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Oxygen and Carbon isotopes in the Barra do
Itapirapuá and Mato Preto carbonatites (southem
Brazil)

/
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RIASSUNTO - ln gc ncra lc le ca rbonati ti pr csenta no a rnpi int crvallí di vari azio n.
riguarda nti le co m posizioni isot op iche dei carbonio c dcl l'os sigc no . Ta li vari«
z ion i son o riconducib ili sos ta nz ia lrncnte a (I ) process i ma gm atic i, (2) fcnorn c
nologie idrot crm ali , (3) proccssi di contamlna zionc crost alc (4) pro cess i den te
rici. S tabilire se l'cn ti tà delle variazio ni iso top ichc d i carbonio c ossigeno cdo
vu ta a proccssi prirna ri () c rc la zio nata a proccssi di co nla minaz ionc crosuilc
pu õ portare a im portauti impli ca zione re la tive alia valutazionc del tip o d i so ,
gente.
li pres ente lavoro vuole forni re un m odel lo d i Ira zion a rncn to isot opic o Ot
prendendo in con sidera zi one du e corn p lcss i ca rb on at it ic i d e i Baci no de
Paraná (Brasile Mc rid io nulc), su lla base di tre co nsi de razio ni : ( I) i cornplcs ­
ca rbo nat itici dei Bacino dei Paran á so no Ira i pi ü conosciu ti nclla lc ttc ra tu r
in terna tiona lc dai punto di vis ta geo log ico c geoc h im ico ; (2) es is te un a ricc
cns is tica per qua nto rigu a rd a gli isot opi s ta bili (o ltre 500 da t i O-C) c u na ca -,'
st ica s ign ificativa pe r qu an to riguarda gli iso top i ra dioge n ici; (3) c co rurovcrs
l'interprct azi on e per qu anto rigu ardn i processi d i scambio isot ópico . i.e . s
«prim a ri » o nu ribui bilí a proccssi di co ntarn inazione crostale.
A ques to prop ósito sono s tate analizzn tc lc composizion i isot op ich e O-C (
camp io ni di super ficie c d i caro laggi delle ca rbo na liti de i co m pIess i di B:IIT
do ll api rapuà c di MaIO Preto. Le va riaz io ni isotop iche , csp resse in lerm ini l

Sl80 c SUC, possono esse re interprela le med iante sca mbi o iso to pico du ra nle
processo d i crisla llizzazio ne frazio na ta deI liqu ido ca rbona ti tic o c successi \"
menle da scamb i iso to p ici , in co nd iz io ni idrotermali, Ira le racce ca rbona lil
che c llu idi ricchi in HzO-COz a di ffe"enli te mperalure c co n di ffc"enti ra ppo r
HzOICOz·

Te rm ini ch iave: Frazionamenlo isot opi co, O-C, carbonatit i, Ba rra do lIa pi r,
puá, Mat o Pre to , Bm sile me rid io na le.

ABSTI<ACT - Carbo natilic co m plexes shaw la rge compos itio na l ra nges rela li,
lo lh e oxyge n a nd carbon iso to pes. Th e varialio ns are a ll r ibu ta ble to (1) m" 1
ma lic pro cesses , (2) hydrolhcrmal processes , (3) cru sta l conta m inalio n , f. .
deuteric proccsses. Oelerm in ing to \Vha l extent lh e oxyge n a nd carbon iSOlO!,
\'a l"Íal io ns in ca r bo na t ilcs arc p l"Í ma. )' o r rela te d lo c rus la l p rocesses !l,
imporlant im plicati on s for cvalual ing th e iso to pic charnc le ris lics of lhe sou n
regions.
ln orde r lo address some o f thesc questio ns, a model of isot opic O-C fra cti o n;
lio n relativc lO I\VO Brazili an carbo nat ites fram th e Pamnú Basin (So utlwl
Brazil) , is d evelop ed in lhi s \Vork. A favourable s ta rt ing point o f lhe mod el
the fac t thal th e ca rbo na titic complexes fro m Pa mnú Basin a re lh e best kn(l\\
in th e \Vorl d\Vide lil eratu.·c from geolog ica l, pe tro logical and geochemic
poin ls 01' vie \V a nd lhal over 500 O-C iso lopic data and a large nUl11ber ,
ra d iogenic iso tope composi lions are nowadays ava ilab Ie.
For thi s PUI'pose , the oxyge n a nd ca"bo n iSOlo pic compositio ns of ca rbo na t i
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c o rn p lc xcs Irorn Barra do Itap ir apu à a n d Mato Prelo wcre a na,lyzed on
bo rc ho le a nd s u rfacc spccirnens. Va riations 01' (5 IHO a nd (5 \.1e rna y bc cxplaincd
by iso ropic exchangc du ri ng fract ional crv s ta lliza tio n 01' the carbonatit lc ma g­
ma and by is nl op ic excha nge be twee n ca rb on a tit ic ro cks and HzO-COrllll ids
a t differen t tcmperaturcs a nd wit h d iffcrcn t H20/C02 ratios in hydro thcrrna l
co nd itions . T he 1ll0JeI 01' iso lup ic Iract io na tion shows th a t lhe sa rn pies Iro rn
Barra d o lt a pi rn pu á deri ve írom magrna tic c rys ta lliza tio n «(51 HO [rom 8.0 to
10.0%0 and (5\.1e [ro rn -7.5 to - 5.0%0). Th e la rgc iso to pic va ri n tio n 01' lhe spcc i­
m cns Irorn "-'Ia to Preto «(51HO Irorn 8.3 to 18.9%0 a nd svc Irorn -6.3 lo 0.80/00)
may be produced in a ma gmatic enviro nm e nt a nd s ubscquc nt ly muy bc affect­
cu by hydrothcrrnal processes sta rt ing [rorn iso to p ic co rnp ositions OlHO - 10
and O\.1C - -5.0%0.

Key words: O-C iso topic fra c tlonat io n , ca rbonaritcs . Barra do Ita pirapu á,
Mnto Prelo . so ut hern Brazi\.
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plexos in and a round th e Paraná Basin
(so u thern Brazil) were re cen tly reviewed
by Mo rbidelli e t a l. ( 1995) . Alka line com­
plexes Irorn so u thern Brazil are dis tribu t­
ed a lo rig tect o n ic lineaments (F ig . 1).
Ca rbonati tes a re associated to K-alkaline
cornplexes of Early- to Late Cret ac eous
age in the Iorm of central ellip tical in tru­
sions 0 1' dykes (Ro drigues & Lima, 1984;
Morbi delli e t aI., 1995; Cornin-Chiara­
monti & Gomes , 1996; Cas to rína et al .,
1996 ). Previous studies yielded O-C iso­
top ic resu lts typ ic al of «pr irnary carbo ­
natites » (Fig. 2), along with a number 01'
hi gh er 8'"0 a nd 8"C signa tures (Sc hei be
& Form oso , 1982; Nelson e t a I., 1988;
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Regional fram e w o rk

Geol ogy, pctrol ogy and geoche rnis try
01' a lka line a nd a lka line-ca rbona titc co m-

Fig. 1 - Mai n a l'ea s 01' a lka line cOll1plcxes in anu arounu lhe Pa raná Bas in. K, pOlassic complex; Na , so d ic
co m plex . I , AllO Pamnaiba ( ~8 5 Ma ); 2, Tai llvil-C..bo Fri o Linca m ent «75 ,\ 1..); 3, Ribci m belt (70- 116
Ivb ); 4, Alto Paragll" Y (245 Ma) ; 5. Paraguay (K:128 Ma , Na :<70 M..): 6. Po nt a Grossa Arch (1 18- 138 Ma ,
no rlh; 70-116 Ma , sou th ); 7, Lages (70-75 i\b, \Ves l) an d Anil ilpo lis ( 129 Ma, eas t) . 1 ..nu II, Rio Piq ui .-i
lineament aml Rio Ul'Uguay lin eamenl, res pcctively (Cn m in-Ch ia ra mo nti & Gomes, 1996). Insct: mai n
gco logica l realllI'eS 01' the"Paraná Basin (Co m in-Ch ia m mont i e t a I., 1997).

the best known in the worldwide litcra ­
ture frorn geolog ical, pe tro logica l and
ge ochem ical po int o f view and over 500
O-C is ot opic data and a 10t o f radiogeni c
isotope compositions are nowaday avail­
a ble (e .g. Ne lson e t a l., 1988 ; Morikio
e t al ., 1990 ; Cas torina e t a l. , 1994 ; 1997;
Toyoda et a l., 1994 ; Bizzi e t a l., 1994 ;
Hu a ng et a l., 1995 ; Walte r e t ul., 1995;
Santos and Clayton, 1995; Ruberti et al.,
1997a) .

duri ng pressure reeluc tion at th e time 01'
ern place rne n t, (4) crus ta l co n ta m ination,
(5) post -magrn atic p rocess es . Th e la tte r
are due m ai nly to exc hange with hyd ro­
th errnal Iluids a nd to in flux 01' grou nd­
wa te r a nd isoto p ic exchange a t low te m­
pera tu res (Taylor et a l., 1967 ; Pineau et
a l., 1973; De ines, 1989).

Determ in ing to what ex ten t the oxyge n
and ca rbo n iso to pic composi tio ns in ca r­
bonatites a re p rirna ry or secondary has
irnportant irnplications for eva lua ting thc
geochemical characteristics o f the so urce
reg ions . For exa mple , the carbonat ite
co m plexes may be usc!'ul ror eleciphering
the na tu re of th e su b-co n tinental mantle
(e.g. Ca stori na e t a I., 1994 a nd 199 7)
because the ir high Nd a nd Sr abundances
buffer th e p.-ima ry isotopic si gna tu res
ag ai nst c hanges brought about by crustal
contamin a tion (Be ll & Blenkinsop, J989).

ln order to adelress so me of these qu e­
s tio ns, a m odel of isot opic O-C fracti on a:­
tion re la tive to tw o Brazilian carbonad­
tes fr om th e Paran á Basin (so ut hern
Bra zil ) , i .e . BalT a d o Itapi rapuá anel
Mat o Pret o carbona tites, is devcloped in
this work. A favo ura b le starting poin t of
th e m od el is the fact that the carbonati­
tic complexes fro m the Paraná Bas in are

Introduc tion

C a rb onatite complexes show la rge va­
riations in th e oxygen a nd carbon isoto­
pes (e .g. Tay lor et a I., 1967; Pinea u et a l.,
1973 ; Dei nes & Go ld , 1973; Ne lso n e t a l.,
1988 ; Ce nsi e t a l., 1989; De ines , 198 9;
S a n tos & Clayton, 1995). The 8" 0 va lues
cover a wi de range fro m a bou t 5 to 25 %0
vs SMOW (Deines , 1989), but 50% of the
analyses fa li in a narrow int erval between
6 an d 9 %0. T he varia t io ns in 8 13C are
more rcs tric ted th an those 01'8"0 va lues:
9 1% 01' 8 13 C va llles fa lI in t he r an g e
b etw ee n -2 a m l -8%0 vs PD B (Dei nes,
1989). Ranges of 8"0 a nd 8l3C between 6
a nd 10%0 and between - 4 and -8 %0, re­
spec tively, are pro posed for the «pr im aI)'
carbona tites » (cL Tay lor, J967; Kell e I- &
Hoefs, 19 95 ) . Di ffe r en t em p laceme n t
leveis (Le. deep -seat cd , IIp to nca r su rfa­
ce, 0 1' s Ul-face e nviro n men ts; Deines &
G old , 197 3 ) a n el s upe r i m posed «p r i­
m ary » a n el «s eco n ela ry» processes aI-e
held to pl ay a ro le in th e isot opic var ia­
tions . They may be a ttribll ted to ( 1) is o­
topic com posi tiona l d iffe rences in the
SOllrce , (2) frac tio na tion pro cesses d uri ng
m a g m a tic evolutio n, (3) los s 01' fl ui els
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Fig. 2 - Distri but ion 01' õ"C - Õ"O Iields 01' carbona t ites from lh e Pa ran á Basin , So ut hern Braz il (PC. «pri­
rna ry ca r bo na tite box » fro m Tayl o r c t a l., 1967 a nd Keller & Hocfs , 1995) . The rcgressio n lines are relativo
lo «in t rus ive » c nvironmcnt (Cas to ri uu e t a l., 1997) Fields frum carbona tic se dimen ts are a lso shown
(Açungul, precarnbrian mc talimcst ones . Paran á State, Brazi l: Santos & Clayton, 1995 an d Ccn si , un pub lish ­
ed data; Valle-ml , Cambrian lirncs tones-do los toncs Irom castcrn Para gu ay: Cast o rina et a l., 1994; Maca é,
Alb ia n-ccnomanian limcst on es from Ca m pos Busi n, Rio de Ja neiro S ta te, Brazil: Roba ina ci a l., 1991) ,

Censi e t a l., 1989; Morikiyo et a l, 1990 ;
Toyo d a e t a l., 1994; San tos & Clayton,
1995; Walter et a l., 1995 ; Cas to rina e t a l.,
1994; 1996 ; 199 7; Ruber ti et a l., 1997 a ,
b, e). T hese enrichments in heavy isoto­
pes were re lated to het erogene ity 01' the
mantle source (Nelso n et al., 1988 ), 01' to
contaminat ion by host rock (Santos &
Claytori , 1995), a r to rnagrnatic vs hydro­
thermal evo lu tio n of th e ca rbonat ite a t
sha llow leveI (Cens i et a l., 1989) . Three
successive stages of crys ta llization (rnag­
ma tic , la te magma tic an d hydroth e rm a l)
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3) . Thesc Ieatures were in terpret ed as
du e to lith ospheric mantle sources whic h
su lTered di ffcrent metasom atic cvcn ts in
time a nd space, wit hou t apprecia ble ef­
fects of c rusta l co n ta mi nation (Cas to rina
et a l., 1994 ; 1997 ; Comin-Chia ram on ti ct
a l., 1995 and 1998). It mu st be noted tha t
Sr-Nd isot opic values 01' Bar ra do Itapira­
puá a nd Ma to Preto carbonati tes ove rlaps
lhe same Iields of Early Cret aceou s tho­
le iites a nd a lka lin e rocks fro m Po nta
Grossa Arch and Angola-Narn ibia (Fig . 3).

. . . . . . . . . .
I 1 . . I

40

Paran áBasin,
"uncontaminated" L-11 tholeites

Tafe lkop basalts

20

ntic Ridge

o-20
. . 1 .

-40
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ENd

and sho w hcavy oxygcn incremen ts 01'
mace tha n 15"C (s lope < 004).

Initial Nd an d Sr isotope ra tios re la tive
to th e carbonat ites frorn Pa ra ná Bas in
lato sens u (i.e. in clu din g occurrc nces
fro m Paraguay and Ango la) indicate iso ­
lop ie s ignatures si m ilar to those 01' lhe
assoc iat ed a lka line an d tholeiitic rock-ty­
pes. T hey a re b c twee n HIMU (high­
"'UI'D4 Pb man tle end-mernber) and EM I
(enrichc d rnan tle-I end-member; Zindler
& Ha r t, 1986) mantle co m po ne nts (Fig.

Fig. 3 - SI'Nd ísotop ic rat ios ( vt i rne integratcd » e-nota ríon) o f selec tcd ca rbo na tite spec imcns fro m Barra
do Itapira pu á a nd Mato Preto cornparcd with SI' Nd iotopes rc lative lo lhe Mesozoic rnagrnatic rocks from
the Paraná Ba sin (Co m in-Ch iara mo n ti et a l., 1997 and rc ferences thcrein) DMM, de pleted mantle: HIM U,
h igh "'UI'''Pb rnantle cnd-membcr: EM I a nd EM II cnrí ch ed mantle [ a nd II cornponcnt , rcspec tivcly (e.g .
Zindler & Harl. 1986).
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were distin guished by Walter et aI. (1995)
in the J uqui á ca rbonatite (Po nta Grossa
Ar eh, 127 Ma), w he re th e fi rst s tage
corres po nd s to th e crystaIl iza tio n 01'
magmati c Fe-d ol omite . No ta b ly, t he
sampies fr orn boreh oles 01' qu arries show
15"0 - 15"C positive correla tio ns (Fig. 2) ,
Juqui á carbo natite excepted , wi th slopes
betw een 0.9 (e .g. Paragu ay well: Castorina
e t a l., 199 7) a nd 1.0 (e .g. Ja cupiranga ;
Hua ng c t ai, 1995 ) a n d a co rre la tio n
coefficien t close to 0.9. Spec im ens fro rn
outcrops are ge nerally poorly correlated
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Oxygen anel Carbon isotopes

chemical a nel XR F me tho els (e.g . Cas tori­
na e t a l., 1996), a nel reca lcu latcd as ca lei­
te-do lornite-ankerite w t% (Ta ble 1). The
oxygen a n el carbon isoto pi c compos i­
ti ons o n ca r bo na tes w e re ob ta ine d by
reacting th e sarn pies with 100 % H3PO~ at
25°C. The released CO2 was subseque nt ly
a nalyzed in a Finnigan Mat Delta S m ass
spectro me ter a nel it s oxygen isotopic
composition has been correc teel to ca lci te
and dolomite by a pplying the fractiona­
tion fac tors 1.01025 and 1.0111, res pec­
tive ly accord ing to S a ntos & Clayton
( 1995) . Since most of th e sarn pIes co nt a in
both calc ite an d Fe -dolom ite (anker iti c
elo lomite), they were analyzed using the
double ex traction tec h ni que elescri be d
by Eps tein & Taylor (19 67) . The sarnple
powel ers wcrc prepared w ith gra in s ize
Iractions ranging be tw een 100 anel 200
mesh , The CO2 corresponeling to ca lcite
anel elolom ite was extractcd after 1 hour
a n el betwe en 24 anel 3 84 h ou rs a ft e r
reaction , respectively. The iso topic re sults
are given in term s of usual 0%0 units , the
reference s ta nda rds being PDB- I for car­
bon a nelV-SMOW for oxygen (Table I) .

The iso top ic results are eliagrammati­
cally shown in Figures 4A a nel B in terms
of 0"0 vs o"C.

ln th e carbonatite fro m th e Barra do
I tap i ra pu lÍ com p lex , Fe-elolo mi te is ,,'n
ub iq u i to us phase : a li sa m p les are c ha­
rac teri zeel by Fe-d olomite , 95% of the
popula ti on ha ving m o re than 60 w t%,
anel 44% of the s pe cimens s ho w coexi­
st ing ca lci te a nd Fe-d ol omite (d Ta b le
1). ln Fe -elolomite, 0"0 ranges bet ween
8.54 and 17.53%0 (av. 10.12 ± 2.00) a nel

Oxyge n a nd carbon iso to pe abu ndan­
ces of the carbona tit es Iro rn Barra elo
lt ap i rapu á - BI- (Mg-Fe carboriat i te ,
no t io na l age: 129 Ma) and Irorn Mato
Pre to - MP- (C a-ca rbo ria ti te . n ot io n al
age : 70 Ma), o n th e castern si de of l he
Ponta Grossa Arc h (F ig. I), we re investi­
ga tcd with the a irn of mod ell in g the is o­
to pi c signature in te rms of m a g m a t ic
o rigin fo llo weel by hydrotherrnal evolu­
tio n . The BI and MP carbonatites occur
as p lu gs or veins a nel com pr ise o n ly a
minor p a r t of larger pluton ic to s ubvo l­
canic K-alkaline complexes that int rude
Pr ecambrian roc ks (i .e. «Tres Co r reg e s
g ra n ites » a n el m e ta s eeliment s of th e
«Açu ngu í Group»: Almeida, 1983; Ru be rt i
e t a l. , 1997b, c) in the easternmost s iele
01' the «Po n ta Grossa Arch». This arch is
also cha rac terize el by wielespread thole ii­
tic rnagrnati s rn of Early Cretaceous age
(Piccirillo et a l., 1990).

No ta b ly, Sa ntos & Clayt on ( 1995) s ug­
ges ted tha t the la rge isotopic va r ia rio n s ,
suc h as those in MP anel BI carbonatitcs,
may ha ve been produced by co n tamina­
tion Fro rn the country m e talimes to n es
(e .g . Mato Preto carbona tite) and/or by
post-crystall iza tio n a lteration (e .g. Barra
elo Itapirapuá carbona tite).

SampIes anel m e t h o d s

The sam p les make up a re presentative
se le ct ion o f ca rbonati te s fro m six b o­
rehol es (43 specimens) oE Barra elo It api­
rapuà and one bo rehol e (6 s peci me ns)
a nd o u tcrop samples (9 specimens) fr om
Mato Preto; 14 a d d id io na l s pec imens
from Mato Pret o are qu ot ed in San tos &
Clayton (1995) . The whole-rock compo­
si ti ons w e r e d ete rm in ed by stanelard
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o"C bet we en -6.98 a nd 1.42%0 (av. -4.98
::!:: 2.23 ); in ca lcite . 0"0 ra nges be tween
7.9 1 and 16 .08 %0 (av, 9.65 ::!:: 1.99), and
O"C bctwccn -7.04 and 0. 81 (av, -5.20 ::!::

2.19). The iso to pi c data fit a s tra igh t lin e
(slope = 0.99, 1' = 0.90), and 79% 01' th e
carbo ria te s plot w ithin or c lose to the
«p r i rn a r y» magmat ic carbonatite box
(Fig. 4A).

ln the carbonat íte frorn the Mato Preto
complex, 98 % 01' the sampie popu la tion
s hows calci te , 28% disp laying associated
calcite and Fe -dolomite. Fe -dolorni tc is
lh e main phase in 10% of sarnp les. ln
Fe -dolomite . 0"0 ranges be tw ee n 9 .50
and 15 .91 %0 (av, 12.97 ::!:: 1.96) and O"C
ra nges between -4.98 and 0 .95%0 (av, ­
1.57 ::!:: 2 .0 7 ) . ln ca lc ite, 0"0 ra n ges
between 8.26 and 18 .09%0 (av, 12 .12 ::!::

2.13 ), and O"C ra nges between -6.94 and
0 .80%0 (av, -2 .1 8 ::!:: 2 .58). Th e iso topic
data fit a straight lin e (s lope = 0.94 , r =
0.8I) simila r to the correlation s ho wn by
the Barra d o Itap ir a p u á carbonatite
sampl es, but in this case only 23% 01' th e
carbonates plot within o r dose to the
«p r im a ry » magma tic carbonatite box
(F ig. 48) .

Correlalio ns between isoto p ic cornpo­
si tions and d ep th are no t apparent both
in the Barra do Itapirapu á and in the
Mato Preto carbonatites (Fig. 5). The iso ­
topic d ata appear to be an exte ns io n 01'
the Jac upiranga carbonat it e , whic h is
b e li eve d to ha ve a pr imar y s igna tu re
(Hua ng e t al., 199 5) . They fit the dis tr i­
bu tion pattern of va lues in prirnary car­
bo na tes fro m th e boreho les drillecl in
eastern Paraguay (Casto rina et a l., 1997;
Fig. 2) .

Notably, Fe-dolomite h as hi gher 0"0
and O"C valu es than coexisting calcite,
both in the Barra do Ilapirapuá and in

lhe Mala Preto ca rbonat ites (F ig. 5) . The
ca rbona tes Irorn Ba rra do I ta pira p uá di ­
spl ay a bimodal distribu tion , whereas
the Mato Preto sarnples share a conti ­
nu o u s variat ion fo r both Fe-dolom i te
and coex is ti ng calc ite (F igs . 5 a nd 6).

The ave raged .6.
1
'OFe-clolomi te-calcite

and .6."CFe-clolomite-calcite are 1.08 ::!::

0.5 7 a nd 0.43 ::!:: 0.21 , respectively (Bar ra
do Itapirapu á: .6. t.<OFe-dolomite -calcite =
0.94 ::!:: 0.55 , .6. IJO

Fe-dolomite-calcite =
0.43 ::!:: 0.16; Mato Preto : .6.1'Odol omite­
calcite = 1.43 ::!:: 0.49, .6. IJ Odolomite_calci _
te = 0.44 ::!:: 0.38) . On the basis 01' avai la­
b le O-C isotopic data fro rn carbonate mi ­
ne rals. eq u ilib r iu m iso top íc Iractiona­
t ion b elw e e n calcite a nd do lo m i t e
should produce only a small enrichmenl
in 01' 0 and ol3C 01' dolomite at rela tively
high ternperatures (e .g. - 500°C).

The d ifference in iso topic composition
bet ween coexis ting Fe-dolomite anel cal­
cite , as we ll as the re lations hi p which
would be expected if coexisting carbona­
tes we re for m ed in isot opic eq uilibrium
(S he p p a r d & Sc hwarcz , 19 70: me ta ­
morphic equilib r ium ; Deines, 1989: frac­
tioriation processes at about 70 0°C), is
shown in Fig. 6. The da ta a re not consi­
stent with the existence 01' isotopic equili ­
brium a t magrnatic temperatures between
coexisting F e -d o lo rn i te anel calci t e,
a lthough a ro ug hly eq ui lib riurn bet ween
lhe va riables is a pparent . This fact might
in d icate m et a s o m a tic changes a t low
tem pera tu res . no t Iar from hydrotherrnal
co nd itions (i.e. ~ 375°C and P = 1 atm).
Sub-solidus groundwater interac tion mi ­
gh t be 'ln expla na tion for the 01' 0 val ues
01' ca rbonates hig her t ha n 12%0 fro m
Ma to Pre to a nd Barra do Ita pirapu á . The
known carbonate-Hjt) oxygen fractiona­
tion val ues (e.g . Deines, 1989 , and th erein
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Fig. 5 - Distrinbution of O-C isotopi c dat a of the ca rbo nat ites fro rn Barra do Itapirapu á and Mat o Preto vs.
depth. T he va lue s rela tivo to coexisting ca lcile (op en sy m bo ls) and Fe-dolomite (fu ll symbols) are a lso
sho\Vn.
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Fig. 6 - Plot of ol:l0U"lomilc and (i IlCnoJolll ilt' \IS Ô"CC lki h.: (LV 'C dol_ca l) OI"'OlJlIllIllIil l'- Õ l ~OCalcit l" (Ô 'IiOdtll.c.a l) and
ô"Cnulomilc and Õ"CC"ldtc (I\."Cdol.c"I)' rcspcct ive ly, fo r co exis ting ca lcitc-fc-do lo rn ite pairs. Equ ilibrium
lines, mctamorph ic anel rnngmar íc-hydrot herrna l. are [mm Sheppard & Schwarcs ( 1970), and [rorn Dcincs
( 1989), re spcctivc ly, FlIlI syrnbols and o pcn syrnbols rep resem sarnplcs [mm Barra do Itap irapu á and
Ma to Pre to , respcc tivc ly.
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2. Fluid-rclate d hydroth cn nal recry s tall i­

zation

[5] õ"O(ccl=(Õ"O(lIW)i+I\."Oecc.mo ») . [(8"O(lI2oi
+1\."OCn'.II20»)-õ"O(I'C)i)cxp(-WIRCo»)1

[6] õ"C(cc)= (Õ"C (IIC03,i + ô"C(cc.IIC03») ­
_ I(õ"C(II C031i + I\. " CCa .II C03,- 8"CCcc)iIcxp

(-W /R(c ) XOIC03») ]

w hith O" Olc<) anel O"CCccl: initial isoto pi c
composition o f th e carbonate; OIJCCIIC03(
ini t ial carbon isotop ic composit ion of

HC O.1- in th e Ilui d: X(lIC03): m ol a r fr a c tio n
HC 0

3
" in t he f1ui el; W /R(O) anel W / R(c):

watcr/rock rati os in atom percenta ges of
oxygen a n el carbon in th e Iluid a n el rock,
anel rela tecl to the calcite so lu bil ity pro­
e1 uct (Kps) th a t depcnds on tcmpera turc

accoreling to th c eq u a t ion (Jacobson &

Numerical ca lcula tions are repor teel in

Table I of the Appenelix.

Aft e r th e crystall izati on of prim ary
carbo na tes, r e c rys ta ll iza ti on occurs by
intera c tio ns with h yelro therma l flu ids at
T < 400°C. Accoreling to Zheng & Hoefs
(I 993) , iso to p ic effec ts m ay b e describcd
by th c equatio n :

[3] õ"O(cc ) =[ 2Aõ"O(C02 )i + Bõ"O(IJ20 ) i-2a!1"O I CO~-cc)

+CI\."0 (cc.H20)] / [3b+2a+c]
[4] õ"C(cc) =[AÕ"CCC02i·(A·b)I\.IC(C02_CC)] / A.

of th e va r io u s co m p o nens can b e elefineel
at each time «t» as b =A-a a n el c =B-b.
It foll ows th at th e 0"0 a n el olJC composi ­
tio ns of the ca rbo n a te can be writ ten in
terms of a , b a nel c , as well as o f frac tio­
n ation factors tl."O(C02.cc)' tl. "O (cc.H~O) a n el
tl.IJC(C02.cc) (Bottinga, 196 8; O' Neil et a l.,
1969), accoreling to th e eq uations:

I . Magmatic evo lution

[ 1] 2 Aõ"O ( CO~ ) i + BÕ" 0 (1I 20)i = 2aõ"O (C02) +

3bõ"0(cc) + cÕ"O(lJ2[J) and
[2] A8"C(cod = aõ"CCC02) + bÕ"C(ccl

wh ere a , b , c are C O 2, C03~- anel H~O

mola r concentrations in the Iluid-mine­
ra l sys te m at time «L». A an el B a re the
i n it ial CO~ anel H ~O m ola r concen tra­
t io n s , respective ly, in th e m agmati c fluid
a t « j » bcfore c rystalliza tion of the carbo­

n a tc (cc) ( i.e ., fixeel A, from COiH ~O ini­
tial molar ratio, B is d e fineel). From the
abovc eq uations the concentration va lues

A) crys tall izat ion of the c a rbo n ati t ic
liqu iel uneler ne a rl y doseei conditions, in
the ternperature interval from 700°C a nel
t o a bou t 400 °C (c.g . K ue ll mer e t al .,
1966; Wylli e , 1989 a n el the rein referen­
ces ), accorel ing to th e rea c ti on:
CO~ + H~O -7 COl - + 2 H +
The i n itial iso topic com pos it ion are

assumeel to have becn 0"0 = 8.0 an d olJC

=-7.5%0;
B) o n ly CO2 a n el Hp are oxygen car­

riers, a nel CO2 is carbon carrier to o ;
C) m ass b al a nc e equations for oxygen

an d ca rbon a re :

Hypothesis:

Model o{ isotopic [ract ionation

p othes is that isotopic re-eq u ilibrations
m a y h ave o ccu r re el b oth elu ring a m a g­
m atic st age a n el th e s u bseq ue n t hy­
dro therm al s tage. A m oelel r egarelin g the
wh ole evolu tion of the iso topic O-C com­
p o s itio n s fr om the two c a rbona t i te s is

developed in th e next section.

4

'~ 200"C

[\
180 u e i.c e

lOO"C

3

•
Dcincs

150 aC; Ro eelele r, 19 73 ) responsi b le for th e

fo rma tion of th c massivc fluo rite e1epo ­
si ts, as the Ma to P re to (anel Ba r ra d o Ita­
pi rap u á) car bonati te e rn p la c e rncnt anel

the flu orite e1epositio n are c losely relat ed
in time (Sa n tos e t al, 1996; Ruberti e l al.,
1997b , c) .

On th e w ho lc , the data support the hv-

2

IShcppard & Schwarcz I
2~"'"

Ô
13

C Doi-Cc

o

2

1 1-
- 4OO' C ------- ,-~>SO'C ---.--tL O
• I I ' -.-~.••0 4t ,._ --:

o I:- r ·., o O soo-c

': hi gh.lcm~r"lurc rr..ctionation O ~-'

- I

refe r ences) anel t h e typi call y n e g a ti ve
olRO -va lues fOI' m e te o ric g ro unelwa te r s

(e .g. Hoefs, 19 87) requi re th at any inter­
ac tion w ith grounel w ater mus t have oc­
cu r red a t low te m p era tu res « 250°C; Dei­
nes, 1989) . Alteration of Fe -dolorn itc by
gro u nd wa ter may b c related to t he lo w­
tcrnpcra t ure h ydrot herma l cycl e (1 12-
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La ng muir, 1974):

[7 ] lo g Kp s = -13 .8 70 - 3059 / T °K · 0.04035"'T °K

As well as th e W/R r a tios , al so the
HC03-mol a r fractio n in t h e f1uid is a
function of the tempe ra tur e , due to the
equ ili bria CO 2 + H 20 H H 2C0 3 (KO)'
H2C0 3 H H+ + HC 0 3- (K ,), HC03- H H+
+ C032. (K2) and re lated equilibrium con­
stants :

[8] log Ko = ·1 4 .01 84 + 2385.73rr °K +

+ 0.0 152642 *T °K (Ha r n cd & Davis, 1943 )

[9] lo g K 1 = 14.843 5 + 3 404.7 1rr °K·

• 0 .0 32 786."T °K (Harned & Davis , 1943 )

[ lO] log K2 = 6.498 - 2902 .39/T °K ·

· 0 .02379 *T °K (Harned & S holcs , 1941 )

where the carbon specia tio n dep en ds on
th e temperatu re and th e p H. The ini tial
8IJC(HC03-)i can be calcula ted Irom thc
iso topic frac tionation fac to rs re lative to
ó 13C(C0 2-HCOd (Ohmoto & Rye, 1979 ),
for various 813C va lues calcu lated for CO2

in the flui do Nu m erical calculations are
shown in TabJe 11 of th e Appendix, and
the m od el is graphicalIly rep resented in
Fi g . 7 , w h e re a co n t i n uo us
va r ia tio n of inten sive parameters (i.e . f =

[(A-b)/A]) can be noti ced .

Concluding remarks

The appl ica t ion of the model to the
o b served oxygen a nd carbon iso top ic
d a ta a llows some considerat io ns. The
isotopic composit io ns of the carbo natite
from Barra do I tapirapu á appear to be in
agreemen t essent ia lly with a m agm atic
or igin (box «1» of Fig. 7) fro m hypercry­
tical fluids with CO/H20 - 0.6 molar ra­
tios and temperat u res ranging Irorn 700
to 400°C (i.e. «or thornagm atic vs pegm a­
t í tic » environment; e.g. Wyll ie , 1989).
Only a few sampies would seem to have
been a ltered by lat e hy drothe r mal pro­
cess (paths of box «II» o f Fig. 7). On th e
other hand, most carbo natite specimens

fro m Mato Pret o loo k as hyd roth ermally
alte re d . Addition in the sys tem o f carbo­
n a t es fr om th e country roc ks (e .g .
«Açungu í Group»: 8"0 = +25.0 -1-24.4%0;

8 lJC = +3 .5 - -8 .6%0) a s sugges te d by
Santos & Clayt on (1995), appears to be
u nne cessary to explain samples con side­
rably enrich ed in both heavy oxygen and
carbon o This interpreta tion is a lso sup­
p orted b y t h e initi al .7Sr/8I'S r and
143Nd/ '44Nd iso top ic rati os in selected car­
bon atites th at m ainta in the sarne val ues
of th e as sociated a lkaline rocks (averag­
ed ·'Sr1'6Sr and 141Nd/'44Nd init ial ratios,
res pe ctively, for both alk aline complexe s
and ca rbonatites : 0.7049 :!:: 0.0005 a nd
0.51253 :!:: 0.00007, Bar ra do It apirapuá;
0.7048 :!:: 0.0003 and 0.51247 :!:: 0.0001 6,
Mato Pret o: Ruber ti et al., 1997 a , b , c;
Cas torina & Comin-Chia r am o nt i, un­
published data ), and are s imilar to th e
val ues ob ta ined for the Early Cret aceou s
tholeiites of the Ser ra Geral Formation
of the region (Com in-Chiaramo nt i e t al. ,
1997) . Moreover, th e mod el ages refer red

to the dep le ted m an tl e a re 553 :!:: 119
and 559 :!:: 66 Ma for carbon atites from
Barra do It ap irapuá and Mato Preto , re ­
spec t ive ly (R u ber t i et al. , 1997a), in
ag ree me n t with the mantle events cha­
rac te rizing th e so urce o f Early Cr eta­
ceous alka line com plexes at the latitude
of Ponta Grossa Arch (e .g. Corn in-Chia­
ramonti et al. , 1997; Ca s torina et al. ,
1994; 1997). This means th at th e ca rbo­
na ti tes m a in ta in ed the m antl e sou rce
characteris tics in terms of radiogeni c
iso topes, even if th eir or iginal O-C isot o­
pie sig na tures were in part m od ifi ed by
post-de positio nal hydrothermal fluids at
low temperature.

Aclrnowledgements

Financia l suppo rts fro m Italia n (CNR
a nd MU RST) and Brazilian (FAPE SP)
agencies are gra tefu lly acknowledged .
This papel' was im prove d with sugge­
st ions of G. Cortecci, B. Turi and A. AI­

berti .
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Oxygen and ca rbon model for hydrothcrmal cvolution of a carbonatitic rock. d » is the residual

Appendix I
fraction of fluid defined by f = [( A-b) I A ] (see text), The model expccts that the re sidual flu íd frac-
tion, remained after thc «h igh ternpcrature» stage, is involvcd in the hydrothermal stage at tempe-
raturc $ 375 "C, l n this resid ual Iluíd fraction, th c amounl of dissolved e02 as [C02] , is rel a ted to

Oxygen-carbon mod elling (cf Table s ] and II) for magmatic anel h ydrothermal
lh e varia t íon' of e02 fraction in the fla te magmatic fluid, that is «f» .

evolution of carbonatites was carried out using Microsoft Excel 5 program o The 613Cj
[CD21(HCOJ)

program is avai labl c on requ e st as worksheet t o P. Censi (J stituto di Mineralogia,
010 12.57 O(}l

Petrografia e G e och imica, Università di P alermo , via Archira fi, 36, 1-90123, P alermo , KO KI K2 K", [HJCOJJ pl! (HCO] ] So lubilil)' WIR (C) X1HCOJ1 WIR lO) T 'C Ó 18Qcc ô 13c cc
. cf cetcite
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2.99&02 2 2.'[·09 4.08E· 12 1.41E-13 6.00E·02 4.'" J.16E.()l ),46r>ü2 l .TIE.()1 1.93&04 1.87&03 242 9.78 ·546
2.70E-Q2 3.06E·09 5.00E-12 2.24& 13 5.0 &0 2 4 89 1.291::-05 4.4811-02 8.24E-OI 2.37&04 242E-03 l1S 9.78 ·5.46
2.46&0 2 4.19E-09 6.II E·12 3.54E-13 4 .~E·02 4.SI 1.44E-05 l .79E-02 1.17E+oo 2.91&04 3.13&03 228 9.79 ·5.46
2.25E.()2 l .69E·09 7.42E·12 556E- 1) 4.51E-02 4.lI) 1.6OE-Ol 7.49r>02 I.66E+OO ) 5lE-(}l 4.0l ( 0) 221 9.&J -5.45
2.06&02 7.68E.()9 8.96E-12 8.67E· 13 4.14E-02 4.75 1.78[ ·05 9.6811-02 2.:\4E+oo 4J IE-04 .5.2.'\E.o3 214 9.82 -5.44
1.90 E-02 1.03E-08 1.08E· l l J.35E-12 J.82E-02 4.10 1.9RE-OS 1. 2.~E·OI J .27E+OO S.19F..04 6.76F...oJ 207 9.Sl -5.43
1.76E-02 I.J7E-08 I.29E·11 20 8E-12 J5)E-02 4.66 220E·05 1.61E-01 4.56E+oo 6.2) E-04 8.7)E-O) 200 9.87 ·l .4O
1.64E-02 1.82E-08 1.l) E-1I 3.18E-12 ) .19E-02 4.61 2.44E-Ol 208E-OI 6.3) E+OO 7.42E-(}l 1.I) E-02 19,3 9.90 ·l 36

I
1.53&02 2J8E-08 1.80&11 4.84E-12 J.IIlE'()2 457 2 71E-05 269E-OI 8.7)E+OO 8.79E-(}l 1.45E-02 186 9.95 ·l .30

TAB L E I 1.44E-02 3.I0E-08 2 11E·1I 7_11& 12 2 90E.()2 4.52 ) .00E-05 ),47E-0I 1.20E+OI 1.0J E-OJ 1.88&02 179 10,01 -szo
Oxygen and carbon modcl for magmatic evolution of the ca rbon at it ic Iiquid. Thc modcl cxpects 1.37&02 ".aIE-Os 2A5E-11 1.10 & 11 274E-02 4.... ).32E-Ol 4.48E'()1 1.6) E+01 1.21E-0) 2.42E.()2 172 10.09 ·5.05

I.JOE-02 5.13E'()8 28.1E· 11 1.6JE-1I 2.61E-02 4.44 ) .66E-Ol 5.TIE'()1 2.21E+01 1.4OE-0) J .12E.()2 165 10.20 ....82
that during «h ígh tcmpcrarure» stage thc carbonate crys ta lliza ti on takes placc betwccn I.25E.()2 6.lOE.()8 J .24E·11 24 1&11 2.lOE.()2 4.19 4.(}lE-Ol 7.43&01 2.96E+01 1.61&03 4.02E-02 158 10.34 ....47

1.20E-02 8.I7E'()8 :3.68&1 1 3.52E-1I 2.42E-02 4.JS 4.44E-05 9.l8E-OI ) .9l E+01 1.84E-0) l .18E-02 151 10.5J ·l 98700 and 400 -c. I 1.17E-02 I.02E-07 4.14E- II 5.II E-II 2.3l E-02 4J I 4.89&05 I.23E+OO 5.24E+01 2.08&03 6.66E.()2 144 10.78 ·) .28
1.14E-02 I.25E-07 4.62E-ll 7.34E-11 2 JOE-02 4.27 5.) 6E-05 1.59E+oo 6.88E+Ol 2..13&03 8.58E-02 137 11.10 .2.1)
1.1:\&02 1.52E-07 S.II E·II 1.(}lE-10 2 27E-02 4.2.1 5.88&05 2.04E+OO 8.91E+01 2.58E-m 1.I0E-OI 1)0 11.53 -1.10
1.12&02 1.83E-07 5.6OE· 1I 1.47E-10 2 26E-02 4.19 64 ) E-Ol 2.62E+OO 1.16E+02 2.&4&0;\ 1.42E-01 121 120S 044

õ l 80i Õl 3C j (C021H20)i I 1.1)&02 l l7E-07 6.06E-1I 2.(}lE-10 2.27E.()2 4.1l 7.02E-Ol ) .)7E+OO 1.48E+02 3.09E-OJ 1.82E-OI 116 1279 126

ô130
IHCOJ) [CD21

8 -7.5 0.6
b

O.ll 1268 OOS
a C

KO KI K2 K", [HJCO)J pI! [HCOJl Solublfhy WIR (C) XIHCO)J WIR (O) T ' C ô l8üc c Ô13Ccc
(C OZ)f (H20)f (CaC03) ÕI8

O ( CC) f Õ13C(c c ) f ÕI8 O(H20 ) f ÕI8 O(C0 2) f ÕI) C(C0 2) f T OC
:1.58E·0I 221E·12 4.01E-14 1.0IE-17 1.00F.+OO 5.82 1-' 0E-06 2.5IE·(}l 2 47E-04 1.48E·06 I.J6E-05 375 9.47 ·llB
3.07&0 1 J.28E-12 l. 26E·14 1.71E-17 8.70E-Ol 5.TI 1.69&06 ) .26E·(}l J.74E-(}l 1.94E-06 1.76E-Ol J68 9.47 ·5.lll

100.00 t66 .67 0.00 8.00 -7.50 7.55 13.72 -5.24 700
2.64E-01 4.86E· 12 687E· 14 2.9 1E-17 7.48E.()1 l .72 1.91E-06 4.21E-04 5.65E-(}l ll5E-06 2.28E-05 )6 1 9,47 ·l 58
2 28&01 7.19E-' 2 8.97E-14 4.92E-17 6.44E'()1 l .67 2 1lE-06 l.48E-(}l 8.52E-(}l J_14E-ll6 2.96E-05 )54 9.47 ·llB

95.00 161.67 5.00 8.05 -7.41 7.69 13.88 -5.1 2 685 1.96&01 I.06E-11 1.J7E-D 8_' 0& 17 l .56E-OI l .62 2 43&06 7.12E-(}l 1.28E-03 4~16E-06 :U 5E-CS 347 9.47 ·5lB
1.70&0 1 1.55E-11 I.lIE·I J 1.4OE-16 4.81E-OI 5.56 2 7J&06 9.23E-(}l 1.92E-O) 5.68E-ll6 4.99E-05 J40 9.48 ·5lB

90.00 156.67 10.00 8.11 -732 7.84 14.05 -5.01 670 1.47E-Ol 227E·1I I.96E· IJ 2 34E-16 4.17E-OI 55 1 :\.08E-06 1.20E'{)) 2.87E-03 7 ~18E-06 . 6.47&05 3:\3 9.48 ·l 58

85.00 151.67 15.00 8.17 -7.22 8.01 14.23 4 .89 655
1.28&01 J.J 2E·1I llJE· IJ 3.92E-16 3.6,1&01 l A6 J.47E-06 I.SSE·OJ 4.28&03 9.57E-06 8.39&05 J26 9.48 -558
1.12&01 4.82E-I I J.25E· 13 6.54& 16 J .16E-OI l .41 J .9OE-ll6 20 1E-O) 6.J7E-OJ 1.24E-Ol 1.09E-(}l )19 9.... -sss

80.00 146.67 20.00 8.24 -7.12 8.19 14.42 4 .77 640 9.76E-02 6.98& 11 4.16E-13 1.09&15 2.J6E-OI 5.36 4_19&06 26 1E-O) 9.46E'()) 1.59&05 1.4IE.(14 J I2 9.48 -558

I 85 5&02 I.OIE-IO 5.32E-13 1.80& 15 2.042&01 5.31 4.9) &06 J.J8E.()J I.40 E.()2 2.04E-05 1.83E-04 30l 9.48 ·558
75.00 141.67 25.00 8.31 -7.02 8.37 14.61 4 .65 625 7.51E-02 1.45&10 6.78E-13 2.97E-ll 2.12E-OI l26 5.54&06 4.38&0) 2.06E-02 2.61&05 2 J7E-(}l 298 9.48 ·l.lll

6.62&02 2 07E-10 8.6DE-13 4.88E-15 1.87E-OI l21 6.22&06 5.68&0) 3.04E-C2 J ,12E-Ol 3.07E.(14 291 9.48 -ass70.00 136.67 30.00 8.40 -6.91 8.57 14.82 4 .52 610 l.8 lE-02 295 E· '0 I.09E·12 aoos- rs I.6SE-OI 5.16 6.98E-ll6 7.J6&0) 4.45E-02 4.22&05 3.98E-04 284 9.48 -s.ss
65.00 131.67 35.00 8.48 -6.80 8.78 15.04 4 .40 595

I
l .l8E-02 4.18E-10 U 7E-12 1.31E-14 1.'1 E-01 5.11 7.8) E-06 9.l JE-OJ 6.lOE.()2 5.34&05 5.15E'()'s m 9.48 ·558
4.61E-02 5.9OE· 10 I.72E·12 212 &14 I.)OE·OI 5.l<> 8.77E-ll6 1.21E-02 9.47E-02 6.72E-Ol 6.67E-04 270 9.48 ·l5 8

60.00 126.67 40.00 8.58 -6.69 9.01 15.26 4 .27 580 4.11&02 8.28E-10 2 1l E·12 3.43&14 1.16E.()I lDI 9.82E-06 1.6OE-02 1J7 E.()I 8.44E-05 8.64E-(}l 26) 9.48 ·l l8

55.00 121.67 45.00 8.68 -6.58 9.25 15.50 4 .14 565
:t68E-02 1.l6E.()9 2 67E-12 5.52E-14 I.l»E'()1 4.96 1.I0E-Ol 2.07E.()2 I.99E.()1 J.05E-(}l 1.12&03 216 9.49 ·558
3.31&02 1.61E.()9 JJ IE·12 8.85E-14 9.lóE·02 4,91 1.2) E-05 2.68E-02 2.86E'()1 UIFM 1.45E-03 249 9.49 ·l 58

50.00 116.67 50.00 8.79 -6.46 9.51 15.74 4.02 550 2.99E-02 2 2.1&09 4.08E·12 1.41E-13 8.4lE-02 4.86 1.) 7E-Ol ) .46f>02 4.IOE.()1 1.62= 1.87&03 242 9.49 ·5S7
2.70E-02 J.06E.()9 5.00E· 12 2.24F...13 7.65E-02 4 82 1.5)E-Ol 4.48E·02 l .8lE '()1 2.ooE-(}l 2A2E-C3 215 9.'10 ·5S7

45.00 111.67 55.00 8.91 -6.34 9.78 16.00 -3.89 535 2046&02 4.I9E.()9 6.II E· 12 3.54E-13 6.96E'()2 4.TI 1.7IE-05 l .79E.()2 8.32E-D1 2 4l E-(}l 3.I3E-03 228 95 1 ·557

40.00 106.67 60.00 9.04 -6.22 10.07 16.27 -3.77 520 2.2l E-02 5.69E-09 7.42E-12 l .56E-1J 6.lóE-02 4.72 1.9OE-ol 7.49E·02 1.18E+OO 2.99&04 4.05E-03 221 952 ·l57
2.06E-02 7.68E.()9 8.96E·12 8.67E-1) l .8)E-02 4.67 2.I2E-05 9.68E-02 1.66E+OO ) .6JE-(}l . l .21E·0) 214 9.53 ·5.l6

35.00 101.67 65.00 9.17 -6.10 10.37 16.55 -3.64 505 1.90&02 1.03E-08 1.00E·1I l.)lF, 12 5.J7E.()2 4.6,.1 2,35&05 1.25E-01 2.3) E+OO 4.38&04 6.76E-0) 207 955 ·55 l
1.76E·02 1J7 E·08 1.29E-11 20 8E-12 4.98E-02 4lB 2.61E-Ol J.61E-Ol ) .24E+oo l .25E-(}l 8.73E·03 200 958 ·5.54

30.00 96.67 70.00 9.32 -5.97 10.70 16.85 -3.52 490 1.64&02 1.82E.()8 1.5)E-1I 3.18E-12 4.6) E-02 4.54 2.9O&ol 2.08E-0I 4.l0 E+OO 6.26F,(}l 1.I3E-D2 19) 9.62 -552

25.00 91.67 75.00 9.47 -5.85 11.05 17.15 -3.40 475 1.5) E-02 lJ8E-08 1.80E·11 4.84E-12 4~'\4 E-D2 449 J.21E-05 269E.()I 6.20E+OO 7.4IE·04 1.4l E·02 186 9.66 ·548
1.44&02 3.IOE-OS 2 11E-I I 7_11&12 4.ORE-C2 445 3.l6E.()5 3A7E-01 8.l 0E+OO 8.7IE-(}l 1.88E·02 179 9.72 -5.42

20.00 86.67 80.00 9.64 -5.73 11.42 17.48 -3.29 460 1.37E-02 4.01E-08 2 45E· II 1,10& 11 J .86E-02 4 41 3.93F...05 4.4RE·0 1 1.16E+01 1.02E-03 2.42E-02 172 9.81 ·5.32

t5.00 81.67 85.00 9.81
1.30&02 5.13E-08 2 83E·11 1,63E·11 ) .68E·02 4.16 4,34&05 5.TIE·0I 1.57E+01 1.18&0) 3.12E-02 165 9.91 -5.18

-5.60 11.82 17.81 -3.18 445 1.25&02 6.50E-OS 3.24& 11 2.41& 11 3j3 E-02 4-12 4,79F..oS 7.43F...0 1 2.I IE+01 1.36&03 4.02E-02 158 10.06 "''11
10.00 76.67 90.00 10.00 -5.48 12.24 18.17 -3.08 430 1.20&02 8.17E-08 3.68E-I I 3.52&11 3.40&02 4.28 5.27E-05 9.58E'()1 2.81E+01 1.55&0) l .18E·02 151 10.25 -466

1.17&02 I.02E.()7 4.14E-1I 5.II E·1I 3JI E.Q2 4 201 l .80E-Ol 1.23E+OO 3.72E+fl1 1.75F....o3 6.66E·02 144 1050 "' 21
5.00 71.67 95.00 10.20 -5.36 12.68 18.53 -2.99 415 1.14E-D2 I.25E'()7 4.62E-11 7.34& 11 3.24&02 42lJ 6.36E-05 1.59E+00 4.R9E+OI 1.96E·03 8.58E-02 1:\7 10.82 ·),62

0.00 66.67
1.13E·02 1.52E·07 5.1IE· 1I 1.04E-10 ),20E-02 a.re 6.97&05 2.04E+OO 6,37E+01 2.18E-0) 1.I0E.()I 1)0 11.2' -181

100.00 10.41 -5.24 13.16 18.92 -29 1 400 1.12&02 1.83E-C7 5.6OE· 1I 1.47&10 3.18E.-02 4.12 7.63E·05 2.62E+OO 8.23E+01 2.39&03 1.42E·01 121 11.80 ·I.TI
1.J3f..02 2 17E-07 b.06E-11 2.04E- IO 3.19&02 4Ql 8.33E-05 :t 37f.+OO I.05f.+02 2.60F...o3 1.82E-OI II. Ill l -o...

ICOIl/i/1 /1 cdl
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TABLE II TABLE I1

I ijl30
ij130

I r IHC03) (C021

IHC03) (CXl 21 O.ll 13.02 000
010 12.79 0.06 "o KI K2 K.. IH2C03J pH (HCO:d SolubililY W/R lO XIHC031 W/R 1O) T "C Õ ISOec li L'c cc
KO KI K2 K", IH2C0 31 pH IHCO;\l So lub ilily WfR (C) XIHC03) W/R (O) T "C Ó 11:I Qcc Ó I:\Ccc

3.58&01 1.21E·12 4.OIE-14 1.01E-17 1.1IE+OO 571 1.95&06 2 51E.Q4 1.466-04 1.14E·0l5 1.36E'{)5 J1l 8.62 -5.91

~.58E·0I 2.2 IE·12 4.0m· 14 1.01&17 1.27E+OO 5.7R 1.68&06 2.5I E·04 1.97E-04 1.32&06 I.J6E·O.'i :175 9.19 ·5.69 :\.D7&01 3.28& 12 5.2'6E-14 1.71E-11 1.47E+00 566 2.20&06 3.26E.{H 2.22E·OJ 1.49&06 1,76E-OS 368 862 ·5.91
3.07&01 3.2RE-12 5.26E-14 1.71& 17 1.09E+oo 5.72 I.R9&06 3.26E-04 2.98E·Q4 1.73E..06 1.76E-05 368 9.19 -5.69 2.64&01 4.86&12 6.87E· 14 2.9 1E-17 1.266 +00 5.61 '2.48E·06 4.2JE.o.: :l.35E-04 1,96& 06 2.28E-05 361 862 -5.91
2.64E·01 4.86&12 6.87E· 14 2.91& 17 9.39&0 1 5.67 2.14& 06 4.23&04 4.5OE-04 2.2R&06 2.28E-Ol 361 9.19 ·5.69 2.l 8E-OI 7.19E-12 8.97& 14 4,92E-17 I.09E+OO 5.ll 2.80E·06 5.48E-Q.l 504E-04 2.57E-06 2 96E-05 3~ 862 -5.91

2.28E·01 7.19E· 12 S.97E-14 4.92E-17 8.09&01 5.62 2.4 1&06 5.48E-04 6.78E-04 2.9R&06 2.96E-05 354 9.19 ·5.(/) 1.96&01 1.06&11 1.17& 13 8.30E·17 9.39E.OI 5.'lI 3.15&06 1.12E-04 7.58E-04 3.:\6E-06 ' .85E'()5 :>47 &62 -5.91

1.96&01 J.(l6E.1J I.I7E-13 8.30& 17 6.98&0 1 5.57 2.72&06 7. I2E-04 I.0 2E-üJ 3.89E-06 ~.8SE-05 :>47 9.19 ·5.6'1 1.70&01 1.55E-11 I.5 IE·13 1.40& 16 8.01:.01 54l 3.5!i&06 9.2.1E~ 1.14E-OJ 4J7E-06 4.99E-05 .'40 862 ·5.91

1.70E-oI 1.55E-1J 1.5IE· I3 1.40E-ló 6.04E-01 S_Ci I 3.06&06 9.23E-04 I.5JE -03 5.07f, 06 4.99&0 5 :wo 9.19 ·5.69 • 1.47&01 2.27E-11 I,96E·13 2.34& 16 7.OSE-Ol 5-00 4,00&06 1.20&03 1.70E-o.1 5.68&06 6.47&0."1 .1-'3 862 -5.91

1.47E-01 2.27E-1J 1.96&13 2.34E·16 5.24E-01 5.46 3.45E-06 1.20 E-03 2.29E..()3 6.59&06 6.47E-05 333 9.19 ·5.69 1.28& 01 3.32E·11 2.53E· 13 3.92E-16 6.13E-01 SJS . 4.51&06 1.55E-03 2.SoIE-03 7.J6E-06 8.39E-OS 326 862 -5.91
1.12E-01 4.82&11 3.25E-13 6.54E-16 S.:WE-OI 529 S:07E-06 . 2.01E.a) :t77E·{)) 9.50&06 1.09E-04 319 8.62 -5.91

1.28E-01 3.32E· II 2.53E-13 3.92& 16 4.55E-01 5.41 3.89E-06 U 5E-03 3.41E-03 8.53E-06 8.39&05 J26 9.19 -5.69
4.82E-11 6.54E-16 .ili~16 ·07E-06 2.0 1E-03 5.07E-03 1.10E·05 1.09FM 319 9.19 -5.(/) 9.76&02 6.98&11 4.16E·I ) 1.09E-1l 4.ME-OI 5.2-1 5.70&06 2.6 IE·03 S.60E-oJ I.22E·05 1.4 IE-04 .' 12 862 -5.91

1.12E-0I :;.25E-13 3.97E-01 8.55E-02 1.01E-IO S..12E·I .1 1.80E-U 4.09E..Q 1 5.19 6.41&06 .1.38&0,1 8.281:·0;\ I.57E-05 1.83E.()4 ;llll 8.62 -5.91
9.76E-02 6.98E-11 4.16E-13 1.09& 15 3.47E-01 53 1 4.92E-06 2.6 IE-03 7.53E-03 IA2E-05 1.41E-04 312 9.19 -5 69 7..51&02 1.45E·10 6.78E-J.' 29 7&1l J.59E.o1 5.14 7.20&06 4.:'Br:'-oJ 1.22E-02 2 0lE-05 2.J7E.()4 298 862 -5.91
8.55&02 I.OIE-IO 5.3)E· 1J 1.80& 15 3.04E-01 5.16 5.~3f.-06 J .J8f...03 I.lI E-02 1.82E-05 I.83E-04 305 9.19 ·56'1 6.62E-02 2.07E· 10 8.60E-IJ oI.88C-U 3.16E-OI 5.00 8.09E-06 5.68E.o3 1.8OE-02 2.56E-Ol 3.07E-04 291 &6-' -5.91
7.5IE-02 1.45E·1O 6.78E· " 2.97& 15 2.67E-01 l .21 6.21&06 4.38E-03 1.64F""02 2.33&05 2.37E-04 298 9.19 -5.6'1 5.85&02 2.95E·10 1.09E-12 8.00E-U 2.79E-OI 5.ül 901&06 7.36E-m 2.63E.o2 3.25&OS 3.98E"(}'; 28-l 86.' -5.91
6.62&02 2.07&10 8.60E-1J 4.88F,15 235&01 5.16 6.97&06 H8E·OJ 2.42E-02 2.97E-05 3.07E-04 291 9.19 -5.6') 5.18&02 4.18E· IO I.J7E· 12 I.:\ I& I~ 2.48(..{)1 4.'}) 1 .02&0~ 9.53E.o3 ~85E-02 4.lI E-O!i 5.15E-O-t m 86.' -5.91
5.85&02 2.95E· 10 I.09E-12 aeoe.is 208E -01 5.11 7.82&06 7.36E-03 354E-02 U6E-05 3.98E-O-J 284 9.19 -5.69 4.61E-02 5.9OE-10 1.72E-12 2.12E-14 2.2OE-O I 4.94 1.14&05 1.2.'&02 5.60E-02 5.17&05 6.67E..()4 270 86-' -5.91
S.l8E-02 4.18& 10 I.J7E-12 L'I& 14 I.84E-OI 5.06 8.77&06 9.SJE-03 5.17&02 4.76E-05 5.IS&04 277 9.20 ·5 69 4.1IE-02 8.28& 10 2.15E-12 3043&14 1.91E-OI 4.'" 1.28&OS 1.6OE-02 8.13E-02 6.496-05 8.64&04 26J 86.' -5.91
4.6I E-02 5.9OE-10 1.72E-12 2.12E· 14 I.64F, OI !i.QI 9.R3E-06 1.2.'E-02 7.53E-02 6.ooE·05 6.67E-04 270 9.20 -5.69 3.68&02 1.l6E-09 2.67& 12 5.52&14 1.76E-oI 481 1.43E-05 l 07E-02 1.17&0 1 8. 11E-Q~ 1.12E.o3 lS6 &6.' -5.91
4.II E-02 8.28&10 2.15E-12 3AJE. 14 1.46E-01 4.96 1.10&05 1.60E-02 I.09E-01 7.53E-05 8.64E-04 263 9.20 ·5.69 3.31&02 1.61E-09 3.31& 12 8.85E- 1~ 1.58E.o1 41«) 1.6OE·OS 268E-02 1.69&01 1.01E-04 IA5E-03 249 8.64 -5.91
3.68&02 1.16E-09 2.67E·12 5.52E-14 I.3I E·OI 49 1 1.23E-O.I 2.07E-02 1.5RE-OI 9.40E-OS 1.12E-03 216 9.20 ·5.69 2.99E-02 2.23E-09 4.08E-12 1.41& 1) I.4~E-O I 4.75 1.78&05 3.46E-02 2.43E-01 1.2lE-Q.l 1.87E-03 242 "4 -5.91

.1.'1&02 1.61E-09 J .31& 12 8.85& 14 1.18&01 4.86 I38&OS 2.68E-0 2 22RE-O I 1.17&04 1.45E·03 249 9.21 ·5.69 2.7QE.02 3.06E..Q9 5.ooE· 12 2.24E-13 I.29E-O I 4.70 1.99&05 4.48E..Q2 3.46E-01 1.54E-04 2A2E-03 m 8.65 -5.91
2.99&02 2.23E-09 4.08E-12 1.41E·13 1.00E-OI 4.81 IS 4E-OS 3.46E-02 3.26E-01 1.45&04 1.87E-03 242 92 1 -st»

I
2.46&02 4.19E-09 6.11& 12 3.54&13 1.18E-OI 465 2.22E-05 5.79E.02 4.93E-01 1.89E-~ :U3E-O). 228 866 -5.91

2.70&02 3.06E-O'J 5.00& 12 2.24E- 13 9.6IE-02 4.77 1.72&OS 4.48 E·02 4.66E-01 1.78E-04 2.42&03 2.lS 9.22 ·5.69 22l&O2 5 69&00 7.42E-12 5.56& 1 ~ 1.07&01 4.61 2.47E-05 7.49E-02 6.97E-01 2.30E·D4 4.05F...03 221 8.67 -5.91

2.46&02 4.I9E·09 6.IIE -12 3.54E· 13 8.74E-02 4.72 1.91&05 5.79&02 6.62E-01 2.I9E-04 3.13&0;\ 22R 922 -5./Il 2.06&02 7.68E-09 8.96&12 8.61& 13 9.85E-02 4.56 275E·05 9.68E-02 9.82&01 2.79E.Q.S 5.2-'E·03 214 868 -5.91

2.25&02 5.69&09 7.42&12 5.56&13 7.9RE-02 4.67 2.13&05 7.49E·02 9.37E-01 2.67&04 4.05E-03 221 9.24 -5.68 1.90&02 I.03E-08 I.08E· II 1_'5&11 9.08E-02 4.l1 3.06E-05 1.2SE-OI !.JSE+OO :U7E-~ 6.76E-C3 207 870 ·5.90

2.06&02 7.68E·09 8.96E-12 8.67E-13 7.33E-02 4.62 2.37&05 9.6RE-02 I.32E-HlO J .24E-().4 5.2.'E-03 214 9.25 -5.68 1.76E-02 1.37E-08 1.29E-ll 2.08E-12 8.41E-02 4.47 :140E-OS 1.61E-OI 1.92E-tOO 4.04E-~ 8.73E-OJ 200 873 -5.90

1.90&02 I,OJ E-OM I.ORE·II 1.35E·12 6.75E-02 4.'S 2.64&OS I.25E-OI I.RSE-HlO J .91E-().I 6.76&03 207 9.27 -5.67 1.64E-02 1.82E-08 1.5.'E-11 3.18E-12 7.83E-02 4.42 3.77E-OS 208E-01 2.66E<OO 4.81E-04 1.13E.o2 193 876 ·5119
1..53E-02 2.38E.oS 1.80E-ll 4.84E-11 7.33&02 4-'8 4.18&OS 269E·01 3.67E+OO 5.70E-Q.l 1.45E-02 186 &81 -5.87

1.76&02 1.37&OR 1.29E·I I 2.0R&12 6.2lE -02 4S3 29 3&OS 1.61E-oI 2.58E-HlO 4.68&04 8.73E-03 200 9.JO -5.66 1.44E-02 3.10E-08 2.II E-)I 7.3IE-11 6.90&02 4-'3 4.6~E·OS 3.47E-OI 5.03E+OO 6.70E-~ I.R8E-02 179 8Jl7 -5.84
I.64E·02 1.82&OR U 3E· 11 3.18&12 5.82E-02 4.49 3.2S&ol 2.08E-01 3.5SE+OO 5.58E-04 1.13E-02 193 933 ·5.6.1 i U7E-02 4.01&08 2.45[ ·11 LlO&11 6.53&02 4.29 5.11E-05 4,48E-01 6.85[-+00 7.83E-04 2.42[ -02 ln a95 ·5.!lO
1.53E-02 23 8E-08 I.80E· 11 4.84& 12 5A5E-02 4.44 J .60E-05 2.69E-01 4.93E+OO 6.61&04 1.45E-02 186 9,38 -5.62 130&02 5.l3 &oS 2.S3E· 11 1.63f....1 1 6.22E-02 4.2l 5.61E-05 5.77E-01 9.27E+OO 9.07E-~ 3.12E-02 J65 9.06 -5.73
1.44&02 3.IOE-08 2.IIE· 1I 7.3I E·12 5.13&02 4.40 3.99&OS 3.47 E-01 6.76E-HlO 7.77&04 1.88&02 179 9.44 ·5.57 1.2SE-02 6.50E-08 3.24E-1I 2.41[ -11 5.96[-02 4.21 6.23&05 7,43F..Q1 I.25E+01 1.0·;1;' 03 4.02E-02 ISR 921 -5.6..'
1.37E-02 4.01E-OS 2.45E· I I 1.l 0E-1I 4.85E-02 4.;\6 4.41& 05 4.48 &01 9.2 IE+oo 9.08E-04 2.42E-02 172 9.52 -5SI 1.20&0 2 8.17E-08 3.68E-11 3..52E-Il .5.75[·02 4.16 6.85&05 9.,58E-OI 1.66E+OI 1.19E-03 5.18E.o2 III 9.39 -5.48
1.30&02 5.13&08 2.83E-I I 1.63&11 4.62E·02 4.31 4.87&OS 5.77&01 I.2SE-+Ü1 I.OSE-03 3.I2E-02 165 9.63 ·5041 1.17E-02 1.02E-07 4.14E-11 5.11f....1I 5.59&02 4.12 7R~4 E-OS 1.2.'E+OO 1.20E.o I 1.J5&OJ 6.66E-02 144 964 -527
1.25&02 6.5OE-08 3.24& 11 2.41&11 4.43&02 4.27 5.17&OS 7.43E-01 1.6RE-+Ü1 1.21E-03 4.02E-02 158 9.77 ·5.25 1.14E-02 I.2lE.o7 4.62E·1I 7~14E- 1I S.41&02 41Jl 8.27&OS 1.19E<OO 289E;ll1 1 ~~1 E-03 8..S8E-02 137 9.91 " .91
1.20E-02 8.17&08 J .68E-1I 3.52& 11 4.2RE-02 4.2' 5.91&05 9.58E-OI 2.24E;ll1 1.38E·03 5.I8E-02 III 9.96 ·5.0.' 1.13E-02 1.52E-07 5.11&11 1.04& 10 5.4Or>01 4.04 9.06E-05 2.04E+00 3.77E.o 1 I.68E.03 1.I0E-OI 130 10.39 "5/
1.17&02 1.02&07 4.14&1 1 5.1J&1I 4.16E-02 4.19 6.50E--05 1.23E+OO 296E;ll1 1.56&03 6.66&02 144 10.21 -4.71 1.12&02 1.83E-07 5.60E·11 1.47E-IO 5.37E-D2 400 9.92&o.~ 2.62E1"OO 4,87E+01 1.84E-03 1.42E-OI 123 10.94 4 .03
1.14&02 I.2l E·07 4.62E-1J 7.34& 11 4.07E-02 4.15 7.I3&OS 1.S9E+OO 3.89E-+Ü1 1.75&03 8.5RE-02 137 10.54 4 .27 I.IJE·02 2 17E-07 6.06E·11 2.04E-IO 5.39E-02 3.97 1.08E-CW 3.:\7E+OO 6.24E+01 2.ooE-03 1.82E-OI 116 11.66 -3_'\4

1.13E-02 1.52E-07 5.11&11 1.04& 10 4.02&02 4.11 7.82&05 2.04E+OO 5.07E-+Ü1 I.94E-03 1.I0E-OI 130 10.96 -3.66 1.14&0 2 l..55E-07 6.49&1 1 2.81&10 5.46E-02 3.93 1.18&~ 4),3E+OO 7.90E+OI 2.16E-03 2.$4E-01 100 12.56 -249

1.12&02 1.83E-07 5.60& 11 1.47& 10 4.00&02 4.07 8jSE-Q5 2.62E+00 6S 5E+OI 2. 14E-OJ 1042&01 12J 11.51 ·2 88 1.17fU)2 2 95E-07 6.87&1 1 3.81E-IO 5.58E-02 3.89 1.28E-Q.l 5.5fuOO 9.92E;ll1 2.29E-03 3.QOE-QI 102 13.71 ·1.48

1.13&02 2.17&07 6.06& 11 2.04& 10 4.01&02 4.03 9.34E-05 3.J7E+OO 8.~8E+O I 2..12&03 1.82E·01 116 12.22 -1.89 1.21&02 336E..<J7 7.18E-11 5.II E-IO 5.77&02 3.86 I~19E-04 7.125+00 I.23E+02 2.41E-03 3.S.U:-01 21 IS.IJ -o-'J
12 6&02 3.77E-07 7.41&11 6.76F,1O 6.03E-02 3.R2 1-'1&04 9.12E<OO 1.5IE;ll2 2.lOE-OJ 4.93E-01 !tl 16.86 0.90

al30
133&02 4.16E.Q7 7.54E-1I 8.81&10 6.37&02 3.79 1.63&04 1.17E;ll 1 1.83E+02 211E-03 6.31E-01 81 18.93 21S

(HCXl3) (CXl21 6130

0.25 12.91 0.08 (}I C03) ICD21

Ko KI K2 Kp• IH2CXl 31 pll (HC0 3] Solubiliry W/R IC) XlHC031 W /R 10) T 'C õ l8 0 cc õ l3Ccc O.lO 13.47 0.12

3.58E·01 2.21& 12 4.0IE- 14 1.01&17 I.SIE+oo S.74 I.R2&06 2.5 IE-04 1.67E-04 1.21E-06 I.J6E-05 J75 R.91 -5.80 KO KI K2 Kps [H2C031 pll (HC0 31 SolubililY W/R leI XIHC031 W/R (O) T "C SIBQcc ô l3Ccc

3.01&01 3.28&12 S.26E-14 1.71&17 1.29E+CXI :i.fi) 206F,06 J .26E-04 2.52&04 1.S9F,06 1.76E'(}5 368 8,91 -5.80 3.58E-01 2 21E-12 4.01E-14 1.01&17 2.37E+OO 5.64 2 29E-06 2.1IE-Q.l 1,00E-04 9.66E-07 1_'\6E-05 m 7.49 -6J7
2.64E-OI 4.R6&12 6.87E-14 2.91E· 17 1.111::+00 56.' 2.32FA>6 4.23 E.(}4 3.8I E-04 2.09&06 2.2HE-D5 361 89 1 -5.80 3.07E-0 1 3.28E-12 .5.26&14 1.7 1&17 2.03E+OO 5.<9 2.58E-06 3.26E"(}'; 1.60&04 1.27E-06 1.76E-05 36R 7.49 '("TI
2.28F,01 7.19E·12 8.97& 14 4.92&17 9.56E·01 5.'" 2.62F...06 5.4RE-04 5.74E·04 2.74E-06 290E· OS 354 8.91 ·5.RO

I
2.64&0 1 4.86E-12 6.87E-14 29 1&17 1.74E+oo 5..\4 29 IF.-06 4.2.' E-04 2.42E-04 1.67&06 22SE-05 36' 7.49 ..6.37

1.96&01 1.06& 11 1.17&1 3 8.30& 17 8.2.~E-0 1 5_'13 296E-06 7 .12E-~ R.62E-04 3.58E-06 3.85E·05 347 8.91 ·5.RO 2.28&0 1 7.19E-12 8.97E-14 4.92E-17 1.50E+OO 5.48 3.29&06 5.4tsE·04 3.65E.Q4 2.19&06 2.96E-05 354 7.49 -6)7
1.70E-0I 1.55E-1I I.lI E-13 1.40&16 7.14&01 5.48 3.J3E-06 9.23E-04 1.29E-03 4 .67FAl6 4.99E-05 :wo 8.91 -5.80 1.96&01 U)6E-11 1.17E-IJ 8.30&17 1.30E+OO .5.43 -'.71&06 7.12E..()4 5.49E-04 2.86E-06 ).85E-05 :>47 1.49 ·6.37
1.47E.o1 2.27E·1I I.96E-I J 234E- 16 6.19E·01 5.43 3.75&06 1.20E-03 1.93E-OJ 6.06E-Q6 6,47E-05 333 8.91 -5.RO 1.70&01 1.55E·II 1..51E-13 1.40&16 1.12E+OO 5J1l 4.18&06 9.23E-04 8.23E-O-1 3.72&06 4.99E-05 :wo 7.49 -6.37

1.28f, 01 3.32E·1I 2.53E·13 J .92& 16 5.3RE-01 5.TI 4.2J&06 1.55E-03 2.RRE-03 7.R5&06 8.39ll·05 :126 8.91 ·5 RO 1.47&0 1 227 E·11 1.96&13 '2.34&16 9.73E-OI 5J3 4.70&06 1.20E-03 1.2.1E-O) 4,83E-06 6.47E-05 3:\3 7.49 -6.37

1.12&01 4.82E-II J .2m · IJ . 6.54E-16 4.69&01 532 4.75E-06 2.01&03 4.29E·0;\ 1.00&OS I.09E-04 :119 8.91 ·5.RO 1.28E-0I 3.32E-1I 2.53E-13 3.92& 16 8.46E-OI 5.18 5~'0E-06 1..55&03 1.84E-03 6.26E-06 8_'9E-05 J26 7.49 -6.37

9.76E-02 6.98E-1I 4.16E-13 1.09&15 4.IOE-01 5.27 5.3lE-06 2.6 1E-m 6.37&03 1_'0&05 IA IE-04 3Il R.91 ·5JlO I 1.I2E-01 4.82& 11 3.2l E-13 6.54E-16 7.37E-C1 l.22 5.96E-06 2.OIE-OJ 2.7JE-OJ 8,09E-06 UI9E.Q.I 319 7.49 -6.37

8.55&02 1.01& 10 5.32E.D 1.80E·15 3.59E·01 5.22 6.01E-06 3.3RE-03 9.42E.QJ 1.67&05 I.R3E·04 30S 891 ·5JlO 9.76&02 6.98E·11 4.16&1) 1.09E-U 6.44E-C1 .5.17 6.70&06 26 1E-03 4.05E-O) 1,0·m-05 1.41E-04 312 7.49 .(,.17

7.51&02 1.4SE-10 6.78E-I;1 297E- 15 3.IlE-01 5.17 6.75E·06 4.38E-03 1.39E-02 2 14&05 2.37E-04 29R R.91 ·5.00 I 8.55&02 1.01&-10 532&13 1.80&11 .5.64E-01 5.12 7.53E-06 ) .38E-OJ 6.ooE-03 1_14&05 1.83E-04 305 7.49 -6_TI
7.5IE-02 1045& 10 6.78&-13 2 97&11 4.96E-01 5.111 8.46&06 4.38E-OJ 8Ji.~E-OJ I.7JE-Ol 2.37E.()4 298 7.49 -6.TI

6.62E-02 207E·1O 8.6OE-IJ 4.88&15 2.78E-01 S.l2 7.58&06 5.68&03 2.D4E.o2 2 73&05 3.07fM 291 R.91 -5.RO 6.62&02 2.07E·IO 8.60&-13 4.88& 13 4.37MI 5.02 9.50E·06 5.6lIE-OJ 1 ~'OE-02 218E-OS 3.07E~ 291 7049 .(,.11
5.85E·02 2.95E-10 1.09& 12 aooa- rs 2.46E-01 5.07 R.50E-06 7.36E.o J 3.ooE-02 J .46&05 3.98E-04 2R4 8.91 ·5.00 5.85E-02 295&10 1.09& 12 8.ooE-13 ).86E-OI 4.91 I.07E-Ol 7.36&03 1.91E-02 2.76E-05 3.98E"(}'; 2R4 7.49 .(,.17
5.18&02 4.18E· 10 1.37& 12 1_'1 &1 4 2.18&01 502 9..1-l&06 9.SJE-OJ 4.J 8E-02 4.38&OS 5.IlE -04 m 8.91 ·5 RO 5.18&02 4.18E-10 1_'7 E-12 1_'1&14 J.42E-01 4.92 1.20&05- 9.5JE-DJ 2.79E-02 3.49&05 5.I.5E-D-l m 7.49 .(,.17
4.61E-02 . 5.9OE-10 1.72&12 2.12& 14 I.94E-o! 4.91 1.07&OS 1.:DE-02 6.38E-Ol 5.52&05 6.67E-04 270 8.91 ·5.80 4.61&02 5.90&10 1.72E-12 2.12&14 ).04&0 1 . 87 1 ~'\4E-OS 1.21&02 4.06E-02 4AOE-05 6.67E.().l 270 7.49 .(,.17
4.II E-02 8.28E·1O 2.15E· 12 3.43& 14 1.7JE-OI 4.92 1.20E-OS 1.60 E-02 9.2lE-0 2 6.92E-05 8.64E-04 263 R.91 ·5.RO 4.11&02 8.28E-IO 2 15E· 12 3.43E-14 27lE-OI 4.82 I.50E·OS 1.60E-02 5.89E-02 .5.52E·OS 8.64E-04 26.' 7.49 .(,.17
3.68&02 1.16&09 2.67E-12 5.52&14 U 5E-0! 4.87 1.J4& 05 2.07E-02 J.34E-01 R.65E·Ol 1.12E·0.1 250 8.92 ·5JlO 3.68E-02 1.16&00 2 67E-12 5.52E·H 2.43E-O I 4.18 1.68&OS 2111E-02 8.5IE-02 6.9OE.o5 J.I2E-03 lS6 7$ -6-'6
3-' IE-02 ·1.6IE-09 3.3IE· 12 8.8S&14 1.39&01 4.8.' 1.50&05 2.6HE-02 J.9JE-01 1.08&04 1.4SE-03 249 8.92 -5.80 3-' 1&02 1.61E-09 3.11&12 8.85E-14 2.19E-01 4.73 1.88&OS 2.68E-02 I.23E-01 8.58E-OS IA5E-03 249 7.50 .(,.' 6
299E-02 223E-09 4.0S.& 12 •.41& 13 I.25E·OI 4.7!1 1.67&OS 3.46E-02 2.76E-OI l.33&04 1.87E-03 242 8.9J -5.RO 2 99&02 223&00 4.08E-12 1.41&0 J.97E-01 4.611 209E-05 :t46E-02 1.76E-OI I.06E-04 J.87E-OJ 242 7.51 -6-'6
270&02 3.06&09 5.OOE-12 22 4&13 1.14E-OI 4.73 1.87&05 4.4 8E-02 3.94E-OI 1.64&04 2.42E-03 2Js 8.93 ·580 2.70&02 3.06E-09 5.00E-12 2.24E-lJ 1.79E-OI 4.6.' 2.34E-05 4.48E-02 2.5IE-01 1 ~'I E-04 2.42E-03 2.'5 7.51 -6-'6
2.46E·02 4.I9E-09 6.IIE-12 3.54& 13 I.O) E-OI 4.611 2.08E-OS 5.79E-02 5.60E-OI 2.0I E-04 J .I J E.·03 228 R.94 -5.RlJ 24 6E-02 4.19E-09 6..1 1E-12 3.54&1J 1.62E-O I 4.58 2.6If,OS 5.19E.o2 3.57E-01 1.61E-04 3.13E-03 228 7.52 .(,.16

2.25&02 5.69&09 7.42E-12 5.56&13 9.44&Q2 4.64 2.32&05 7.49&02 7.93E-01 2ASE·04 4.05&03 221 8.95 -;'i.80 2.25&02 S.69E-09 7.42E-12 ..5.56&13 1.48E-O I 4.\4 2.90E-05 7,49E-02 5.05E-01 1.96E~ 4.05E-03 221 7.53 -6-'6
2.06&02 7.68E·09 8.96E-12 8.67E-13 R.66E-02 4.59 2.58&05 9.6RE·02 1.12E+OO 2.9R&04 5.23E-03 214 8.91 -5.71} 2.06&02 7.68E-09 8.96&12 8.67E-0 1.J6E-C1 4 49 3.2.1&05 9.68E-02 7.I IE-01 2.3RE.Q.l 5.2.1E-03 214 7.55 .(,.16

1.90&02 1.03E·OR I.08E-1I U5F, 12 7.9RE-02 4.54 2.87&05 I.2SE-OI 1.57E+OO 3.S9E-04 6 .76E.()~ 207 8.99 -5.71) 1.90E-02 1.03&08 1.08E·11 1.35E-11 I.2lE-O I 4.44 3.59E-0~ I.2SE-01 9.97E-OI 287E-~ 6.76E-03 207 7.57 .(,.16

J.76E-02 J.37E-OR 1.29E- l l 2.08f, 12 7.39E·o2 4.50 J .19E-05 J.6 IE-01 2. I8E+OO 4.31E-04 8.73E·OJ 200 9.01 -5.78 1.76E-02 1.37E-08 1.29E.·1I 2.08E-12 1.16&0 1 4-00 :\.99r:...05 1.61E-Q1 1.39E+OO 3.44E-04 8.7JE.Q3 200 7.59 -ó.J.~

I.64E-02 1.82E-08 I.HE-II 3.18&12 6.88E-02 4.45 3.53E-05 2.0RE-OI 3.OJEtOO 5 . 1 3E·~ 1.13E-02 193 9.05 ·l 77 1.64&02 1.82E-08 1.53E· 11 3.18E-12 I.OSE-O) . JS 4.43&05 2.0HE-01 1.9)E+OO 4.1OE.Q4 1.13E-02 193 7.63 -6.35

1.53E-02 2 38E-OR I.ROE·II 4.84E-12 6.44E-02 4.41 3.92&OS 2.69f,OI 4. 18E-tOO OORE·04 1,45E·02 It«i 9.UJ ·5.7S 1.53E-01 238E ·08 1.80E-11 4.84& 12 1.0lE-OI 4~1 1 4.91&05 2.69E·Q1 2.66E+OO 4.115E·04 I.4SE-02 186 7.67 -6:>4

J.44E-02 3.IOE-OS 2.II E-1J 7.3I E·12 6.06E-02 4.'6 4.34E·OS 3,47E·OI S.72E-tOO 7.I5E·().4 J.88E·02 171) 9.16 ·5.71 1.44&-02 :UOE-08 2 11E-1I 7.31E-12 9.52E-02 4.26 5.44E-05 3,47E·OI 3.64E-+OO 5.70f.-04 1.88E-02 179 7.74 -6.32

I.J7E·02 4.0IE-OR 2.45E-1I J.I 0E-1I 5.74E-02 4~12 4.79E-05 4.4HE·OI 7.80E+00 R,35E·04 2,42E-02 172 9.24 -5.66 1.37&02 4.0lE -08 24 511·11 !.I OE-II 9.OIE.Q2 4.22 6.0m-05 4.48E.Q1 4.96E+OO b.66E-~ 2.42E-02 172 7.82 ~29

1.30&02 S. IJE-OR 2.83E· 1I 1.63&11 5A6E-02 4.28 5.29E·OS 5.77E-01 1.06E;ll1 9 6R&04 3.12[W 2 165 9J 5 ·5_\8 1.30E-02 5.13E-rn1 28.' E-11 1.63E-11 8.59E-02 4.18 6.64E-05 5.77E·01 6.72E+OO 7.nE-04 3. I2E-02 165 7.93 -625
1.25E-02 6.50E-os 3.24E-1I 2.41E-1I 8.2'E-02 4.14 7.32E-05 7,43E·QI 9.0:lE+OO 8.8SE-04 4.02E-02 155 8.111 -6."

1. 2.~ E-02 6.50E-OR 3.24E-II 2.41&11 5.24E·02 4.2' 5.H-lE·()5 7 .43E·Q1 1.42E+OI 1.11E-O) 4.02E-02 I ~H 9.49 ·5.4(, 1.20E-02 8.17E-08 3.68E-11 J_"i2E-11 7.94E-02 4.00 8.0611·05 9.58[· 01 1.20E.oI 1.01&03 5.18E-02 151 826 -6.CYJ
1.20E-02 R.I7E-OS. J .68&1I 3.52E·11 5.05E.Q2 4.19 6.43f-.-05 9.;'i8E-OI 1.89E+OI I.17E-O.1 S.IRE-02 151 9.6H ·5.2R 1.17&0 2 1.02E-07 4.14E-1I 5.11&11 7.72&02 4.05 8.86F.....05 1.2.'E+OO I.60E.o1 1.15E-03 6.66E-02 144 8.l1 ·595
1.17&02 1.0lE-Q7 4.14E-11 5. II E-II 4.9IE·02 4,15 7.06E-OS 1.2J E+OO 2.5 IE+OI 1.44E·03 6.6(IE·02 144 9.9.1 -5.0~ 1.14E-02 1.25E-07 4.62E·11 7.34E-1I 7.561!-O2 401 9.72E-05 1.59E+00 2 10E.o I 1.28E-03 8.58E-02 137 8.83 ·5.75
1.14E-02 1.21E-07 4.62E-II 7.34&11 4.81(;-02 4 11 7.7SE-OS 1.59E+00 3.29E+01 1.6 IE-03 K.5KE·02 137 10.2~ ..467 1.13E·02 1.5211-07 5.11[ -11 l.00IE-10 7.46E-C2 3.91 1.07E-~ 2.D-lE+00 2.7:iE+01 1.43E-03 LlOE-o l DO 926 -5.4\1
I.I J&02 1.52E·07 5.IIE- 1I I.04E-IO 4.1SE·0l 4.111 R.50E-05 2.04E+ 00 4.29E-t01 1.79E·03 I.JOE-o! I ~O 1O.6H -4.19 1.12E..-02 1.83E.Q7 5.60&1 1 1.47E-10 7.42[ -02 3.9.1 U7F..04 2.62E+00 3.5JE.oI 1.57E·0.1 1.42[ ·01 121 9.81 -5.1J
1. 12E-02 1.8.3E-07 5.60E·1r 1.47& 10 4.72E-02 40 3 9.30[ -05 2.62[+00 5.54E+D1 1.96[ -03 1.42E·0I 12' 11.23 '.'-56 1.13E-02 2.17&07 6.06E-11 2.04& 10 7.45E-02 .'-'.Xl 1.27E-04 3.37E+(X1 4.52E.o1 I.71F.-D.l 1.82E·01 116 10.52 -167
1.13E-02 2.17&07 6.06E· II 2.04&10 4.74E·02 3.99 1.01F,04 :t37E+00 7. 10[+01 2 14E..03 I.R2E-oI 116 11.94 -27~ I. I4E-02 2.55E-07 6.49E-11 2.81E-10 7.54E-02 l PlJ 1 ~'9E·0-4 4.33E+00 5.73E+tl1 1.84E-D.' 2.34E-01 '''' 114.1 ..",
1.14E-02 25 5E-07 6.49E-11 2.8 1& 10 4.80E·02 3.% I.II E--().I 4 .33E+00 8.99E+0 1 2_JOE·0~ 2.34E·0 1 109 12.85 · 1.7(J 1.17&02 2 95E.Q7 6.87&11 3.8Ir...IO 7.71E-02 3.82 ISIE·~ 5.55F.+00 7. IRE+01 1.95f.-O.l 3.ooF.-01 102 12-57 -JJI)

1.17E-02 295E·07 6 ,87E- II 3.8IF...IO 4.9IE-02 3.92 1.20[ -04 5.55E+OO 1.I J E+02 2 .44 E-O~ 3.00[·01 102 1:\.99 -O.'i1J 1.2IE-02 3.36E-07 7.ISE- I I 5.11[-10 7.97E.(l2 3.79 1.6·m-l}I 7.12E+00 8.91E+OI 2.05E-03 3.H5E-01 $ IJ.I}() ·2.18
1.2I E-02 :U6E.()7 7.IRE-1I 5. I IF...1O 5.07E-02 J.K!'I 1.31f~ 7. 12 E+ou 1.40E+02 2.57E-0) J.85F.·OI 95 15.4 1 0.7u I 1.26E..-02 3.77E-07 7.4IE· 11 6.76[-10 8.J2E-02 3.75 1.77E-!H 9.12F..oo I.OQF..o2 2.12[ ·03 4.93E-01 !tl 15 73 · 1.68

1.26E-02 3.77E-07 7.4IE-11 6.76E-1O 5JOE·02 3.85 1.41[ ·04 9. 12E+00 1.72E+02 2.66E-m 4.93E-OI '" 17.IS 20R I.JJE-02 4.I6E-07 7.54F.·1l 8.8I E-10 8.79E.Q2 3.72 1.911:,.()4 1.17[ +01 !.J 3E.o2 2. I7E-03 6.31E-01 81 17.80 -073
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