:110-

Pu.rpul'.3:. ~per~ from the ues·~ coast oi' Herlco, and in 1-:r.i.doly d.istr-lbutod 

species of Pu.:r.};ure •. lapillus. (F-... 'ied..1unde:•p 1909; 1922). 

The mode of occur:cen:::e of Br in ha,rd parts of shelled orgarr'.LS!11S 

has not been definitely established, ~lthough its occurJ."'ence as bro1no­

organic compounds has been sue;gesti?'.-d by Vino.:;rHdov (195:3). Halters 

(1967) fou .. nd that a large portion of the Br and lesse:;.• .?JJlOl..mts of C). :tn 

several marine orge.Di&ns are insoluble in djlute NHLJ.NOJ and dist::' ... 11c:d 

-vmte1•., The tyrosi:nes a.':ld phenols of Br are ve:•y soluble in ~J~ .. ter 

-vJhich uou..ld snggost that the soluble o:cganic compounds are not present. 

to any lm·ge oxtE":nt :i.n the shalls. Houever, insoluble Br compounds 

may be impo:t·tart.. 



Evidence of Changes in the Che..'llical. Composition of Sea Hater 

Several lines of evidence suggest small, but real, changes in 

the chenrtca..l cozuposition of the oceans throughout geologic time. 
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Lane (1908) thought that connate -vroters of sedirr.Lerrt.s t-rould 

represent the compos:i. tion of the original tfater in which the sediments 

"t-re:r.e deposited. HoHeYer, many physical and chemical processes .have 

been modifying sediments since deposition, modifying the connate 'Haters, 

an:l ter.ding to establish sediment-i'roter o:::ttLi.libriu::r... These processes 

include base exchange, dololili tization, evaporc:>.t:i.on, sulphate reduction, 

h~·ation and recl~stallization of cl~ minerals, adsorption, and mix­

ing of foreign wa:t.ers. 

Chave ( 1960) irNestigated. the chelll:istry of corma.te brines of 

ancient basins as in~icators of the cheml.cal composition of ancient 

sea -vmter. The dissolved solid content of s1.,bsUY.'face brines ranses 

from 0 ppm to llJ.ore than 3 x 105 p;m. Chave investigated orJ.y those 

br-lnos containing more than 19, 000 ppm dissolved solids, as these 

brines trould probably not. have been diluted by meteox1.c waters. Cha.ve 

concluded that thsre :tD no evldonce fro:n s-u.bsu:rface waters to suggest 

change::; in the relative proportions of the major dissolved ions in sea. 

vmter since pre-Co;nbrlan time. Reactions of carbonate, sulfate, and 

clay m::i.norcls u:i.th 112.ter can explain the observGd differences from sea 

watoro He also concluded th.?:c no e1ridence conce::::'ning the absolute 

concentl·ations of ions in c?.ncierr'o.:. sea t-rator could be obtoined from 

subsurface 1-1ators. 

Clayton et eJ.!. (1966) studied the isotopic compos:i.tion of oil-

field brines from J.D.:i.nois, Hich.:i.g.?..l1: Albc:t•Ga: a.1.d the Gu.l.:f Co<:>.st. 
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They concluded that most of the br1.nes -vmre probably of local meteoric 

origin and did not represent true fossil sea 1-mter. 

Sedir..tentary rocks of certain ~.ges appear to have distinctive 

chemical and minaralogicaJ. characteristics over ldde areas. The most 

notable is the abundance of stratiform siliceous iron formations of 

pre.'-Camhl·ian age and their general absence in post pre-Ce.!nbrian rocks. 

Govett (1966) suggests that the pre-Cambrian banded iron fo:o.:-maticns -v;ere 

formed in a lacustrine Ol" closed-basin environment. \-Jea.thering processes 

and a change in the character of the earth's crust are suggested as being 

responsible for the formation of the iron formations of pro-Cambr·ia.n a.ge 

and their absence in post pre-Ct.mbrian. 

Vinograd.ov and Ronov (1956) investigated the changes in the 

chemcial composition of clays from the Hussian Elatfor111 lf..th. geologic 

age. They r0port a t"tiO-foJ.d decrease in K ~md. a slight increase in La 

in y01.mger rocks, an increase in tho Ca/H.g ratio, an:l a. decrease in Si 

and Ti since pre--Carrlbrian tin10. Heaver (1967) found the same genGraJ. 

trend for K a1:rl l~a in clays, and suggested that a change from K to lla 

fixation occurred at the er.d of tho Paleozoic. \·leavor attributes this 

change to an increase in Na and. possibly Hg in soa ua.ter 1 causocl by 

tho rapid development of plant life an:l an increase in soil a.cid:i. ty. 

Holser and. l~apl~ (1966) have suwuarizecl prev.i.ous sulfur iso·topo 

data and have sho~.;n that tho isotopic composition of ocoani.c sulfate 

has V3.1'ieD. since late pre-Canb~'ian time. 'l'hoir Yi-s/32s vs. t:Lme cm·ve 

34 -
shoHs a general trar.d to"t-rard increasing S in the oceanic system 1rlth 

younger r·ockso 

( 
• r 13 •· 18 Keith and Hobo:r 1963) investigated the ch;:mgcs :t.nz.'> C a:c.d ,-, o-
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vs geologic age in marine J.il;1estones. They repo1•ted that. "no great 

change has occtu~red in the carbon isotopic composition of ma1'ine bicru.·b-

onate over geolog;ic tiin.e , and. that oxygen isotopic co:c;JlJOsi tions of 

marine limestones e;dubit a p1•ogressive increase in average 60
18 

I/ 

content from the oldest to youngest e.ge groups. Scatter in their data 

is due na:tn.1y to post-deposi tion..:u l'ecrystalliz.ation and oxygen exchange 

in the presence of i·Jaters different f'rom those of tho origincl onvl:;:·Ol'"J" 

ment. Hean o o18 varied from -9.7 per mil to -1.2 per mil for Croabrian 

and Qua.tern~'W:'Y respectively. 

\-Ieber ( 1967) atte.mpted to shoH, n small but possibly reo.l vo.ri-

ations in the ce .. rbon isotopic coru.posi tion of the active excha:r..ge 

reservoir throughout geologic time11 • The develop;nent and cli.stribution 

of lar:d plants are suggE)sted as being responsible for this i'ractionation. 

Krasintseva (i96L~) proposed that the CJ./Br rat:io of oceanic 

water has increased tru•oughout geolog-lc tine. Release of excess mounts 

of Cl dLU"ing volca .. ;·:d.c acti v-i. ty an.O. Cl/Br fr.1.ctionation in soils are the 

mechanisms propos od by Krc.sintseva to bring about the incr0assd Cl/Jr 

ratio of the oceans. Krasin'cseva folmd the Cl/Br ratio of ELiocen.:' Il.sd 

Beds to be 270/1 (two an.?J.yses) conparE'.d to a ratio of 52/1 for Louer 

Cambrian rockso Ho-vJever, only limited data e.re aYO.:Llable. 

The invost.ir;ations cited above demonstrate that ch..".nges in tho 

chemiccl composition of the oceans ove1' the past 2 x 109 years are 

possib}.e, and have probably occurred. The oce?;n 111ay not be in dyn;:Lrl.c 

equilib1'ium 'Hith respect to ill :i.ts che:nical const.~itnents. Each 

chemical component lYUJ.st bo c011sj.de:r·cd sepm·ately. HinGral-Hater react-

ions 11.i.:U hr~ve little effGct o.n tho contents o.f Cl mxl Br in sea u;::ter. 



SAHPLING .AJ'1D S.AHI1.E PRF.PJJWi'ION 

Sampling 

Recent marine and fresh water shelled organisms vJere collected 

from a vro·ioty of vddespread locations in the eastern United States 

a.r.d. along the Atlantic coast. All the fresh uater 01~gan:i.sms lmre 

collected alive; hotiever, several of the mro:-:in9 shells vrore collected 

af'ter the 01·ganism had died. The Helimeda sp.. uas collected alive. 

Sample descriptions are gi Yen in Appendix I. 

The cro•bon.a.to rocks 'l.·rere obtained from several sov .. J:•ces e.nd 

include outcrop ani C01'0 sa..il.ples fron vr.i..despl1 end geographic locr,tions. 

About 705& of the samples w..alyzed •·rere collected by the author. Do.ring 

outcrop salil).il.ing, only fresh and v.i.:.~ibly umroa.the:ced sr.mples Kc.re 

taken. Sample size rru1god fro::11 500 g to 1000 g. 

All the core s<:l.mploF:, except those of the X~scr-:Les, vrero ch:i.p 

samples.. Chips were taken approxi111atoly every foot over tho core 

interval recor-ded for each sample. Sam.ples WE)ro app:r:·o:draately 100 g 

in size. 

Core fJamples of the X- series Here se.m.pled by means of a specicCUy 

constructed grin:l.i.ng wheel tib.ich cnt a continuous groove over the COl'G 

interval recorded fo:.:- e~ch sam.p .. l.e. The 5 - 10 g sample obtained 1ras 

-.300 lrresh in g:-..-.:dn sizo. E--:1ch sample 1m.s blo:r . .ded in a Lfig~L-Bug blen::lo::r 

for 10 :minutes to onstll"o ho:.nogeneityo 

Seventy control se.mplos of dolomites f:eom the X··sox1.es ropl~esent~ 

ing supl'D.:t.idal~ :'Lntort.ida.lr turbulent st~btida.l, ar:.d quj.ot le.goonal 

20 
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environments have been selected to dete1•mine the envil•On..'Tiental control 

on .F distr-ibut.:ion in carbonates. The dolomites selectsd ·Hare dolorniti:z.cd. 

by refiuxi.ng b:rinen~ sim.i.lm· to processes forming recent dolomite (Geo­

logical staff, Gulf Oil Canada, Calgary; psrsorcl communication). 

Sources of samples, o~cher than those collected by the author, 

are as folious: 

Recent - Pleistocene sh.eJ~ mate:ciaJ. - Dr. F. T. Hackenzie 

Recent carbon9.tes - Dr. A. D. Baillie and E. A. Shinn 

X-series core samples and Halimeda sp. - Dr. A. D. Baillie 

Hidway core mate:t'ia 1 - Dr. H. S. Ladd 

Cambrian and Ordoviciun outcrop samples - Dr. H. L. Keith 

pre-CD.lllbrian D·.ssries st.rnples - Dr. H. P. Schuarcz 

pre-Cambrian r.1arbles - Dr. T. T. Quirke, Jr. 

Cretaceous samples - Dr. Gcl.o K. Billings and Dr. c. Eoore 

Shell material - Dr. R. C. Harriss. 

Complete det~lils of cll sauples ara pl~esont.ed in Appendix I. 

Selection of Sa.mplos 

'rhe ma.jor c:d.terion Has to obtain a single phase (celcito Ol' 

dolomite) so as to obsorYe fre.ctionation of Cl ani Br in the onG phase 

only. The ce.rbon0.te seJllples investigated 1-:0re div:'Lckd j.nto tt~o groups: 

dolo;nites an11imostone::;. Those samples classifj.cd as dolomites contdn 

gre<:1.tor than 90~$ dolomite, a.nd the s:J.lllplcs classified as lj.mestonss 

contt"dn greater than 90% ca.l..cite in their respective carbon:;~.te fractj_ons. 

No q u~:mti tati ve nn.ns:;.•alogy dotcrm:i.nations uore n1:1d0. Hinerel abundance 

estimates 'I-J8:t'a based on v:1..su3l cxf.l.m:'Lw..ttj_c·n of X~ro.y di:ffractogra:ts and 
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are qualitative. 

SamPle Preparation 

The samPles were first crushed to approximately 66 mm size in 

a Chipnunk grinder. Each shell and carbonate sample was then ground 

in a Specs Shatter Box grinder and sieved to remove partic1es larger 

than +200 mesh grain size. Core samples of the X-series were prepared 

by a different method as discussed Wlder the section on samPling. No 

further treatment was made after grinding. The marine shells l<lere 

rinsed in distilled water before grinding to remove obvious sea salt 

contamination. 



Instrt'Ullentat.ion 

Bromide and. F activities l'i'Gl~e detenrlined by means of O:t--.l.on 

Specific X on El..ectl'Cdes coupled Hi t.h a Fishel' double jun~tion reference 

calomel elect:r:·ode. Chlorirle activity measwa'llonts twre mado uith a 

Beckman Ag/ J\gCl electrode and a Fisher d01.1ble double junction calomel 

reference electrodeo A Ca:•}ey vibrating reEd electrometer ·t-ras used to 

detect lD.llt., changes. 

ELectrode Theory 

The halidE; eloct:·~cdes develop a potential defined by the Nernst 

eq_uation: 

E :.:: B + 2. 1 RT lor• A a _, F l.:> 

nhere E = the Ino.?.sured potential of the systeo-:1 

Ea = a constr.nt at constant teJt1porature ar.d includes the potential 
of the refel·cnce elect~'70de 

2 • .3 ~~ == tho Ne:~:nst factor (_59.16 mv nt 25°C) 

R = tho gas con:;to.nt ( 1. 98726 cal/ dog mole) 

F::: the; Ii'ro"Dday con.st~tnt (2.3062 ccl./volt eq.uiv) 

T = tcmp8ratu:ce in degrees Kelvin 

A ::: the aet.i\':i.ty of tho ion in the solut:ton being llJ.Gtl{;U:rsd. 

'l'he pot•cmt.:l.PJ~ developed is proportional to tho loga:r1 .. thr<l of the act:l:vity 

of the halid0 :'Lon for 1:-hich the p2...rt5.c1Jl8r electrode is sensitive. 

2.3 



A com:tn~ehen::rl ve discussion of the theory of anion electrod•3 

response j.s p:resented by F-.cant all\.1 Ross ( 1966), Rechni tz and Kresz 

(1966), Rechnitz et a.l. (1966), Eisenman (1967), Pnngor (1967), ani 

Roohni.tz (1967). 

Halide Ion Concentration Determinations 

24 

Halide ion concentrations can be detennined directly by compar­

ison of the El<:i.F of an un1mcHn solut:i.on to a calibration CUl."'Ve of EHF 

vs concentration prepared from a series of standard solutions of knom1 

concentrations. 

Halide ion activity is related to conc.:mtration by the relation-

ship: 

Ax- = 6 x- • ex.-

whE>re Ax- = activity of the heJ.ide ion 

'(X'" = activ:i.ty cocffieient 

ex- = concentJ:•ation of h..tiide ion 

and (( x.- is rela.t.€.d to the total ionic stre1:1gth of the solution. The 

rela.t.ionshl.p of act:Lvit,y to ionic strength is shovm in Fig. 1. As 

activity depends on ion .. i.c strength in dilute solutions, it is Cl~.i.tical 

that the ionic strength of the unkno>;-m solution be oqueJ. to that of the 

stan:lards to 1oJi1.ich it is be:ine:; compm::-od. Alternatively, if the ionic 

st:rength. of tho lm~mcHn solution is dcto:rrninG'd, then the a.ppropl'iate 

cor:~.·ection factor r need only be ,?._pp].ied (ie. 17;;- = 6 x- ~ ex_). 

Tho ioni.c st!.'ene;th of most m.tu:l;'al fresh uaters is su:f'ficicntly 

~o:r ( ( 10-.3) tho:t. acth.,.J.ty cOJ.."'rcct.:l.o:nc:; e.re not n8cessar.y. This has 

been ess<:ur~od to be the case for tho ifat.er leach solu:'dons analyzed in 
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thi.s study. 118xtmwn erJ.•or introduced by this asstunption is ±3~ (see 

Fig. 1). 

Shell material and. carbonate-rocks ·Here analyzed for acid soluble 

halogen content by using concentration vs El:ll<' curves. Ionic stl.•ength 

o:f th.e sa.i11ple solutions Has calculated on the basis of t1-10 g Caco
3 

in 

100 .rrJ.. Hl~0.3 (0.24 N for shell nw.te:... ... ial and 0.1!8 N for carbonate rocks). 

The ionic strellooth. of the stamru:'ds 't'ras t>,djnct~d by e.dding t"t:ro g Cc.co
3 

per 100 m1 solution to equel the ic-nic strength of the sample solutions, 

thus enabling direct concentrl.ltion detenn:inatj_ons. 

Electrode Selectiv.1ty, Sensitivity. ar~ Interferences 

The selectivities of the particuJ.a.r anion electrode over other 

anions are listed boloH. Selectivity ratios are used to quantitatively 

measure tho elcctlocla' s p:r.:;fo:conc-e fol' its common a.nl.on comp.s.J:cd to 

other anions. For exa."np.le, th'3 br01;rid.e Specj_fic Ion l!:Lect.l·ode' s 

Table of Selectivity Ratios 

Interfering Ion l3r Electrode F EJ.ectrode Cl ELectrode 

Br- 0.00.3 

* oir ) X 10 
4 10-9 

Cl - 1}()0 

I- ~4 
2 X 10 5 X 10-7 

s2- must be absent lll1.tst b3 absent 

CN - 8 X 10-5 2 X 10-7 

HCOJ- .3000 

so 2-4 .3000 

a+ -4 
>:<•:< 10 
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Note ·~ Ratios are cxpr0ssed as molnr concent,ration of int,ox.fc:.•:i.ng 

ion / molar concentration of x- (ha.lide). 

* - OH- reacts id th the F electrode in a manner fu'1alc.gous to F 
(Fig. 2). 

+ - -** - H reacts lJith F to for-.u the HF'
2 

complex in e.ciclic solu-

tions (.FJ.g. 2). 

selectiv.i.ty ratio relative to chloride is l.f-Q0/1, lJhich m.E>Rns the.t tho 

- -bromide elcetrode is 400 t:i.mes more selective to Br than to Cl • 

ELectrodE.) potentials ax-e affGcted by changes in temperature, as 

illustratoo by the factor 2.3 IIT/F in the Nernst e:].Uation. The absolute 

potentiel of the electrode changes 1·r.i..th t0.1.-uperature because of the 

change in solubility e:J.U:i.J..ibria. which are the basic mechanisms governi.ng 

the operation of the electrodes. 

0 

25 

50 

75 

100 

Effect of Temperature on lti.Lectro-Je Potontiel 

,:<Agel *Agi3r 

-6 
4.5 X 10 1.8 X 10 

-7 

1 .. J~ X j_0-5 7.1 X 10-7 

-5 4.5 X 10 -6 2.8 X 10 

7.9 X 10-5 -6 8.9 X 10 
-4 -5 

1.6 X 10 2.0 X 10 

* - SoJ.u'ojJ.ity in moles per liter. 

F Kloctrodo 
(2.) RT/F) 

74.0'+ 

Thus it is cr-ltict1l to mainta_'ln a constant temperature fo:.• star..de.1d and 

sruuplo ~o1utions e 

DetectabilH.y for tho F, Cl, ar:d Br oloctrodos are 0. 02 pp;1~ 
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0.1 pp:m, and 0.04 pp.n respectively. Tho olect.rodes folloH llernst.im1 

behavlor up to concentrations in excess of 10,000 ppm. Hoi·lever, sinco 

activity vs EHli' is a logar-ltlunic function, small changes in halide 

activity cannot be accm•ately detected at high activlties. A precision 

of +0.5 mv can be expected vrith a high precision electrometer. 

Halogens in the .ft..cid Leach 

The techn::tqu.e used to analyze acid soluble halogen contents in 

the shells and carbonate rocks ue.s developocl by modifying the methods 

of Nardozzi and J~eivis (1961) and Shapiro (1960) for F analyses in rocks. 

The apparatus used is illustrated in F'lg. ). 

Reagents usro are: 

0.24 '1 ID!O~ - dilute 100 ml of r-.tO't-~ reagent P"J:"''de UNO to a voJ lPne of • J - o"' J ... - .. 

1000 nl. 

Standru."'<l Stock Solutions - solu·i.:.ion::.; of 1000 ppJl X (X :.: F', Cl, and Bj.:-) 

are pJ:.•opared. 

Standards - P:t-eparo a series cf stm::1a:r.ds from the stock solutions by 

dj~uting 1-rlth dj.st.illod., doiontzod uater to cover the eXJ>ected 

range of concentration.. Dilute 25 m1 of each standc.xu to 50 mJ. 

by adding 25 ml of solution Ae 

Solut5_on A- dissolve 20 g reagent Gl'ado Ce.co
3 

in 500 :mJ. 0.2'+ N fW0
3

• 

The procedurG is as follcrt·rs. 

J. 2.0 g portion of finely gromrl sample (-200 mesh) Has plac0-d 

in the vacuu111 flr.sk ard 25 rrtl of d:i.st.illed, deioni.zed uater HGre a..idcd .• 

Tv:rentyo-fi ve ml of distiU.ed, deionized u2.ter uore pl.::tccd in tho gradu-

atcd cyJ.in:ie;:·~ l<ift.y ml of m:o
3 

from tho bu:C'ett Hero then roloascd 



JO 

BURETT +50 ml 0.48 N HN0 3 

CYLINDER + 25 ml 

SAMPLE + 2 5 m I WATER 

POLYETHYLENE APPARATUS FOR ACID DISSOLUTION 

0 F CAR B 0 N ATE S 

Fig. 3 
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into the flask.. The acid strength was 0.24 N HN0
3 

for shell m.:~.torial 

and. 0.48 H HlJ0
3 

for carbonate rocks (standards and reagents. are adjusted 

accordingly). By havir~ t..~e system entil•ely closed, tho ~eloascd co
2 

could be bubbled through the v1ato1· in the gl"ad.uated cylinder, alloHing 

any halogen esca})ing with the co2 to be collected in the uatm:.·. An 

airstone vms uso1 to decrease bubble size. Blan.."<: l"ll.ns in:licated no 

contamination fro;n tho airstone. \men the reaction CO[l.sed; tho tuo 

solutions vJ'ero mixed rurl the final solution filtered through O,L!-5./l-

filter paper. Samples uere stored in polyethylene bottles for subso-

quent analyses. 

Halogens in the Hater Leach 

The Hater soluble halide frr.ction l·ias deten:lined by leaching a. 

0,5 G so.mpJ.o (~200 E8:::h) :i.n 25 r:iL cl:i.stillcd» doionizcd vratc1• for 12 hoP.:.';:;. 

A lr.cist-action shaker ua::: used to gent.ly a.gitate the slm~ry to ensure 

thorough leacm.ng. The solution w-as then filte1"ed through O.Lr5)l filte:l:' 

paper. The sainp1es v;rer•o ~;tored in polyethylene bottles for subso:j_uent 

analyses. 

Phosphate AnaJ.yses 

A modification of the method of Shapiro ar.d. B:t.•annock (1962) 

was used for phosphate a....'1Dlyses of the ac:Ld soluble fraction in the 

carbonate l~ocks ar..d calcm.:'eous ma:c:i.ne shells. 'l'he P
2
o
5 

content ';·ras 

deteriJJin&l by moasu:cing the light absorbed at. 1}20 nyt by a solution 

cont:.aining the yollou molybd:i.va!ndo-pl1osphorlc acid co;,tplox. A Bausch 

and Lomb Spcct:coDic 20 u.:.o.s used to measure transnri.ttance. 
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HeC~.gonts 

Holybdivanadate solution - Dissolve 1.2 g of sodium metavanadate in 

lrOO 11ll of 1 + 1 (volume) .rmo
3

• Dissolve 75.0 g of soctium ruolylr 

date in l..!-00 ml of distilled, deionized i>rater. Hix tho tuo sollrtions 

and dilute to 2 J.i tors. 

Sta.r..darcl P2o5 solution - Heigh 1.9290 g of KH
2

Pol.j, (potassium metaphos•· 

phate) into a beaker. .Add l.J-0 11il. 1 + 1 (volume) HN0
3 

an:i 32 r,Jl 

1 + 1 (volum.e) H2soL~· Dilute to 1 litere The concentration of 

P2o5 is 0.1o;b. standards may be made by appropriate dilutions of 

this stenda.:r.-d stock solution. Use a solution of LW ml 1 + 1 ( vol1.unc) 

HN0
3 

ar,d 32 ml 1 + 1 (volume) H
2
so

4 
diluted to a volume of 1 liter 

tdth distilled., deionized -vra.ter to prepare clilutecl standards. 

H
2
so1} solution - Hix 1.36 ml 1 + 1 ( volmne) Hli0

3 
and 109 n .. l 1 + 1 ( voJ:orw) 

H2SO;+ n.nd dilute to 2 liters. 

Procedure 

Appro:~::lr1atoly 2 g of c:a.rbonato roek snx,lple (-200 mesh) i·rere 

weighed out into a tared beaker. The vlcight was adjusted to 100 g by 

adding 0 .li-8 N HN0.3 and the mixture uas allOi:·led to sto.rr.l until the reaction 

ceased, genercl.ly JO mir1utes. then filtered through 0.11-5 J..i- millipore 

filter papor. The fj~ter paper lias 'H3.shcd Hith dilute m;o3 bof'ore 

filtering to r:JimrrD.zo phosphate conte.nri.nation f;.~o!n fjJ~ter pape1'. · Solu-

t:i.ons l·.rore stored in polyotholono bottles for subsequent analyses. 

Ton :cil. of each sample solution w·ere trans:fer:cod to a series of 

beakers. F:i..fteen ml of the H2soLJ- - FJ~o3 solution a:nd 2.5 ml of molybdi-

vru"ladate sol uti on uoro ndded to oc;.ch Sf!.!ilplo. :t;nch se1uplo ~>ras m:i..:x:c'Cl 
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and aJJ.oHed to stand i'Ol' 5 minutos. 1'his was 1•epeated for 2 or 3 ali-

quots of tra.ter which were used as blru1..~s. The percent transmittu.nce 

t·Jas deter.nincd G.t 420 111)'- for each sample and for a so:t'ies of ste.r<dards. 

Calculations 

Percent tra.nsmittance ·t-ras convGrted to absorbance by the rela-

tionsbip: 

absorbance ::: 2 - log ( transrrl.ttal1CFJ). 

A graph of absorbance vs % P
2
o
5 

for the standards vias constructed. 

The absorbance of the sa'n.IiLe \·las compared di1•ectly to the t·rorking curve 

to obta:i.n % P2o
5 

:i.n the sample solution. The P2o5 content of the rode 

tvas obtained by multiplying the P 2o 
5 

content of tho saraple solution by 

the 8.ppropriate dilution f~.ctor. 

Precision Estimates 

Precision for Br by the acid treatment is 6.6%. Rocovory tests 

irrlicato that Br recovery is 105%, 1hlch is i·iell 1-r.i.thin the al"k'llytical 

error. Time tests indicated that 12 hours Here sui'ficio1rc to thr):roughly 

'tvator leach the snrnr:U..es. Pl,ecision estimates for tho ma:tori~!.ls <melyzod 

are given in Table 7 .. 

A sruuple of phospl1ato rock p1·oviousJ.y w..alyzcd at 37 .4~ P20 
5 

(Kramel~, pel'SOll8l co:unu.nication) 1-ms a.no.lyzed to estimate tho accuracy 

and precision of the method" A value of 37 .8;~ P2or.: Has obtained, in 
:;J 

good ael'ee:'11ecrt. with the Pl'GVious indopar.dcnt. al'k'llysi.s. 
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ADDENDUH 

The possibility of Cl- interference Hith the bromide electrode 

was checked by the follo1-rl.ng tests: 

1) Standard chloride solutions containing up to 50 ppm Cl- were 

analyzed 1·li th the bromide electrode and compared to a set of standard 

bromide solutions containing no detectable Cl-. No meastlrable interference 

was detected. 

2) A 50 ppm Cl- solution \vas spiked v3ith 0.40 ppm Br- ani analyzed for 

Br-. The measured Br- uas 0.43 ppm., which is vlithin the limits of 

analytical error. The Cl/Br ratio of this solution was 125/1. 

No further checks lvere made as the Cl/Br ratios of 97~; ~f the 

solutions analyzed Here less than 100/1. The limit of 50 ppm Cl- was 

selected as the solutions analyzed were diluted to md.ntain Cl- bel01-1 

50 ppm, generally in the range of 1 - 10 ppu. 



TABLE 7 

Analytical Precision Estimates 

Precision fo1• Shel.l /Jcna.lyses 

ELement Uethod x (ppm) sx .N C.V.(%) Sa.rnple 

FT ELectrode 15.7 O.lr3 4 0 • .3 22 

Fw Electrode 3.8 0.17 4 4.5 22 

BrT ELectrode 55.4 ,3.69 6 6.6 1.3 

Br\'1 Electrode 15.5 2.85 3 18.0 22 

ClT Electr<Xle 114.0 u.oo 4 9.'? 1.3 

Cl ELectrode 28.0 1.40 .3 5.0 22 
H 

Precision for Ce.rbonate Rock .Analyses 

El.e>.ment Hethod x (ppn) sx :N c.v.C;O Sample 

F 
T 

El..octrodo 56 .. 8 4.73 6 8o3 9 

F E.lec t~codo 2.3 0.02 6 0.7 15 w 
Br El.ectr<Xle 120.4 9.97 6 8 • .3 9 

T 

BrH El.ectl'Ode .3.5 o .La 6 11.6 15 

ClT Electrode 2875 199.4 6 6.9 9 

Cl\'l El.ect:t·ode 101.7 2 • .37 6 2 • .3 15 

-x a.ri th.tilet:l.c moan 

sx standard dmriation 

C.V. cooffic:ient of variation (%) at one sx given by (sx/x) x :tOO 



~ULTS AND INTEfiPllij;TATIONS 

Introduction 

The results of the a11c.'ilyses of ·vrater soluble and acid soluble 

F, Clt and Br :i.n all Sallll'les aualyzed are shot-m in Append.i.x II. The 

data ro.•e ar1•anged in groups according to geologic age. Hino1•aJ.ogy is 

denoted by A:l."', C, D, &."ld .!J:y for aragonite, calcite, dolomite, and arJ1y._ 

drite respectively. 

Correlation coefficients and l:i..rJ.ero:· regression analyses uere 

used to study the interrelations betueen the halogens. Simple lino.o.r 

regression H&.s usE.u to establish relationships behreen pairs of va:;;·iablos. 

Linear Equations of "best f:i.t11 Here calculated by the reduced :m9,jo::."' ax·is 

method pro}>ossd by Ir.lhr"le ( 19,56). Scatter diagrams of the data vo:r:J.n od 

the assumption of linearity. 

Results of the l .. egrossion analysis are presented in l'ablos 8 

and. 9. The nu.mlx.n" of samples (lJ), arithmetic mean (x), moc1im1 (:X), a:·x.~. 

stand.ard dov:i..B:t.ion (Sx) of oach g1•oup e.J.~o given in Table 8o Tho peJ'tjn~ 

ent corrolat:lon coeffic:ients (r) and regression equations a:ce listed in 

Table 9. The ra:Uo of -v:cd:.er soluble halide / acid soluble halido in the 

variou.r;; g:toupr.; aro shonn in Table 10. 

The complex interactions betueen the variables Here deternined 

by moans of }Hnode fe.ctor an:;J.ysis using a varinw.x: rotation cr-ite:d.on 

(lti.D.Ol' and Kahnp 1962). 

35 
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TABLE 8 

Basic statistics 

Variable N - ;"-" 

Variable 
~ 

X X sx N X X s 
X 

Recent :Fresh l'Jate:L~ Shells Recent Harine Shells 

FT 21 L~.6 4.6 2.4 FT 18 474 42.0 49.5 

Clr .58-.5 60.0 36.3 ClT 2o62 820 2277 

BrT 22.9 21.0 9 .Lr BrT 48.~- 36.0 44.4 

Cl/BrT 2.5 2.3 1.1} cl/01~ 
,JJ T 35.0 35·7 18Glj, 

F~·l 2.9 2.6 1.8 FH 17 13.1 9.4 10.9 

ClH 1}1}.9 42.0 21.5 c~" 1824 820 2150 

Br. 1 I' 
s.9 6.0 2.2 Brw 26.4 19.5 21.8 

Cl/Br,
1 I. 10.0 6.8 17.4 Cl/Bru 49.6 42.1 25.2 

Recent A:ragon:i.tos Hecent Dolo;;Jites 

FT 2 1279 122 F T 2 675 100 

Cl 
T 

36.31 23.56 CJ.. i' 13750 1'?.50 

BrT 69.3 26.3 BrT 1.30 20.0 

Cl/Brr.r 1-17 .o 16.2 Cl/BrT 76.3 1.3 

FH 23.5 4.0 Fu 11.0 2.0 

Cl-.; ~ 
287.5 17.50 ClH 1262.5 875 

Br,r 
f~ 

29.1 17.1 Br.1 ~' 
100 7.5 

Cl/BrH 96.9 3.2 Cl/Br, \·i 126 0.8 

Ploist.ocono Liraestones Eiocene Aragonites 

l!~r 3 32:t 107 Fr 2 900 1.50 

Clr.r j_06 52~6 Cl1, 3519 139!} 

BrT 20.5 26.2 Br1, 57.1 10.:1. 
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TABLE 8 (continued) 

Variable N x ""' Variable N x ,_/ 
X s X sx X 

P.l.eistocene Lililestones (continued) Hiocene .A.:ragor.O.tos (continued) 

Cl/Bl•T 3 26.5 18.3 Cl/BrT 2 59.6 14.4 

F\·l 1.1.6 3.0 F\'1 26.1 10.3 

Clvl 84.6 ')4.3 Cl,l v 3213 1288 

Brvl 4.2 2.1 BrH 37.5 10.0 

Cl/Brltl 21.4 6.1 Cl/Br\1 83.4 13.lr 

l1iocene L.i..nestonos Hiocene Dolomites 

FT 2 138 46.8 FT 2 426 239 

ClT 1.:426 580 ClT 5002 3546 

BrT 54.2 6.6 Br/r 55.3 ')8.1 

Cl/BrT 81.6 0.8 Cl/BrT 88.2 3.5 

Fu 11.2 2.2 FH 9.7 2 .. 4 

ClVl 3788 ll¢3 c\v 459l} 31.56 

BrH ')8.,4 4.9 BrH 4lt-.8 30.3 

Cl/BrH 98.6 0.2 Cl/Br\i 101 2.1 

Cretaceous Limestones Cretaceous Dolomites 

FT 10 42.5 35.0 12.6 FT 2 392 10.2 

Cl.:r 61.3 50.9 22.6 ClT 2535 2)48 

BrT 5.9 5.1 2.8 B:;:•T 117 96.5 

Cl/Br 
T 

13 .. 5 9 • .5 10.7 Cl/Br T 15.9 6.8 

F\,1 2.7 2.6 1.1 F\'1 5.6 1.7 

c~l 22.4 1lr.,O 20.9 c~J 191+6 18.5'1-

Brw 0.8 0.6 0.6 BrH 18.7 1[3.4 

Cl/BrH 36.7 20b0 2li-.8 Cl/P·• _, ... H 205 102 
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TAI3L.:!; 8 (continu8d) 

- 'X Vm .... lable N - f:oJ Variable N X sx X X s 
X 

Triassic Limestones Triassic Dolomites 

F'l' 9 173 170 71.7 ]!' 
T 7 827 869 443 

ClT 50li· 140 508 ClT 1733 12Lr5 1.546 
Br 8.4 4.7 6.2 B1~ 24.9 16.2 18.2 T .. T 

Cl/BrT 51.7 50.0 18.7 Cl/BrT 69.9 78.6 22.3 
F 8 4.4 2.5 2.9 F\1 6 10.7 5.8 5.9 \1 

Cl\·l 441-J- 140 397 ~ 1317 825 1153 

Brvl 6.9 l;.7 3.6 Brvl 20.2 17.5 11.9 

Cl/Br 53·1 45.0 23.2 Cl/Dr 60.5 4·5.7 28.Lr. Vi \cl 
U. Devo:oien L.i.mestones Ui.ssissippian Dolor.Tites 

FT 6 5'+.5 l!-6 .o 29~3 FT 10 Y-1-8 371 130 

Cl'l' 1535 :t093 824 Cl
1
, 330 357 112 

Br 
T 49.5 21.3 39.8 BrT 13.6 13.5 4.0 

Cl/BrT 37.4 32.7 11.0 Cl/Br 
T 

24.~ 21.7 8.1 

Fl'l 5·3 ) 5 ~. 3.1 F\'1 10.0 8.1 4.3 

CJ 
\;] 1255 830 731 Cl 219 220 69.2 

\i 

Brtl 20.2 18.5 8 .. 6 B1, 8.0 8.0 2.3 w 
Cl/Br:~J 59.0 59.3 9.9 Cl/Br 

H 
30.0 28.2 11.7 

H. Dovo.nir.n Lir:teDtonos H. Devo.rde.n Dolomites 

F T 11 113 115 33.6 FT 3 263 167 

ClT 1795 1750 488 ClT 385 219 

BrT 31.0 31 .. 5 7 .. 1 Br 
T 15.5 3.9 

Cl/Br1• 57.6 58.7 5.6 Cl/Br, 25-7 12.2 r 

FH 12.9 10.0 6.7 F\v 2.7 0.9 
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'l'.ABT .. E 8 (continued) 
_,..•ve~;..,=r:;._~,,......,...,,......,....,...,...,..,..,....._....,~.~. --•--. _____ .. __,......,_. __ .....,..._.._,...-.. ~-_....,. __ :>.., _____ ~•-•.....->o.-

Var:i.able li - ('--' Variable N - ../' 
X X s X X S.X 

X 

H. Devonian Limestones (continued) 11. Devonian Dolomites (continued) 

Cl\'l 11 1791 1700 307 c1w 3 215 120 

BrH 23 .. 2 23.5 1.9 Br\1 6.7 4.5 

Cl/Bl\J 76.9 76.3 9.6 Cl/Br \v 35.5 7.6 

11. Ord.ovicia;.'1 Limestones 1. Ordovician Dolom.i..tcs 

FT 8 39 .. 6 28.6 32e8 FT 4 30.9 7.0 

ClT 23.0 18e2 13.1 ClT 107 31.4 

Br Lr.7 4.3 1e4 Br 7.8 2.0 
T T 

Cl/BrT 4.7 4.5 1.1 Cl/Bl' 
T 13·7 1.5 

F\'l 8.0 4.9 6.2 F\l 6.3 2~7 

c1w z.li-.6 23.8 8.1 C\,l 66.3 14.8 

Br 
H 

2.1 2.0 0.3 BrVT 2.6 Oe'? 

Cl/Br 11.9 10.8 4.2 Cl/Br 26.3 5.4 
\•l \v 

CD.mln~le.n Limestones L.U. Ordovician Dol old tes 

FT 3 56.9 4.1 FT 7 318 335 116 

ClT 26LJ. 63.6 ClT 26Lro 1521 2800 

Br 23.9 6 .. 5 Br 35.0 23.3 28.5 
T T 

Cl/BrT 11·1 0.6 Cl/Bl~T 67.1 65.2 11.4 

pre-Cambl'ifl.n ( Ho.terton) Limestones U. Silur.i.an Dolonutos 

FT 8 ]6 .. 8 28 .. 1 15·5 FT 7 1l!-5 131 43.6 

Cl,., 1Y-t 76.:1. 107 ClT 2966 2770 791 
1 

Br 
T 

6.0 LJ-.5 2.5 BrT 4).8 1a.s 10.9 

Cl/Br'"' 21.3 20.1 10.5 Cl/Br,r 70.Ll· 70.8 1}.9 
l 

FH 5.8 1.6 7.6 

c~ 
~'I 33.6 y: .. o 7.6 



TABLE 8 (continued) 

-Variable N X s 
X 

pre-Ct:>lllbrian (Haterton) Limestones 
. (continued) 

2.1 1.9 

17·1 17·5 

pre-C8.mbrian (Bruce) I,imestones 

FT J 62.9 6.5 

ClT 33.8 ,3.8 

BrT 7·3 o.6 

Cl/Brm 4.6 O.lr 
J. 

F 2.1 0.,3 
H 

ClH 13·3 0.9 

Br 1.9 0.6 
\'1 

Cl/Dl' 6.7 1.3 
\'l 

pre-Cambrian (1Jatert,on) Dolo:::Li.tes 

FT 5 61.8 14 • .5 

ClT 168 63~8 

Br 
T 

9.3 4.1+ 

c:l/BrT 20.3 8.5 

Fvl 3~1 1.LJ-

Cl I.J-2.Lr 20.0 
\'l 

Br\-l 2.7 1.2 

Cl/BrH 1j.L} 2.3 

Variable N -X 

M. Silurian Dolo:u:ites 

F' 
T 

8 143 151 

ClT 14-30 !Lr59 

Br 
T 

40.6 33.5 

- C,'l/Br 
T 

42.8 42.0 

L. SilU!'ie.n Dolo::li tes 

F 
T 

9 168 170 

Cl 
T 

.538 420 

Br 
T 

20 • .5 18.5 

Cl/Br 
T 

I" . 

2o.5 26.7 

F1.v 2 5.9 

Cl 
\1 

Lt87 

Br \v 
20,.8 

Cl/Br 
H 

29.1 

s 
X 

40 

42.4 

572 

15.4 

20.0 

47.4 

177 

6 .J..L 

4.3 

1.0 

137 

11.8 

9.9 
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Til.B.LE 8 (continued) 
•-l'r-•'<··~·'"''"' ·"-"·•~- .~ ,., .. &"'"""""'•'>"r..,_..,_,.-.c,._,._;.. ,,.., •- • .............. .-... _.._., __ ,_.._, .. ,_.r~·-:.. ...,...,_U'-O>.,.....;"'•;_.. •b:~~·;,"'<:"'•~~- • ,T." r.•••""''• ... "'"u-·~-T-.... .,.~,u-..-.,_...,-..~,_o.._...,.,_ ... ~ •. -.......... •.,~;-•,..r ........ ..-..-_, .......,_....,,. ... -... _,-,.....,...,_,~,.-.· ,....,., _ _. ,_ . .,.. •. ~ ... .,..._ 

Variable N x 'X s Variable N x 'X' s 
X X 

pre-Ca.m1n:lan Ha.rbles pre-Cam.brian Dolo'Jli. tes - D series 

F 
T 

6 28.5 25.5 18.6 FT 7 120 112 61.0 

ClT 833 695 659 Cl 
T 

184 133 110 

BrT 37·5 24.3 26.5 Br 12.4 10.2 5.6 
T 

Cl/Br 
T 

21.0 21.4 5.6 Cl/BrT 13.9 14.3 2.9 

Aragonites Limesto:1es 

FT 5 995 1050 282 F 64 90.4 60.4 82.0 
T 

ClT 6096 4912 5285 Cl
1
, 720 140 10.35 

BrT 86.5 67.2 50.2 BrT 17.9 8.2 21.0 

Cl/Brm 60.5 63.1 20o7 Cl/Br .31.0 25o0 24·.0 
1 T 

I<}; 22.5 19 .. 5 8~1.~ FH 59 6.8 l.J-.0 6.1 

Cl 
H 

lJ-78.5 lf500 3747 CJl/ 6'-1·7 84.0 951 

Br\'l 49.6 l:-6.2 .35.2 Br\v 9.6 ).0 10.8 

Cl/Br 92.5 96.8 11 .. 6 
H 

Cl/Br 
l"l 

la.7 .32.5 29.5 

Limestones and Jl.ragoni.tes Dolom:i.:t.es 

F,l' 69 156 66.0 259 FT .307 381 2L:-O .359 

ClT 11:1.0 175 2227 Cl~i.' 75 1589 494 2656 

Br171 22"8 10.6 30.2 Br 31.0 18 • .3 J8.1 
1 T 

Cl/,-..r 
D l' .3.3.2 30.8 25.0 Cl/BrT 40.5 )0.5 26.0 

FH 64 8.0 4.5 7.6 F\1 46 8.7 7.2 5·3 

c\i 971 105 1779 c\., 1l}92 260 2801 

BrH 12.7 ).5 17.9 BrH 17.1 9.0 22 • .3 

Cl/Br 
H 45.7 .35.0 .31.6 Cl/Br 

l'l 
60.0 3?.8 54.6 

-'~~-.~----~ ..... '<.-r ..... ~ "'"-" '<' ·' '7',' •• '>"""' ... "- . , .. ~-..... J"- ~- •• 

""'"·' ' ""'' ; .. ,.- .•.. ·---···--~ ...-~ .. -.... -,_~ ........ __..,. ... ,..,...,_.__..._ ...... ~~ -~-~-·· . .,.,_...,.. .... -........... ..-.--........... ___ _,......,.. ___ .... ______ 
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TABLE 9 

Linear Regression .iL11alyses 

Group Varie.bles r):-: N Linea:r Regression B:J. uation':"~ 

Recent F'rosh Hate1~ CJ.T BrT 0.63 21 Br = 1.31 + 0.10 c1
1
, 

Shells T 

FT ClT 0.61 21 Clm := 7.75 + 0.26 F'l' l 

Recen:t Harine ClT BrT 0.87 18 BrT = 8.19 + 0.02 Cl_T 
Shells 

(,']_~{ Br\v 0.99 1.7 BrH = 7.91 + 0.01 c~l 

C:!.'etaceous Cltr'l Br,.. 0.78 10 BrT = -1.69 + 0.12 CJ.T 
Limestones J. l 

CJ,v Br, 7 0.8l~ 10 
1', 

Br .• = 0.16 + w o.OJ CL~·l 

Triassic CJ.T BrT 0.97 9 Br1, = 2.25 + 0.01 ClT 
Limestones 

c1u Br'i'l 0.98 8 Br\'/ = 2.88 + 0.01 c111 

Triassic C1-T B-, 0.76 7 Br = li-.50 + 0.01 ClT 
Dolomites 

J.T T 

Hississippian Cl'l, Bl" 0.57 10 Bl~n = 1. 78 + o.o'+ c1'"' 
Dolomites T J. . l 

u. Devonian Cl1' B1·T 0.95 6 Br = -2lr.6lJ. + 0.05 carl 
L:i.l:1estones '1' J. 

Cl\'1 Brt{ 0.98 6 Br - 5 b 1.( + ·u- ·~" 0.01 C"' l.·r I' 

11. Devonian ClT BrT 0.91 11 Br = lr.86 + 0.01 Cl,., 
L:hnestones T J. 

C~~ Br11 0.74 11 Br1, = 12.10 + 0.01 C1.
1 'J ·~ I'' 

H. Ordov1cian Cl BrT 0.,98 8 BrT = 2.24 + 0.11 Cll' 
Linestonos 

T 

c~, Br.
1 

0.711- 8 Br1,1 :::: 1.19 + o.Olr Cl, t 
I' •• 

u. Silurian CJ.m Br 098.3 7 BrT = 2.91 + 0.01 ClT 
Dolom:.tto l T 

L.U. Ordc vic:i.e.n ClT Brm 0.9.1 7 Br," = 8.21 + 0.01 ClT 
DolOiiLi.tos J. J. 

pro-Cambrie.n ClT BrT 0.86 5 BrT = -2o25 + 0.07 Cl 

( \'Jaterton) 
-T 

Dolonitos Cl~l Br~,1 . 0 .. 98 5 Br\-: = 0 .. 16 + o.o6 Cl, J' -,, 



TABI fi' 9 . l- ~4.~ (continued) 

Group Variables 1'"&---:: N Linear Regression E..q 1 t:J. ti on,:,'~ 

pr0-Ca1nbrian }i~l' ClT 0.60 8 
(Haterton) 

Cl = 7.99 T 
·1 ... J.4J FT 

Limestones ClT B'~" -T 0.72 8 Br = T 
2.87 + 0.02 ClT 

pre-Cambrian CLr BrT 0.98 7 BrT - 3.06 + 0.05 Cl 
(D- soJ.~ies) T 
Dolonlites 

pre-Cambr·ian ClT Br 0.96 6 BrT == 4.01 .. : .. O.Ol+ ClT 
Harbles T 

.Aragorrl.tes ClT Dr"' 0.99 5 B~· = 28 59 .~- 0 01 ClT 
1 -T • • • 

CJ,., Br\1 0.99 5 Bru = 4.65 + 0.01 CJ.i;l 

Liln13stones c~ Brl' 0.77 6Lr :;JY. - '> 29 I ··r-.J·- ... 0.02 ClT 

CL
1 \' Br\1 0.97 59 BrH == 8.27 + 0.01 ~1 

Dolo:u:i.tes ClT BrT 0.86 75 Brn = 2o25 -!-
J. 

0.01 CJ.T 

c~ . 'l Brl.r 
" 

0.97 46 Brtl = 5.22 + 0.01 CJ..H 

.. ~ - coeff:i..cient of correlation. 

** - cv.lculatcd by the reduced major rods method (Imbrie, 19~;6). 



TilJJLJ!; 10 

R':ltio of Ha.te1• Soluble Hologen Content / Acid Soluble Halogen Content 

Age Hateri;:J. F\/FT (cf) Cl/Cl (~~) Br /Dr (~~) p 
~ T \{ T 

Recent Fresh ·Hater 63.0 76.7 25.8 
shells 

Recent Harine shells 2.1 88.5 ;;4.5 

Recent Aragonite 1.1 72.1 42.0 

Recent Dolomite 1.6 91.8 55.6 

Pliocene Limestone 3.6 80.0 20.5 

Hiocena Aragonite 2.9 91.3 65.7 

l:I:iocene Limestone 8.1 85.6 70.8 

Miocene Dolomite 2.3 91 .. 8 81o0 

Cretcc:eous Limestone 6.4 36.5 1.1} 

Cretaceous Dolomite 1.4 76.8 16.0 

Triassic Limestone 2.5 88.1 82.1 

Triassic DolOlu.ite 1.3 76.0 81.1 

.Hississippian DoJ.o:n.t te 3.2 66.3 59.0 

u. Devonian L:l.mestone 9.7 81.8 40.8 

H. Devonian Limestone 11.4 99.8 74.8 

H. Devonian Dclo!l".ite 1.0 55.9 43.2 

r ... Silurian Dolcmit.o 4.1 75.2 78.8 

H. Ordovician Lime3tone 2.0 100.0 44.6 

L. Ordovlcian Dolorllitc 20.Lr 61.7 33.3 

pre-C arrbr:i.an L:tmostone 15.8 2) .. 0 35.0 
( \'la.terton) 

p:re-Camb:r1.un Dolorrrlte 5.0 25.3 29.3 
(Uaterton) 

pre-CaJh:cia.n J,im8.::tonG 3.3 39.3 26.0 
(Bruce) 



HaJ.ogens in Car·bonate Hocks 

A total of 64 lim.estones an:l 75 dolomites from Recent to pro-

Cambrian age wej:>e analyzed for acid soluble (0.48 N H.Im
3

) Cl and Br. 

The uater soluble F, Cl, and Br contents of 46 dolomites and 61-!- limes-

tones uere elso determined. A totaJ. of .307 dolomites and 6L!· limestones 

were analyzed for total F. Data for the acid soluble F, Cl, a.r.d Br 

have been l'ecalculated to 100% ca:t:·bonate. The acid soluble hilide 

content 1-r.i.ll be referred to throu.ghout. the thesis as total hal:i.de. 

1'he F, Cl, and Br contents, both Hater soluble and acid soluble, 

·Her·e deter.m:i.ned for six carbor~.tes lrith arago.rd. te contents rD.nc,""ing from 

5~1 t 100·-"" p o P• The results are shoTm in Table U. The samples included 

in.organ:l.c:a..Uy precird.tatod ooliths, .n.ragonite muds of probable :i.no:cganic 

origin, and mixed o:cgar>J.c-inorga1ri.cally derived material. Samplos -v1cre 

obtained from. Rec0n·t. ca.rbona.te sod..i . ..rll.ents, Plois-'t:.ocene c~">rbona.te l'Ocksp 

and essentielly unconsolidated l1:i.ocene sediments. 

The ave::·age ClT, ClH, Bl'T' and Bl'H contents of the lim;}stonos 

arrl dolor.n.te::; of ell ages are: 

-------
Limestone 

Dolomite 

ClT ppm 

1109 

1589 

ClH ppm 

22.8 

31.0 

Br pp:n 
H 

Histogrwns of the Cl,.f f:.nd c~1 contents are sho1-rn in Fig. LJ.. The 

distributions of ClT and Cl\'1 in both the limestones and dolom:i.tes are 

lognormal, i·lith the me~m t,nd. median values being lri:gher in the dolQJJti.tes 

than in the limestones. The al'f'.gor.D:t.o samples a:r·e includc~:d in the JJJ:1e-

stone histograra. Tho median v<.>luo gi v-cs a better estir:1o..to o:r the nost 
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TABLE 11 

Halogen Dist:ributions During Diagenesis 
and Hetam.orphis111 

Increasing Diagenes:i.s ~· Hetamorphism 

Aragonite Calcite Dolomite Ha.l~bles>:< 

-FT X 995 90.4 381 28.5 

sx 282 82~0 3.59 18.6 

H 5 6LJ- 307 6 

F\v 
-X 22e5 6.8 8.0 

sx 8$4 6.,1 7.6 

N 5 59 46 

ClT x 6096 720 1.589 833 

s 528ll- 1035 2656 659 X 

N 5 64 75 6 

ClH - 4785 64-7 970 X 

s 37h'? 951 1770 X 

N 5 59 1{6 

Br - 86.5 17.9 31.0 37.5 X 
T 

sx 50.2 21.1 38.1 26.5 

N 5 64 75 6 

BrH X Lr9.6 9.6 12.7 

s 
X 3.5.2 10.8 17.9 

N 5 59 4-6 

* - :metamorphosed slfl:i..mentfl.l'y carhonnt.es. 



l.r8 

probable value of ClT and Cl in }j.mostones and dolomites. There is no 
. \'l 

significant differen~e in tho Cl (or Cl. .) content of the limestones 
· T w 

ar.d dolo:m.:i.tes at the 10~ confidence lovol. Houeve:t·, the difference is 

significant bet-vreen ara.gor.d.tes and Li..nwst.cnos, and between xcagon:ltes 

and dolomites. 

There is considerable variation in the amount of e1.r 't·rl.U.ch is 

water soluble (25% - 1 00~'6). The pro-C.r.;;1h~ian carbonates contain less 

~.;than the yom:lger carbo.n,9.tes (?able 10). The ClT contents of the 

pre-Cambrie.n carbonat;.es are also correspondingly lcn.rer. 

The BrT and Br\
1 

distributions in limestones and dolorrd..tes of 

all ages are shoHn in .I<J.g • .5, the aragonites being includ€d 1-ri.th the 

limestones. Dolorrrl.tes, i·r.i.th a mean of 31.0 ppm BrT, are enrich€d in 

BrT relative to Jilllestones 1iLi..ch have an average Br
1
, content of 22.2 pp,'1l. 

The cli.ff.eronoe is not !.'ignificant at the 101~ confidonce level, but is 

significant at the 205:; confidence level. Both the BrT ar.d BrVl contents 

of the aragonites e.J.""e significantly higher than in the dolomites or 

limestones. There is considerable vm"'3.ation in the emount of Br\'1 ln tho 

various age groups (1.4% - 82.15b); hoKover, the BrH folJ.ous the sar.1o 

pattern e,s c:J,,1 and is less soluble i.n the pre-Ce...mb1"iru1 carbonates 

(Table 10). Acid soluble Br contents are also loner in the pre-Cambrian 

carbonates. 

The loue:r porcenta0os of CL,r and BrT Hhich are nater soluble may 

be due to post~l i.th:Lfication leaching. The lo1r ClT and BrT contents in 

the pre-Ca-c1br:i.an carbonates could indicate tha:t tho Pl'e-Cambrian sea 

he.d a louer sal.inj.ty than modern oce2n lw.tor as proposed by Kre .. mor (1965). 

'l'he avcr2.gc l!T content of l:i.mcstor!.os (iJ1cluding ru.·agorj:t.es) :l.s 
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1.56 Pfeil conparod to an average of 381 ppm for dolc•nite:::. Tho difference 

is significmrt. at tho 1% confidence level. The FH content of limestones 

(including aragonites) is 8.0 ppm compared to an aVOl"age of 8.7 Pl-'!1~ for 

dolomites, the difference not being signific.s .. ntly cliffcronto Histograms 

of tho FT tu1d FH distributions in lir;testones and dolonrl. tes are shom1 ill 

Fig. 6. 

The regression analysis indicates that there is a. strong co:t.'l'el·~ 

a.tion bet·t-roon C1 and Br in both the acid and 't·ratel' soluble phases, ani 

that the ua.ter soluble contents are dependent upon the acid soluble 

contents. 1'he F doos not sho~·r a. ro.1ationship to F"' in ei thor the w l 

limestones or dolo.ruites. 

Relationsh:i.ps betHoen Cl and Br for all sru:.1ples are sholm in 

Figs. 7 and 8. The linear relat:i.onsr..ip of ClH to BrH is 

log Br\·l::: -0.86 + 0 .. 70 log ClH 

1r.i.th a coofficionc of correlation of 0.94 (H::: 103). The relationship 

of ClT to Bl"T is 

log BrT ::: ~0.50 + 0.65 log CJ.T 

-vrl.th a coefficient of correlation of 0 .. 88 (n ::: 150). 

The res1.1lts of e.n R-modo factor amuysis of the limostor"3S eJ.Yl 

dolorxi.tes aro sho-.m in 'l'ablGs 12 2.nd 13 respectively. 'rho geochor.listx-ies 

behavlor of er,ch clonont is osseni:.ivlly the so.me i:n both l:'mostones n.!Yl 

dolo;n:i tcs o 

F'actor 1; :i.n both cn.sosp accounts for the Inajor V8J::ian:::e of CJ_
11

, 

CJ"T, Bx·H', an:l Bl~To This factor is attributed to a. co:ilbination of f11..1..:i.d 
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in the cal~bonat.es is controJled. by a single factor in1ep8ndcnt of Cl," 
I 

and BrT. A factor independent of F,
1 

controls F\'1. This su~gosts that 

tho Fl'l is controlled by a simple 11lineral-w-atm.~ e:a_uilibri'l1Jl reaction. 

TABLE 12 

R-Hode Factor Analysis of Id..meston.es 

Rotated Nor-w.e~ized Factor Loadings 

~ 1 2 3 4 
Variate 

BrT -o:u 0.07 0.09 -0.67 

Br\V -o.~g 0.32 0.17 -0.13 

Cl
1
, -0.2!± 0.05 0.22 -0.25 

ClH :-.0 .9_9_ 0.12 0.22 -0.13 

F 
T 

-0.16 0498 0.15 -0.01J 

F\{ -0.21-} 0.16 0.9~ -0.0.5 

Percent of var:i.ance cxpla:Lned by factors 

11.09 3.68 

Cuf,n'!J.e:tive pe:-:·cont of variance 

66.65 83.2.3 94.32 93.00 
----------------------------------

a.nd. dolomites indi.cates that intergranular saJ_t,s and/ o::r• fluid inclusions 

are the major modos of ocourrence of C'l. Tho Hater insolu.blo Cl is 

probably contcinod 1·ti.thi.n tho ca:r:bon.?..te lattice~ The B:cT is much less 

1mter soluble than aLT' bo:i.nz on.ly :/'lp &-rl 555& 1·;-ator soluble :rn th~s 1 tmo~ 

stones and. dolomites :r.ospc;;ctively (Table 10). The 1-rator :insoluble B:c 
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insoluble bromo-organic con. pounds. 

E. Roedder (personal communication) beLieves that, although 

:fluid inclusions -vrill contribute part of the ClW and Br,
1
, intergra.nular 

salts will be more import,ant. La.."lla.r and Shrode (1953) studied the 

nature of. "t-rn.ter soluble salts in limestones and dolomites a.rrl concluded 

that the soluble ions are contained largely in :fhdd inclusions.. The 

relative impo1--tance of these two mechanisms cannot be resolved in the 

present study. 

TABLE 13 

R-Hode Factor Ancllysis of Dolomites 

Rotated Normalized Factor Loadings 
-

~ Variate 1 2 3 I} 

Br\'1 -0.7..1. 0.22 -0.24 0.62 

~ -0.8(. 0.24 -0.32 0.30 

ClT -0 .. 91 0.24 -0.24 0.25 

BrT -0.~.7.. 0.17 -0.15 0.04 

Fm 
l 

-0.23 .0.·.9.5.. -0.18 0.10 

Fvl -0.25 0.19 -0.94 0.11 --.-
Percent of variance explained by factors 

72.25 12.87 9.68 3.35 

Cumu.la.ti ve percent of variance 

72.25 85.12 94.80 98.15 

The occu1•rence of F as a lvater insoluble phase in the carbon2.tes 

suggests the possib:llity of sep8rate phases of CaF2, co2-F-apatite, 



or so1id solntion of Ce1•·
2 

:i.n tho Cc~co3 • If tho F is in tho for;n o-:" 

COimJ.i'~·<?.patitop thoj_'e should be e. strong cor·r0la.t:i.on of F to P 
2
o 5' vlth 

a 1) 2o ;/F mol<D:- 1·at:i.o of 10 h ( COJ.'j;'Gns » :t961) ~ Anf>lyscs of the P 
2 

0 
5 

content. of 20 of tho Zmno. clolo~):ci:Los j,ncti.cat<::d. an average of Oe00629» 

l) 0 .,~,., ... ,,1-'-:t" n" 4 11 "' P 0 /'·' .,_, . ..,1.· ,. •• J. -r..,t .. ; o o.co 0 16/1 2 5 J. v.:><~ 1.• • ·d ·'· "" . 2 5 J.' .,~.;:, t.;}lL. •· v. •·- J. • . e 

of 14-8 other Zor;W. dolomites uo:c0 on tJ:w s211.o o:cdol' of magn:itudo but 

uere not clet.orirli:nod precisely~ f.no.lys:i.s of. sample J3... 5.2, D. 11ccont 

dolor.lito, y-loldcd a value of Oo0775~~ P
2
o 
5 

i-~bich ag:eoes very uoll ulth 

the values of Oo06)~ ~ 0&08~~ l'oportcd by Fricd1Ean (1968) fOj.' Recent 
' ! 

carbom.tes from the Tr-uc:i.al Coe.st. It is concludc=d that .F docs not. occm· 

X-ray anD-lyses ue:':'o una.ble to detect Cclt' in tho s2.mplos. If 
2 

all the F tm:co J?i.'Gsont a.s Car·
2

, less than 0.3 110ight pGl'COY!.'i:. Cr~F2 uould 

be pres•2mL in the caibonates; uoD. bclou tho dotoctc-,bil:i.ty of tho X·~J.·ay 

techn.iq ue c 

In.-ti.rcct cv:i.dcnce on tho f.'o:c·m of' the 1<.., m<>.y be obt.D.:i.n2d f1·om a 

consido:cation of tho 1\t ~~h<2'X'E> ::>.re several possible sources of the FH' 

the fo11ouln,:s bein~ the most im.po:e'i:.2~1t: 1) F exchange frm;l cl£>.y rri.ne1·2l 

' • imp1.u~ities~ 2) flu:i.d :i.ncl1.~sions, and 3) F clissolvE--d from a fluor:lde 

:rrdneral such £>.s Col~ or co2-·F··ap.?.t:lto. 

A sm<:~U DJnoun.t of the uc;.to:.-- .soluble hr.J.ogens may bo contx·ibutcd 

by exclw.n,z0 react:lons 1·rlth clay minOl'e.ls. The limited. do.tr>. av2.ilablo 

:tn tho l1:~o1·at.m'o ani the pa depex::ionco of the mr1.on excha.113;0 CCJ.pac:tty 

of cl2.y 1::ci_nc<:'~~ls me.kos <.>.ny ost:!.natc of cont.?.raine.t:5.on from cley minora .. l 

exclw.r(·;o reactions tenLwus~ Heiss .€:!: £.1• (:1.955) dcte:cl2li.ncd the D.rrlon 

exclwn[!;o capC>.cit.y of l:aol.i.Ei.to al!::l mc•nb'.J.o):·:Ulon1to to bo 1 - :1.2 r.'lcq 

.. _. 
' . . . 

' -. 
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F / 100 g (appl'Oximately 200 - 2000 ppm) in concentrated F' soh,_tions ( U.l) 

to 1.5 mol~.r). Bo1·:or and. Hatcher (1967) studied tho reactions of soils 

an:l. ndnm.·als \·rlth d:iJ.uto F solutions Hlrl.ch more cJ.osoly resemble tho F 

concontrnti.tms of sea ·Hater. They report that .tw·o different lmoli.r:d.tes 

adsorbed 70 and 100 pp.i1 F from solutions contai1rl.ng 2 ppm F. A bentoYJite 

adsorbed o.PJ.y traces of F from a 16 ppm F solution. Carpenter (1963) 

has sho1m that F excl1ange betHeen sea. lTater and clay rdnercG.s is nr-1g-

ligible. 

The avePage content of insoluble residue in c>ll the srunples 

anelyzed for 1~ :Ls 6.4 vJeight percent. 

7 .J Height porce.1t insoluble residue. 

Se.mples analyzed for F aver~ged 
\•l 

Scatte:L' diagrams in:licattS-'Cl that 

there is no corrdation bet;;..r:aen eith8r FT or I\v and insoluble :cesiduo 

content. 

Se;1ples of J.J>"J iJ.Jj.t(~, montmoriJJ.onitet and kaolinite as well as 

a sample of 1n.i.c<.~ fr0"-1 pegmatitic granite ·Here treated by the methods 

outli.ncd for the acid ~u1d. l·r.?.ter lcaoh tre3.tments of carbonates to obtain 

an estime.te of tLe F contamination from clay :minerals. The :ces1.u ts .:-t:r.e 

shovm in TabJ.o il.·c 

Kaolini. to an.i montmor"lJ~orli te are not present it1 st1.fficiont 

quantity :tn ~uw <1f the carbonates e.ne.lyzed to mal~e an significant 

contribution to the F'.C 01' FH. I.l~i te ·uould not be oxpscted to be a 

sou.:ree of F oont::r.d.rotion on the basis of the expax1.r•!entaJ. results. 1'he 

acid leach does r .ot appear to ht:';ve removed much F f:com the clays. Tho 

F\. is not the 1~0sult of exchange from clay rilineral inpurit:"Les in the 
"J 

cru:·bonates. 



TABLB 111. 

Viator and. l:.cid Soluble .li' Contents of fhyllo~dJ.ieat.es 

SelUple F\1 (pp:n)•:< F T 
(ppm)>:":' 

Kaolinite 25.0 25.0 

Illite n.d. n.d. 

Hontmor:lJJ.orri.te 80.0 33.3 
) .. 
~-uc.::c 140.0 17.0 

Note - 2 g of sample were treated seperately in 100 ml of 

'tvater and in 100 ml O.LJ8 N I-IN03• 

* A 12 hom: vJ"ater leach. 

** A 30 rrlinut.e acid leach. 

1. K['.ol:ird.te 'ff5 Lamar pit, Bath, South Carol:i.n<"!.. 

2. Hontmo:r1J.lortite {f23 (bentonite) Chrunbers, Arizona. 

Horris, illinois. 

l~. Nica F-.cdsscuc-Lacol•ne Bathol:i.th, .1\.bitj.bi Co., quebec. 

If the F.
1 

i·JGre contr:lbuted by fluid inclus.i.ons, there should 
~' 

be a great deal of scatter in the data. The relatively smaU e.molmt 

of scatter in the da~ca suggests that fluid inclusions al'e not an 

important source of F. 1o 
fi 

The otlwr possible source of 1'\v is from the solution of fluo:dna 

bearing mineralst of \dri.ch Ca.F2 and co
2
-F-apatite are the most p:cob2.ble. 

The solubility o·:" CD.F
2 

ar/:l (,'0
2
-F-apo.tite are given by the foJlo·~·ling 

reactions: 
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CaF2~ Ca2+ + 2¥". {1) 

K
8
P = 4.0 x 10-11 (Butler, 1964) 

2+ 3- 2-
c~.9{P04)5.65{COJ)O.J5F2.16~ 9.9Ca + 5.65P04 + O.J5COJ + 2.16F- (2) 

. -107 
K = 1.0 x 10 (Kramer, 1965). sp . 

The FW contents of the carbonate phases a.nal.yzed and the equil-

ibrium F contents predicted by the above reactions are show·.a in Table . \v 
15. It can be seen that the water leach is saturated in F with respect 

to co2-F-apatite in the limestones, dolomites, and aragonites. The 

water leach of aragonites is saturated in F vrl.th respect to Ca.l<"'2 ; hov;r­

ever, the limestones and dolonrl.tes have FW contents predicted by eq_uil­

ibrium reaction (1). A simple mineral e::.luilibrium betueen -vmter and 

Ca~ is suggested as tho factor controlling the J..W content in the 

carbonates. 



TABLE 15 

Calcu .. lated Solubilities of fluol"icle l:tinera.ls 
Compared to the Observed FW of C<?.:rbonates 

2+ 
CuF ~ Ca + 221'-2._.--

-11 
K = 11-.0 :i"i: 10 sp 

predicted F = 

---l 
c---

9 2+ /· 6-
.9Ca + .5.o)E04 + Oo3.5COJ + 2.1 l" 

-107 K := 1.0 X 10 -
sp 

predicted F :.: 

Liinestones · · observed. F11 

Dolomites - obr.,orved li~·l 

Ara.gon:i.tes - observed FH 

1) - calculation based on mean F\'l. 

2) - ce.lcuJ.ation b::wcd on :r.wdian J.tl·t 

1) 

2) 

1) 

2) 

1) 

2) . 
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ra/1 F 

-lt-
0.19 X 10 

-l•. 
J.6 X 10 • 

2.1 X 10 
-4-

4.6 X 10 
-4 

-1-t 
2o4 X 10 

11.8x10 
-l} 

_,,_ 
10,2 X 10 -. 



DISCUSSION 

Incorporation of the Halogens in Ce.rbonatos 

The incorporation of F, Clr an::l Br into carbonates can tclw 

place by inorr;anic mechanisms or. :i.ndirectly through biogenic contri-

butions. 

Inorganic Inc;orporat:'t.on 

The iP..corporation of Cl a.nd Br in the carbonates is predOllU.Dr:l.ntly 

by flu:td inclusions and irrterg:ranul~ . .r salts derived from pore waters. 

The d:lfference Y'1' ~ X~l ( 11hero X :::: C...'l. or Dr), is interpreted as a.n 

estimate of the Cl rurl Br contcd.ned in the ceJ:bonate lattice. Houeve:t·s 

it must be reillcmbered that fluid inclusions in the -300 uosh fr<icLion 

a.re possible. The amount of Cl in tho lattice runou.r•(,s to about 70 -

100 PlJm in the limestones and doJ.or:U.tcs and about 1200 ppm in the ara.g-

on:ites. Approx:bw.toly 8 ·· 15 pp:n.Br l70Ulcl occ1.U' in the lattices of 

limestones v.nd dolomites compared to 30 - 4·0 ppm Br in the lattice of 

aragonite.. A co·~p:L'ec:ipitation mechanism of Ce.c1
2 

an:l Ca3r
2 

is p:cobably 

responsible for high Cl an:l Br :incorporat.:i.on in the a:raeonite lo.ttico 

1-r.i.th pa:r·tial loss upon subse1uent cl.ter.:.tion to calcite and/m~ dolo:.aito. 

There j_s an anomalously bigh F, content in the arago.n:Ltos 
1' 

(corals and secli,1•10nts) compared to tho l:i.me~:d:.ones an::l doJ.omi tes. Tho 

high F content of tho aragon:i.t~LC cora..ls may bo e:t:tributcd. to cc>-prccip­
T 

itat.ion of CaF2 intre.col.l1.:0.ro·ly, but an ino::.~gaE.i.c mechan:i.s111 rmst be 

responsible fo:;.~ tho high F1, in the, ooU.ths e.1:r.J. inc:cganic aragoni:te mucJ . .s. 
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Oolj.ths are believe.d to forr11 inorganically (llling, 19.54: Ginsberg et 

al.' 196)) •. 

In inorgrurrc precipitation, neither orthorhombic aragonite nor 

rhombohedral calcite should shO"L'T a preference for incorporation of boo.y 

centered cubic fluorite as fluorite is not iso;norphous 1-r.i.th either of 

these two minerals. If the solid phase 1·rere pure CaF 2 , the activity of 

CaF 
2 

HOuld be equal to 1. If it 1:-rere a solid solution of CaF 2 and Ca. CO 
3

, 

the activity of Ca.F'
2 

vTOu.1d be e:.1ual to its mole fraction (XCaF ) times 
2 

its activity coefficient ( )lcaF
2
). This is illustrated for aragonite 

as follo-vrs: 

(1) 

where AcaF 
2 

= the acti vl ty of CaJ!'2 

XcaF
2 

= the 1nole fraction of CaF2 in the Caco3 
l(caF

2 
= the activity coefficient of CaF2 • 

AcaF
2 

= ion product of (ca2+)(F- )2 
in sea r,rater/ Ksp 

e.s x 1o-12 _
1 = = 2.2 X 10 

4.0 X 10-11 

XCaF = 6.0 x 10-4 
for .300 ppm F and .3.0 x 10-.3 for 1600 ppm F. 

2 
Activlties of 75 and .370 for F concentrations of 1600 :PPHJ. F and 

.300 ppu1 F respectively calculated from (1) above, ara unrealistic (Garrels 

and Christ, 196)). The F does not likely occur as Ca.F2 in solid solution 

in the Caco3• 

It is proposed that CaF2 co-precipitates as a separate phase 

when the aragonite precipitates during the formation of ooliths. Ooliths 

are typical of beach sands and form in areas subjected to strong tidal 



cm.'rorr!:;s G The uar1a. Haters in the intorti<l.:-t.l zone are supe:r.>s<J.:cu:cat.cxl 

with respect to Caco
3 

which faci..1ita.tes tho p:r..~ec:Lp:itation of aragonite 

on nlO\l:i.Dg p<u:ticles. It is in this zone that 1-ti.de vari8:t.ions in salinity 

occur and concentration of sea Hater wouJ.d .favor tho co-p:;.•ecipitat:i.on of 

CaJ.i'
2 

l·rl th aragon:.i..te. 

Ca:rbor1ato - 1!""' mineral-uater equilibrium reactions carried out 

over a period of one year have shoHn the:!:. aragonite (-JOO me::;h) frora 

ground skeletal me:coz-ial removed r (an increase of 20 - 100 pp:11 F' in 

the aragonite) fl~om solutions undersaturated with respect to CaF2 (2 P1T1 F-). 

Reagent grade calcite (precipit:;~.tod) in contact i1'lth F- solutions of tho 

same concentration used foJ.• the aragor.:ite had no effect on the F- content 

of the solution. In both cases CaF
2 

should not have precip-lta:t.od, 

suggesting that an adsorption reaction botuoen the aragon:lte ar..rJ. F' mu.st 

have tal\:en ple.co. The nechanism involved is l!Ot knoun; ho~.uver, the 

results ind.:toat.e th[;.t F- adsOl'pti.on is possible. Hore oxp:...~rlmenta..l 

-rrork on tho uptake of F by ca.x·bonatos is nes.O.ed. 

Organic Incorporation 

One of the factors controD.ing the distribution of the elt?ments 

in carbonate rocks is the goocher;Li.ca_1 activity of sf1ollod organisms, j.n 

particular their selective capacity to accunula.te specific e..le:uo.nts. 

The role of various shelled organisms in the formation oi' sedimentary 

rocl\:s of biogo11ic origin is uell established. Species ar.t.d envlronmental 

vaYlations in skeletal composition are Hell knoi-m for the cation trace 

elements (Glagoleva, t961; Pilkey and Harriss, 1966); ho1·rever, no such 

studies have b3en reported for the h<:-t.U.dos. 
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The geoch~nistry of F, Cl, and Br in several species of Recent 

ma.r-..lne ar.d fresh uater shelled organisms -v;as investigated to determine: 

1) the environmental effects on the concentr~tion of F, Cl, and Br, 

2) the mod.e of occurrence of the halides in the shells, 3) the role 

of shelled organi &ils in fractionating the halogens 1 particularly with 

respect to carbonate rocks, and 4) the role of shelled organisms in 

incorporating halides in carbonates. 

Tuenty-one fresh 1·1ater larnellibranchs collected from the Finger 

Lakes, Nevi York included five species; Nitocris carinata, Andonta ---- -- ---
cataraeta, El.l;iptio comp~~~tu~, Goniobasis li vise ens 1 and Lar11Dsilis 

~ta. A1J. the shells were composed of aragonite. 

Seventeen Recent calcareous marine organisms analyzed included 

6 species of corals, 5 species of pelecypods, 2 species of gastropods, 

and 1 species of algae. 

Complet0 details of all samples, including minexalogy, are 

given in Appen:lix I. 

Shells of Fresh Water Organisms 

Results of the analyses of the fresh water shells are presented 

in Appendix II. All three halogens m·e enriched in the shells relative 

to their concentrations in fresh water(O.Z6 ppm F, 8.) ppm Cl, and 0.006 

ppm Br; Livingstone, 196Jb). The 1-m.ter len.ch analyses indicate that 

97 .6-fo of the ClT, 6J.O% of the FT' and 25.8% of the BrT are in a l<rater 

soluble form. The average Cl/BrT ratio of the shells is 2.5/1 compared 

to a value of 1200/1 for average fresh water. The Cl/Br\'1 ratio of the 

shells is 10/1, roflectir.JG the higher solubi.lity of Cl over Br. 



A complete Val~iablo con.~GJ.ation r.1atrix is shom1 in Table 16. 

TABLE; 16 

* Correlation Ha.trix - Fresh Hater Shells 

FT 1.00 

ClT 0.69 1.00 

Br 
T 

0.42 0.75 1.00 

Fw 0.78 0.75 ().l.J-1 1.00 

Cl 
\1 

0.65 0.86 0.76 0.66 1.00 

Br 
VI 

-0.39 -0.1lr 0.07 0 • .53 -0.13 1.00 

* Log10 tx·ansformation on ra.H data. Sample size is 21. 

SeveraJ4 points are r:.:ign:'i.ficarrt.: 1) Cl and Br are hi~>·hl ':· COJ.':ceJ.ated ·, T T o " 

hor:ovor, thoy :::h.o~r no st1•ong r:::l.:::.tionr;hip to F'£' 2) of tho 't·rc.tcr soh1.blo 

e:;,.·tra.cts, only Cl~'i and F11 are related to the.i.r co:;:resrJOndi .. ng totcl. 

ele.."'lEmt content::: • 

.Results of an 1~-node facto::.• amlysis are shoun in Table 17. 'l'he 

first :four factors account for 95.5;S of the total var:i.ance. 'l'he most 

significant po:tnts e.re the gene:r-cJ. coherence of Cl arrl D~c and the 

independence of F. 

Both C1 and. Br are essent:ial for the metabolic functio:1s of thG 

organi.sms and tha.i..r conc-::Jr::trations in the shells must be la.rg<::ly dcper!.d-

ent on an orga.nj.c uptake. 'l'he htc;h concentratj.ons of Cl and BJ.• in tho 

shells 1·elnt:i. ve to fresh vrater demon;:;t::.·atos that oJ.~ganic fu.nctions are 

important. in the j_nco1•po:;.•ation oi' the hD ... loge.ns in the skelet2..l materiRl. 

C'l and Br appcm~ to ocelli' in d:i.ffe:cent forms in the shells, Cl 
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TABLE 17 

}~- , Factor Analysis of JT:r.·esh Ha:to:~:· Shells 

.·>tated li 01""~1aJj. zed Factor Loacii.ngs ___________ ,., __ ,...,._ .. 

1 2 J 4 

c1.r -Q_.&Q. o.O'+ -0.33 -0.67 

C\,l -O~Q. 0.05 -0.)0 -0.58 

Br -9~~ 
T 

-0.05 -0.16 -0 .1L~ 

FIV -0.24 0.42 -O.L!-7 -0!.1.1 

Br~i -0.06 -0.98 0.16 Oo12 

FT -Os29 0.23 -0..§1 -0 • .33 

Percent of variance explained by factors 

6.50 

CunrtJ.lati vc percent. of va:rianc e 

85.01 

being more soluble than Br. The Br may be in the fol.":al of lm:tm~ insoluble 

organic sompounds. Chlorine is probably contained in snall fluid inclu-

sions or as soluble organic con~cou.nds s1J.ch as ch.lorophenols. The con-

centration of Cl in body fluids of sheD.ed orgaY.d.sns is high ( Vinogradoy, 

1953) and inch~s:i.ons of such fluids in the shoJ_l couJ.d account foi~ the 

Cl. 

The acid ::;oluble F is not as concentrated in tho shells relative 

to its average content in fresh lli?.te:z• as a1·e Cl and Bl'T• Tho high l?ator 
T 

solubility of 1" ca.zmot be cxpJ.a..i.nocl B.s a simi.1:Le mineral solub:i.li ty 

€qU.i .. lib:d.lJj,l e>.J:d C£!.nnot bo cxpl.<;j_ned 02). tho basic; of th·9 data ob~~bi.n2d. 



in this study. 

Shells of Harine Organisms 

Results of the analyses of the marine organisms are given in 

Appendix II. In contrast to the fresh water shells, the halogens are 

not elriched in the shells of the marine organisms relative to sea water. 

The ratios of c:J../BrT and c:J../BlW are 35/1 and 49.6/1 respectively compared 

to the ratio of 300/1 in sea water. The percentages of ClT, Br , and 
T 

FT vmich are water soluble are 88.5%, 54•5%, and 2.1~ respectively. 

Chlorine is less \<Jatar soluble than in the fresh ivater shells, uhereas, 

Br is approximately 2 times more i'Jater soluble ih the marine shells than 

in the !resh Hater shells. The F in the marine shells is very insolube 

in water compared to the fresh Hater shells. 

Acid soluble halogen concentrations are higher in the marine 

shelled organisms than in the fresh water shells, reflecting environmental 

influences. The absolute Br contents are not very different considering 

the large salinity gradient bet\·reen fresh water and sea uater, indicating 

the metabolic control of shelled organisms in incorporating Br in the 

skeletaJ. material. The higher percentage of water soluble B1~ in the 

marine shells can be attributed to the higher Br concentration of 65 pp:.'11 

in sea vrater. A large portion of the Cl,l' is present in an insoluble 

form, possibly incorporated in the carbonate lattice as a result of 

higher c:J.. contents in the body fluids of the marine organisms. 

A correlation analysis indicates a strong coherence between Cl 

am Br and only a 1veak coherence of Br and c:J.. to F' (Table 18). The 

water soluble extracts of ~J[L three halogens are strongly correlated 

to their respective totaJ. element contents, 1-mich is in sharp contrast 
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to the fresh 11ater shells. 

T..OJ3LE 18 

* Correlation Hatr:Lx - Harine SheD.s 

FT 1.00 

ClT 0.65 1.00 

BrT 0.57 0.95 1.00 

FF 0.90 0~39 O.Jl+ 1.00 
'J 

c1~1 0.62 0.97 0.96 0.33 1.00 

Br\. 0.55 0.95 0.95 0.24 0.9? 1.00 
·'J 

* LOP' transformation on rau data. Sample size is 17· 0 10 

An R-mode factor anaJ_ysis ir..dicates that 2 factors n.ccouJ1'l::. for 

97.4% of the tot2_l variance (Table 19). F.n.ctor 1 is e. Cl ar . .d Br fe.ctor 

and is attr-ibuted to the high salinity of sea uater. In con'crast to 

the fresh uater sh.31J.s, only one factor contro::..s the Cl ar..d Br d:J.strib-

utions. Factor 2 is essentially a F factor accoun:i.:.ine for most of tho 

variance of FT 2.nd .F~r It. is sign.i:tlca.nt that both F'l' and F1·l are cont­

rolled by the sw.:10 factor, uhich is not the case f'or tho f:r0sh He.ter 

shells. 

Factor 2 is believed to in:l:Lcate thC~.t the JT in the marino sheJ~s 

occu1•s as an insoluble fluo:c:i.de mino:t•al. The recent discove:r-.r of 

:i.n statholiths of' lkcent mD.rine mys:id crustaceans and tectibranch 

gastropods substantiates the valid:U:.y of the occuri'i:mce of CaF 
2 

in the 

skeletD~L portions of marine orgD..i.ri.sl·lS (LoHenst.:>.m a.nd HcConnell, 1968). 



TABLE 19 

R-Hode Factor .Ar.!cl.ysis of l'I"'1.rine Sholl::; 

Rotated Normalized Factor Loadi.nt;s 

Cl
1
, 

BrT 

Cll·l 

B:r 
vl 

FH 

F 
T 

1 

-0.94 

-0.96 

-0.97 

-0.98 

-0.11 

-0.41 

Percent of varie.Dce expJ.ej.ned by factor 

75.93 

Cumulati v o p3rcen:t of vad.f'·.nce 

2 

O.JO 

0.2} 

0.24 

0.15 

0.99 

0.90 
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palecypods contai.n01l a.n averc>.ge of 0. 008j~ P 
2
o 
5

• If the F T wore present 

in tho form of C0
2
··F-apatite, the P

2
o
5
/F molar ratio shou.ldbo 10/1. 

Tho ratios observed. for tho corals and pelecypods are 0.08/1 and LJ-.3/1 

respectively. 'fhe P
2
o
5 

cont.ents of the corals and pelecypods analyzed. 

in this study are 1rithin the ran;se of o.OOLr% to o.oz;; P2o
5 

ropor·t.cd in 

leJ:tellibrc.nchs by Glagoleva (1961). co
2
-F-apa.tite is not the preclo"'linant 

form of F in the mar:i.ne sheD.s investigated. 

Since ee.rly Crunb:.'ia..'1 time, ~holled orea:r.d.sms have beco~·,le increas~· 

iP.gly mm:e im:port.e.n'c. conc~cibutors to carbonate c'tcpo.:;ition. Those biogoni.c 



skeletal contributions can have a definite influence on the relative 

abundance of the halogens in carbonate rocks. The effect 1:dll be 

70 

rela.tive.1.y insignificant for Cl; hovrever, Br and F distributions could 

be altered significantly if the biogenic fraction is large. Tho Cl/Br 

ratios in carbonates can be alte1~ed by the influence of skeletal 

material. 

The environment in which the orga.niSlll lives 'tdll have a str011g 

influence on the uptake of halogens by the organism, and 1-Jill. be reflected 

in the carbonate rock. Of the various taxonomic groups an.-il..yzed, corals 

ani algae C011centrate F to a. greater extent than the other orgal."l.is.rns. 

Bromine is concentrated to about the sam.e extent by all taxonourl.c groups, 

apparently not affected by env:tronment a.s 1uuch as C1 and F. 

Diagenesis 

Presurna.bly all marine carbonates \-TOre Ol"'iginally a..1•agonites 

and/ or calcites 1.m.ich have undergone recrystallization ani diagenesis 

to the neu phases, ca.1.cite and/or dolomite. The d:istribution of the 

halogens will be affected to varying degrees as diagenesis proceeds. 

Th.i.s redistrlbut,ion "tdll be cr-ltical to an understa.rrling of halogen 

a.burrlances in carbonate rocks. 

n ve sa."'llples of Recent to Hiocene carbonates containing V8..L-iable 

amounts of calcite and a.rago.ni te vrere analyzed an:l compared to limestones 

ani dolomites. Six sa,.11ples of p1•e-Ca.mb:cian marbles derived from meta.­

morphis:'!l of sedimentary carbonates were i.ncluded for comparison. The 

results are shm·m in Table 11. 

A detailed discussion of the dist1"'ibution of FT in dolomites 



tr.U1 be pr0sen:tEYl in ::. later section. 
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Tho C'J.T ar.d Br cont.ont.s a1•o tho 
T 

same in the ma:cbles, limestones, and dolomites, indice.tin~ that Cl mxl 

Br are not lost dllring lllEit.amo:r·phisnl of sedimcmtary carbonates. The 

marbles aro ex:L:;;•.::lnely depleted in F, the F either being expelled dm•in.:; 

diagenesis or ini.tiilly lovT in the origin3.l carbonate. 

The Cl und. B:r contents of the aragonitic se.mples shou no relat-

ionship to tho abundance of aragonite, although t.he absolute abundo.11cos 

a:re highel' in D..i.."a..;onites than in lim.ostones or dolomites. D .. u'ing 

recryst::lllization of m•ago.nite, a large portion of the Cl and Br are 

removed. The generel pattel"n of c1istribut.ion of C1 evnd Br dllring cliagen-

esis is a reduct:i.on in the abundance of both 1rater arrl acid soluble phases 

dm·ing con-version of aragoxlite to calcite. Ho further effects Hare 

obse1-ved.. The CJ./Br ratio is not significantly e.ltercd. by d:.i.agenos:i.s. 

F.l.uoj:'ina sh01·m a very strong relationship to tho aragod.te 

content, as sho\m in FJ.g. 9, and i::; e:\:pressecl by tho e1w.rL~.on: 

The coefficient of cor:ct:.U.ation is 0. 88 ( N :: 6). Ca:rpsHcer ( 1968) a~1alyzEXl 

t"t,;O Recent ooliths (100% ro·a.gonite) from Niami and. Koy \'lest, FloridG. 

and. i'om::d F contents of 1507 and. i6l~O ppru, :i.n agresYrlcnt t·ii th tho valu.e 

of' 1500 ppn. F found in pure aragon.l.to ( sa.n1plo R-1) in th:i.s study. 

Hetco:::'.ic \JJ:tcrs aro responsible for alte:r'.ing c:n~t>;go.r.d:l;,es to 

calcite (J.,add _Ej!,. .~1·, 1967). If the F :ls pJ:•esent in the &l'<.goni.tes as 

Ce,F 
2

, tho ftcid:i.c motco::i:"ic uaters HO'J..ld tend t.o dissoJ:v o the C<:1.:?
2

• 

The reaction :i.s: CaF ·--·-..:;. ca2+ -t· 2JF. z...,---
An incro.:tse in I-fr rosl:U.ts in the for1ao:t.ion of HF r,.nd HF

2
- com1:U.exos by 

the reactions: 



0/ 0 ARAGONITE vs ppm F 

R-1 
100 ,. 

ppm F = 523.16 + 9.93 Ar (0/o) 

R = 0. 88 
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If+ 2¥ ~HF2-. 
Co:mplexing of the F results in greater solubility of the CaF 1n th a 

2 
resulting decrease in tho F content of the material as the aragonite 
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alters. No mineralogical control is necessary to explain the F content 

of aragonite. The same process ·which alters the aragonite also favors 

the solution of CaF
2

• 

The effects of diagenesis of skeletal material was investigated 

by analyzing tv-10 species of Recent marine pelec~-pods and their P.leistocene 

a.neJ.ogs. The results are sho"t..m in Table 20. 

The Pleistocene sanple of SpondiJ-us sp. has been completely 

altered to calcite from aragonite, -vJb.ile Citta.riTh"11 pica has only been 

partially altered. There is an. erratic but general trend to inc:t•ectsing 

FT in both species and considerable loss of water soluble Cl and Br 

with increasing diagenesis. The Br increases slightly in S_£o.tfly,lus sp. 
T 

and decreases slightly in Cittarium .~.ca during diagenesis. 

The most significant result of diagenesis of skeletal material 

is the loss of Cl\'l' ClT, e.nd Brv( The C\v is more readily removed tlum 

Br.W. Loss of Cl results in lou Cl/Br~.r ratios. VI . ~"'~ 

It is possible to low·er the Cl/Br ratios in sedimentary carbol'l.ates 

by t-v10 fractionations: 1) an initie~ fractionation by the she.Ucd 

organism, and 2) fractionation during diagenesis of the skelet~~ material 

by preferential loss of Cl. These effects "t·rill be important in carbonates 

only if the biogenic fraction :i.s relatively le.rge. Diagenesis of the 

non-biogelii.C fraction has no apparent effect on the Cl/Br ratio. 



TABLE 20 

Halogen Contents of some Recent Harine Pelecypods and their fleistocene Fossil .lulaJ.ogs 

j' 

Cl 

Br 

Cl/Br 

Hineralog-.r 

Recent* 

Sponr_;,ylus sp. 

T 

Y-r.o 

250 

24.5 

10.2 

T-1 

\'l 

9.2 

250 

2.0 

125 

Aragonite 

·~ - c ol.1ected living 

':.:* - ) 200 years old 

Pleistocene Recent•;: Recent•l<t.< Pleistocene 

Spondylus sp. Ci ttar-lum pie a Cittar:i..um pica Ci ttariu."Tl pica 

u-94 Pr-2 U-133 U-L:8 

T 1tl T 1tl T Vl T w 
--- .. ~,.-.' ........ , .......... ' ... - --~···· ......... -~---·--· ·-····-··-----

48.0 6.0 21.5 4.8 125 11.0 95.0 19.0 

50.0 57.5 350 650 2.500 2250 575 450 

44.0 1.4 25.5 10.8 39.0 JO.O 20.0 ?.3 

1.1 LJ-1.1 33.3 60.5 64.::. 75.0 28.8 62.1 

Calcite Aragonite Aragonite Ara.goni te)) Cal.ci te 

, <"" ,~, .. ,,.._,.,...._.,.,..,.,,.~,,..,.,....-,.-,.,..,......_~~,.,., ... ~h.r.-a.·,_.~_,,,,....,. .. ..,.......,_.,........,._ ._, .. ,...,.. .... _..,.~u~ • .-~-•-....- ,,-,...,.-~----• 

-..:] 
·t::" 
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Va.ri<1tions in the (Jl/B.r..~ Ratios of Co,rbontl.tes Dm:1.:nt:?_.Gco}:ot;i~ i'i11~ 

1'he ave:.-age c:J./Br ratj_o of each age g1•oup vs goo1ogl.c time are 

shown in Flgs o J. 0 and 11. Both watc1• soluble and acid soluble ratios 

aro shOi1l16 For both limestones and dolomites, the Cl/DrT 8.r.t!l Cl/Dr\·l 

ratios shou a definite trend to i.ncreasi.ne values in yolmger carbonates. 

The Cl/Br· ratio remains relatively constarrl:i a:t about 15/1 throughout the 

prc-Ca.'111n~ia.n, then increases to approximately 90/1 in the Rec.erk Ccti·b-­

onates. 

THo fractiormtions of Cl ru:rl .Br lw.ve occurred in tho C?.rbonato 

reeks: 1) a fra:.:t.ionation across the m:ineral.-uate1• interface, and 2) a 

friv~tionation th~~oughout geologic ti'::le. 

Fra.ction,J.tion Across the l1ineral-l'later Intorface 

1'he mo::d:. likely factors contributing to the i':~.·~wtim1ation of Cl 

and Br e.cx-oss tho min.er~.J.-uatm.• interface are contributions of organic 

matter and skelei.al material to the se±i . .mnnt.. If organic mechaniffiils 

are responsible t·or tho fractionation, the rela.tionshi.p of the CljBr 

ratio of sea uatcr to carbon.o.te roclcs nay llell havo changed throughout 

geologic tine because of the :incJ:•ce.scd actiit"ity of organir;;:1S. It h~s 

be_en previously slwrm that skeletal material in carbomte rocks. can louor 

the r:l/Bl' ratio si.eni.fica.ntly if the biogenic contribution is 1~.rge. 

The effects of or.~anic matter are more difficult to ev:J.luate; houevol·, 

as pointed out in the :i.ntrodu.ctj.on, those effects R1'0 probably small. 

If th<:) l'o:'.e of Ol'ea.rrl.sllls is the major fa.cto1.~ in the fractionation 

of Cl e.n:l Br e.cro:;s the sed:iment-lm:tor interfc.ce, the e.tnolmt of B1\"l 

shou.1d be· higho:i~ :,.n the prc-C~~ubr-i<:>.n ca:r.•bonatos. Tho dc:ta in Table 10 



indicates that ;~his is not the case. It is possible that C~may have 

been removed from the pre-Cambrian carbonates by post-lithification 

J.eaching rrl.th ground water. If secondary leaching w·ere important, a 

great deaJ. of sc:atter HOuld be expected in the data. This is not obser-

ved in the data. 

The problem of C1 and. Br fractionation across the mineraJ.-water 

interface cannot. be satisfactorily explained by the data obtained in 

this study; hOi·T€Ver, the above evidence suggests that the relationship 

of the Cl/Br ratio of sea vrater to the Cl/Br ratio of carbonates has 

remained constar.t. This is assu.rned throughout the remaining discussion. 

Fractio11ation of C1 and Br Throughout Geologic Time 

The Cl/Br ratj.o vs time curves sho1m in I'~gs. 10 and 11 have an 

exponential form. Plots of the log10 Cl/Br ratio vs time al'e linear, 

verifying the exponential form of the curve (fi-g. 12). 

The vari 9.tj.ons in the Cl/Br ratios of carbonates throughout 

geologic time ar-;) intel•preted as reflecting changes in the c::l/Br ratio 

9 
of sea water ove::- the past 2 x 10 years. The relationship of the Cl/Br 

ratio of sea watm." to thG Cl/Br ratio of carbonate rocks is given by: 

Rot :: Rrt/K 

where R
0
t = the <J./Br ratio of the ocean at time t (calculated). 

Rrt = the <'J../Br ratio of the carbon.-:1.te rock at time t. This value 

is the analytical value of the Cl/Br ratio of the rock. 

K = the di~:tribution coefficient = 0.27. 

The constant K if aru:U.ogous to tho distribution cooff"lcient 
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r 0 CJJ../Br
0 

K =- = 
r1 CJJ../Br

1 

(solid phase) 

(liquid phase) 

For the Recent carbonates K = (80/1)/(292/1) = 0.27. For siinplicity, 

80 

it is assumed th.at the value of K is constant throughout geologic time. 

The validity of this assu..'llption lllay be seen in Fig. 1.3 't·rl:rl.ch shows t...l].e 

relationship of the theoretical changes in the CJJ../Br ratio of sea uater 

to the changes :~n the CJJ../Br ratio in the carbonate rocks. The slopes 

of the CJJ../Br ratios in the carbonates lie within the lim..i.ts of the slope 

of the oceanic nodel, indicating no significant change in the value of K. 

The only major deviation from the general tren:l_ of the Ci)Br 

ra;tio vs time ct~rve occu:rs in the Loner Cretaceous; houever, the samples 

analyzed for this age group consist of biogenic reef material and l>rould 

be expected to l1ave 10i·1 CJJ../Br ratios. other samples of the LoHer Cret-

aceous should be investigated before D.l"JY definite conclusions are rc.ade 

regarding the Cl/Br ratio of the Cretaceous seas. 

The fractionation of Cl and Br may occur in several phases in 

the sedimentary ~ycle (Fig. 14). The following chemical mass balar.:.ee 

is an attet'1pt to accomrt for the masses of Cl and Br in the lithosphere-

hydl"'sphere syst,3l:ll and to ex-plain the processes responsible for the 

fractionation of Cl ani Br in the oceans from a value of 60/1 in the 

pre-CD.Lubrian to the present value of 292/1. 

lveathering of igneous rocks has contributed 5 x 10
20 

g CJl. arrl 

80 x 1017 · g BJ• to the lithosphere-hydrosphere system (Rubey, 1951). 

Table 21 shOifS that there is a total of 29.3 X 10
20 

g Cl am 170 .Xlo
18 

g 

Br in the li thosJ:he:re-hydrosphera system, most of u'nich must have been 

derived from som·ces other than treD.ther:i.ng of igneous rocks. Table 22 
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TABLE 21 

Geochemical Hass BDJ..a.nce for Cl an:l Br 

20 
Cl X 10 g 

18 
Br X 10 g Reference Cl/Br 

Lithosphere Zl* ?5 Vinogradov (1959) 36/1 

Atmosphel"e n.s. n.s. Polderva.a.rt (1955) 

Oceans 270 :9·o Correns (1961) 292/1 

Fresh 'tvater 0.002 n.s. Livingstone (196jb) 

Subsurface uater no s. lv"hite et al. (1963). 

Biosphere n.s. n.s. Ka.lle (1943) 
, 

290 170 SUBTO"i'~ 

Crustal 100 260 
recycling 

TOTAL 400 4)9: 93/1 

* - calml.la:Li.ons assumed a value of 1000 ppn Cl in shales 

(Billings a.P.d '·lilliams, 1967). 

n. s. - :1ot significant. 

gives the Br in the va.:rious phases considered in the me,ss bale-'tlce. 

AssUl'llin;~ that the Cl and Br accumulated from. degassing, and in 

6 I -'· 18 
the proportion (>f 0 1 as discussed earlier, 490 x 10 g Br should 

have accumulated. The total mass of Br v..rlrl.ch can be accounted for in 
. 18 ' 

the present hyd::-ospher0-lithosphere system is 170 x :tO g, thus, 

320 x 1J
8 

g B::- must have been removed from the system to give the 

Cl/Br ratio of ;~92/1 in the present ocean. The mass balance of Table 21 



TABLE 22 

Br in the Lithosphere-Hydrosphere System 

.Z.lass Br Reference 
(g.) (ppm) 

4.5 
22 

Poldervaart (1955) Shale X 10 45 
Billings and 
Williams (1967) 

Sandstone 1 X 10
23 

2 Poldervaart (1955) 
22 

Carbonate 23 . X 10 15 Poldervaart (1955) 

Pelagic Sediment:;: 11 X 1023 45 Poldel"Vaart (1955) 
20 

J6 (1963) Subsurface VJ'ater~> .5 X 10 \'Jhi te et al .. 

Organic Carbon 250 X 10
20 

10 Kalle (194J) 

SUBTO"r£ 

Ocean 

TOTAL 

is unilble to account for the :missing Br. 

.Hass Br (g ·) 

20 X 166 

17 
3.5 X 10 

18 
50 X 10 

1.5 
20 X 10 

25 X 1J6 

75. X 10
18 

90 X 10
18 

18 
170 X 1CJ 

Possible sources of unaccounted Br are petroloUlll deposits an:l 

sediments re-incorporatOO. into the. crust as igneous and metamorphic 

rocks. RecyclOO. sediments would be the most importa.nt factor. 

The rati<1 of metamorphosed sediments / sedime11ts is betw·een 4/1 

am 6/1 (Livingstone, 1963a). The total mass of sediments is 2600 x 

10
21 

g. Using tbe ratio of 4/1, one arrives at a mass of 10600 x 10
21 

g 

of metamorphic rocks. There are no data on the Br content of metasedi­

ments; ho-v1ever, a lov.rer limit of 3 ppm Br (average for igneous rocks) 
18 

would account for 30 x 10 g Br, or about 1/10 of the total missing Br. 



Six pre-Cambrian marbles analyzed in th.i.s study, have an average 
18 

Br content of 3?.5 ppm. Using this value for metasediments, )60 x 10 g 

of the 3 x 10
20 

g missing Br can be accounted for. This compares 

favorably w.i.th ·;,he estimate of j x 10
20 

g Br arrived at by assu.ming 

a crustal recyc:.ing of four times the total volume of sediments "Which 
18 

contain 75 x tO g Br; the assULlption being that there is no loss of 

Br during metamOl~phism. 

Approximately 108 x 1020 g Cl would also have been recycled if 

we assume no lo~:s of Cl during :meta."llorph:i.sli'l. As sho-vm in Table 21, the 

ratio of Cl/Br lldded to the lithosphere-hydrosphere system and re-incorp-. 
orated in metamorphic rocks is 93/1, wh.ich agrees very rrell rJith the 

Cl/Br ratio of 60/1 pl~posed for the degassing materials. 

If the o~ean is a steady state system, Br should be removed as 

fast as it is added. Th~ yearly budget of Br in the oceans has been 

calculated on tlB basis of available data in the literature. In many 

cases data are i:1Sufficient or non-cxistant, necessitating approximations.· 

The results of the balance are sho1-m in Table 43. The balance indicates 

that the removal of Br from the oceans exceeds input by 16 x 1010 g 
9 . 18 

per year. Over a period of 2 x 10 years, )ZO x 10 g Br 1.-rould be 

removed from the ocean. The ocean is not a steady state system 't·r.i.th 

respect to Br. 

SedimentE~Y processes can account for the fractionation of Cl and 

9 
Br in the ocea..n:i.c system O".rer the past 2 x 10 years. 



TABLE 23 

Yearly Budget of Br in the }Iodern Ocean 

INPUT 

1. Continental Dra..i.nage 

3·3 x 10
19

g ~~terlyear 
Average of C • 006 ppm Br 

2. Sediment load (assume SO% 
shale). Assume 3 ppm Br 
(average for igneous rock) 

l1ass of 1.7 x 10
16 

g I 2 

3· Volcanic sources- Assume 
excess is vO.lcan:i.c in o~gin 
(4.9 x 1023 g I 3 x 10 years) 

REHOVAL 

1· Shales (as5Wue SOfo of the 
sediment load fonns shales) 
Average Br content of shales 
is 4.4 ppm. 16 
Nass. of 1. 7 x 10 g I 2 

2. Carbonates 
Average of 30 ppm Br. Mass 

of 2.3 x 10~!3g I 6 x 108 yr 

3· Organic Carbon Reser-voir 
Average of 10 ppm Br. N~ss 

of 250 x 10
20

g I 2 x 10 yr. 

4. Pelagic Sedirtlents 
Assume 45 ppn:. Br. Hass of 

11 X 102Jit I 108 yr. 

TOT .AL REHOV ill. 

TOTAL INPUT 

N11T DH7ERENCE 

Reference 

Livingstone (196Jb) 

Livingstone (1963b) 

Fleischer and Robinson 
(1963), Correns (1961), 
Barth a.n:l Bruun (1945) 

This study 

Kalle (1943) 

86 

Hass Br (g ) 

.9 
1 X 10 

8 
1 X 10 

10 
54 X 10 . 

37 X 10
10 

16 
- 010 

X 1 
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Rffect of Hajor Periods of .b.vaporite Deposition on the Cl./Br Ratio 

A close examination of the Cl/Br ratio vs time cm•ves shoHs that 

there is cyclic behavior of the curve throughout the Ordovician, Silurian, 

and Devonian periods. A detailed Cl/Br ratio vs time curve covering 

this time interval is shown in Fig. 15. Hajor periods of evapor-lte 

deposition are uso plotted on the curve and can be ·seen to correspond 

to Cl/Br lmrs. Deposition of evaporites may possibly account for part 

of this variatil)n. It is also interesting to note that the basal halite 

in most salt de)osits have lorrer Br content-s (30 - 50 ppm) than the value 

of 7 5 ppm predieted on the basis of experimentel rrork on the distribution 

C?efficient of Br in halite (Holser, 1965). Holser has suggested that 

during certain periods more rock salt may have been ercd.ed than deposited, 

resulting in an increase in the Cl/Br ratio of sea l·mter and consequently 

a lcmer Br contont in the first halite crystals precipitated. HoJ.ser (1966) 

looked for but Has unable to find any conclusive evidence in the Br content 

of basal halite~: vihich would indicate an increase in the Cl/Br l'atio of 

sea water since the Cambrian. 

The Zecb.stein evaporite sequence from continental Europe has been 

exa.m:ined to determ..i.ne the efi'ect of evaporite deposition on loo·roring the 

Cl/Br ratio of sea water. Considerable data are available on tho extent 

and composition of this deposit (Borchert an:l Huir, 1964). 

The Zechstein evaporites average 600 m in thickness over an area 

of 0.04 x 10
8 

k:m
2

-arrl contain a total volWile of 0.02l!- x 10
8 

km3 of salts, 

or a mass of 58 x 1020 g of salts (assuming an average density of z.Lj.'; 

Ste1.ffi.rt, 1963). Complete evaporation of tho present oceans vJ·ouJ.d produce 

a layer of salts 60 m thick over an area of 3.6 x 10
8 

km
2

_, or a total 



CIT /BrT RATIO vs TIME (m.y,} - DOLOMITES 

100 1 ONE Sx ON EITHER SIDE OF MEAN PLOTTED 

(N) NUMBER OF SAMPLES 

80 
en en (7) w w 
I- I-

60 

- -en 
!r !r w 0 0 I- a. a. -
<t <t a:: 
> > 0 

0 

~ -
I-

oq <t • !r 
1-4 

w w a.. 
<t ::> en > w en w 0 ( I ) 

::E ·~ 
\.1\ J- 40 

m 
......... 

-u 

20 

\II ~r 

300 

LOrd. M.Ord.U.O.rd. L.Sil. M.Sil. U.Sil. M.Dev. U.Dev. Miss. 

TIME (m.y.) ~ 



89 

volume of 0.22 x 10
8 

_km3 of salts of which Bop -vrould be halite. About 

11% of the present ocean salts 1-10uld have been 1•emoved by the Zechstein 

evaporites in approximately 5 x 1aS years (Richter-Bernbu.rg, 1938). 

Borchert an1 Huir ( 1964) estimate that 80% of the Zechstein evaporites 

consist of NaCl. 

If we asstune that the Br content of 280 ppm, representative of 

the ldeserite-carn:ulite phase is e.n estimate of the Br content of 

evaporites, ar.d. a composition of B<r;~ NaCl, 1-1e can estimate the quantities 

of C1 ar.d Br removed from sea \-rater during the Zechstein period. The 

total NaCl in the evaporites is 460 x 1019 g, or 300 x 1019 g Cl. The 

mass of Br amounts to 130 x 1 o16 
g. There 1-rill also be some input of Cl , 

and Br into the oceans from volcanic activity and continental drainage. 

Using average Cl e.n::l Br contents of 8.3 ppm and o.oo6 ppm respectively 
16 

in river -vrater and. a volume of 3.3 x 10 liters runoff per yee1• 

(Li vlngstone, 196 3b), a total of 130 x 1 o19 g Cl arrl 100 x 1 o15 g Br would 

be added to the ocean during the Zechsteir1 period. .An estimate of the 

input from volcanic activity has been derived by assrunin.g a unifon:n 

9 
input of Cl and Br by degassing for the past 3 x :1.0 years. An estimate 

of the yearly Cl am Br input by volcanic activity is given in Table 4. 

The total balan::!e of input - removal is presented in Table 2Lr, If a 

volume of NaCl Equal to the NaCl content of the Zechstein deposits were 

removed from the present oceans, the Cl/Br ratio of the ocean -v;otlld 

decrease from 292/1 to 264/1, or a decrease of 9 • .5%. It is possible for 

large scale evapo:r..-lte deposition to e,ccount for some fluctuation of the 

Cl/Br ratio in ancient oceans. 



TABLE 24 

Effect of the Permian Zechstein Evaporites 
on the CJl/Br Ratio of Sea Hater 

(Jl (g) Br (g) 

Present. Ocean 27 X 1021 9 X 1021 

Removed by Zech::;tein 3 X 1021 130x 1J
6 

*Volcanic Input 50 X 1J
7 

-8 X 1016 

130 
21 

X 101Q Continental Dr~.nage X 10 10 

Net Removal 30 X 1 020 1X 10 
18 

Ne"t'l System 24 X 1 021 9x 10 
19 

Note - AU. calculations are based on a time interval of 
5 x 105 years. 

20 9 
* Volcanic CJl - (29 0- 5) x 10 g/3 x 10 years = 

96 x 1011 gfyear for 5 x 105 years = 
17 

48 X 10 g. 

* Volcanic Br - see Table 23 
10 . 5 

· 16 x 10 g/year for 5 x 10 years = 
"15 

:'80 X 10 g. 
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GWLOGIC JYJ?LICJ;TION OF F". ll~ ENVIROl·Jl.1£;£JT.A1 HI~'COITDTl1UC'i'IO~·~s 1' . 

Dolom.i:tization LP .. d Environ:1oncal Int.or:E_:retations 

The o:drin of dolomite is one of the 1nost pe1•plox:ing problo:ns 

in geology. It is no~-r lTell established that clolo:ni.to is boing fOl'mcd. 

tcxluy in tho su.rre..tidDl flats of ar·ld acd s011Ji-arid regions in cissocier 

tion with Haters t.hat h<lV0 boon highly concontre_tcd (Shilm et aJ.:., 196_5; 

Def:feyos et -~~·, 196.5). A me0hani.sm of refluxing brines he>.s been invoked 

to explain tho d)loni.tizat:i.on of Hocent C[lXbOl'Jatos (Defi'eycs et -~~·, 196.5). 

Adams ar...d. Rhodes (i960) c:<qJlained the dolomitization of the Pernrian 

Basin reef compl(3X by refluxing of hypersaline brines. 

The dist::'ibution of a given trace olomerrt uithin a dolom:i.te 

seq_uence fo:~.•med. hy e;, rcf'lu:d.ng brine rr:i<).st be dopen:lor..t. on the physiccl 

and chemical chaJ>acteristics of the systmr. If such a relationship 

could be establ:i.~:hed for F, the interp1•etation of the genesis of othor 

dolom:i..tes lvotlld be greatly facilitated. Dolomites analyzed in this study 

contain an avcraee of 381 ppm F 1·r.i.th a stmxla1'Cl deviation of 3.59 ppu. 

The distr:l.but.~lon of F in dolomites sho1-m in IIJ.go 6 appeal'S to be rrulti-

The e.verage F content of limestones is 90 pp.Jl irlth a ste.ndard deviation 

of 82 PF11o 

The var:Ls:Jle clist1'ibut.i.on of F in the dolo:,aitos rurl the conds-

tently loH F cont,;nt.s in tho l:iJ:1ost.ones sugeest.s the.t the cher.ri.st.ry of 

the dolor:r.ttiz.ing ;~lu:i.cb C?JYJ./or the physical 1:1och~n:i.nr:1s involved l!l<~Y be 

the factors u'.oich cont:;:ol the dird:.;;·:i.Lution of F in the dolonites. 

91 
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A suite of 70 sa~uples of dolo:raites from cores of the Zro..ma mo:mbor, 

lii.dd1o Devonian Huskog formation, frOiJ. four oil uells in l~o);•t.hern JIJ.bert2. 

·t-rere analyzed for F. Petrologic into1•pretations of the cores had outlined 

four depositioncl errviron.11ents: 1) suprat:i.dal, 2) inte:r·tj.d,1l, 3) tu.:rbu­

lent subtidel, f:rrl 4) quiet subtidal to le.goonal., 11'nvlronmentol intol'­

preta-'dons a...11d correlations based on tho petrologic data are sho-.m :i.n 

F:i.g.16 (Interp:retationsbyV. Jen:i.k, Gulf Oil Canada, Calgn.:ry). 

The Zro;m member is a 60 to 120 foot thicl( carbonate ur.d.t of the 

HidcUe Devonian .'iuskeg formation. The detilled stratigraphy of the 

-- Devonian of .AlbeC'!:.a is sh01m in Fig~ 17. Details of the fom· '~-JeD_ 

locations and co:::-ed intor·v.::...1s are presented :l.!l Table 25. Locations of 

al..l the X-serios 1-velJ.s are sho1-m in Fig. 18. 

Well 

X-99 

X-100 

X-101 

X-11Lr 

TA.BLI~: 25 

Location 

16-19-116-'+Ho 

4-19-116 .• Lf-\J6 

5-J0-116-lf-\'76 

2-25-117-5H6 

4761-488) 

l!-8l+O-l.J·9 50 

li-970-5051 

4922-l.r960 

The assu.qkion of dolo:.aitization of the Zama me:::nbeJ.~ by a reflux 

lllccho..n:i..sm is su.p;s:orts::.l by seve:eal lines of ovldenco. Tho cyclic nature 

of the clolora:i.t.es is rc:aoJ:kably s:i..m.ilar to tho sabkha-uacli co:uplex of the 

Trucial Coast. an:l to the Rscent c.::1·bor:ates of tho Bahamas 1-rl.101'e dolom-:1..tes 
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carbonate analogs of the Baham:i..an carbonates, dolomitized by refluxi.ng 

brines, are siru:ilar to the Zama dolomites (Roehl, 1967). U. D. Shearman 

(personal commmd.cation, 1966) has confirmed the similarity of the Zan1a. 

dolomites to tllE: ·Recent sabkl1a-uadi complex of the Trucial Coast. 

A typicc:W.. sabkha-Hadi type cycle present in the Zama member is 

h . ~ 1(' s 01ill ~n ~~g. ;• These cycles are characteristically 2 to 3 feet in 

thickness, but may be up to 120 feet thick. The complete cycle is not 

aJ:v.rays preserved and nurnerous oscillations within a cycle are common. 

The cycles reprE:sented in v-mlls X-99, X-100, X-101, and X-114 do not 

sho1-1 complete c~·cles on the scale used. Hinor variations on a scaJ.e of 

several inches ~.re not shovm because each sample covered an inter-v-al of 

5 feet. 

The vertical F distribution in the four vTells are shovm in Fig. 20. 

There is a defird.te relationship of F to environment in a.U four wells. 

The average F cc•ntents in the four environments are: 

Emr:i.ronment x (ppm) Sx (pp:a) N 

Supratidal 302 235 21 

Intertidal 411 188 12 

Turbulent Subtic.a.l 556 290 26 

Quiet Subtidal to Lagoonal 124 36 11 

A Student-t test indicates that the differences betvmen the groups are 

significant at the 99% confider1ce level .. 

It is bdieved that the F distributions in the dolom:ttes are not 

a primary fea.tur·e of their li..!ilostono prectU'sors. Tuo lines of evidence 

support this vi E:H. 1) Of 58 limestones analyzed for F, only 3 had F 
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con::.orrt.s in excess of 100 ppm. If tho F cttst:r-:.i.but:lon.::; in tho clolor;litcs 

are conCJ:.'Ollcd bJ' px-:bw..:ry F contents of the o:r1.g:Lnnl l:i.rileston'Js, r,J.oro 

of the l:i.mestono:; should have high F contents. 2) A suj_te of ten saJaplos 

of Louor C:cot<;c:cecnJ.S Jimesto:J.es, from onviromnonts an8logoun to the Zama 

env:i.ronments, ill had loH F contents. Tlro tidal flat dolo;:-,itos associated 

trl.th these limestone samples had high F contents, very sirdJ.ro· to the F 

contents in tho i,ruua intertidal dolo:-ritos. 

If dolon:i tizat.ion of the Zama. merubor is assumed to be the result 

of reflu...'Ci.l"l_g brines, the F' distribu:tions must be a function of the 

hydrologic syster.. ar.d the bJ:":i.ne che1r1istry. lu1 idealized model illustrat­

ing the hyd.rologic system i.s slwtm in Fig. 21. \'lith each t:i.de>l pulse, 

sea 't·rater is added to the system in the intertidrJ. zone. E\re.poration 

in this zone results in forrrw.tion of a dense brine. The der~se lxcine 

sinking through the secl:i.monts into tho intertidal mrl subtidal zones is 

forced dom1 by e~ch tidal iP.fJ.ux. Brine moves into the sup:.·atidal zone, 

predominantly by capillary action. Further additions to the s'.tpratidal 

zone :?~e 111e..de by st.or;11 act:i.on a.n.i spring tides. 

As the see. 't·rater concentrates in the intertidal zone, CaF2 Hill 

beg-ln to precipitate. The highest concentrations of F m·e obserV8d in 

th'e turbulent subtidcl zone, because of tuo factors. 1) A h.'i.netic effect. 

The p:r.~ecipitat:i.ol1 of CaF
2 

initiated in the intertidal ~one nay not have 

had sufficient tLr1e to go to completion bao:-ce the brine noves into the 

tu.rbulenG subt.icht zona. The bulk of tho proc:i.p:1.tatiojJ •·rouJ.d te . .ke place 

in tho tm·bulcnt suht:i.del zone. 2) 'l'idal inClu.:;'C !ile,Y diluto the b:r-:} .. n\j 

mlffic:i.ently to r;)tard the p:c•ccipit~t.ion of Ca1"'z~ rosulting in lcnmr F 

values in the; :i.:nt:Q.'·c.id.al z,o:1:::1 than :'.n the tu:cbulorrc subt:i.cbl z;o:n:D. Tho 
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lovr F ccmLents in the suprat.id<:>J.. zon"c: are tho resrut of t'.JO facto:cs. 

1) Tho F 1rould be rcnoved i'rom tlw b:r-ine in the high i.rrt.ert,idal - lo:·r 

supr<rt:td21 zonE. Th.i.s is verlfied by tho high F in the high intertidal 

S['Jilples &.nd a generelly high F at t:O.e transitional boundary of the intor­

t:l.de.J. - suprati :lrJ. zonos. 2) There iKfi.lld 81.so be a smaller vollllilO of 

brine moved by ')apillai.'Y action t.ln ... ongh tho supra:t.icle~ zone. 

The occ;trrence of significant quri.nt.it.~tes of anhydrite in the 

supratidal carbonates nw.y result in a sinple clilution effect. Throe 

suprD.tidal. anhyd.l~.:tes vJere anelyzed for F (TabJ.o 26). He.ssive anhydr:tte 

and an.l.lydrite cJ•ystnls conta:'i .. ned 14.8 pp~n and 10.0 ppm F respectively 

while the replacement anhydl1.ter containing 20~~ dolomite, contained 

90 ppm F. If t!.:.e anhycb:'ite in tho supratidal socttments is displacenent 

in origin (added iTlthout reraovi.ng any carbona:t.e), a diltrt.ion effect 

1-rould result. HoHevor, if the dolOllliAte is replaced by <.m,ydrite, no 

dilution wouJAd r es1.D.t. Textural evidcaco suggests a l'OJ:.'ll.ac :.me:'1t or-lgin 

for most of the 2.l'h'1ydri to in the Zama :member (Geological staff, Gu:tf 

Oil Canada, Rese:ll'Ch I,ab., Calgary, personal COllJmUnicat.ion). Tho lr..cl~ 

of correlation b:k•reen tho anhydr-ite content ar:d F content in the supra~· 

tidal dolomites ::rom the Zama mombor further indicates that the formation 

of anhydrite doc;; not affect the F cli.stribut:i..on. 

Dolonrl.t:i.~~ation of the lagoon~l 02• quj.et subtidal carbonates must 

be the resl,lt of brines undersaturated lri.th respGct to CaF
2

• The F 

depleted brines :co.fllL.ci.ng through the ~upratidal and inte:ctida1 zones 

are the most likEly solutions. 

Tho dist:dbut:ton of F uithin tho b2.:c:c':i.er ?o3f co~nplox Has eJ~so 
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Descriptions of Samples -

TABLE 26 

F in Supratidal Sulfates 

.Age 

~."! T'\ .......... _._,.: - ,_ 
-..;,. • .JJ'.;;J y V.&...L.L<h.LJ. 

Formation 

.i:lL-,::;l<._I;Jg .?m. 
Z<::llla member 

Sample lli.ne~.?logy F (ppm) 

5-A-4-795 Jl.y ( ;,::u;; D) >'4.0 

s-A-500.5 A:y 14.8 

S-.A-509.5 Ay 10.0 

S-A-4795 f-~~te replacing dolomite. Large porphyroblastic masses t - 2 inches 
• ,. ..t.. J.n co..e.me~.,er. 

S-A-500.5 Secondary anhydrite. Hassive, occurring in 2 inch veins. 

s-A-5095 Seconcle..ry a!"'llydrite. Occm"s in le.rge crystals up to 3 em long. 

I-'> 
0 
('\.) 
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an avort:.go of 6L~2 pp11 F' compared to an a.veo:·ase of lV27 pp~rl F in the roof 

f:calllGHOrk dolo~d ... tos~ 'l'he d'Lstribution of F :i.n tho l'C8f r;w;y- bo tho 

result of tuo moohan::Lsns. 1) Brines J.'ofJ.u:Y.:1.IlG tln·o1..~gh tho l'Ccf mey bo 

that the dolmrl;':,:i.zation of the Pormia.11 Roof Ccl11plex occill'l~e.d by b:cines 

quantities of C<tl•bon-2.te mo:cel·ip.J. to the reef • concentrate F. The major 

reef bu:i.lde1~s rud. bincJj.ng agents in roof for-mation a:re algae. .An 

an?lysis of the calcG> .. veous portion of the Rcc:ent. cl.gao, Jlaliulesfa sp. 

froiil the Ba.har:lt:tE~, yielded a vtU.ue of 1500 ppm F. Concentrations of F 

in tho reef matErial co1.U.d be the result of 1P concentration by sholl.c.'C1 

organisms and algae. 

A stratigraphic c?rl·elation bet·ueon the folu~ 1-:-ol.l.:; vas :made 011 

tho basis of the F distributions in the cores. The into1•pretations 

sho1m in Fi8• 20 ag:r.ea in all najor aspaots l·rith the orig:i..nal correlc.tions 

based on potrolo.rlc data (Fig. 16). 

The clist::-ibution of F in the Zama me.J.ubor dolor:rl..tes is proponed 

to be the result of' precip:l. tation of CaF 
2 

d1.u·ing tho reflt1xin2; of con­

centrated se8. 1va.te1~ through :ma1·in0 ce,rbona.te ocdiments. Fluorite is 

o.ne of the least soluble fluorine compounds. Its solubility in Nator 

is represented b;r tho 

CvoF' -----~ . 2 ·,--
2+ 

Ca + 2F- • 

The ionic so1ubU:i.ty prcduct of CaF2 in a so.tm'2.tod solution is: 

(Butlm·» !96L:·). 



The sol1.:bil:Lty produ.c:t.s of CaF
2 

in sea 1-re.te:r, concen"t:.r-::rt.cd b:rincs$ 

h;ydr·othol'lit?l w-ato1•s, a1:1d gromrl 1vato1 ... s uero cDlctLlat.cd (2.5°C) (:I'able ?.7). 

1'he cnlctllD:tiorw h::ve tdcon into c.ccount. the ionic strol!f;th of the sol~· 

utions an~i the co::.nnon ion effect for ca2+. In the case of concont:t·atcd 

br:i.nSJs, HsF+ c01:1plm:iP...g has been considorGd. The fol.lOi·:d.ng have not 

been taken into :J.ccount: 

1) ll0actio12s of ,::ations a.rrl anions 1·rlth uator to pj.'oduco h;yth.'o:ddo 

coli1plexos an:i protonatecl. sp3cio::;. ~w ari0n .b.Jrclrolysis is mo1'e sovel'O 

in acid solut:~ons, it can be ne[;;loctsd here bocau,se tho pH of tho 

solutions is hot-vroen 7 e.r..;::l 9. Hot·Jever, cation hyd~rolysis is more 

extensive in hasic soJ.ut~.oru:. Both factors te:rrl to increase the 

solubility of CaF2 (Butler, 196'-r). 

2) Tho activ:i.ty of Ca...11'
2 

has been assu...'lled to be 1. If tho Cc.F2 is in sol:J.d 

solut .. ion :i.n Cr.COy the activity of Cal~ lTOuld be G1Ual to its nolo 

fraction (XCal'
2

) times its activity coefficient ( acali'z)' or 

AC .t:• = Xcnr x Yc2F
2 

(Garr·els e..nd Christ, 196_5). 
8.l' ~ u.o.' 2 fj I 

For simplicit;y, it hac been assumed that thm'e is no solid solution 

of Ca.F
2 

in caco
3

• 

Single icn D.cti vlty coef.r~c:i.onts have boon ce~culated using the 

Davies cq_u;,tion of the form: 

2 [.II -log'/.~. = A z _: ___ _ 
0.!.. i+Jr 

' 
0.21 J 

lihere A == · 0 o .508 .5 

z = the cha ege of the :ion 

I = tho :i.on:Lc strensi>h of tho solu:::,:i.on. 

Tho :i.on:tc ntrcngt.h of so~ uo.:l:.o:t' (Oo72) e.nd tho e.ctivity cooffie:lont 
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of ca2
-l· in sea. lJe.tor (0 .. 28) li81'C taken f:r·ol:l Garrols ar.:l Chr-ld. (:t96.5). 

The ion:i..c stz·en~th of the other solutions vJcz·e determined from tho 

linear reJ.ation::J .. lll.p o:C con:lucta.nce Vf; ioni.c: st1•engt.h and from tho 

equdion 

I ::: 1 lei zi. 
2 

vJhere ci :::: tho eoncen:l-;ration of tho ion in m/1 

zi. = the <:ha1·ge on the ion. 

The results of tho calcula:tions a:r·e sho·Hn in Table 27.. Sea. 

tva tor and ground Haters are unc.1ol·saturatE..'Cl ui. th respect to CaF 2 • The 

undo1•satm•ation of soa Hater 'i·.rlth rospoct to CaF
2 

is in e.greement 1-rlth 

Kramer's calctll<:.tions (196.5) and explains the lm·r F content of J.ir;lo::d:.o1:3s. 

The calcvlations also verify the precipitation of CaF 
2 

from soe. 

t-rater concentrat~d tno-fold. This is in accord i·rith the sc:qu.eme of 

reactions preson~e<:l by Borchert e.nd J.1J.ti.r (1964) fo1• the concentration of 

sea. Hater as sho·m beloH. 

Concentration Fa.cto:t• Precipi tat~)s Dissolves 

2 3 fo:.d Ca.F 
2 

3 - 5 fold HgF Ca.F 
2 2 

over 6 f<1ld CaF MF?F 
2 0 2 

A. V. Ke.H?lcov ( 19.50) :1.nvestie~too. mothods of p1•ec:lpi tat.ion of 

af'tc1~ the F con:LE :ot in the l;od:.tico of phosphate lwd reached tho contEmt .. 

of i'llJ .. o:t•apatito, F continuos to p~~·eci}::ti. tate D.s Cal~2 ~ 
Hhyzhen.'t{o (i965) has sho·,m that CrJT2 'Hill pl'ec:i.pitat.e e.r.d ropl..c.oo 



TABLE 27 

Solubility Products of Ca.F2 in Various .P.queous Hedia 

Hsd2.u.'il 

Sea 'dater 

Sea. \·Tater (Zx) *'" 
Brines 

E;ytlrothornwl Haters 

G-rou.."' .. d 'laters from 
limos-Gone and dolomi to 
torro.ine 

Ca (m/1)* 

1.0 X 10-2 

-2 
2.0 X 10 

17.6 X 10-3 
. .., 
3.3 X 10-.) 

-3 
1.7 X 10 

( 1) - no correction for HgF+. 

t2) " .,.,+ 50d \ - J:tg.t< = ;o. 

F (n/1)* 

..1!, 
0.71 X 10 . 

0.1LJ. X 10-3 
_., 

0.1li- X 10 .) 

0.29 X 10-J 
,., 

0.02 X 1,0-.) 

,,. - data from 'VF..YJ.:i..te et al. (1963). 

Yca.2+ 

0.28 

0.22 

0.45 

0.88 

1.00 

/JF-
1; 

0.79 

0.68 

0.82 

0.97 

1.00 

·~~~ - assume 50~~ of the F. is. complexocl. as l·fel' .. ,+ ( Sil..len, 1961) • 

I 

0.72 

1.'-i4 

0.)4-

0.098 

0.008 

Tr 
!I. sp 

-"1 2.16 X 10 ~- (1) 
-12 

6.10 X 10 (2) 

6.80 X 10-il 

-10 
7.45x10 

-10 
8.12 2:: 10 

3.10 X 10-11 

}..>. 

0 
C'\ 



Caco3 in ueakly aeid to eJ.kaJ.ine ~:elutions, the C):iticeJ. fe<cto:.· b>.J.r:z 

the re.tio of [r) 2 / [ co
3

2-] • Increase in the pH of tho roflux1.ng 

brinos H01J.ld l'O.Si.Jlt in a h.i.ghol~ contexrt of F- and a. 101·782.' co.:1to:o.t of 
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2-
COJ , favorir:c the p!•ccipitation of caF

2
• Friedman (1963) reports p] 

vaJ.ues in excess of 8.0 in the waters associated -vJith Recent dolonites 

in the Gulf of Aqaba. 

The geologicDJ. ev.idonce presented here a.n:l the expe:r-im0n·LeJ. 

results of oth0r liOJ.'iwr•s ir ... dicato that the precipitation of CaF
2 

fro,-,1 

refluxine b1"ines is tho nwcha.ni..sm l'er:ponsible for the ctLstl'ibution of 

F in dolomites. 

Suggestions for Further Hosearch 

If ·H-o are to fully explain the haJ.ogon distributions fot.md. in 

the geologlc record in tenus of natural processes 't·rhich have talcen place, 

a.n::l are still tl'Jd.l1G place 1 w·e must havo a thorou::;h knoHl(.ld.ge of the 

chemistry of the halogens anq the effects to be expected frou various 

natural pl•ocesses. In order to predict the effects of natural processes 

on halogen abundances a.rrl mobilities, ue must first understand the ph.ysics 

am ch~aistry of these processes. 

The pl~ese:n:t study on the dist,ributio.ns of the haloGens in sed-

imenta.ry carbonates and the p:t·ocesses b:r"'lnging about these distributions 

has cleax•ly demonstrated several 111mOI·ilecl.e;o gapsn lihich need to be c1ar:Lf.':Led .• 

Some of the mo~r."e obv:lous areas of.'\'Joakness a-re: 

1) The che:llistry of tho 11 roUuxing brinos11 j_s vague a.r.d needs to be 

qu<O.nt:'lfied in to;.ns of chemical co:np~sitions e.nd thdr clw.nt:es u:i.tlri.n 
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at UJ.rt.il 1m r~n::lcTstn:o.d tho dotdled cha.ngos in ln:-lno co:t})Osi t.ion. :i.n 

the systc'm ·lll·K1.o)~ cons::1.do:r.'e.t.io~1. A doto:Ued an:l tho::·ou.:;h irrvcstig.:orCion 

of tho hcJ.ogc n co~npod t,:j.o:.1 of the b:::·ines in aroD.s of HecerJ.t clolo:::Li:te 

fo:;.'i:l<:~tion needs to be CD.l'l"led ot..tt. 

2) D0lom:i.tcs fo:r.:uod by }:l:Jst-lith:l:f:i.ce.t:'Lon p:cocossos shouJ.d bo 2.l1<:tly};ed 

for F' to co:::lJ_::lcte our u.n.ds"-"'st.ancl.:i..r.:g of tho distr:i.bu:Lion of F in 

dolomites. Th.is I·JOuld be ~m :i.nvcluab1c a:id in livrkir..t; out the gencE;:ls 

3) A mOl'e deta:Ll :·d investigation of the relationship of the F' cl:i.st.:l'ibution 

to penocontelll)Ol'ancous doloc;lite fo:t:mation ·Hould strc11gthen the con·· 

elusions roached in the proselic. study. It uould also be instructive 

to detei·;':Jinc the F distributions in 1.urloloraitized ana].ogs of the Zfl.n.?. 

dolor:rl.tos. 

4) ~'he usc of tr~~ce elements as env:i.ronmental indicators in l.tmestones 

has been suggE,stcd by Chester (1965) and Ca.t-:J.eron (1968). Ho;.-rever, the 

use of che:u:i.cc:l envlroru'lell't.?l indicators in dolo:url.tizod carbonates has 

not been suggested or pre·viously attempted. The present st1.1dy of F 

and an investie;at.ion of other selected trace clements by the author 

ho.s shoun that cU.agonotic p1•ocesses can lea.ve cha:t•acteristic ele;;19nt 

dist:eib1:r~~ions which indircctl;y- ro:flect the Ol•:i.c;ine .. l env·h-on:J.~ll1t of 

clopo.s.i.tion. 1'.1ose characte:::•istic olenent eLi. st:r·iln:d:,iom; e.ro tho roc-rc1lt 

of seco1::la.ry :i ... ;.o;egn.rrl.c p:cocossos controlled by the goo~>lO!.'pb.olo[;y of 



If the or1.gi.rwl chex'acto1•istic t.rE~ce element d.istr·ibrd:.j.ons m~o 

completely lost du:r-ing diagenes::ts~ the secondu:r·y dist.l"'"lbut.ions m.ay be 

just as usoftt.1 in reflec:t.hJg the deposit.iom:l envil'Ol1l1101Il::.o Detailed 

needed t.o dete:r',:line their use as inclir·ect envirOI."it!Cl1t..,J inr:.licat.ol~s., 

It. must be E>:·aplw.s:izod that a kno~iLoclge of the physical proc:es~1•3s 

involv&..O. is ess)nt-ial. Unfor·tu.no.:tely9 these a:i."e vo:.,y seld01>1 kn.o-;;n. 



CONCLUSIONS 

The r::J./ Br ratio of the water soluble and acid soluble phases of 

marine Cal."bonates shou a progressive increase from pre-Cambrian time 

(2 x 109 years) to Recent. The relationship of the Cl/Br ratio of the 

carbonates to t.1e r::J../Br ratio of ocean uater has remained constant for 

9 the past 2 x 10 yeal."s. This relationship holds true for limestones and 

dolomites, and :Ls of the form: 

Rot = Rrt / K 

~rl1ere R
0
t = the Cl/Br ratio of the ocean at time t 

Rrt = the r::J../Br ratio of the carbonate at time t 

K = O.'Z/. 

From the above o)..-pression it is possible to estimate the Cl/Br ratio 

of ancient oceans. A change in the Cl/Bi" ratio of the ocea.n.s from 

58/1 in the pre··Carabrian to 2'70/1 in the Recent ocea..r.s is calculated to 

have occurred, 1rllich is close to the predicted change from 60/1 (pre­

Cambrian) to thEl present value of 292/1. 

The fractionation of Cl and Br throughout geologic tin1e can be 

explained by Br removD.l 1·Jithin the sedil'llenta.ry cycle if crustal recycling 

is considered. The yearly Br budget in the ocean indicates that Br is 

not, and could not have been, in dyna.m.i.c Eq uilibriura. with the ocean over 

the past 2 x 109 years. 

Ha.rine shelled organisms fractionate Cl and BrJand corals an:l 
algae concerrt.rate F. Fresh vmter shelled organisms concentre.te F, Cl, 

alrl Br and fractionate Cl and Br relative to fresh lJater. The effects 

110 
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of shelloo orga11iGiilS on long te~c:rn. fre.ct.ion.a.tions of C1 and Dr are small 

because of the &'111C?ll raass of skeletal material. The role of marine 

011 gan::i.sms in fractionating Cl and Br throughout geologic time is sro.,..ill, 

but may be iruportant, in biogenic carbonate deposits. 

Diagenesis of carbonate rocks results in the follovdng ch~.nges 

in F, Cl, ·and Br contents: 

Alteration from aragonite to calcite: 

1) The Cl.L'I ani Brvl cont.en:ts decrease. 

2) Aragonites contain approxira.at,ely. 1200 pp:.11 Cl cU:rl .30 - 40 ppc.1 Br in 

lattice sites compared to 80 - 100 ppm C1 and 8 - -15 ppm Br .in 

calcite and dolomite lattices • 

.3) Durl11.g alt~ra.tion of aragonite skeletal material to calcite, Cl is 

preferentially reJ.!'lOVed rola.tive to Br due to the presence o:f Cl in 

the shell in a more soluble phase. The original C1 and Br contents 

are retained un:'ill the shell material a1 ters . The:.t,e .are no sign:i.fi­

ca.nt changes in the F content tdth alteration of the shells. 

4) The F content of 1500 ppm in aragonite serJiments dec1•eases to 90 ppm 

in c:?lcites.· 

.Alteration from limestone to dolomite: 

1) Ther e is essentiaJJ.y no difference in the Cl content in limestones 

and dolomites. The same is true for Br.. 

2) 'l'he a.vere.ge F' content of limestones is 90 ppm 1-r.i.th a small var1~'1ce ; 

Hh.ereas , t~e average F con:tent of dolomites is .370 ppm rrith a high 

var-lance. The va1--ia.bility of the F dist:t:1.but.ion in dolomites is 

explained by tho t wo inorganic mechanisms of reflu.."d:ng brines and 

precip:i.tat:i.on of CaF2 • The CaF2 is prefe:rentiaJ~y prec:i.p-l tat.Gd in 
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cert.ain envlronnents depencling on the chemistry of ·~he reflu:ring 

brine. The F distributions have been sho-t·m to be characteristic of 

these envirorurlents. It is possible to determine. the environment, of 

deposition of the carbonate on the basis· of tho F' content in the 

· dolomite. 

Alteration to 1ua.rbles: 

1) There is an apparent loss of F during <ii.agenesis of ca.rbo:oates to 

marbles. 

2) The Cl and Br contents of the marbles are not significantly different 

:from thei.J:• raspe.c.ti v-e a.bttndances in limestones a.l'1d. dolomites. This 

point is cig.ttl~\.c.aat in the chemical mass balance :for the a.ss1.uuption 

of no loss of C 30~ Br dm~ng metar11orphi&"ll of sediments. 

The F in { . ·a;t>):lona.tes is believed to be in the form of Ca.F 2 

as a. separate pl\asc. and not· as a soJid soh,_tion substitt1:Cion of Ca.F2 in 

Ca.co3• CalcU:Latio~ have sho-vm that solid solution of CaF2 in Caco3 

would be very non .. ;lde.al .. . It. has e.lso been sho1:-m that clay minerals and 

co2-f\..a~t4. ® not control the F distribution in the ca.rbone.tes. 

The Cl w.d Br ~e present in the carbona:t{~S le.rgely in the form 

of intergra.nular salts and fluid inclusions. HoweveJ:•, the Cl is L'lOre 

uater soluble tha..11 the Br. 
r 



BIBLIOGRAPHY 

ADM1S J .E. and RHODES M. L. (1960) Dolomitization by seepage reflu.xion • 

. Am. Assoc. Petroleum Geol. Bull., 44, 1912-1920 • 

.AS!fvlORTH R.B. ane~ .CORlfiER M. J. (1967) Isolation of 2,6-dibromophenol 

from the, marine hemichordate, Balanoglassu~ biminiensis. 

Science, llir 15.58-1559. 

BAR'rH T. F. W. and BRu-lJl~ B. (1945) Studies on the igneous rock compl­

exes of the Oslo region. IV. F in the Oslo petrographic 

, provillCE'• Skrif or Norske Videns Kaps - Akad. Oslo, I Mat. -

naturu. Klasse. 

BEBNE W. (19.53) Untorsuchuneen zur Geoch'3!llie des Chlors und .Brom. 

Geochim. et Cosmochim. Acta, ]., 186-214. 

BILLINGS G. K. and ~VILLIAMS H. H. (1967) Distribution of chlorine in 

torrestJ~al rocks (a discussion). Geochim. et Cosmochim. 

Acta, Jd,, 2247. 

BORCHERT H. and. llUIR O. (1964) Salt Deposits. D. van Nostrand Co. Ltd., 

London, 338 p • 

.BO\'lEa C. A. and HATCHER J • T. (1967) Adsorption of fluoride by soils 

and minora.ls. Soil Science, 103, 151-1.54. 

BurLER J. N. (1964) Ionic ffi.uilibrlu.m: a Mathemagcel Approach • 

.Addison-·Hesley Publishing Co., Inc., Reading 11ass., 547 p. 

C.AHER.ON E. 11. (1968) A geochemical profile of the Swan Ui..Us Reef. Can. 

Jour. Ea.rth Sc:i.onces, ..,2, 287-309. 

113 



(' ' 

CARP:b1\J'TER R. (1968) The Harine GeocheTI"istry of Fluorine. Ph.D Thesis, / 

University of California, 134 p. 

CHATIN A. and HUl~TZ A. (1395) Analyse des coquilles des huitres. C.R • 

.Aoad.. Sci., Paris, p., 531. 

CRAVE K. E. (1960) Evidence on the history of sea 1-1ater from chemistry 

of deeper subsurface 1-raters of ancient basins. Am. Assoc. 

Petroletml Geol. Bull., JiJ}, ,35?-3'70. 

CHESTl!-:R R~ (1965) Geochemical criteria for differentiating reef frolll 

no~reef facies in carbonate rocks. -Am. Assoc. Petroleum Gaol. 

Bull., 49, 258-276. 

CLAYTON R. N. , FHIID•IAN I. , GRAF D. L. , 11.1\.YEDA T. K. , HEENTO W. F •. , and 

SHU1P N. E. (1966) The origin of saline for·mation watel"S I: 

Isotopic composition. Jour. Geophys. • Research, JJ:, )869-,3882. 

CORRENS C. H. (1961) The geochemistry of the halogens, in :v. 1, ]?hysics 

and cq,emistJ~Y of .the Earth, p. 181-233o 

CRAIGIE J. S. and GRUE.NIG D. E. (1967) Brolllophenols from red algae. 

Science, ;127, 1058-1059. . 
' 

CROSSLE'i H. E. (191-14) The me.nner of occtU'rence of fluorine in coals . 

Jour5 Soc. Chem. Ind., 2], 289o 

DA.t-fiLOVA V. V. (19L~9) On the content of fluorine in rocks. .Akad. Naulc · 

SSSH., Biogeoldrl.m. Lab~, Trudy, 2_, 129~13l~ (in Russian). 

DEFFEYES K. S., LUCIA F. J., and \-TEYL P. K. (1965) Dolomitization of 

Recent e.nd Plio-El.eistocene sediments by mal~ine eva})Orl.te vmters 

on Bonnaire, Nethel"lands An:t:Ules. Soc. Ebon;. Paleon. and 

Hine:rcl.ogists Spec. Pub. no. 13, 71-88. 



115 

EARLEY J. W. (1958) On chlorine in serpentinized du.nite. Am. l1iner­

alogisi., !f1, 148-155· 

EBERIUS E. and 1<:0\·JALSKI \'/. (1952) Fluorbestimming in Erzen und 

Schlacl:en. Zeitschr. Erzbergbau u. Metallhutlem<Tesen, ,.2, 

131-l]Ci. 

EISENIWIJ G. (1967) ed. Glass ELectr_cdes f..Q.J:.: Hydrogen and Other Cation~. 

1-Iarcel Decker, Inc., New York, 582 p • 

. FLEISCHER H. an:::l HOBINSOI~ vl. 0. (196 3) The geochemistry of fluorine. 

Studie:; in Analytical Geochemistry. The Royal Society of Canada 

Specie.::. Pub. no. 6, 58-74. 

FRANT H. S. arrl ROSS J. \'l. (1966) Electrode for sensing fluoride ion 

a.ctivi~:.y in solution. Scieme, 1,54, 1553-1555. 

FRIEDLANDER P. (1909) uber den F arbstoff des Antiken purpurs a us 

~ejS jJrandarls. Ber. dtsch. chem. Ges., 42, 765. 

FRIEDLANDER P. (1922) Uber die Farbstoff aus Purpura apert_e und PurP.U!'...Q: 

1apill~:!£. Ber. dtsch. chern. Ges., .52, 1655. 

FRI:JIDHAN G. N. (1968) Geology ani geochemistry of roef, ca:t.•bonate 

sediments, ani linters, Gulf of Aqa.ba. Jour. Sedo Pet., ).§, 

89.5-91~1. 

GARRELS R. H. and C.d.RIST C. L. (196.5) Sol~~ions, l1ineral§.1 and 

~i.JA.Qria. Harper and Row, Nm>1 York, 4.50 p. 

GLAGOLEVA H. A. (1961) The influence of bottom organisms on the 

distribution of the elements of the Black Sea. Geochemistry, 

§., 1091-1093. 

GINSBURG R.N., LLOYD H • .H., STOCKl1AN K. H. and HcCALLUH J. S. (1963) 



Shallot;· water carbonate sediments, in The Sea, J, H. N. Hill 

eel., Interscience Pub., New York, p. 554-582. 

GREENLA.l'JD L. and LOVERING J. F. (1966) Fractionation of fluorine, 

chlorine, and other trace elements during differentiation of 

a tholeiitic magma. Geochim. et Cosmochim. Acta, 1Q, 96.)-982. 

GOLES G. C., GREEl'J'LAND L. P. and JEROHE D. Y. (1967) Abundances of 

chlorine, bromine, and iodine in meteorites. Geochim.. et 

Cosmochi.m. Acta, J1, 1771-1787. 

GOVEl'T G. J. S. (1966) Origin of banded iron formations. Geol. Soc. 

No.. Bull.' J.1, 1191-1212. 

HAL\JSEN W. C. (1961) Iodine in the enviroYl111ent. Radioecology, Division 

of Biol•)gy and Medj_cine, U. S. Atomic Energy Connn. \iash..i.ngton, 

D. C., ::>.. ,581-601. 

HOER.ING T. C. and PARKER P. L. (1961) The geochemistry of the stable 

isotope:> of chlorine. Geochim. et Cosmochl.m. Acta, £2, 186~199. 

HOLLAHD H. D. CL965) The history of ocean water and its effects on the 

chemist:~y of the atmosphere. Proc. Nat. Acad. Sci., ,.22, 1173-

118). 

HOLSER H. T. (1~165) Bromide geochemistry of salt rocks. Sy:mposil.Ll?l. on 

Salt, 2 rrl, Clevland, Ohio, 1• 248-275. 

HOLSER VI. T. and KAFLAN I. R. {1966) Isotope geochemistry of sedimentary 

sulfate1:. Che.i'Tl. Geol., 1• 9JOlJ5. 

HORN 11. K. and A.DAHS J. A. s. (1966) Computer derived geochemical 

balance~: an:i element abund.ances. Gcochim. et Cosmochim. Acta, 

.lQ. 279- 297. 



ILLING L. V. (19 ,5Lr) Bahaman cal.ca.l .. eous sands. kn. Assoc. Petro1eUIU 

Geo1. Bu~1. t J§., 1-9.5. 

D-ffiRl:E J. (19 56) Biometrical methods in the study of invertebrate 

117 

fossils. Bull.. JIJu. Hus. Nat. Histo1•y, 108, article ·2, 2J.3-252. 

JEFFRIES C. D. (19.51) Occurrence of fluorine in limestones ani 

do1ow.ites. Soil Science, 1J:, 287-289. 

JOHNS vl. D. and HUANG \1. H. (1967) Distribution of chlorine in terres-. / 

, trial rocks. Geochim. et Cosmochim. Acta:, .1!:.• 35-49. 

KALLE K. (19Lr3) Det_Stoffhaushault des Hers, Leipzig . 
0 

, KAZAKOV A. V. (1950) Conditions of the formation of fluor-ite in 

sediraentary 1•ocks. Trudy Inst. Gaol o Nauk Akademii SSSR, lll.J., 

22-64 • 

... KEI1'H H. L. and \'lEBER J. N. - (1963) Carbon and oxygen isotopic compos-

ition of selected limestones and fossils . Geoc.hiril. et Cosmoch.i.m. 

Acta, 28, 1787-1816. 

KOGP.RKO L. N. an:l GU1YAY'i1VA L. A. (196.5). Geochenlistry of the haloge~ 

:in the -a.Uc2J.ic rocks of the Lovozero Nassif. Geok.himya, ~. 1011-

KOIW'.dlJ N. (1956) Fluorine in rocks. J.\1e.'ll. Fac. ~ci. Kyu.shu Univ. Ser. 

C, Chem."i.stry, .f., 95-1l:-9. 

KOBITN'IG S. (19.51) Ein Beitrag zur Geochemie des F1uor. Geochim. et 

Cosmochim. Acta, J:, 89-116. 

KR.~'1ER J. R. (1964) Theoretical model for the chemical composition: of 

fresh uater 1-ti.th application to the Great Lakes. Pub. no. ll, 

Great Lakes Resea.x·c~l Division, The Uni.v. of Hichigan, p.l47-160. 



118 

KRJ.liER J. R. (1965) History of sea uate:r•o Constant tempe:rat.uro-pr essure 

equilibrium models compared to liqUid inclusion analysis. 

Geochi.l.u. et. Cosmochim •. Acta, 29, 921- 945. 

KRASilvfSEVA V. V. (1964) Geoche11dstry of chlorine am bromine. 

Geokh .. i.m:i.ya, ~. 171-177. 

KURODA .P. K. and SANDELL E. B. (1953) Chlorine in igneous rocks. Geol. 

Soc. Am. Bull., 64, 879-896. 

LADD H.S., TRACK! J. I. and GROSS 11. G. (1967) Dr;Uling on Hidvmy .Atoll , 

HawaiL Science, ~. 1088-1094. 

LAHAR J. E. and SHRODE R. s. (1953) Hater soluble saJ.ts in limestones 

and dolomites. Ebon. Geol., 48, 97-112. 

LANE A. C. (1908) 1-'line waters. Lako Superior Hine Inst. Pr., .:.!:2• 6~-152. 

LATTI'i~-:R H. U. (1~52) Oxic:Brt:.io~2:~~1t:i.als, 2nd ed. ·Prenti.ce Hall, Inc., 

EngleivOod Cliffs, N.J., )92 p. 

LIVINGSTONE D. A. (1963a) The sodiu.111 cycle and the age of the oceans. 

Geochim. et Cosmochim. ~.eta, 21.~ 105.5-1069. 

LIIJ"iNGSTONJ<; D. A. (1963b) ChemicaJ. composition of rivers alrl lakes. 

U.S. Geol. Survey .P-.rof. Paper ~~Ll-0-G~ 64 p. 

LO!tl E. H. (19.51) Halogenated amino acids of the bath sponge. Jour. 

Narine Research, 10, 239-2~~5. 

LOI!J'ENST.l\H H. A. a.ndl1cCONNELL D. (1968) Biological precipitation of 

fiuo:cite. Science, J.62, J.lr96-1Lr97 o 

H.ASOl;i B. (1964) b:1.u~les of _Geo~·le:llE.LJf~l:,y, LI·th ed. John Hiley and 

Sons, Inc., Nm; Yo1·k, 310 p. 



119 

l1cC.ANCE R• A. and HASTERS H. (1937) The chemical composition end t.he 

acid base balance of Archidoris b:dt.annica. Jour. Marine 

Biol. Ass. U.K., 2, 27) • 

. NICHAEL G. and BLUl1E B. (1952) Ubel" den Fluorgehalt Thuringer Bunt .... 

sanclstein und Huschelkal.kboden, und dessen Bed'eutung fu::.:- die 

Loslichkeit der Phosphorse.ure. Chem. Erde, 1Z_, 27-48. 

MILLER R. L. and KAHN J. S. (1962) Statistical An.a.lvsis i11 the 

· Geological Sciences. John Wiley ar.d Sons, Inc., Nev-1 York, 483 p. 

NARDOZZI 11. J. and LID,irS L. L. (1961) Pyrolitic separation and deteJ:"-

ruination of fluoride in ra:tv materials. Anal. Chem., J2, 1261-

1264. 

NE.o-rl!LL N. D. e"t, a1. (19 53) 1'he PeJ:"lll.ian Heef Complex of the GuadoJ.upe 

Mountains region, Texas ar.td. Neu l1exi.co, in A Study i!Lf.a,h.e_£col~~' 

vl.H. Freeman, San Francisco, 236 p. 

PAULING L. (1960) The Na.tt1.re of the Chem.i.ca.l. Bon~_:_'3rd ed. CorneD. 

University Press~ 6LJ1+ p. 

PILKEY O. H. and HARRISS R. C. (1966) The effect of intertidal 

envirom11ent on the composition of calcareous skelett>~ matc~rial . 

- ·Limnology and -oceanography, ll, 381~385. 

POLDERVJ\ART A. (1956) Che.'llistJ."Y of the earth's crust. Geol. Soc. P..m. 

Spec. Paper 62, ll9-114. 

PUNGOR E. (1967) Theo1•y and appli.ca.tion of anion selective membrane / 

electrodeso Anal. Che111., .22,, 28A-41A. 

RAl\JK.Al'Lft. K. and S.AHMlll. G. (1950) Geochl::m.:i.str y. 
~.....;.;;~=~-

Uilivel"'sity of Chicago 

Press, 912 p, 

· REC3.NITZ G. A., KR&sZ. H. A. e.nd ZPJ.lOCHNICK S. B. (1966) Anal;}'-tlcal 



120 

study of an iodide-sensitive membrane electrode. Anal. Chem., 

J.§., 97'3-976. 

RECfu'\JJ:'l'Z G. A. and KRESZ H. R. (1966) Potentiometric measurements 1-r.i..th 

chloride-sensitive ani bromide-sensitive membrane electrodes. 

Anal. Chem., )_§, 1786-1788. 

RECHNITZ G. A. (1967) Ion-selective electrodes. Chem. and Eng. NevTS, 

June 12, p. 146-158. 

REED G. \V. and ALLEN R. 0. (1966) Halogens in chondrites. Geochim. et 

Cosmochim. .Acta, JQ, 779-800. 

RHYZHE~.'~KO B. N. (1965) Determination of the dissociation constant of 

hydrofluor-ic acid and the cor.rlitions for replacement of calcite 

by fluorite. Geokbiraiya, _2, 27'3-276. 

RtCHTKR.-BE'RNBEHG G. (19.38) Gest2lt u. tektonische Bm-regu...J.gen des 

Niedersachisichen Beckens. 01 u. Koble, 14, 968. 

ROEHL P. 0. (1967) Stony Hountain ( Ordo\r:i..cian) and Interlake ( Silm:1.an) 

facies analogs of Recent low energy marine a:r>..:i subaerial 

carbonates, Bahamas. .Am. Assoc. Petroleum Geo1. Bull., ,2!, 

1971-20.32. 

RUBEY \'l. \v. (1951) Geological history of sea water. Geol. Soc. J>Jn. 

Bull •• 62, llll-ll48. 

SELIV.A.i~OV L. S. (19.39) Geochemistry and biogeochemistry of dispersed 

bromine. Trav. Lab. Biogeochim. USSR. _5.., 113. 

SELIVANOV L. S. (1947) Source of chlorine and bromine in ocean 't·mter. 

Byull. vulka.nology. stantsii na. Kamchatka, ll, p.l. 

SERAPHIH R. H. (19.51) Some .Aspects of the Geochemistry of Fluorine. 

Ph.D. Thesis, l<Iass. Inst~ of Tech. 96 p. 



121 

SHAPIRO L. (1960) Rlipid determination of fluorine in phosphate rocks. 

Anal. Chem., .:g, 569-570. 

SHAPIRO L. arrl BRANNOC.:oi W. W. (1962) Rapid analysis of silicate, 

carbonate, and phosphate rocks. U.s. Geol. Survey Bull., 

. 1144-A, 56 P• 

SHEPHERD E. S. (1940) Note on the fluorine content of rocks and ocean 

bottom samples. Ibid., ~. 117- 128. 

SHEARMAN D.J. (1966) Origin of marine evaporites by diagenesis. Inst. 

Hining an:l Netill. Trans. Ser. B, Applied Earth Sciences, ~. 

B208-B215. 

SHINN E: A., GINSBERG R. N. rurl LLOYD R. H. (1965) Recent supratidaJ. 

dolo.:nite from Andros Island, Bahamas. Soc. E:;on. Paleon. and 

H:i.l~eralogists Spe~. Pub. no. 13, 112-123. 

SILLEN L. G. (1961) The physical chemistry of sea. v1ater, in 

Qceanogra£l1,y, H. Sears ed., Al11er. Assoc. liJ.v. Science, Pu.b. 

no. 67, .549-.581. 

SHISHIITNA 0. V. (1961) Types of waters form.6d in sediments durir..g 

diagenesis, in Hodern Sediments of _Q.~~ and Oceans 

STEN/.ARI' F. H. (1963) Harine evaporites. U.S. Geol. Survey Prof. Paper, 

440-Y, 53 p. 

UREY H. C. (1952) The flanets: Their OrilQ-.11 a!f! Development. Yale 

University Press, 245 p. 

VINOGRAOOV A. P. (1953) The Elemental"'Y Chemical Com~sition of Harine 

Org~ni~. Sears Foun:lation for 11arine Research, Yale University 

Press, 653 p. 



122 

VINOG.RAOOV A. P. (19,59) The G~ochemistry of Rare and Dispersed Element..§. 

in Soil·'!• Consultants Bureau Inc., New York, Chapna.n and Hall 

Limited, London, 209 p. 

VINOGRAOOV A. P. a.rrl RONOV A. B. (19 56) Evolution of the chemical comp­

osition of the clays of the Russian Platform. Geochemistry, 

2, 123-139. 

WALTERS L. J. (1967) Bound Halogens in Sediments. Ph.D. Thesis, 

Mass. Inst. of Tech., 220 p. 

WEAVER C. E. (1967) Potassium, illite, and the ocean. Geochim. et 

CosmochLm. Acta, 31, 2181-2196. 

WIDER J. N. (1957) Possible changes in the isotopic composition of the 

oceanic and atmospheric carbon reservoir over geologic time. 

Geochim. et Cosmochim. Acta, 31, 2343-2351. 

WEI:SS A., 1'1EHLER A., KOCH G. and HOFFl1AN U. (1956) Uber das Anionen­

austausch vermogen der Tonmineralen. z. anorg. u. allgem. 

Chemie, 284, 247-271. 

WHITE D. E., HEl1 J. D. and WARING G. A. (1963) Chemical composition 

of subsurface waters. U.S. Geo1. Survey Prof. Paper ~+0-F, 67 p. 



Not.e: 

.Ar = Ji:ragoni te . 

. C = Calcite 

D = Dolomte 

Ay = Anhydrite 

APPEl\JDIX I 
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Shells of Recent Calcareous l1ar.i.ne OrganiSllls 

Sample Species 

CORALS 

*S-4 Acropora_ ·cervicornis 

8-J Acropora palmata 

*M-1 11ontastrea annulari.s 

*I-1-2 Porites (sp. ?) 

*1'1-J Siderastrea sidera 

*11-.5 Millepora alcicornis 

HOLLUSCS 

**5-.5 

**S-8 

Pelecypods 

Ra.ng:i.a. cu.neata 

Atrina serrata 

. 

**S-2 Crassostrea virginica 

50 

.51 

52 

**S-1 

s-6 

Crepidula fornacata 

Crassostrea virginica. 

Area incongrua 

Gastropods 

~-:n:Lllipunctus 

strom.bus gigas 

Cephalapods 

**S-7 Nautilus pompilius 

ALGAE 

***HaJimeda 

Location 

British Hondurus 

Floi"".tda 

Bermuda-Florida 

Bemuda-Florida 

Bemuda-Florida 

Bermuda-Florida 

Gulf Coast 

Gulf Coast 

Atlantic Coast 

Texas 

Texas 

Texas 

Atlantic Coast 

Atlantic Coast 

Atlantic Coast 

Bahamas 

.All species collected alive unless othenrise noted. 
* - collecte1 dead. 
** - not kno\m if li.ving or doa.d '\<Then collected. 
*** - this sample contined 1J.9% insoluble residue. 
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Mineralogy 

Ar 

Ar 

Ar 

Ar:::::C 

Ar 

c 

Ar 

C(10% Ar) 

c 

Ar 

c 

Ar 
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Shells of Recent Calcareous Fresh Hater 01•gani.sms 

Sample Species Location Hineralogy 

HOLLUSCS-Pelecypods 

1NC-2a Ni.tocris carinata Chenango R. , N.Y. kr 

9NC-3 Ni tocris carinata. Chenango R., N.Y. kr 

10NC-2c .Ni tocris carlna.ta Chenango R. , N.Y. kr 

11NC-1 Nitocris ca.rinata Chenango R. , N.Y. .Ar 

NC-2b .Ni tocris carina.ta. Chenango R. , N.Y. Ar 

2AC#1 Andonta cata.raeta (9 .0-9 .4) Seneca Lake, N.Y. Ar 

3AC#3 .Andonta cata.ra.eta (8.0-8.5) Seneca Lake, N.Y. Ar 

?AC//:7 Arrlonta cataraeta (6.0-6.5) Seneca Lake, N.Y. Ar 

8ACi/4 Andonta cstaraeta (7._5-;8.0) Seneca Lake, N.Y. Ar - . 

AC#6 Andonta. ca.taraeta Seneca Lake, N.Y. Ar 

5Er;-4 Elliptio complanatus (6.5-7.0) Seneca Lake, N.Y. kr 

6EX;-1 Elliptic complanatus (5.0-5.5) Seneca Lake, N.Y. Ar 

12EX;-6 El.liptio complan.:1tus (7 • .5-8.0) Seneca Lake, N.Y. Ar 

13&;-8 Elliptic complanatus (8 • .5-9.0) Seneca Lake, N.Y. Ar 

~2 El..liptio..co!!'ll?lana.tus Seneca Lake, N.Y. AJ.~ 

EC-3 Elliptio complanatus Seneca Lake, N.Y. }.:r 

EX::-.5 m:tptio complanatus Seneca Lake, N.Y. Ar 

EX::-7 El.liptio g9;n._Elanatus Seneca Lake, N.Y. Ar 

GL-2 Gonioba.sis lhriscens (med.) Green Lake, N.Y. Ar 

'113GL-3 ~obasis. liviscens (small) Green Lake, N.Y. Ar 

AT-5 La.mpsilis radiate. Seneca. Lake 5 N.Y. Ar 

Numbers in brackets refer to length (em.) of shell ~--~-/ 

All species collected alive. ~ 



Recent Carbonates 

Sample Location Age Mineralogy Description %Insoluble 
Residue 

A217-1 Western tip o'£ Arrlros Recent* C=D High intertidal o.o 
Islan::l, Bahamas 

B,5.2 Irw.gua Island, Baham.a.s Recent C;::D Dolomite crust o.o 
Ar (tr.) 

R-1 Bahamas Recent Ar Oolite sand. 0.2 

R-2 Bahamas Recent C(Jcop Ar) Foraminiferal sand., 0.7 
skeletal 

R-3 Bs.h.amas Recent C(.5% .. ~") Carbonate mud. 6.8 
Shallow subtidal 

*-0-60 years by c14 dating (Shinn~ al., 196,5). 

,..... 
~ 



Recent-Pleistocene Calcareous Ikrine Pel.ecypod.s 

Sample Species Age Formation Location Mineralogy 

u-.94 Spond.ylus sp. Pleistocene Bele;'Tlont Bermuda Gov't. Quarry c 

T-1 Spondylus sp. Recent** Harrington Sou.r..d, Bermuda Ar 

u-.48' Ci ttariUlll pica. Pleistocene Devonshire Fort Devonshire, Bermuda az.>>c 
*rr-133 Ci ttariUlll pica Recent*** 3ailey' s Bay, Bermuda Ar 

PR-2 CittariUlll pica Recent** Puerto Rico Ar))c 

*-poor sample - secor.dary calcite crust and leach pits. 

**-collected alive. 

***-) 200 years. 

Cretaceous Pelecypod 

Sample .Species Age Formation Location Mineralogy 

* Cretaceous Qyster Cretaceous Belly River Banff, Albe1"i:.a c 

*-this sample contained 1. 7% insoluble residue. 

( 

..... 
N 
-...J 



Pleistocene Carbonates 

Sample Location .Formation Age 11ineralogy % Insoluble Residue 

PP-68- 1 1 P.leisto-P.liocene D 1.0 
p ~ ·-J. Florida Niami Pleistocene c 0.7 

P-2 Florida }I'd ami fl.eistocene C (minor Ar) 13.8 

P-3 . Florida Hi ami Pleistocene D >>c 0.2 

Hi.ocene Carbonates 

S<?.!llple* Location Age Nineralogy Description** 
·~.-:...:.• 

--

R-36-46 Hidt...-a.y Atoll Post-miocene 55% 1-ig-C 
45% A:r 

f. Unlithified sediment 

R-150 N.idi·ray Atoll Post-miocene 50'J~ CPLJ.5% Ar Unlit~fied sediment ~ 

5% Hg-C 
~ 

R-219 :Hidwa.y .Atoll Post-miocene 100~ c ~ Partially leached and recrystallized 
.... ~-

R-409 H:i.dt~a.y Atoll Post-mocene 100% c ~~!; Partially leached and recrystallized 
~-~ -

'' . . ·-~. 
R-425 l1i.dt'1ay Atoll Upper 11:i.ocene 100% D ,..,.. 

Leac.hed and rec:cystalli.zed dolomite 
'" ~ .. . 

R-474 H.idt-my Atoll Upper lYiiocene 100% D Leached and rec:cystallized dolomite 

*-numbers in sample code refer to core depths. 
,~*-see Ladd et al.(1967) for a detailed description. 

% Insoluble 
Residue 

0.2 

3.3 

1.3 

1.1 

3.5 

3.9 

..... 
t\.) 
OJ 
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' Cretaceous Cro:bonates 

Sample Location 
~ 

.ll.ge Formation }Iineralogy % Insoluble Residue 

SH-IV-4-B Fredricksburg, Pa. L. Cretaceous .Fl:h·m.rds D 11.0 

BR-II-J-A Fredricksbu..rg, Pa. L.. Cretaceous 
' 

E:hro.rds D 9.0 

LB-II-!.i-A Fredricksburg, ·Pa. L. Cretaceou~ E:i-vrards c 2.1 

S-I-13-B Fredricksburg, Pa. L. Cretaceous Edwards c 1 • .5 

BP.-II-1-E Fredricksl!,urg, Pa. L. Cretaceous Edwards c 3.6 

CR-I-18-A Fredricksburg, Pa. L. Cretaceous Ed"t..rard.S T: ~- ,~ c 1.7 . 
l>ffi-III-19.;.A Fredricksburg, Pa. L. Cretaceous Fd:t-mrds -c c 2.8 .. 

Fredricksburg, Pa.. 
,, 

C (minor D) 4.2 SE-V-12-A L. Cretaceous Edwards 

AJ~.-I-2-A Fredricksburg, Pa.. L. Cretaceous .&1:~tm.rds ' · C 2.0 

CR-I-21+-A Fredricksburg, Pa. L. Cretaceous .&h.m,rds c 1.1 

~m-III-16-A Fredricksburg, Pa.. L. Cretaceous Ed:t-rards c 1.7 
~ 

J\R-I-.5-B Fredricksburg, Pa. L. Cret.ac.eous .:&lvmrds c 2.2 

llote - aJ.J. samples are from outcrop. 
- see follotilng page for description "or depositional environment of these samples. 

~ 
N 
'-0 
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Environmental Interpretation of Cretaceous Carbonates 

Sample 

SH-IV-4-B 

BR-II-3-A 

LB-II-4-A 

B-I-13-B 

BR-II-1-E 

CR-I-18-A 

Description 

Tidal flat dolomite. 

Possibly rePlacement dolomite in tidal flat or shoal 

Barrier t.rerd. Good currents. Possible barrier flank. 

High energy - barrier, possibly beach or bar shoal area. 

High energy, good currents, possible channel or break 

in shoal area. Nose of migrating bar. 

Quiet water, muddy lime bottom. Lagoonal enviromnent. 

MR-III..,19-A * Bedded dolomite? - replacement or diagenetic. Lagoonal 

SH-V-12-A 

AR-I-2-A 

CR-I-24-.A 

MR-III-16-A 

.AR-I-.5-B 

area. 

Rudif"t 11moun111 - b:i_ohe~.:"l'!lal - dEieper., quieter t·roter 

relative to barrier. r.agoonal environment. 

Local shoal area in lagoonal environment. Possible 

tongue of barrier extending into lagoonal area. 

Moderate energy currents on seaim.rd side of barrier. 

Shallow area around rudist mound. Possible thin 

tongue from barrier extending into lagoonal area • 

Rudist, oyster, biostrome. Lagoonal area, possibly 

intermediate area betHeen 11moundstt. 

* X-ray analysis in:licated only calcite in the sample analyzed. 



Triassic Carbonates 
·'· 

\.,Tell Location Core Interval. Formation Age l>Jineralogy ~ Ins.olu.ble 
Residue 

Imper:\.al 16-15-8.5-1.31-15 4606-10 Hall' 't-ray Triassic Ay)) D .31.9 
Pan-.Am 
Boundary 4611-15 ..i~"";'':;-:f~~~. 

..::=- ~"' D 26.4 

' 4616-20 -;.::-"' D 14.1 ... -.... ~· .. 

4621-25 --.~ l - .... _ D(<10% Ay) 1.3.9 

4626-.30 . . •.:-:-;: -~ :" 

\' -J ~": . ~~ C(JO% Ay) 7.2 
: .£ Jw: , f<c - -~' "". t 

46.31-.35 ' 
_;!'-. r ..Ji ~ c 4.0 .... ol ".) ....... ~-f •• _;; 

Pa.n-.Am IOE 6-27-86-1Jw6 40.31-.32 ~ Ba.ldonnel · · "'~ • 
. . ... _ .. . - D 1.3.7 .~;r" 
;.. -

A-1 \allow 
40.36-.37 I ~ .. .. "" 

,,. - .<1;.. - •• D 12.1 . ·.,.:..,..--;'· - • .... ~ -· 
4038-.39 " l'' ~ ' -... ·~" C(1% D) .3.0 ;;~_: < ~ 11.::,..,., • 

4040-41 ...:;. fr1, C(1% D) J.4 
~~--;--~ 

4042-4.3 
:;." i~ c 4.7 r~-r-T.·~ ~; 

Imperial 8-4-84-13\46 4444 i - Charlie Lake C(.5%D. 10~) .5.3 
Pan-Am 
Bdylks 44.50 ;.l:_~ L -~~ ~ C(20/'bD. 2.5foAy) 7.1 

~-- - ~- .fi# 

Imperial. 10-20-82-12W5 4409 c 1.5 
Pan-Am. 
Bd.ylks * 4411 c(<10% D) ,5.2 

~ 

4437 C=D=Ay 6.9 
\.,o) 
I-'-

*-fossiliferous. 
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Mississippian Carbonates 
I 

Well Location Sample Co~e Interval. Foma;tion 

Socony 1-2.5-11-26-4 AC-7 
Granum 

7070-?090 

}£-23 7091-7100 

AC-6 7101-7130 
. I 

AC-18 7650-7675 

Pa...'1-Am 13-17-21-4-5 AC-24 11197-11202 
A-1 

·wniskey Creek AC-17 11210-11215 

AC-13 11230-11235 

}~14 1124.5-11250 

AC-26 11275-11280 

AC-20 11290-11316 

Rundle 

Ban.t£ 

Turner VaJJ.ey 

Age .MineraJ..ogy % Insoluble 
Residue 

Hississippian D ~ C 1.5 

6.0 

3.1 

D)) C 

n>> c 
D~C 

D 

D 

D 

D 

D 

D 

33.7 

5.1 

8.0 

2.1 

4.0 

1.3 

1.7 

....... 
\<$ 



,.... 
\...) 
\...) 



Well 

B.A. Zama 
North 

X-92 

Location 

12-21-117-4\-76 

Devonian Carbonates 

Core Interval Formation Age 

472.5 Huskeg Fm. M. Devonian 
Zama member 

4726 

4727. 

4728 

4729 

4730 

4731 

4732 

4733 

4734 

473.5 

4736 

4737 

4738 

4739 

Miner~ogy %Insoluble 
Residue 

D 3 • .5 

D 3.8 

D 1.7 

D 4.6 

D 2 • .5 

:0 1.0 

D 2 • .5 

D 2.1 

D 1.4 

D 1.3 

D 4 • .5 

D 2.2 

D 2.6 

D ,5.8 

D 2.6 
f..>; 

'$ 



~:7211 

•r 0-:,> 
.l~..-:1~7~ 

Loc~.tion 

Devop.ian Cezobooo·C.es 

Core Intc!'iraJ. Fo:;.;trntion }JJ}3 

4740 

~~-71+1 

Lr765 

4766 

l!-768 

L!-769 

L:·770 

Ll·771 

4772 

4773 

L;-7[L!. 

4775 

l~776 

b:77? 
,,, ... I"'"!' 

'·t'll8 

l{L~.skeg ~~ 
z~11~ m~~~J~.:Jcl~ 

H ~ D~"VOX".ian 

:lYiinei.~BJ..ogy 

D 

D 

D 

D 

D (7)& Ay) 

D 

D 

D (J% Ay) 

D 

D 

D 

D 

D 

D 

D (35;; P~r) 

% In~::olt-:.blo 
Resicl1J}3 

2~2 

l:-"9 
,., ,., 
t':..ot-

OeJ 

Ce2 

Oo6 

0,6 

Oo) 

Oo4• 

1e) 

0~1 

OcJ 

0,5 

0.8 

Oo8 
!-'­
\.:) 
\n 



ii'~J~ Lo~mtion 

X=92 

Dsvob'li~ Ct:rr-bo::1at.ss 

Cox-e In.t.erval F o:r:mat:t on Age 

h.-779 

4-?i"30 

4781 

L:-782 

4783 

l:·78l~ 

L•nss . ( 
Lt79i 

1+792 

l;.793 

L~?9Lt 

1+795 

L'/?96 

i-Iu~}:G,~ ~o 
Z:?r:1:.? .. 1:~e:~e:.,., 

H. Devonian 

Ninel .. .?.J..ogy 

D (35~ lcy-) 

T' (8d Av) .!.) !i) ~- .. _ 

D 

D 

D 

D (7)0 Ay) 

D ( 1 Oc<s (\y-) ··"'I "' 

D (3776 Ay) 

D Ur7~ .Ay) 

D 

D 

D 

D 

No'C,e - Irrt.er.;['J.s L!-725~4732 c:c.d Lr-791-b.-793 - B.s.:r:L·:!.o:::: reef frG...ru.m·rork o 

Inte:."';.llr; b.·?JJ=L!-74·1 0 LJ-768~!..:1?85 0 · .;-,rd ~~·791!,~.4796 ~ Back ~:~oef cbbris (reef flat.)., 
I;:r(,.'3x~<l,zJ.. Lt765tQ'~-·?(,6 ~ P8 .. ~~.ci:2. ~~:)::: l?lf'.1:.c~~ .. -?2c 

~;~ In.,.,olub 1 "' ,: ~ "' ' ..;. __ 

RG3icbJ .. e -
1o9 

0-5 

Oo4 

0,5 

O.,J 

L,O 

2oJ 

io6 

Oo9 

2~6 

1o6 

o.o 

0,2 

!-" 
\...) 
G"\ 



\-!Gil 

B l'J12..o Z22n2. 
l\Jo~~ .. Gh. 

X=9i 

Devo~j.en C~~bonates 

Lo~:?..tion Core Int.er<r2l Fo~'iiiation .Age 

l!-3=11-118=LH·:6 L1·782=L~785 

L:-786-!J.-790 

L!-796-l~-80 5 

LrB06=L:..Si6 

l./81. 7-I~·S26 

4·827-L!-330 

LJ-8 Ji -L:.S 3.5 

L!-8 )6-J.J.Sl.r-0 

L:-84-t -4SL~5 

lJ 01 '-6 . .-JJP,50 <i'fJ--c ~ ........ 

l.i-8.51 =L:-360 

'-!·861 =Lr.B6 5 

'-!-866..J;.e,70 

L;~S?i-4-830 

4G8J.._L;BD5 

L;{)86=LI-890 

l1p:;;~:":' Keg 
~~~-c'l' 

H Q Devo:nj an 

£1T-'i neralogy 7; Insoluble 
}lesid.us 

D 6"5 

D 5o5 

D 2 1 "-

D j.Jo9 

D 2~6 

D 1o6 

D 12~6 

D 18e2 

D 17o5 

D 9,7 

D (tO% leY) il.:·oJ 

.Ay> D 17 .. 9 

D = .l'cy i7 .,l-'t 

D (1(1% Ay) 8o9 

D == i:y 9 .. 6 

1o7 I-'-

"--" D >> Ay 
--:; 



Devor.ian Carbon::ttes 

:'i0ll Location Core Intert.r.el Fol':2n<1t.ion Age Hineralogy % Insoh;_ole 
R0sidw;::; 

X=91 4B9i...l+895 Upper Keg N ~ Devon-i a...n D)) Ay 2~8 
ftl.v·cr 

Lh396=!..;.9CO D::: .cll.;jr J.;.ei 

L}90:t -L!-9 0.5 D))J.\y 1o2 

~-906~L}910 D (iOf& icy") 2c0 

h:911..J.;.9:1. 7 D (105~ ky) 1o2 

'-!·918-L!-924 D liOj"b P.:;_r) 2e1 

L}92)-1+929 D 2.,1 

L;-9J0-4·9)L} D 6e3 

L;.9J.5-l.:·9J9 D 1q1 

B.Ao Za.ma 2-Ll-118-41\"6 Lr-80i-L~Bo9 Uppsr K9g H. Devoxlia.n D ( 1 Co% .f),;y) 5.2 
l·jo:;.."l)t,h RiVE..:i..' 

4822-1.1026 D ( tr., i'q) 10o.J 
x~94 

D (tr,. Jl:y) LK~2?~483t I 2,0 

4832~B}6 D (t".ro Ay) L3 

L~.SJ?-L:.-841 D (t.r,. Ay) 1.,2 

L!·Si~.z~L:-81.;.6 D ( tz-~ !V]") ~!,o1 ~--~ 

\.>.) 
co 



\,k;,_lJ. Location 

X=-5~L:~ 

BoA. Za:."11a 12-22-ii?-l+Ho 
~,.... ' -
.~::o:.,..~::..n 

~~95 

Devonian Ca::::bonat.es 

Core Int.e1'1.7al Forrr..ation Aae ........ ~ 

L;.-SL:-?-1.!.-S 51 

L;-E352=L:.S56 

l+S 57=2:·861 

LJ-867=4~'371 

I..;.S?Z=l~.E\76 

br37?~l~S8i 

1.;~882=4886 

LJ-887=Li89i 

L}f571-L~67 5 

1.;.676=4680 

4-681='~~685 

4·686~L~690 

L:.691-L:69 5 

J-:696-1~·700 

l:-?Oi =L}70 5 

Uppsr Kog 
I1:l.~.~~Q:;r 

Upper Keg 
Rive;:-

11. Devo11ic.n 

H. D9VOIL"Lc.n 

.1:1-1 ::lere.J.ogy % Insoluble 
F~8sid .. u.~ -

D ( t.ro IJ:y) L7 

D (t:ro P;y) 1 q ov' 

n v-"'~ f)-,.) , ...... 0 ~;;; )o2 

D (t,;;:•o ey) Jo:J.. 

]) (i 05g f.,,y) 2c0 

D 2 ') ot-

D 1o9 

D 1)!-

D (iOp P~) 3.9 

D .t:y 3o2 

D (!0;1 A:y) )a7 

D \iCJ~ 1\y) L5 

D L!•o2 

D Oo6 

D io6 1-' 
\..0 
'..0 



Devo:ni~.J.l C.n~bonates 

I·Is-ll Lccat.ion Core Irri::.el""Val Forr.nat,i on l\go Ki.nGraJ_ogy % Insoluble 
Resiclue 

X=95 b.·7C6-4·71 0 Upper Keg l1o D~vopi an D 0.5 
Rive::' 

Lr-TJ. ~ =''-7~ 5 e ,..,k -~ ,!... D 0.5 

b.-716~4720 D 0.3 

L!·721 =Ll·725 D 0 ,!~-

Lfj26=L~7JO D Oo5 

L!·73i -L!-735 D (107; Ay) 1.,2 

4736=4740 D 0 .. 7 

47lJ.·1 =4'71:-5 ~ ... 8 ~ D 0.6 

L!-7L!-G=Ll·7 50 D Oo9 

b.7 &:.J=L'·? r:,q ~ .,., " ' .,.1 <f D 0~9 

l~-760=L;.76L;. D ~ ? 
..!L o .. ) 

l.;-76 5='-:-769 D 0~6 ' 

4770~4?74· D 1.6 

B • :'.... Z.3.nta 9= .5-iiL!-=8'\-.:6 L:B69=l!B?J UPL>~l'-~ ICea-
- .. ~ 0 

:£-T 
~· 

J)evorri en c )o2 
1\~0j,~(,h r:,:t..,\>~e:rlt i-'-

L!~87~~-~Lt-8li3 c '-'r".5 
,._ -.-

X=97 0 



\'[-2ll Loce;t.ion 

X=~~7 

Devonian Cf1xbo~.tes 

Core In-tervcl. ForEat.ion Age 

l.J-381-:-4-388 

4,as9-L:-393 

L;-394-4898 

LJ.59;i=l+90J 

L'f90l:=1-lJ08 

L:-909=1~,913 

b.-91'-!=4918 

4-9t9-i.I-923 

!.}92'-~·928 

5513=.5.518 

5521~5.525 

.5526-5531 

5532=5536 

5537-55'-!-j_ 

t:; c:'•,?-5 t::l_r,t:., 
~-r~c.....- .,.,· ~ ..... 

Uppo;;.~ Keg 
R:l. -~·er 

l1l. Dovon.i.an 

Hi:neralogy 

D 

D 

D (-'-.,.,. r.) f:."·~··e ~ 

D (t.r., C) 

D 

D 

D 

D 

D 

D = Ay 

D = Ay 

D = l'ly 

D = .Ay 

D =JAy 

D = Ay 

%Insoluble 
:Hesic1.tt0 

4,? 

2,5 

2o6 

2o1 

2~3 

io1 

J.,1 

1,3 

1<>6 

il!•o 3 

11o2 

1.9oj_ 

20o? 

15.5 

17 OL~ 

l~ 

iS 



Hell 

"\ .. ()r"Y 
"'~~;;'! 

D ol~e Z~!'!·~ 
Ho:;."'"th. 

""l' Qt;\ 
c!.'J.-r·(~ 

Location 

:l.J-27-117-'-:-HS 

Deyon:l.&U'l Ce_;:"bonat.es 

Col~e Ink:!"Val For1ne.t::i.o.n ... ~ge 

55'+7-5551 
~ tJ,...I"'\ ,_; ~ .-*/._ 
:;o ;u:.,= .J ..J .; .... 

5557-5561 

5562-5567 

5568-5572 

ll·J18~L}J20 

4321=!.:-325 

L:-326-~~330 

4331-'-~335 

4 336=1!.-Jl+O 

b.~L~1 =1,,?!J.,5 
.. _, ~ ·-- ~ J ~ 

Lt. '),[l,c.,_/4·350 
'~ '"'" 

l-JJ51-Lt355 

4356=L:.:3(>a 

!.!.~<.1~!.-:::(.~ ~.,./'" t.y..)V..,.;J 

Up];:'Sl" Keg 
JJi·:er 

Nuskeg 

lL Dovollio.n 

1'-1~ Devoman 

Y.dn.eralog;y 7~ Inso1u.ble 
ResidJ.:tEJ --

Ay> D 2_5o6 

!._5J) t.~r 'n C'>-'tl,.-

1-:;y = D 27 1 ~ e- .... 

h:y) D L! •• LJ-

Ay) D 2~6 

C=D=L.:),y 20c) 

C = ~~Y ZL!-o4 

c 1'1 oi 

c 30.8 

c 8o6 

c i9oO 

c 7&8 

C (10% D) 4&5 

C = D 0.,1 

c 1.,3 
!-" 
-~ 
tv 



ltieJ.l Location 

1:~98 

DeYo.nia..."! C~.:;:bon~t.es 

Core Interval Fonnat.ion Age 

4·366=4371 

l 'J?"' ,,,..,,...,r:: 
i' ' c:..-1~()(0 

L1-377=L~)81 

l~J82-4386 

LJ-J87-L!J91 

b.·392-L~J96 

4397='-:.L~Oi 

~_;.,::,02-4'-!·06 

L!lYJ?-4l!·11 

J.:.L!-12=LiL~i6 

l{la ?=L:-4-21 

4-'.!·22-L:J~. 26 

L!l~27-'-li.})2 

'-1·728=L:.737 

L!·7~~-:r4·7 L;.7 

Ht.lskeg 

Uppel~ Keg 
'J.iV'GG."' 

Ivl. Devo.ni2.n 

M. Devo11ian 

l-'1-i!':\Q!'~Ogy 

c 

D >> C 

D)C 

D ( <5~ .Ay) 

D (<5}S Ay) 

D 

D ( < 5% .t;y) 

D 

D 

D 

D 

D 

D 

D 

D 

d T 1 . ., )" _nso_u.o.e ... e 
Residue 
--
Oo9 

L,5 

io6 

3~0 

1.,3 

Oo8 

Oo9 

0"8 

Oo8 

4·o3 

~.,6 

3o1 

3.0 

2,.0 

3b7 
:.-.!.. ,_ 
(0 



1JJcll 

x~9S 

B ~.,'\. Zmne. 
l·Jol~t.h 

X-99 

Lo~ation 

i6-19-116-lJ·1·JS 

De~.ronia..l'l Carbonates 

Co!'e Intor1rcl. 

47,~8~!..~7 52 

'·- .... - '•r<:lf""'Y'"" 
IT(;;;;-'-!:{ ;J I 

J..:-7 .58=L~762 

L~76J-Lt·767 

l!t76~1+772 

L~7?3~h.·777 

L:-778=4782 

478}=4787 

4·788-l+792 

4793=1-1-798 

l!r761 =Li?66 

L:-768=4771 

!Jt772-L't776 

L~777=4781 

4782-Li·786 

Fol7.at.iol'1 

Up;:Je:r Keg 
River 

f·:l:1.1skr.::g Fmo 
ZOJlla :-J.eYf1J"J '3r 

Ar,e 

H. Devonia.n 

H. Devo1·x:La.n 

l:l.i:nej_"' &ogy 

D 

D 

D 

D 

D 

D (<5% k/) 

D 

D (<5% jjy) 

D (iOyb l\y) 

D 

D = l\y 

J..:y .> D 

k:J> D 

Ay> D 

D.> .Ay 

% Insolu!:;le 
.F:8sic11,..,10 

L!-,.2 

J_o) 

2 .. 3 

1o5 

io7 

2o8 

Oo7 

2,3 

z0r:. 

1.,2 

12o0 

19.,9 

25a1 

zc: ... o 

J,J !-'-.. ~ 
-~ 



~1:ell. Loca:C.ion 

;{~99 

DevoD.i<m Ca:rhon:rces 

Core I.rrc.ervC'l 

Lr78?-4791 

/.·,,?'-''> ; .. /.=;b' 
.... , ,/(:..,='"-: "' 

b.-79?-1.:.301 

L!-802-L!·806 

LrrSQ7.,J-!·3:L 1 

L!-8:1. 7-L!-821 

h.-822-L!-826 

4-827=4331 

L!-8 32-L:-8 36 

4-8 37 -l.r,8l.J.1 

L!.CL!-2=LJ.84-6 

481-J-7-L!-351 

!.i-352-L:-8.56 

4857-L!-861. 

L!-S6z~l~AS66 

Foxw.at,:1.on 

Huskeg Fm.o 
Zam~~ 1-:1c:--:ber 

Lge 

H. D0V011ia.n 

l-1iner-£'.logy 

D =fly 

n ( <'r.::C:.: 1\~,.) 
_, ~ . ...;, .. -~· , 

D 

D (<5% Ay) 

D 

D 

D (<5~b .~:tr) 

D 

D 

D 

D 

D 

D 

D = ,r,y 

Ay)) D 



Dc-vo.ni.~.n Car:Jo:na:tes 

\Jell Locat.io.n Core Int.el""iT<Jl Fonn.e.t.ion l\.ge 

.a .A. z~ua 1..~19=116-4\·:0 l.:-3f.!·O=L:.f3L~l+ l'll'~skeg Fr.!. H. Dovonian. 
~~02."-G~ Z~::2 menl)~:r 

l!c8l+ )=L!-8L}9 
X=1QO 

b.:.; £10=1!.·3 '1Ll· "'-'-' ., -

'-I-855=L!-8,59 

L:.S60-L~S6L!-

l~-36 .5-L!-86 9 

l!J370~L!-37l+ 

L:~375-l:B79 

L!.-880-L;.SSl} 

L!-885-4889 

L:S90-L~89L:. 

4~9 5='-i-399 

l!-900=L.t9C~,_ 

L;.9 0 5=!.!-909 

1<-91 O-L:·91L~. 

/).q~ c;=/_~Q·l Q 
""' ...... .J u o+ .. -~ 

Vliner.9J..ogy 

Ay> D 

~_y)) D 

P.;y)) D 

D ::: fey 

D = .t'\:y 

D {10}~ ky) 

n 1 /5':~ Ay) ....... \' J"' ~" 

D = l~.:y 

D) Ay 

D (<5% Ay) 

D (<.5% Ay) 

D 

D 

D (iOp Ay) 

D ( r r:c::· Av) 
~,::;,, J"'0f 

D (<5% Ly) 

d- l bl ;a .Lnso •• u _e 
Residue 

23.1 

19.1 

zL~. 7 

6eS 

20.1 

1.9 

2~6 

3~8 

4o8 

Joi 

2~8 

5.5 

5·5 

2.8 

1_,'( 

1.3 
1-'­
.r:::­
(;-. 



~"lc'll 

X-:1.00 

.a .A. ZC.l112. 

l'IOr"C-h 

X~iOi 

Loca;G:i.on 

5-J0-116-L!·~';S 

Devonian Ce.:rboT~ztes 

CoJ:>e Intel"Val. Fol"Tl.?.tion Age 

l18ZO-Lr;9 2L} 

!J/)2 .. t::.-L~·929 

L;.9J0='-!·9Y.:. 

l!/135-4:939 

/..{,9i.!,~•ol.}9L:.l:, 

L}9L!, 5-'-!·9L}:J 

'+9 50-h/) .51 

L."7?C~l!:'174 

Li97 5=L}979 

L;f980~'-!~98i-¥ 

'-t985=49tJ9 

L:f)9 Q_.L~~99t~b 

bP,Q ;:,=!J,OC)O 
uJ'~,..<' ~'7tr? 

,5000= ,500!~. 

5005~s::~rJ9 

l~iu..:Jlc~~g Fmo 
Zc.::1.~ ::e:cJoo!.n 

Nuskeg Fm., 
Z::r..c. r;;.e2liber 

M. D2lvoman 

H., DsvO.i."'-i an 

Hineral.ogy %Insoluble 
Residue -

D (( 5jb 1-;y) /.;•o8 

D 0 0 oF 

D 1.1 

D 1,6 

D (tO;~ Ay) L}., 7 

Ay)) D 28o2' 

Ay)) D 2:/.o? 

~~.y.>) D 29.7 

l~~T = D 11o.1 

D» l\y 2.,1:,.. 

Ay>) D 16 .. 9 

D (iOc;~ Av) 
I '' 

2)+ 

D 0.6 

D 5 .. 7 

D (<5% Ay) 3~3 
!-'-
..!:::-
-::.:: 



Hell Location 

X-i OJ. 

B.Ao Zt'.!lW. 2-25-117~~6 
1~~;,.~-~h 

X~HL!· 

Devorian Carbonates 

Core Interv2l 

.5010-5011.} 

5015-5019 

5020~50?)+ 

5025=5029 

.5030~ 5031~ 

503.5=5039 

sol:.o-50~1~ 

501.!·5=501~9 

.50 50= 50.51 

L!·922 

L!·92J 

L}g21.;.~4·925 

1..~926-4930 

1..!·9 31 ~L;.9 3,5 

LJ-9)6=LY)l;,O 

Format:!. on 

J:1u.skog Fm, 
Zo~·!'_. ~li~:.Je~ 

Ht.1.skeg Fl.ne 
Z~~a ::.JJ:''Y0:b:s;r 

f._ge 

£:I. D~VOU'i.&."l. 

J:>.i. :C3VOnian 

I'Iiner.9.l.ogy 

D 

D 

C (.,.., 04 D) 
/.!.. '" 

C=D 

D 

!:~v = D 

Ay)) D 

A:r>) D 

L);y)) D 

D 

D 

D 

D 

D (10{~ J'~,y) 

D 

c;~ Tn.,o1nb1s I ..:...-~ ..:. --

Rssidue 

io6 

? ,..., 
,...., e I 

LO 

6oB 

2o2 

1.5o2 

Jl?.1 

1/.{·oO 

28.7 

.5o2 

5.6 

0.8 

0 ') 
.:>? !)t-

Oo9 

1.3 I_.. ,_ 
Qj 



'('JE~:..J.. Location 

1C~1J . .l! 

Devonian Ca.:>:'bona.t.es 

Core Inte!'V:Jl 

4-9l:·i-L!9l-'t 5 

b/9l:-6=L~9 50 

L!-951=L}955 

L~9 56-Li960 

.5095a5099 

.5100-.510!1· 

.510.5-.5109 

.511 0= .5::J.1L!· 

511.5=.5119 

.5120~5:J.2L} 

.51.26=.5129 

5130~.51Y+ 

513_5,..5139 

51L!·0= .5tL:Jz_ 

511~J5=5150 

FOl'"'Zllation 

£.1usl<:Gg F!Y!., 
Z-rx:c-~ rr<:~!i:0G?):r' 

Keg River 

Ag;e 

M$ Devonian 

Ho Devon-ian 

Nine:i."'<llogy % Insohilile 
Residu.e -

D 1.Li· 

D = lty 1o5 

Ay)) D ::3'-!·~1 

D = A:y 22.,7 

c OoL~ 

c Oo6 

c O.,J 

c Oe) 

c 0.,0 

c Ooi 

c 2c,O 

c 1 .,L~ 

C (D:·A._"tT=.5fb) 1 b. ... 
c 0.,0 

r. (.•.,., D' _, "' ~...I'.K. ~ I 0,0 

!-'> .r;:-
'\.0 



~~-o:J. Location 

B~Ao 1=8-2~6v-J2 
'J'r,~-rlo!'t.on 

L"TI:poriru. 6-13=2-19~\12 
Zr~.~-;:ri:::.gbir·:J~ 

Sil~--i~n Car~;:,o.no.tes 

Car0 Into:r72J.. Fozmnt.icn Age 

Qo7-=<l•-oo7'JQ .,.,-, .)<F 

875'Y=8759 

8766=8769 

880:l. =8004-

88ii~88i5 

8820=882.5 

1.3826-8829 

9121-9123 

9129-9131 

9:1.3.5-9137 

9139=91'~-1 

91Lr7=9149 

91.52=~1.53 

91.57~~)159 

916]-9165 

I.nt~s:~leJ-i':e 

GZ'OU? 

Int.orlcl!:e 
Gl~oup 

U o D:i..lfu""".io.n 

M, Silurie.n 

I'li.ner~~ogy %Insoluble 
Eosic1ua 

D ("t,ro Ay) 2o.5 

D L;,o2 

D feL!, 

D 6 0 
~·' 

D 5S) 

D 7o2 

D 'J c 
;Jo<..J 

D 2 .. 2 

D Oo5 

D 1"0 

D io5 

D 1~5 

D Oo7 

D 2o9 

D 2o2 

--
!-'-
VI 
0 



Sil11..1.""'i&"1 Cm;•bonat.es 

liJc:>ll Loc-2:C.ion Cor.e Irrte:~v-.vJ. Formation Age 

Im.l:rzr1.al 8~ ~6~~ 3~L:~~\T2 8278=8279 Ix·.ri:,G~"'lc.lce L~ Siltrlan 
Co::.st.£1~\.'.C!O r:'.cy'''n \;,.:... ~ ... 4A< 

8293=13295 

8277=132?8 

8267-8263 

8255-825? 

8288~8289 

8297 ... 8299 

Se.n:.ple 

G3e3.5 Beaver Fa1..1s Outo!"op 1oc!~_po:rt, L., Slluri~-.n 
G:d2nsby!) C·Jcri;:,o 

G-3=6 
Gaspcn··t, me.'llber · 

Gl':''" 6 ~1:.-'..l..=' Dru:d.::.s, Ont, 

*~crinoidale 

l•tl.nel"'aJ.ogy 

D 

D 

D 

D 

D 

D 

D 

C (t2J& D)•:• 

D (2/Y;~ C)'~' 

D 

% Insoluble 
R0s:1.c1,-1e --

Oo9 

Ool+ 

L3 

1.,6 

:1,0.,6 

·' 5 .!.o 

L-2 

2~2 

2o9 

6,1 

~ 
\.71 
!-' 



~'J"ell 

,., ~ 

De.:.-~~ 

DGYo 

Lccatio:n 

C.r-.n, 9-JL!-J=l+1'i2 
~;lli11l'1 

CoD~R, 1-1ll-1-1:1.7N2 
Sctu~r~t 

8 o I.x~c /IJ ... m~. 

~.9~Lli.lple 

L=72 M.~;.O.U!) Pao 

J..,-77 

1=78 

L-79 

1=?.72 Kaufman~ D, 
A C4CI 

!..-276 

IJ-279 

L=232 

Ordovician CarboJ:"' .. a:tes 

Core Interv2l For-n1.~,tion J'1ge Ni.ner21.og;y 

8563-8568 Up?-:::: LoUoO:iC'd.ovicie.n D 

8569~.8.573 

8579~3533 

8:JJJ=8!397 

£607-8610 

1019~_-1019.5 

10211~:i.021J 

Outcrop 

Outcrop 

Rs-::l.ri 11er 

U:r,:p0r 
I--?.cdxi "!er 

16 u. 
Ordoij"ician 

Ro1,r Paz-k (St. llo Ordovician 
PmD. Group) 

Ne:·~:m:'i-:0·;;, H .. Ordovician 
( :.:;· "::.-.,1 r..,.,onp) . ...-v A,_,..,._ ... u,:.. .....,:. 

D=C 

D (t.r., Ay) 

l\y) c 

D 

C=D 

D 

c 

c 

c 

c 

c 

c 

c 

c 

% Insoluhl0 
R.es:tcl1}.e 

Oo9 

LL~ 

2.1 

9.2 

0.,3 

)e2 

1 .:t 

2.,1 

Oo8 

io9 

1.8 

L; •• 6 

9o2 

2,6 

2.6 l-' 
\J1 
N 



Sample 

L-202 

59-337 

59-339 

59-343 

Sample 

59-1709 

59-1728 

59-1740 

Ordovician Carbonates 

Location Core Interval Formation Age 

'Williamsburg, Outcrop Nitta.n;y L. Ordovician 
Pa. Beekmantown 

Group 

Cambrian Carbonates 

Location Core Interval Formation Age 

Henrietta, Outcrop Pleasant M. Cambrian 
Blair Co. Pa. Bill 

ldneralogy % Insoluble 
Residue 

D 8.0 

D 7.2 

D 6.3 

D 4.5 

Mineralogy ~Insoluble 
Residue 

c 4.6 

c J.8 

c 6.3 

..... 
~ 



S2ll1.ple 

})=C~·~}~1 

-p=Cl·i;~2 

..,..."_r;-r'J·H/:3 ,.~ 

p-Cb'i.i.;L!, 

C• r'',.. 
p~ l\i.'.) 

p~cvr:J-6 

p=C'i·~'=12 

':"! f\j. >::;1 ?, ::-D3..., ~IJ··u _ _, 

*1'Jo-f"11.(iLA II 
J_- vr~Lr L .._: 

IJ=C.? •.. );}-8 

IJ=C2A;':9 

p-=CZO~HO 

!>"'C2B=if11 

Pre-C~~r.ian.Cexbonates 

Location Co:t~e In:Gsrval 

Ha:t.eJ::o'.:.o.n Lakes Out.~l"OP 
JJ.be:t~~~8# 

vl.?;C,erton 1..~81{0S Ou:tcrop 
.li.lberta 

ForJla-'don 

Ho.·i:.c:::-ton 

Lo Al: .. cyn 

Age 

Pl"c-C&~.nforia..11 
(1000 m .. yo) 

Pre~Cambria.n 

(1000 l:lloYo) 

lfuel"2~0gy 

D)) C 

D=C 

c>> D 

C >> D 

C (t.rt> D) 

C ("t,l"o D) 

C)) D 

C (tro D) 

c 

D 

D 

D 

D 

% In1:1oluble 
Rosidt·/~) 

')') ,..,. 
.J-o ( 

JOoJ 

15~5 

12o5 

il,L.5 

18.,0 

20o6 

i0o5 

,.., q 
( "'"' 

20.,8 

18o3 

l.r-o) 

(' .,8 

-----------------------------------------------------------------------------------------
>:<-strc::J.B.tolitc o 

I-" 

'·r~ -,-



Pre-Cambrian Carbonates 

Sai!lple Location Core Int.erval. Formation Age Mtneral.ogy tf, Insoluble 
Residue 

B-1 Cataract Falls Outcrop Bruce Fm. Pre-Cambrian c .51.1 
Blind Ri.ver,· Espanola Group (1700 m.y.) 

B-2 Ontario c .58.4 

B-3 c .50.8 

E-3 Griffin Lake Outcrop Espa.nole. Fm. Pre-Cambrian D .51 • .5 
Espanola, Ont •. Espanola Group (1700 m.y.) 

E--4 D 31-3 

.Pre-Cambrian Carbonates - D Series 

Sample Location Core Interval. Formation Age M:i.neral.ogy fo Insoluble 
Residue 

D-1 30 miles S.W. 100 TransvaeJ. Pre-Cambrian D 17.6 
o.t Johannesburg, System (1960 m.y.) 

D-3 s. Africa. .520 D 2.2 

D-.5 970 D 2.0 

D-7 1l.!.SO D 2.1 

D-9 1060 D 2.3 

D-11 2.500 D 2.1 

D-13 3040 D 3.7 .-
~ 



S.2mplc LO·;)o.t.:i.on ';( 

T~63=004J Tho::11p:>on H .. i.ne 

Too=OOL!4 f':!..pe l:D..ne 

·r6.8ClJ!>OCJ.t5 ICL±.ppc::"!l LD2-=e 

T68-001+6 Tho:m.p::;011 Nino area 

T68-2802 Bil"cht.:ree m~'(2:a. 

T62=28L!8 Bi:.•cht.~,:eo 1:;; ~1e 

PJ.:'8-Cambrla.'I'J. Harbles 

/l .. g\?1 Hi1:.8:-"·2J~ogy % Insoluble Residue 

Pre-C a.tnb:t"i.:l.."l D 13 .. 7 

n <<s;:, c) 5oJ 

D r <_c:,,,r c' \ .... ·,.> ) 16o2 

D 19o2 

D !..~o2 

D 4·o7 

Description 

C:::yst.illJ.ne !iJE,:rb1e 

Vuggy rMxble 

VelJr fine~greinei 
J."'lt;;:;1Jll0 

:ri8.l~hlo 

l~fuJYble 

:!;.fa."{'b1e 

l~ot.G - co1~e sal!J.!Jles ~ except sampl0s T68=2802 a10...d T68~22.l!-8 which are ov:'c.crop t;a~ples .. 

::<...,Thompson~ l:!d.nit,oba 

1-" 

\9, 



Note; 
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t53 

Rc~o;::ct~ C&J..r;a~re<:r,.w He.x·ino O:r"g~:.:c...t t.::lD s 

Sample· FT Cl,. B.t• C1/Br F ..• Cl Rr Cl/Bl~Vl c;; P
2

0r. 'J,' T ~ T l'i -~·l -· H' I 
.) 

M=i(a)::: 725 8000 90c0 88o9 13o.5 62.50 68o8 90~8 Oo0081J 

11=1(b):;: 725 2.600 75o0 3'!·.,7 1'7 oO 3200 1}) 0 8 7Jo1 Oo00,51J 

:t1=:l. (c)'~ 67.5 1600 ,39cO lJ.ioO !BoO 1.300 2:!,,0 61o9 0~00963 

1·1=2 82.5 3900 8,5.0 l~,5o9 17o5 3000 38.8 77oJ 

H=J 72.5 5000 100 50o0 i8o0 .5000 .55o0 90.9 Oo008·38 

1-1-5 950 6500 178 )6o6 12.,0 6('.50 7.5o0 89o) Oo0022_;) 

8=1 SoO )80 iJoO 29o) )oO 175 6o8 25o7 

8=2 i9o0 550 :1.5o0 J6o7 lJ•oJ .550 1.5.0 )6o? 

S"'J 12.50 12.50 26o,5 lJ.•? o2 29c.5 iJ;75 1A·.O "J g .) 0. 0,.00615 

Sd~· 1.000 JOG Bo5 J.5o3 l~Oo) 100 3oJ JOoJ 

S=.5 5aO 23 2o8 8 [r, 
0 • 5a5 23 2e2 10~5 O.O:U.63 

S=6 .5aO 625 16o,5 '37o9 4oi 350 8o8 39('& 

S=7 J.i•2o0 1800 60"0 JOoO 6v9 :t1.50 2Jo8 lz.Se) 0.00.50 

8=8 12o5 lH35 iJoO "7 ,.. ..). c.) 3o1 250 i2o5 20.0 OoOO;JCO 

HDJ_..:tmeia 1511 13.5 0 

50 1.11· .. 9 L!,60 .)6.0 12.,8 7o4' 290 10o0 29oO 

51 2J..,,5 820 )8 .. 0 21o6 6,5 820 i9o.5 ~~-·2o::i. 

52 26.,4 2680 75o0 35o7 9o4 :t::Y.:-0 J:!.oO ~~~3o2 

----- -~---

* ~ e.11 three s,::iJples f:r;~Clm di:Lfcl"'eni:. s.sg;n3!J.ts of' tho s1~:elet.o.n of 

li0.11D.St).'\)!J. a.11.1.1llJ,t<...n(1_.S o 
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Ree:E•nt c~_lcal~·ocrQ~S J.i'rE~sll l\J;:_:t.if)l~ Orgt,J:JiGTilS 
~.....,.-,.,.,_~.,_ 

Sc.:mplo FT ClT B:o:·T Gl/B1·T· 1:\v· C:LJ i' 
Bl' 

I·J Cl/B1;>\J 

1NC=2g ?.,6 .52o0 22)!- 2.3 ,5.6 l}9 .o 4-"o j_2o3 

9HC=.3 9o8 76,0 27o0 2.8 7.8 85o0 1.0 85.0 

tm:c=2c 4.8 72c0 20o0 ),6 2.2 60.,0 8"8 608 

11lJC=1 ll•eo? 69.,0 )OoO 2oJ 2o7 lr2o0 l!, 0 11• 9,6 

NC=2b ioJ 1.7o5 iL!·oO loJ 1.3 1.7o5 4.8 1 .. 3 

2AD~I1 8o) 11.1·0 20"'0 7e0 6oJ '-1·5,0 Jo5 12.9 

JAC·~'·" a 7r.) 6ot 92o0 25o0 Jo7 4.,1 )9o0 L~olr 8o9 

?AC1n Soi 60o0 25.,0 2eL!, ).1 57<-5 s.s 10o5 

8AC~iJ..I· lh,6 92.,0 39 ,l.j. 2.3 2.,6 l!-7 ,0 7c0 6o7 

ACi;~6 J.,O 18o0 1l~o5 1o2 1.6 20o0 .5 ,ll- j /1.. 
~o• 

.5lt!=4 Sol 76~0 21 .. 0 )o6 Joi 75.0 6.0 12o5 

61i,'C=1 So6 j_O'? 25o0 L!·.J )c6 '70~0 7o5 9"3 

i21J::r6 l~.2 76('0 22.)!· J,l~. 2.2 57.5 J.:. 0 0 ilt ¢L} 

13f£=8 l}o6 11Lr. 5.5·3 2o1 2.,6 90.0 12.0 7 r o:J 

10C.:=2 )o9 25,0 20.,0 1.2 1.,1 37.0 6.8 1.9 

J!X:: • ., .3 2"0 2.5o0 17c·5 1 G/} 1,.7 28o0 7o8 1.6 

EQ··5 ioJ 25o0 2tu5 L.2 ioi 30"0 6o5 ic/} 

EC='1 6.,9 i6o.5 15o0 1.,1 io6 20.,0 6oJ io) 

G1=2 2oJ 2Jo0 1_5.,0 1o5 ioJ 18o7 4·o5 t.J 

''1"GT 3 11" .) ,.r 2o7 Y.LO 16 .. 0 z.J;. )oO )1o7 7o5 io9 

AT=5 j,,6 il}o5 1L: .• 5 1o0 io6 22~.5 6.8 1.6 
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Roce.rti:, C().J;;1)011B.:tos 

Smaplo r ClT BZ"T Cl/B~"T F Cl Brw Cl/' ·I 
~ .bru T 1J H 

R=i tlt-00 1)25 l}J 0 0 J0.,8 2.7.5 1125 12o0 9Jo7 

R=2 11.57 6036 95o6 6Jo1 19o5 lJ62.5 4~o2 100 

R"~J 616 t6080 179o6 89o5 1Jc) 11750 115 102o2 

B=5o2::: 5'75 1.5500 200 77o5 9oO 13500 10'{ e5 i2C' 5 ~ .)o 

.&~217~1 775 12000 160 V.!LO 13.0 117.50 92o5 127o1 

* - Th51:l samp1o cont.rd.ned 0<.0775~~ f2_05" 

Recent. = flc::tstcceno Calc<U}EJ01U.l H~:.l'illC1 Pe1ccy:pods 

T~i JLJ..,O 25.,0 zl~·o5 10c2 9.,2 250 2.0 125 

U=9L:- 1.!-3.,0 50o0 4-L!·oO 1.,2 6~0 57o) 1~h La •. 1. 

PRr=2 21o.5 850 25c5 JJ.,~j l;,o8 650 10o8 60o5 

U=iJJ 12.5 2.500 .39.,0 6f+o1 1io0 22.50 JO.,O 7.5c0 

U=4-8 95o0 575 20,.0 28o8 :!.9o0 l:-50 7oJ 62o}, 

P.l.eistOCE•D.E; CEs~~iJ01L~-;~c s 

PP=68 6.56 80.,8 6.,6 12.3 

P=i l!-.5J tlj,i J.,O l){) o9 1.5o8 105 3o5 JOoO 

P=2 191 JioJ <1 ).30 9oJ J6.,J 2.0 18.,2 

P=J .320 jJ!·5 57o5 2o5 9.,8 11.3 7.0 :t6c1 

l1:i.ocene Cazbon~/ces 

It=J6=L!6 10.50 2125 LJ·7o0 45o2 1.5o8 1925 27o5 '?0.0 

R~·150 750 l~912 67~2 73~9 
,..../' •"\ 
)0<·.) L:-soo l!·7 o5 96o8 

R=219 1,85 Jt.lJ6 l~7~6 80.,8 1J,.J 332.5 JJ.,5 98o7 

R=li·09 91~:l r~ao·~· 
"-' ~ . ..... J 60c7 8?.,,)} 9G0 L!·250 Lt-).2 93o/). 

--~~--------~ ~--...--~---~-a __ _. 
-------~·-



(ll:ioconr~ continued) __ _.._.._ ... ~---......-

SDm:tD_e F.T Cl1, B··· -T Cl/D:",r F_/ 
\'; CJ1·J Bl" IV' cl/Rr.·u 

R=4·2.5 186 8;/r7 9JoJ 9! .. 6 7oJ '1750 75o0 j_OJ 

R=LI-74· 665 14.56 17.2 8J.:.o 7 12.,0 :Llt-)8 1l!·c5 99o2 

Cre-'c..:?..ceous Cex·bc·nrd:-.es 

JI.R.,J:=2=A 26,,5 42oJ L}o9 8.7 2~2 !LJ-.,0 j, oi 12.7 

S=!=1J=B 26o4 112 12o9 8.,7 J.,2 1l4•o5 Oo9 15o8 

C11=I=18=il, J'+o6 SJ,)+ .5oJ iOoO OeO 1Jo5 Oo2 90o0 

Nit= TIT =19=A ),5.,0 .50.,9 5o1 9.,9 2o2 tL:.,s 0.,8 18.1. 

lffi=ICC=16~A J.Jo1 4,5o8 toO l!-5<>0 2o,5 12.0 Oo6 20,0 

SH=V,12=A 58~5 96o6 6oO i6c1 2o9 81}.0 2oJ 36~.5 

A~=I=5~~B 60olJ· 65o5 6 (] 
Oo' 9o5 11•o) 20o0 Do) 66o7 

SH=IV=lJ.-o.~B .382 1.!-BSJ 214 22o6 --~ 9 ~#o JSOO 3'? .o 103 

BH=II=J=A l!-OJ 188 20o7 9o1 7o2 92o0 O.J )0'1 

LB=II~LJ-~A 52.,6 lf·4o5 L!-.,6 0 7 7o 3G6 1Jo0 Oh 
~ ' J2c5 

BH=ll=i .. E lJ·i o5 51J·c5 7o0 ?o8 J.,2 2,5.0 1 b. 0 • 1'{o9 

CR~I=Zl!=A ,56o:l, l}7 .,6 .5o0 9.,,5 2~6 13.0 Oo) ,56t: o:J 

Cretaceous P€llo·.;::;ypod 

Cret;" Oysto:,} 7)o6 5Jo) :l.o6 )Jo9 2o5 J2o.5 1o5 2io7 

T1t>:l.assic C~xbonn.tGS 

L!-606=10 '1':i 1r .,)c ·/ 8L!'-l· i2o,5 6'( .. 5 _5c.8 525 1io.5 4-5.7 

l!-61100,15 1)56 2983 J5oJ 84.-5 j.JoG 1800 :l.9o.5 92c.5 

l}6i6=20 U6!l· L!,91·!·7 !)Ooi 98.,7 18o0 ,3625 Y-!·,2 105 

J.t62.i·4 25 725 1305 16o2 8006 l;-"8 r'o?£' 
O.~:J 17c.5 ll·7. ~l 



( l'rinssic co.nt:!n-o.cd) 

San1ple FT ClD B1• Cl/B;:'T F C\.r B:tl. Cl/Bl\r 'l J. T L'· 'I 

l!626=J0 121 13'72 18.,8 7Jo0 1o7 937 11o5 8io) 

~-6.31=.3.5 9)v6 il!{)'.J· 17o2 81o6 io? j,213 13.2 91.9 

4031=32 869 12L!·.5 lj•SJo2 2.5.3 17-5 102.5 ;;6.,0 28 • .5 

4.036=37 1250 62.5 7o9 78c6 

l.J·OJ8=39 170 129 J.,6 35"8 9.0 140 l~.7 29)!· 

4.\JL!·O=l.:·t 171 109 L~. 7 2Jo1 9.,0 1.35 J.,O '-1·5o0 

lJ.Q!J,Z=l!·J 330 126 )o8 .33·1 

4-4'-:-'+ 111 507 10o6 lJ-7 .,8 2,/.i. li-25 ?eO 60o1 

4L!·50 231 646 12.9 ,50oi 2o.5 .500 8)+ ,59e7 

LJl!·09- 114 1'~·0 2efJ 50(0 ,),9 95.,0 L!•o3 22,1 

4411 216 100 1 b. 
~" . 70 ·'+ Lt·/) 105 ).,0 35~0 

1+!+)7 J.5l!, i8J J)·!· 51-r.,o ~~·c) 103 2o) /f.J.,O 

Hississippi0x1 Cm•bonr~.tos 

AC=7 263 JSl~ 17o7 21e7 1Go8 260 7o6 JL!-.2 

J,C=23 371 318 1.5·'+ 20o7 j_7 o,5 220 7o8 Z8o2 

k.C=6 lr6L} 391 10o) ,38.0 11o0 260 5oLr L!--8 o 1 

1>uC=18 378 166 6.,J 26..,2 1Jo,5 120 8.0 1,5.0 

P~C=2l!, ~r,-' .);/;) 28l} 16.,8 16a9 ,5o6 1lJ-0 )e:l L:j.,2 

AC=17 180 101.~ 9o1 1io5 8.1 11.5 11.0 10 • .5 

AC=13 1}59 4·08 i6o8 z!J-.2 7o8 220 11o0 20o0 

AC=14 51.0 L~·9l} 1Jo.5 )So.5 6c-l~ . JL!·O 9oO .37o8 

AC=26 82ol!, 391 19o1 20.,5 l.r,9 270 8.0 33.8 

JI,C=20 lVJ9 157 11<0 )2,/:- 8o8 2l!,O 8o8 27,3 



Uo Dsvoui2J1 CD.:rbon.:r!:-os 
----c 

Sa:Jtple 1."1' ClT B1'T Cl/BrT FH c~·J' Bl~lv ('1 /J:·~ ,_, 'LH 

AC=16 168 :tl:·5Lr 29 .. 2 50~0 8.8 1070 18.5 57.8 

AC=i 1.5o0 475 il}o5 J2o7 1<>7 L:4·0 9.,0 LJ·8.9 

AC=iO 27o0 859 20c7 L~1o.5 2.,J 830 14.,0 59o) 

ll~C""21 101 2232 86ol!, 2.5~0 10o0 1.550 2.5o0 62e0 

AC=11 80oL!• 1675 )Jo5 50o0 8,)+ 1180 18o,5 6).8 

AC~15 56.,8 287.5 120)!· 23.9 3o5 2700 )DoO 75o0 

AC=2 L!OoO 1093 21.,J .51olJ. 6cO 830 18o5 l!l.!•o9 

H~ Dev011iec.J.1. Cm·bo.tv:J.tes 

ACc-12 137 311 iOoO 31..1 2o2 135 b. 1t 
• 0 • 30,7 

AC=LJ. .500 683 i8oJ J7oJ 3.9 J85 1Jo0 29.6 

t£=3 1.53 161 18oJ 8~8 ZoO 125 2~7 ::.S,J 

X11li· 

.5095=99 11.5 122.5 20o0 6J.oJ 21.8 1250 19.3 64·~8 

5100-04· 115 900 17,0 5).,0 

5105=09 115 1550 26C: o..J 56o7 15oJ 1500 zLr.B 60.5 

.5110=1/;. 8?.,0 1850 )1c5 58,7 12o8 187.5 2Jo.5 79.8 

511.5=19 :tl}Q 17.50 .31o.5 55o5 17o5 1700 23.5 72o3 

.5120=2L} 1.50 1550 27o5 ,56 ,.L!· 10.,0 1540 22o.5 68c5 

.5125=29 9l·l•o9 1632 )6o7 b,..l.J-.,5 L!·oO :t62.5 21o3 76.3 

5130=Jl!, 81,0 2732 lrOoO 68oLJ. iOcO 2250 25o0 90.,0 

.5135=39 68o9 2226 36)!· 61o1 J.,S 1925 22o5 85o6 

51l!·0='·zl+ 8'1o0 2125 36oO 59 cO 8.8 2075 2'-!-o8 8Jo7 

51L15=50 138 2200 J7o5 58e8 2.)~0 2175 25o0 87.0 
---~------·---



16l:. 

Ho Dovonifm Cn:t'bo:tJRtos 
~"'=-'--'..:.-"·-~,.-~~ ....... ,,.,_~-o•.<-->='"""..-.-..._---._,_,.,___ ~- --· 

S@J.>lplo FT ~~ ~~.nl1ydrit.e ~iar.1plo Ji' -T % l!XJhydl'ito 

x-92 L~/'25 1L~5 0 X=92 4771 yw 3 

LF726 2t3 0 '+772 90lJ. 0 

4-727 209 0 1.~773 6~/) 0 

LJ-728 231 0 l!·??h.- SL!-0 0 

4·729 l!l..!-1 0 1·1·775 1100 0 

4·730 369 0 4·776 7Yt- 0 

L!-731 541!- 0 '+777 90'? 0 

L1732 JJ2 0 4778 7J6 L!· 

'+733 689 0 L!-779 ')06 8 

L!·7J4- L}OO 0 L!·780 1106 8 

L~735 LJ.Z9 0 4'?81 98~!· 0 

LJ-7')6 l:·OlJ. 0 4-782 1256 0 

L!·737 G93 0 L!-783 9SC 0 

L!·7J3 25'' ·r 0 1+78Lr 242 7 

4·739 22:L 0 4735 i8l:. 19 

L~740 220 0 l}791 711 3'? 

L!·7'H 168 0 4792 373 l~ 

L!-765 807 0 LJ-793 HJO 0 

L!-766 12..50 0 lJ.79Lr 1066 0 

Ll·768 1100 7 IJ-795 790 0 

4769 5'73 0 L.~796 670 0 

4770 70L!. 0 
----~ .... --""·-··~-~------------- . .........,.., ______ 



(Ho Dovox:d.e_.n C2Xbon;:;,:t.os cont-inv.ed) 
---·-·-· 
Sam.plo F 

T 
Sample F1~ Sample FT 

X""9i l!-'?82~85 211+ X=91 L!·930=JL~ .53.,7 X=95 l!-706=10 890 

lt-786.,90 286 l!-9)5=39 3.5olJ• 471:1.=1.5 970 

l!-796=0.5 868 X=94· 4-801 =09 237 4716=20 1200 

LJ8Q6coi6 .531 1.!-822=2,6 2788 l:-721·~25 1100 

Ll8i7=26 873 482'7=31 908 1..~726=30 780 

4827=30 6.50 J..t832=J6 790 4731~3.5 57'1 

l!.SJ1=J.5 L:-25 L~BJ?~li-1 698 1.}736=4-0 600 

4·8 J6=L:-O 32l!· l:-8L!·2=l!6 490 lj:?L!·1 =L!·5 2100 

4-Sl.J.i='-~.5 224· l!.SL!-7=.51 702 47L~6=50 1Lt 

481I-6·d.50 L:.L!J L1.S52~56 673 IJ.-75}~59 75of 

L!-851~60 228 L:-857=61 599 4·760=6L;. 2Bl;. 

LJ-861=65 17'' - J. 4-867=71 l~OJ 4'?65=69 190 

L.t866=70 133 lt-872=76 673 lJ-770= ?l!· ')') .5 ;u 

L~8'?1=80 203 4877=81 LJL:.Q X=97 4869=73 JOoO 

4881=85 98.,1+ 4882=86 l!-18 4871.1=78 22,5 

L}-886=90 t:J? 4-887~91 L~J6 lJ-8Sl.t=88 J5o1 

4-891=9.5 288 XL-95 l:-671~75 60J 4889=93 '-19.,') 

4-896~00 136 4676=80 196 L:-89'-:··98 l!-!)o2 

4-901=05 87o0 1!681=8.5 '"•hJ ;r-.- 4899=0.3 5L1 

1~906=1,0 lJ6o9 4-686=90 ll-77 L:-90LJ-~CB L!-5o0 

l!·91.1=17 .5Jo6 lr69t=95 j_OO l!-909~01.3 .39 )l· 

l~918~·2J+ L!-9oO L!-696=00 780 49il!-=18 Fo2 

bfiJ?t:=?9 . ~..,) ,_~ 7:J.o5 J.L70i~~05 1372 L!-919=23 )9.,5 _____ ",.__,__. 
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(H. DovoD:i.rm Ca.l"'bon~tes cont:.inl.:i.ed) 

SE>mple FT Stli.i!ple FT Smnple F 
l 

X=97 lr92l1,=28 .50c8 X=98 L~J72=76 2Y·~ x~98 }~,793=98 132 

.5.5:LJ=:t8 7'/oO 4-377~~81 1'+7 X~1 01 L!·970=7L~ 1L~5 

.5.521=2.5 7li<3 L}J82=o86 237 4975=79 292 

.5.526=31 72/) 4387=91 l!>]6 l!,980=8l·!· 302 

.5.532=36 68oi 4-.392=96 Y+J Lr98.5=89 18:1. 

5537=L!·1 96.6 4')97~01 Lr-Jli- 4990,~9l~ 220 

5.9!·2='+6 108 L!-402=06 6J5 l:-995=99 LJ·70 

.554·7=51 128 LJlJ,07~11 l~7l} ,5000=0l:. 127 

5552=56 l't9 ol!, L:L~12=16 3.5.5 5005=,09 iZLr 

5.5.57=61 J)o? l!,l!-:!.7=21 1·!·.57 .5010=:th 539 

.5562=67 66o9 L~L}22~26 1.58 5015~19 977 

5568='?2 91,)!· 4.1!,27=32 278 50.20=2lf t:-y.:, 

X=98 Li-.)18=20 .30~1 4728=.37 286 .502.5=29 665 

1..~321~2.5 27o8 4-?l!J=l!-7 5.50 50.30=3Li 33'1 

/.r-J26~JO 19o] Lr7L~.S= .52 100 .503.5=39 990 

4-331=35 20o2 L:-753=57 689 .501-'·0-)Jh . .~, 129 

I}JJ6·~00 2,5o2 Li·758=62 8,59 SOlJ.}=L:-9 JLrJ 

LrJl-l·t ... '-!·5 21o0 lr?t'-3 6,..., •• u. = ( 761 .5050=51 126 

l}Jl!c6=.50 i9c7 Li-768=72 976 

4351=.5.5 6!.). .. 9 Li·77'3"·,77 80J 

L~356=60 230 L~778=82 890 

Li-J61=65 75o0 l.!-781=8'7 ~ I 107 

L},366=71 50c,5 lJ·788=92 l!·20 
~~-- -·----------------



(H. D<won:Lson C£u0bOYJ.~d~os c:ont:inucd) 

Samr.v.o F T 
apo 
I" 2 5 S2mpl0 FT Sam.plo Ii' 

~~ 

X=99 L~761 =66 569 mOOJOO Z~100 l!855=59 1073 X=Hl~. L!-926=.30 ·69L!, 

L!-768~71 193 oOil!.~! .. O 4860=-61~ 250 l~9)1=.35 757 

L~7'72=76 19Lr o0H05 l!B6.5=69 .5.50 4936=LJ,Q 329 

4777=81 653 o00502 4B70=74, 8.52 4·9LI-i·~'.r.5 J2l~ 

l!·782=86 .589 o005ZO l:B75=79 738 4·9L}6=·50 1020 

4"787~91 38.3 o0066,5 LJ .. 880=8l,J. zl!.,z L:.951=55 .393 

L.~792·~96 956 e01Lr9.5 1}885=89 12Lf· 1~9.56=60 ., ')3 _.) 

1,~797=01 520 o00922 l:-B90=9Lr 165 

l,.t802=06 22.5 ~001/.~5 Lr-895=99 102 

4807~11 160 c006lh~ L!-900=01.:. 80.,J 

L!-817=21 109 ,00650 L!-90,5~09. 16.5 

L:£22=26 17Lr ,oor:·71 l:,~hO=i'-!· ·J6':l - .) 

482'7=.31 400 o008}8 ~~91.5=:t9 527 

L}8)2=36 '~·23 o0061.5 L!·920=2b, 10.50 

L~8J7=4·i 2:1.8 o00766 l!,-925=29 L:.04· 

lJ-81..:-z~J:-6 ~~55 o0072lr 49JO=Y+ )2l,L 

48l.J·7=.51 121 o0078L~ L~93.5=.39 102 

l.J£.52=56 7.5L~ ,.00650 49L}Qel.J.L:.· 600 

4857=61 8)6 .,oo.~.zo l.J.S?L!-5=1.:,9 189 

LJ-862=66 183 oOOL~55 l~950~51 128 

X=iOO 4-Bl+O=Lll!, 148.1 X~iilJ· l!·922 232 

4-f3lJj~J:-9 121} L!·923 196 

L!<350~~ .9~ 179 '·!·924=25 )28 



Ilo :0EfiTOXri.an C~:(bow:.tos Gl"ouped .1\ccon:ti.ng to Depositio:x,\2 11'r.rviron:Jlel:iG 

Su.p1•atidvJ~ Ints~ .. ,tid~·-1 'J.U.:rbulGnt SuJ:rtidal 

Sar•1J.il.e FT Sauplo F.r Sexaple FT 

X-99 L!-768=71 19.3 X=99 LJ.761=66 569 X=3. 00 L~920=2l.~ 10.50 

x~99 l}772=76 194 X=99 4·7c,2-86 ,589 X=1 oo l!·9JOc<3f+ 321-J-

X=99 LI-777=81 653 X=99 L;~S22~26 174 X=iOO L~9J5=39 102 

X=99 L~-787=91 383 X=99 l!-827=31 li-QO X=101 Lr990=9l.J· 220 

X-99 Lr857=61 836 X=99 LJB32=36 423 X=:!. 01 L!/~9 5=99 LF?O 

X=99 4862=66 i83 X=99 l!BJ'(=La 218 X=101 5010=1L!· 539 

X=1 00 l!-8L!·5=l.!-9 12L1- X~99 J..t8'--:·2=L}6 Lr-5.5 X=101 5015=19 9?7 

X=100 L:-850=5'+ 1'?9 x-99 L}8/.!·7 <~51 121' X=i01 5020··2ll· lr;':IL~ •J• 

X=1 00 L:-860=6-L!. 250 X=99 L!-852=56 751.:· X=10i .5025=29 665 

X=1 00 L~94j=Ll-9 189 X=99 4-802=06 225 X=t01 50')0 r'J' ~-' =:. li' 337 

X-100 49.50=51 123 X=iOO L~9-~0=L!'-i· 600 X=11 L!. 18?.2 232 

X=i 01 4·970~7L't 1LI·5 X=100 4-925=29 4-0L!- X-11'-~- l:-923 196 

X=101 /J/)75co79 292 X=U.l!· lJ·92L!~25 328 

X=101 4980~81+ J02 TLU'hulent Su.bticlLU X-111!- l!-926=30 69!-1, 

. X=101 Lr-98,5=-89 181 X=99 lt-792=96 9.56 X=11'.J. 4931=35 757 

X=101 .5135=39 990 X=99 l!.!(97~01 520 X=11 LJ. LJ-9)6=1-J-0 329 

X=10l 51hO~l;-L~ 129 X=iOO L!-855=59 1073 X=11lr- h9l~·1='i"5 Jzl~-

X=101 5'J.lJjc~ll3 Y.J-3 X=iOO- L}865=69 550 X=114 LJ-91!6=50 1020 

X=101 5150=51 126 X=:i. 00 L!J370q7lr 852 
Qu:tet SubtidoJ_ to 

X=11L!· b,.951r~55 J93 X=iOO Lr875=79 73B L~1,goon~W. 

X-11'-l· J.i956·=60 1.33 X=:i. 00 Lt.S8:t =81-!· ZL!-2 X-99 L!-80'?=:l1 160 

X=100 t-:-915"<19 527 X=99 4-817=21 109 
---~~--· 



Qu .. 'tet 8u1Jt.ide:l to 
Lagoonol 

Sr~lilplo F 
~e 

X=i 00 L!-SL!·O~~hlr L}8o1 

X=100 l;-885=89 12l!· 

X=iOO l!-890oo9Lr 16.5 

X=iOO L!-89.5=99 102 

X=i 00 4•90Qc,Ol/• 80oJ 

X=i 00 L!-905-~09 165 

X=iOO LJ-910=1L!- 163 

X=10i 5000=0'-!· 127 

X=i01 5000=09 12LJ. 



170 

Uo B1.lm:·it?n C~rchonat.es 
~~---.......... ~_...._ .• 

Sm:r!plo FT C1T B•· ~T Cl/Bl~,r 11' -,,J c\v B·r• .. H CJ /P·r> - -l~l1 

873'·1=39 i6L:. 2770 ?5 q .;J 0 ~ ??o2 

8751.!=59 131 2923 L}io8 69 .. 9 

8766=69 12.5 4<802 6Jo7 75.A· 

880!=0!+ 9ic5 z6':1~ .., .. 5Jo8 62o8 

8811=1.5 239 29'71!, l!{) 0 2 6L.L)lr 

8820=2.5 143 24·79 J5o0 70o8 

8826=29 119 2180 JOoi 72oJ 

H. s; 1ux·ir.m Ca:-:-·bona.:'c.~s 

9121=23 118 1891 J.5oJ 5Jo6 

9!29=.31 16.5 875 29oO J0,2 

913.5=.37 172 1869 29 C·:1 6Jo8 

91J9=L!·1 19.3 1930 JJo5 57o6 

914·7='4·9 109 2134 50o8 L~2o0 

91.52=53 1.51. tL!·.59 59o4• 2'-l·o6 

9157=59 56e7 3.50 67o0 .5 .. 2 

916J=o65 179 1329 20)!· 65o2 

Le Silu,:ri&n Cal'bo;.·1D.tes 

8255=57 190 L}70 i6o8 28o0 

8267=68 193 J9l~ 20oJ 19el!, 

8277=78 1.52 7l0 2Jo) ]0.,.5 

82'78=79 162 7/:.2 27oJ 27o2 

8288=89 19.3 LJ.OS 1.5.2' 26o7 

829.}--·9S 1.70 l.!-20 12,0 35o0 
--~-----



171 

(J..o R·'1 ., .. ,.• " ,;-·'·1 '-.-1) ••. .t, •.• tc.t J.~-.n cc -1b.nL'~-· 
--

SCJ.mple J?T ClT B1 ... T Cl/Br:·T Fu Gl~J B;• Cl /B·, 
I' .u •. H ~· r .1.\·J 

8297=99 162 L!·0.5 17c2 2Jo5 

GB-.5 25 .. 5 663 22.1!- 29.,5 2o) 635 19.0 JJol~ 

G8=6 51 o.5 Laz 18.,,5· 22.,2 6o9 350 9.0 J8.9 

GSY=6 23.5 88J JLl,o2 2,5o8 L~o9 62l:, )2o) 19o2 

L.Uo O;.;"dOIJ"ician Cax1:Wfu!,tes 

8_56,3=68 1.52 ~3'+3 101 9Zo5 

8.569=7.3 335 1521 2JoJ 6,5o3 

8579=83 5tl1- 1226 18.9 6L!,o9 

8.59.3=97 220 .5.51 8,0 6.5e2 

8607=10 230 22.50 3!~·< 5 6,5o2 

10i9:l.=9.5 .392 1060 20<>7 5io2 

1021:1.-13 33.5 2530 J8o.5 6,5o7 

1-fo O:r.-.-:'l.ovic:'Lan Ca!'b02'1$lte~ 

L=72 28o6 .56•0 8c2 6,9 5o5 J'(o5 io9 19o? 

1=77 10Qt 25~5 lJ•c9 .5oJ l!-oO 3.5.0 2~2 15o9 

1=78 13 .. 8 20)} l;.,,l:· Lh,? )o6 25,2 2.,2 1io4' 

1=79 1Jo8 21.:/} LJ..)+ 4 .. 9 4··.,.5 27o,5 1.9 il!·)-1· 

1=272 L!B.,8 1,5,.2 L!-..1 J .. 7 5 .. 1 i8o,5 2 .. 0 9.,2 

1=276 118 18o2 Lr, 3 • 0 1~.,2 2io.5 i,5o0 2.8 6o) 

L=279 L~JoJ :l5 o.5 3 b. 0 • 4o,5 i,5o0 2Jo8 2o2 10o8 

L=282 lJ-0"2 11o8 ),,9 Jo 1 4.,9 j)!·.,J 1.9 7.5 



172 

Lo O;;:do-.':i.cir.n Cex·bonat.es 

St..'X.lple F ClT BP C1/Bi.' F Clt·l Bl" CJ /BY· 
'I' -T T VJ' H - -u 

1=202 23.,) 12.5 10,1 12.L~ 6eJ 90~0 )o8 2J.:•o0 

.59=3.37 42o1 75o6 5o If iLI·oO J.O 52o.5 2o2 2)o6" 

59=3)9 )Oc.O 1.50 9 L1, 0 • 16o0 10o.5 .5.5o0 2o.5 22o0 

.59=343 2Jo1 78.,8 6oJ 12o.5 .5o.5 67 .. 5 1o9 J5o.5 

C.zmbl:'irm. Carbo112.t~ s 

.59=1709 .52 • .L!- 17.5 1L~o8 Ho8 

.59=1'728 62.,) 318 28.,2 11o1 

59=17L!·O 56oO 299 28o8 10.'-1· 

pre=CeJ.tJJ:n:inn Cer·bom.:l:,es 

p-=C'i'JiJ'11 69cO 1L!j )c9 37o1 ).2 19.0 ' ,. ..l o.) 1,2.7 

p=CVJ~i~2 6)o8 .359 11o1 J2.3 8o.5 27o0 3~7 7e) 

p=Ck!J~J )9.,.5 206 .5o9 )4.9 25o0 21o.5 1o9 11o) 

JroCHj;1J.:. )6oO 217 6o6 J2e9 2.6 Lf<SoO 2~B i6oi 

p=C1.rtk.5 ~~~d 28 .. 1 76o1 )o5 21o7 1o6 lj.QoO ZoO 20~0 

p=CHJ6 2)c2 76o) )o8 2.0o1 1o6 35.,0 2o0 17.5 

p=C2lc~1'8 _5l~.,6 2.56 1lfo8 17oJ 1..7 )BoO 2"0 19.0 

p=C2f'Jt.9 ........ ~ .. if 5Zo0 22.3 12o9 17o) )o5 .58.0 :-:k5 16o6 

p=C2J}~l10 l!6o6 78o,5 '-l·o7 16o7 1o7 25o0 1.9 1Jo2 

p=C2B7~~11 86o7 136 10.,3 1)o2 5o.5 72.,0 L~,6 15o7 

p=C\·~f12 59o1 [J,l!·oO 8c5 5o1 SoO lJ,OoO io? 2J,.5 

p=Cl\1~~1.3 22o9 L!·?oS )o7 12o8 iolf JL!·oO io6 2io3 

P=Ch~}1LJ. 21o? lfc8o9 4o5 i0o8 1 .. 0 26oO 1oJ 20o0 



t'/3 

( -v- c-- _, .. •" .... ,., ... __ ,) p_.. ..;;~ cf.l.lOJ·J.cJ1 CO.;n,~l!•JJ~u 

Bampl0 1? ('1 Br Cl/B);T F Cl B1~ Cl/;·'·,-., 
'£ ·~'!' T iv \'J \l = JJ--~~ 

D=1 112 21{) i?c.O il!•o) 

D=J 113 99o7 9.2 10~8 

D~S ZL!~O 26.5 15v) 17a3 

D-=7 91+o5 133 10o2 i)oO 

JJa.9 169 .389 22o5 17oJ 

D=11 61.,3 99c7 6.4· 1,5.,6 

D=i.J Lt8oJ .57o1 6.,~ 9<2 

B=1 68.,8 J?oO 7 ·' e.!. ,5.,2 2.)1· 1J.,O 1)1- 7 o1, 

B~2 66oO J6.o 8.,2 b.h • 0 • 2.,2 12¢.5 io5 8o7 

B=J 5Jo8 28.)} 6.,7 L! • .,2 io8 jlJ<o.5 2.,7 '~ 3 ..... 
E=.J 2/~•o'l 0.,0 1.0 0.,0 b. 6 . () 18,0 ~~.6 r, Q 

.)o.-

E=LJ. 10o9 0.,0 1io9 060 )o) 26oO 2~3 11oJ 

pre~Cron.b:;;,·ian l:.Ia.rb1es 

T68=00L!·J 25o5 69.5 )Zol!· 2io/} 

T68=00L~lJ> 
J6 ·''" 565 ZL!•e) 2J.,J 

T63=004.5 62.,'1 699 2l!.,J 28o7 

T68=00LJ6 17 .,:3 .50.,8 4•o1 12o4 

~['68~2802 2o0 78.3 .52o2 1.5.0 

T68=2Ht!.S 27o3 220.5 87"6 2,5o0 

._,~~ 




