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"All streams flow into the sea,
- ‘ yet the sea is never full. - !
To the place the streams comé™ £rom,
} there they return again."

* . : - Ecclesiastes 1:7

.
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ABSTRACT &

The 39 largest. Canadian rivers (by discharge) were sampled

at .or near confluence with oceans during different flow regimes. i

The samples were. analyzed for elemental Sr, Ca,‘Cl total

hJ

dissolved . solids (T Q,S ) "and the 87Sr/ Sr 1sotop1c ratio. ‘

.'In addition, the geology of the river dralnage basins was

compiled from geologlcal maps. . ',
e The data demonstrate a fundamental c0ntrol by pedrock of

river water chemistry Multivariate statistical.analySis

{Q and-R mode factor analysis) fac1litated the classzfication

»

! . 4. \ . ’
cf the Canadian rivers into three,gronps-representing a two

.' endmember series.. Endmember 1 or group 1 is characterized by

rivers‘with high concentrations bf T.D.S. , Fa}and'Sr, low
‘Sr/Ca ratios and low 87Sr/ Sr ratios., From the'drainage basin
geology, these rivers were 1dentif1ed as “sedimentarv End-
member 2 or group 3 is characterized by rivers with low con-
centrations of T.D.S., Ca and Sr, higher Sr/Ca ratios and high
875y /805r ratios. These rivers were identified as'"Shield“
type. Group 2 rivers are of 1ntermediate type:; chemically
" similar to group 3 but isotopically similar .to. group l
A wéighed mean 87Sr/aGSr ratio for continental runoff was

‘calculated to be .7111 on the basis of the 39 largest rivers.
This value is less radiogenic than the published estimates

(. 716 - .720), but is supported by analyses on two major world

rivers, the Amazon and the Mississippi.
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‘limit of 23% on the oceanic basalt (mantle)
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rating the fluxes' of
87

. Seawater, a mgdium capable of inte .
- . . v . . . *

r from yaiidus‘éoprces (with different
87 L ’ B

Sr/BGSr ratios) has

an Sr/aGSr ratio of ,705.- It must therefore be a mixture

of radiogenib_continenta% Sr and Sr from a‘COMplementary,

Bor

non-radiogenic source. Oceanic basalts.can provide the

‘required non-radiogenic Sr reservoir as seawater-basalt inter-

\ L s . , 87 .
action is known to increase the radiogenic Sr component in

bas&lts{ .
. . 87._,86
The new value for. continental Sx/  "Sr sets an upper

contribution to

4
-

the isotopic ratio of .seawater.



ir

- _RESUME . - : :

o

. Les 39 plus grandes riviéres du‘Canada (par dé&bit) ont

' '§té &chantilloné en amont de leutrs estuaires, pendant différ-

" ent régimes, Les &chantillons ont &t&s analysés pour Sr, Ca,

Cl, solides dissous et la-propoftioﬁ isotopique B?Sr/BSSr.
En plus, la géologie des bassins hydrologiques a 8té compilé
a partir de cartes g&ologiques. ”

Les résultats démontrent le contidle fondamental de. géol-.

:

ogie .sur la chimie des eaux fluviales. Les rivi&res Canadiennes
ont &té classifid en trois groupes a l'aide d'une analyse stat-
istique a variable multiple. Ces groupes forment une série

3 deux membres-finis. Le premier membre-fini ou groupe 1 est

" characterisé par les riviéres qui ont une concentration &levée

de solides’dissous, Ca, Sr, des rapports Sr/Ca bas et des

}apports 87Sr/868f qui sont baé._ 2} partir de la géologie desj
%assins hydrologi%ues ceS'riviéreS ont &té identifié.COmme

ét;nt "sedimeﬁtiires;. Le deuxiémé membre-£fini ou groupe 3

est characterisé par deé riviéres qui ont de basses conce@tra—
tions de ;olides éissous, Ca e£ Sr, des rapports Sr/Ca plus hauts:

et des rapports 87Sr/_86

Sr élevds. Ces rividres ont &té iden-
tifi& comme &tant des types "Bouclier". Les riviéres de groupe
2 sont du genre intermediare; semblable chimiquemenht au groupe

3 mais semblable du point de vue isotopique au groupe 1.



‘Un rapport 87Sr/§68f ﬁd;én, pesé, pour 1'écculement
-conﬁinentai a doﬁné .7111 basé sur les 39 plus_gféndes rividres.
.Cette valeur est moins radlogenlque que l'estimé précédent
{. 716—.720) mals est confirmé par les analyses de deux r1v1eres
. . majeurs monqisles, 1 Amazon et le Mississippi. |

L eau de mer, un mllleu capable a? 1nte;;er les fluxes
de Sr de plusxers sources (aveC‘rapports 87 Sr/ Sr différents)
a un rapport 87Sr/BGSr de .709. L'eau de mer doit doﬁc étre
un mé&lange de Sr -radiogenique contlnental et de Sr qui.provient
d'une source complementairg non—radlogenlque. Les baéaltes
ACédniques peuvent possiblement &tres le féserVoir de Sr non-
'radiogeniqhe qq} est requis puisque la pénétrafion de l'eau
de mer augmente la concentration de 8?Sr.dans les basaltes.

La n6uvelle valeur pour 87Sr/BGSr continental définit
une limite supérieure de 23% sur la contribution du -basalte
océanigue (manteau) & la propértion isotopique de l'eau de

*

mer.
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,INTRODUCTION

1.1 Purpose of Research : _l. o v
Strontlum, wlth a concentratlon of B Ppm and an 1so—-'

tOplC ratio of .7091 .is a major-dlssolved speq1es in

- seawater (Compston and Pldqeon, 1962; Turekian,. 1964;‘Faure

et al’, 196?; Veizer and Compston, 1974)} It is homogene-

ously distributed throughout the oceaﬁs because of its long

'apparent residence time (106 yvears) .compared to the mixing

rate-(io3‘years) of the oceans (Goldberg, 1963; Broecker,

1963; Veizer and Compston, 1974; Brass and Turekian, 1974).

-~

Seawater is capablelof integrating fluxes of Sr from various

eources {of widely differing 87Sr/SGSr ratios) and is there-

fore a medium which monitors variations in the intensities

w

of such fluxes (Wickman,_1948).

The current estimate for .the 87Sr/868r ratio of con-

tinental runoff is between .716 - .720 (Veizer and Compston,
1974; Spooner, 1976; Brass,'19765 This value is consider-‘
ably more radiogenic than that of present-day ocean water

Consequently, seawater Sr should be a mixture of Sr from a.

radiogenic, continental source and a complementary, non-

radiogenic source.

From plate tectonic and heat flow considerations it is
ident that oceanic basalts produced at spreading centres
interact with circulating heated seawater. The 87Sr/86

ratios of these basalts are .7025 - .7035 (Hoffman and Hart,
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1978) and consecuently Sr derlved from thnz source‘could ag .

the reaulred non—radlogenlc component Accordlng to Spoonera‘

'(1976), hydxothermal seawater—basalt 1nteract10n 1s the only

1 1 . [

geochemlcal process whlch could counteract the effect of

adding’ isotopically heavier Sr frOm c0nt1nental areae to the

oceans (Fig. l l)
 Balance calculatlons and modelling, utilizing‘the above
estlmates, sugqest that the ratlo of oceanic (basaltlc) vS.
contlnental flux of Sr into nodern oceans should be between
60 40 and 25:35 (the missing 40% in the latter case aSSaned
to recycled limestone Sr) (Brevart and Aliegre, 1977). If,
however, the continental‘crust is nc; as radiogenic'as‘
generally beiievedl(DePaolo, 1979), the proposed magnitude
of the mantle flux of Sr could be reduced considerably I
(Veizer, in press}. The latter'alternative is favoured also
by Turekian (1977), who argued adainst a significant contri-

bution from seafloor basalts to the 87

-

of seawater.

Sr/BGSr composition

- Evaluation of the magnitude of the hydrothermal flux

of Sr from mid-oceanic ridges is essential because of its
87

~ role in the marine geochemical cycle. Knowing the Sr/86

ratios of the fluxes to the oceans, the relative proportions

of Sr from each source can be calculated as follows:

87 86 87 _
Sr/ Srcg (x) + Sr/ Top (1 - x) = s/

SW,
r

where CR= continental runoff, OB= oceanic basalts, SW=
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Fig. 1.1

Strontium exogenic cycle -(modified from Veizer, 1976) .
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“the strontium with

~

'"”Seéwatgr,ﬁ(xf”repreéents
continental isotopic ratio, and (l-x).rebresents the con-

_fributidn‘with basaltic isotopic ratiov. Tﬁé'uncertainty in
this eqguation is in the continentai runoff term,_which'haé
been previouély‘estimated from unweighed and unrepfésenta— '
tive ‘data (Veizer and Compéton, 1974;'Brass, 1976) . Thel
purpose of this work is to obtainla more reélistic estimate

of the iéoﬁopic composition and the flux of continental
strontium. This  in tufn shall Ee utilized ﬁo determine the

. relative contributions of strontium from continental and.

marine basaltic sources to ocean water.

1.2 Mechanisms of elemental supply to the oceans.

The products of continental weathering, carried bgfzzvers,
constitute quantitatively the ﬁost important flux to the '
oceans_(ﬁéybeck, 1976). The weathering process can be
divided into two. categories: 1. mechanical (wind, glaciation,
frost heaviﬁg) and 2. chemical (dissolution,-reprecipita—
tion), both of which contribute to’tHe river load. The
river load itself -is of two types, dissolved and suspended.

A few elements, including Sr, Ca and Cl are carried by sur-
face Qaters mainly in the dissolved form (Mevbeck, 1979).

In this treatise the emphasis will be placed on chemical

weathering and the dissolved load.
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Ca Mg (CO4),+ 2CO, +2H,0 = Ca + 4HCO, =

% .

L4

1.2.1. Sources of Sr, Ca and Cl in river water.

Chemical weathering'of silica‘(quartz),_evaporites'

-(anhydrite and gypsdﬁf“éna carbonate minerals such as

caléite (Qa'CO3)land dolomi;e Ca ﬂg (COB}2 pcheeds

by congruent diQsolution - the dissolved material has
the same compogition as the original sélid phase -- |
‘(Holland, 1978;‘chaptér‘2),' Carbonic acid -- carbonate

equilibria result in the formation of soluble bicarbon-

ates and the release Qf cations

+ L=
o = ca’’ + 2HCO, -
24

Caco; +.CO, +H

3 2

4

2 2
In contrast, iron and silicate'minerals weather by .

incongruent dissolution -~ an original mineral dissolves
to form a new mineral plus dissolved constituents -
(Garrels and Mackenzie, 1971, P 154). Reaction of

aluminosilicate minerals with water will result in a

‘mineral richer in Al than the original one and in a

”

‘'release of silica and cations into solution.

2 Na,K Al Si3 08 {(Albite, K-spar) + 2 C02+ 11 H.O0 =

A12 512 OS(OH)4

4H4SJ_O4 //

Most of the strontium in the earth's crust occurs

2
(Kaolinite)+ZhNaf+-+ 2HCO§ -+

in trace quantities dispersed in rock-forming and
accessory minerals. Physical properties of elements

most closeiy resembling Sr suggest that it should be



"intermédiaﬁg in behaviour to Ca an§ Ba-and'éhbuld-also-
resemble K.. The‘major host minefals of strontium 5re
‘caicite; aragonite, sulfétés (anhYdrite and;gfpsum) and
the feldspars: (plagioclase and potaséium féldépar).
Strontidm ﬁsually substitutes in .lattice positions for
Ca (Deef et al, 1975; pp 322, 478) because of their
| similar radii (l.OB'vé. 1.21 &; whittaker and Muntus;
©1970). Because of their divergent sizes, (:80 and .694;
_Whiﬁtaker and Munﬁﬁs, 1970) Mé and Fe minerals usually
contain less than a tenth of the.SE encoﬁntered in
_the coéxisting feidspars. 'St can also férﬁ its own
minerals: strontianite (SrCOB) and celestite (Sr804).
These are frequent-in hydfothermal deposits and in
eyaporitic, carbonate and sulfate rocks (Mason and
Berry 1968; pp 347, 362).

"On the basis 6f Ca concentrations, if was sug-
gested that'carbonate rocks supply approximaﬁelyi?S%
'oﬁ the Sr in river watgr (Brass,'1976), with the re-
mainder originating from silicate weathering (Garrels
and .Perry, 1974). Sr is carried in rivers in the 2+
ionic state and Martin and Meybeck (1979), utilizing
the measurements of Durum et al. (1960), propose that
its average concentration is 60 ppb.

Calcium forms 3.5% of the continental crust by
weight (Hahn and Eysel, 1970) and is fifth in abun-

dance among all elements. It is a major constituent of



maﬁy fbck~forming minerals,Ain ﬁarpicu;a:falumiﬁOr
silicatés,,silicates, phbsphétes,.garbonates;.suifates‘
and fluorideés. In igneous rocks . the major Ca minerals
are p;agioclaseslandlpyroxénesf In ﬁydrothérmaer"
" associations, calcite, dolomite and fluorité are dole
inaht. Anhyd;ite,.scheeliEe and zeolites can alsoe be
impoftant. ﬁecéu;e‘Ca is a méjor constituent of car-
bonate éed@ments, its-behaviour in the weathering cycle
id well known (Holland, '1978; p. 16). It is supplied.
primarily by plagioclase, pyroxene, amphibole and
epidote in igneous and metamorphic environﬁents and by
calcite, dolomite, anhyarite and gypsum in sedimentary
sequences. In natural waters, Ca concentrations are
buffered by carbonates, phosphates and sulfatés. Cal-
" culations (Holiand,‘197é, p. 115-123) show that roughly
85% of .all Ca in sedimentary rocks is present in carbon-
ate minerals. Equilibrium with atmospheric CO2 (and
with Cozderived from decomposition ofzorganic matter),
controls the bicarbonate concentration in rivers
(Holland, 1978, p.16). River water contains on‘average
15 ppm Ca (Livingstone, 1963; Meybeck, 1579) in the
2+ state. |

Odum (1957) calculated that the average Sr/Ca,
ratio for world rivers is approximately 4.8 x 10-3,

while Turekian (1964) found this ratio to range between

4.5 x 1073 and 8.2 x 10”° in rivers of the United States.

L
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‘Brass (i976)_aséumed a‘Sr/Ca ratio of 5.0 x ib_ for -

.limestone derived .Sr and Ca ahd'used this- to calculaté

the aﬁefage concentraﬁion of_Sr in rive;rwatér.as 68
ébb.“%ﬁ&s value gdmpateé well with the_previouély
quoted eétimate of Durum et al. (1960);

Most of the chlorine.released during'weathefing
is c&rrigd as the‘Cl— ion in river water ana its
average concentration is estimated to be 7.8 ﬁpm
(ﬁivingstone, 1963); Its major.sourées are'atmoé—
pherically recycled sea salts and dissolutioﬁ.of sed-
imentary, particulérly evapéritict rocks (Hem, 1959;
Holland, 1978; pp 93-95, 140). vVolcanic gases and
thermal springs may also contribute Cl inﬁo river
water (Hem 1959). Howevér, much of Cl in river
waters may have been derived from iﬁdustrial (e.é.
chloride-containing fertilizers) rather than ffom
natural sources‘(Hutchinson, 1968). In several areas
(e.g. California and Jaéan), dry fallout has been found
to contribute a greater percéntage of Cl in river water
than wet precipitation (ngéwara, 1967; Hem, 1959).

Chlorine is described as a cyclic element (Gold-
schmidt, 1954), derived direptly or indirectly from the
sea and returned there by river discharge. Recently,
however, Stallard and Edmond.(l981) studied the cycli—
city of various elements at peak discharge in the

Amazon River. Only 18% of Cl1 and 0.1% of Ca were
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. . . N . . 1]
determined” to be,cyclic. These values are somewhat
‘. L . ' .

lower than expected, suggesting that Meybeck's (1979)
figure of 20% for the cjclic portion of the river flux

is too high.

hno
»

'1.2.2.. Control bf.Sr Isotopic Composifion in

Weathering Broducts.
© Rubidium is an alkali metal belonging to Group 1A
along Qith Li, Na, K; Cs and Fr. 1Its ionic radius is
i.S? ) (Wﬁittakér and Muntus, 1970) allowing it to sub-
stitute for potassium (1.468). Rb does not form any
minera%s of its own but is common in K- minerals such
as ﬁuscovite, biotite, phlogopite aﬁa'lepidolite.
=~
It is also found in ‘certain clay minerals and in
evaporite minerals. Rb hés two isotopes: gg Rb and
37 Rb. 'Their percentage abundances are 72.%7 and 27.83
respectively (Faure, 59;7, p. 75). .
Strontium, an alkaline earth‘élement from Group

II A (Be, Ca, Mg, Ba, Ra), has an ionic radius (1.21 )

(Whlttaker and Muntus, 1970) enabling it to substitute

. for Ca and K in many minerals. Sr has 4 naturally

88 87 86 84 .

occurring isotopes: .BBSr’ 388r1 388r and 385r. The
percentage abundances are 82.59, 6€.98, 9.87 and 0.56
respectively {Faure, 1977; p. 78). 87Rb decays t087S;

by the following process:

87 py = 87

37 38 5r + B + v + Q Q = .275 Mev.
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.'decay'constant'for

v‘ '

The growth of radiogenic 875r can be described

. ‘ " ; . _\
by the equatlon. 87Sr f=BZSrO +*%7Rb ieXf‘ -1) (y)

87 v 87

'where. Sr, = 'Sr initial concentration,' A =

87 86

Rb. Dividing by the stable _ sr
isotope, the equatlon is restated as:

| 87Sr/ st = (%7gr/86 ) * 87 /8 Sr (eM -1y,
The 1sotop1c comp051t10n of Sr in terrestrlal systems

has therefore been changing, the rate of change being

| dependent on the Rb/Sr ratio of the system.' Cbntinentai .

]

»

crust, due to its fractlonated nature, has an order o}
magnltude hlgher Rb/Sr ratlo_( 014 - 06 vs. ,20 -.35;

Gast 1960) than is the case for the mantle._ Conse-

quently these two reservoirs have dlstlnctly different o

»

- 8¢ 1sotop1c evolutlanary pathways (Fig. l Zf
- - 87

The Sr/ Sr ratio of the oceans . today is falrly

' uniform at .7091 (Wasserburg et al, 1969; Velzer and

Ej Compston, 1974)@‘ This value is controlled by~ the mix-

L)

l,
ing of three isotoplc varieties of.Sr: young volcanlcs

8 Sr/ Sr'b 703); old crustal sialic rocks ((b 720),

“and marine carbonates and other sediments"(ﬂJ.708)

(Fauré, 1977, chapter 8). Most of the Sr entering the

‘oceans is derived from the chemical weathering .of

carbonates with smaller contributions ﬁromfsilicic

. and volcanic continental sources.(Faure, 1977, P.128).

The current estimate for the combined (carbonate .and

silicate derived) Sr isotopic ratio of river water is
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716 - .720 (Veizer and Compston, 1974; Brass, -1976);
a value considerably_more'radiogenic‘than that'of'ocean
water.

Weathering of the continental crust supplies

87

dissolved Sf-fp the ocean, with Sr/BGSr }atios reflect-

ing the ages and compositions of the various crustal

components as well ‘as their relative contributions to

the ér load of rivers. Diuring weathering of silicate
rocks (eg. Mesozoic arkoses in New Zéaland: Brass, 1975)
the Sr in solid weathefing products may become several
percent more radiogedic £Han‘thé'barent material, but
Sr in sclution is only slighﬁly,less radiogenig than
the source rock. This is'due_to the fact that ra@io-
gernic Sr is usually contained in the more stable
mineral phases, which originally contéined more Rb
and thuslmore of the_daughter 8—J"Sr.

L
1.2.3 River Transport For Canada.and the World.

For large river systems the composition of "total
dissolved solids'is different for various tributaries
due to variations in the nature of drainage basin
geology. Howeéef; the integration of waters from many
tribuEaries in the downstream parts of the rivers leads-
to similarities in river water chemistry. The larger
the draiﬁage basin of a river, the closer -—- on aver-

age -- will its geology approach the mean chemical
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com@osition‘of the uooer-con£inénfal éruét. Conse—
quently, the chem1ca1 comD051t10n of river water will
also be more representatlve of the global mean. The
concentrations of Ca, Cl, Sr and total dissolved
solids in Canadian and'wérld rivers aie.given in
Table 1.1 aﬁd Fig. 1.3. Four estimates of the aver-
age world river composition are given in Table 112 and
these.can be compared with:data in Table 1.3'showing
the average composition of rivers of the U.S5.S.R.
1.3 Mechanisms of Elemental Removal From The Oceans
Slnce the ocean is clearly a tran51tlonal reservoir
"for all chemlcal species carried by rivers, it is evident
that removal processes must be of overwhelming signifi-
cance for maintenance of seawater chemical composition
(sillen, 1961; Drever, 1971; Maynard, 1976; Holland, 1978,

4

Authigenic mineral formation (carbonates) is the

chapter 5; Li, 1981).

principal removal mechanism for Ca (Holland, 1978,
pp 167-168) and Sr (Broecker, 1971; Li, 198l}. The com-

bined rate of deposition of calcite and aragonite (mainly as
14

.organic skeletons) is 8.5 x 10 g / year - (Broecker, 1971).

12

This corresponds to a removal of 12.3 x 107"g of Ca per

year. Other sinks for Ca (sulfates, aluminosilicates) are
insignificant in comparison to the carbonates (Holland,

1978, p. 167).
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.Bfass‘and‘Tgrekian'(1974) established signif;égnt
variétions in the Sr/salinity ratio qf‘écean Qﬁter with
‘depth. There is a gradual enrichment (1.5%) in Sr in the
deep Pacific waters moving-nofthwards.  This is believed
to result from precipitation-of Srso, tests by acanthar-
ians in the surface waters and their almost complete dis-
solution below 400 meters depth,kcombined with §imultan-
eous(dissolution-of ar&@dnite (Berner, 1977). Sr/Ca ratios
of deep sea carbonates probably have not changed signifi-
cantly with time overxéhe past 6 x‘lO7 years (Turekian, 1964)
because Sr concentrations in marine shells,‘particularly
.braqhiopods, did not vary appreciably since the Mississippian
(Lowenstam, 1961) . '

Buriél of pore water in sediments (Maynafd, in press)
is also considered important in the-growthlof authigenic
minerals, in particular of authigenic silicate minerals
such as ﬁontmorillonite and illite. However, the importance
of this sink for Ca and Sr budgets.has not been estimated.

Li (1981l) advocates formation of surface complexes at
hydrous oxide interfaces as the most important removal
mechanism for elements (except those dominated by authigenic
mineral formation) from the ocean. Overall Ca removal is
therefore believed to be controlled by a combination of
removal processes involving manganese oxide phaées, alumino-
silicates, carbonates and barite. Similarly, Sayies and

Mangelsdorf (1977) concluded that clay minerals were
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sufficientiy abundént to absp:b the major catioﬁs'of‘seé-
water §hch as M92+, C52+, ﬁa+ and k+ ‘aﬁd that the ex-
change capacities of maﬂganese.oxide and iroh‘hydroxide
phases could absorb all other elements.
1.4 Seawater -- Basalt Interéotion

The gxistence of submarine hydrothermal systems wés
firét suggestéd by Elder (1965) on the basis of high con-
ductive heat flow measurements and by analogy with sub-
areal geothermal systems,‘ Heat flow neéf the ridge axis
is anomalously less, however, than predictionslmade from
thermal models (Wolexry and Sieep, 197é). Corliss et-al.
(1979a) contoured an dscillating-heatﬁfiow pattern around
ridge systems and. concludeq that this suggested a mechanism-
of a cbnvegtively cooling'piate, with heat loss, by hydrd—
thermal circuiation, most intense at the ;idge'axis."The
observed heat flow anomaly'can be utilizea to calculate the
magnitude of flow of heated seawater from ridge hydro-
thgrmal systems and this, in turn, enables quantification
of geochemical fluxes cauged by seawater - basalt inter-
action. These fluxes were found to be comparable in their
order of magnitude to fluxes into the oéeans from rivers,
(Motti and Holland, 1978). The proposed overall chemical
reactiops of seawater with basalt are as follows (Garrels

and Mackenzie, ¥971; modified by Veizef, 1979).
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1. basalt *+ éCO2 + H,0= Na - feldspar + clay minefals

+ (Ca, Fe, Mnl carbonate + Zﬁcog
+ Fe oxides + SiO2
2. NaCl + Na, Ca - feldspar =Na- feldspar +/baClé

Veizer {in press) and Wolery and Sleep (in press),
however, questioned the proposed magnitude of these
‘hydrothermal fluxes for majorlelements (wlth the poSsible
excepﬁioﬂe of Na and'Ca),mostly because they are not sus-
tainable on a geological time scale without causing enormous
anomalles in the chemical composition of the global sedi-
mentary mass.

Ca is enriched by 10.2 - 19.2‘x 1022 g..in the sedi-
mentary mass (Ronov and Yaroshevski, 1969; Veizer, 1979).
Lowengart (1975) has explalned the Ca excess as a restlt
of an .initial magnesium excess followed by ;xchange of mag—.
nesium for mantle calcium through oceanic interaction.
Pytkowicz (1979, 1980) also attributes the excess of Ca
.to oceanic weathering of basalts. Weathering of plagioclase
generates eoluble Ca(HCO3)2 which is then converted to
CaCO4 (actually: Cangl_xCOQY in the oceans. Strontium,
becauee of its affinity to Ca, may be expected to behave
similarly. Li (1981) has calculated the river input
and oceanic sediment output fluxes for various major and
trace elemeets. The basis of his calculations are the

total mass of sedimentary rocks today (Msed), the total

mass of crustal igneous rocks (M ig) weathered to produce
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the sedimentary mass (Mig =-.88 Msed), the fractions of

¥ ) /

various sedimentary rock types, the total mass of sea=

T

water and the cencentration of‘the\gigen element ip edch.
reservoir. He has determined peéfe?t mass balance for Sr
1nd1cat1ng that all Sr in Msed orlglnates solely from

weatherlng of lgneous rocks. Ca, in contrast, shows the

largest excess in Msed, but seawater- -basalt interaction ls

ruled out as a possible source of this Ca. Li would prefer

to recalculate the seaimentary rock typve fractions to

eliminate the excess Ca.
Despite the above uncertainties, seawater-basalt
interaction is becoming more and more attractive as the

most likely mechanism (source or sink) for explanation of

discrepancies in mass-balance calculations. It takes place

‘under a wide range of temperatures and water/rock ratios.

Uncertalntles in prevalllng conditions, however, are con-
51derab1e. The available information for the fluxes of
Sr 87Sr/ Sr and Ca can be summarized as follows.
Andrews (1977), studying the effects of low temper-—,
ature fluid alteration on oceanic layer I; basalts, dis-
covered that smectites were the most abundant alteration
products, although alteration was not uniform. ‘'Cold sea-
water penetrated to at least 600 m, the maximum depth
drilled and alteration was typified by the'palagonite—

phillipsite association and oxidation haloes. Ca, as

calcite, was uniformly distributed throughout both oxidized

e— e .



’ anciadjacent unoxjdized rocks; _No_coneistent trené was ob-
-served for Sr. In some cases it was:unff0rmly distributec,
in others, the oxiaized portion was enriched up to a factor
of-2t

Lawrence et al. l(1975) determined large and reasonably
‘systematic decreases in the pore fluid 80/160 with depth.
in the sediment column, possibly related to mineralogical
changes which could be difficult to detect Since the
amount of oxvgen is roughly the same in the pore fluids as

18O/ 0 ratio of-

in the solids, the observed change in the
the pore fluids'indicates substantial recrystalliiation of
the solid phases and this is confirmed oy the obserredlcor-
relations between oxygen isotopes and major cation (Cia2+ '
Mg2+ ' K+ ) abundances in pore waters. Reactione wnich
could produce the observed gradients are alteration of:
volcanic ash or basalt to'montmorillonite or zeolites,
detrital minerale to authigenic minerals, biogenic silica

to chert, and carbonateufossils to chalk or‘limestone.
However, these reactions do not explain the fact that the
gradients are greatest at sites closest to fractnre ZONEes.
Consequently, the low teﬁperature weathering of basalt may

be the real cause of oxygen isotope (Muehlenbachs and Clayton,.
1972) and cation(variations. In contrast to the major
cations, Srz*—concentrations varied with Sediment-thickngss

and with sedimentation rate and thus the rate of carbonate

recrystallization (Manheim and Sayles, 1971). In the

"
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Galapaéos area 51gn1flcant fracture control has been clearly
demonstrated, also for hlgh temperature alteratlon of
basalts {Corliss et al. 1978, 1979a) ,E

AllL studles, to date, have shown that the absence or
presence of various mlneral vhases is Daramount for mobility
of specif;c_elements. The relatlve dlstrlbutlon of these-
phases is'depehdeht on temperature,‘pressure and water/
rock ratio.. However, the directions and magnitudes of
chemical exchange and of alteration temperatures inferred
from greenstone mineralegy are often equivoeal. |

Chlorite-rich and ebidote-rich greenstones are the most
common brodudts of heated seawater/basalt interaction. Bulk-
rock Ca contents of hydrothermally altered pillow basalts‘
dredged from the Mid—Atlantic Ridge show a linear decrease:
with increasing water content: -up to a factor of 3 from the
centre to theledge (Humphris and Thompson, 1978). The_e§i¥
dote—rich assemblages'have greater Ca contehts than the
chlorite~rich ones dde to the retention - in epidote - of Ca
released duriné the albitization of plagioclase. Staudigel
et al. (1981) found that véin cdlcites deposited from cir—‘
culated seawater had Sr/Ca ratios much lower than expected
for marine calcite. The most probable mechanism . for lower-
“ing the Sr/Ca ratio of a seawater solution is a preferential
leaching of Ca from basalt. This has been consistently

observed. Alteration to phases such as palagonite, smectite

and chlorite appears to release Ca preferentially to Sr.
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The landward extenSion of the Reykjanes Ridge into
southern Iceland is con51dered to be analogous to mid.
ocean ridge-hydrothermal'systems. Mottl and Holland (1978)

determined experimentally-that the formation of alteration

mineral assemblages buffers the Reykjanes solutions. Im

all cases Ca was leached from basalt. - Sr, in contraat,

wasrleached in most ‘cases:but -gained in;otners, depending

.on the nature qf mineral phases formed. The formation of

-t

-

calcium silicate alteration phases and strontium énrichment

in epidote- rich assemblages may represent the end product of

seawater-basalt interaction at fairly low water/rock ratios

and high,temperatures {(Menzies and Seyfried, 1979{.= Under

. (-
these conditions, Sr’ is not solubilized but remains in one
A

or more of the calcic alteratipn phases.. At higher water/
rock ratios, basalt is totally réolaCed by an alteration
assemblage containing anhydrite, a sink for Sr. Con-
siderable leachind of Ca from basalt precludes formation of

calcic alteration phases. Sr is also leached ang, .in the
, S _ .

absence of calcium silicate alteration phases, anhydrite

provides a temporary reservoir for both elements.

87

The Sr/ Sr ratio of any product of reactions be-

tween seawater and basalt directly reflects, the relative
©

proportions of seawater and basalt Sr involved. O'Nions

et al. (1978) compared the 87Sr/SGSr ratios in unaltered
basalts to values obtained from basalts in the North

Atlantic Ocean and the Southeast Indian Ridgel They

S

s
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. concluded that ocean floor basalt is an important sink for

' radiogenic marine Sr. DePaolo (1980), from the observations

of Hart et al. {1974}, suggested the possibility of selective

875

return to the mantle of r. Based on a time dependent,

twd reservoir.mbdel, hé'estimatgﬁ the mass of 87Sr returned

to the mantlé’ to be 1.4 x lQl7 q/billion!yrs. This

87Sr/365r.0f about 0.00035 for

87

corresponds to an increase in

5 km of oceanic c¢rust. The trend of increasing Sr/BGSr

in altered basalts is consistent at various water/rock
ratios.

Staudigel et al. (1981l) compared alkali concentrations

with 87Sr/SGSr for smectites and proto-celadonites (smectite

structure but alkali concentrations of celadonite). They

- found no clear correlation, perhaps due to crystallogréphic

87

considerations. The Sr/868r ratio of the smectite might

reflect the 87Sr/BGSr ratio of the solution at the time
and site of basalt-seawater reaction. It would be altered

by additional, low temperature, circulating solutions

because of its position in the octahedral layer. In

contrast, Richardson et al. (1980) found a crude correla-

87Sr/Bssr ratio of smectite in 108 my old

tion between
oceanic crust and depth. The surface values are.élose

to a seawater (calcite) value, but with depth an.incréas—
ing basaltic component is evident. Where smectites coexist

with calcites, Sr isotope disequilibrium suggests that

these were precipitated from different solutions. Albarade
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of al.. (1981) used the °’

Sr/assr ratios of East Pacific
Rise 'hydrothermal waters to define a mixing line between
gmbiént seawater and a hot (340 + 300 C) hydrothermal'

solution deprived of significant magnesiﬁm; The 87

Sr/BGSr-
ratiblof_their ﬁydrothermal.endmember was estimated as
.7030. Since seawater originaliy‘had_the Sr isotopic
compositiqn of 0.709, this must signify that, during its
aiteratiod into hydrothermal brine, most of ité Sr was
exchanged for Sr from basalts. This directly‘supports the
proposition that basaits in the ridge systems‘act as a sink

87S:r: from circulating seawater.

for radiogenic marine
A study of the Reykjanes geothermal system (Elderfield

and Gréaves; 1981) also confirmed that basalts had been

87

subject to strontium isotopic contamination, as their sr/

L
865r ratios were higher than for fresh basalts. If the
oceanic crust does remove 87Sr from seawater and recycles
it into the mantle, then the oceans must act as an import-

87Sr. It is more

ant but intermediate reservoir for
difficult ﬁo detect this effect in the actual alteration,
solid phases involved. ‘ o

While the existence of Sr isotopic exchange betwéeﬁ
basalts and seawater appears to be firmly established, it
is not yet clear how-pervasi#e is this effect. Hart and
Staudigel (1979) claim-thatlcirculation of seawater is
significant as a geochemical f£lux only for fherfirst 10 my

after crust formation. Staudigel et al. (1981, in press)

subsequently reduced this value to 3.5 my, because whole-
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2

concentrations are much higher in the 108 my old crust than.

0 values reach saturation at 3.5 my. However co,

in the 3.5 my old one, suggesting that carbonate precipi-

tation is incomplete in the younger crust..;Their model
involves four stages: 1. Formation bf palagonité,

2. Formafion of smecfite,-B. Preéipitation ofs carbonate
and 4. Dehydratioﬁ and crustal settling. Stages one and
Ewo represent halmyfolysis (15'— BOOC) and last for
approximately 3 my. During this ﬁime there is evidence of
significant basaltic Sr in the reaction and alteration
products, extending £hroﬁgh at least the upper 500m of
basaltic layer II. Stage thfee involves no basaltic Sr

but apparently, ba;altic Ca is utilized. ©No significant
chemical changes take place during stage four. However,  as
previously discussed, 8180 data from pore fluids (Lawrence -
et al., 1975; Lawrence and Gieskes, 1981) indicate that

alteration ‘continues well beyond these ages.

1.5 Summary

Both Sr and Ca in river water are derived primarily

'frgm the dissolution of carbonates and are carried in the

dissolved load in the 2+ -ionic state. Their concentrations
in world average river water are 68 ppk and 15 ppm reépec—
tively. Cl is a cyclic element derived either directly or
indirectly from the sea. It too is carried .in the dissolved

load with an average concentration of 7.8 ppm. The world
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averagé for total dissolved solids of rivers is 120 ppm.

The 87Sr/SGSf ratios of the continental crust and

mantle have beeﬁ evolﬁing along separgﬁe pathways and todéy.
_ these two reservoirs have distiﬁctly différent isotopic
signatures. The 87Sr/-868r ratio for coﬂ£inental crust is
‘believed to be rv .716 and for the mantle (oceanic basalts)
v .703. |

- .

The oceans are capable of_ihtegrating the fluxes'of
Sr from sources with différﬁng 87ér/BGSr ratios and can
therefore be u;ed to monitor the respec#ive Sr isotopic
evolutions of the continental crust and the_mantle.

.The chemistry of the ocean is controlled by kinetic
steady-states with material removed at essentially the
- same rate as it is supplied.; The principal source of Sr
and Ca in the oceané is the dissolved load of rivers.
Authigenic mineral formation is the principal removal
mechanism for both elements. However, the 87Sr/BGSr ratio
of the continents is believed to be more radiogenic than
thét of the oceans, Suggesting the existence of a comple-
mentary, non-radiogenic Sr source. In addition, from a mass
balance point of view, the sediments contain an excess of
Ca suggesting that this element may also be supplied Ey a
source other than continental weathering.

Qne of the most important aspects of hdeothermal

circulation of seawater through oceanic crust is its

potential to act as a sink or source for elements on a
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global scale. From the precedlng dlSCUSSlon it is ev1dent
that there are many ‘unanswered questions concernlng the
extent of this process for Ca and Sr.

Recent data confirm that Ca is released from basalt

(due to‘weathéring of feldspars) during seawatef-basalt

lnteractlon, but not necessarlly 1:1 for Mg. Results for
Sr are equ1vocal.- Most studies support the dependence. of
Sr and Ca hydrotherﬁal fluxes on the modal mineral assémb;
lages thch buffer the composition of the solotion. Water/
rock ratios are also believed to be ewtremely significant
for the fate of strontlum. At low water/rock ratlos Sr
is not solubilized while at higher ratios it is mobilized.

Soawateé;basalt interaction.is known to increase the
radiogenic S7Sr coﬁponent in basalt, but fhere is no sig; -
nificant relatiOnship between 87Sr/865r ratios and Sr
concentrations. This removal of radiogenic Sr may be of
the same order of magnitude as the river Sr flux.

In general, hydrothermal fluxes could .account for the
excess of sedimentary calcium. They are likely unimportipt'
for;the mass balance of elemental Sr, but:probably play an

87Sr 86

important role in maintaining the /" 6r ratio of the

oceans.
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'_2. METHODOLOGY -,
2;1 Data Base:‘ Canadian vs. world rivers

The relative Sr fiux between seawater and oceanic
crust can be calculated'indirectly if tﬁe‘following
variables are known: 1. the isotopic composition of ocean
water, 2. éhe isotopic composition of the oceanic crust
( = maﬂtle), and 3. the isotopic composition 6f continental
runoff. The first two parameters are well documented
(Veizey” and Compston,l1974; Hoffhén and Hart, 1978). How;'
ever,{the 87Srk?6Sr ratio for continental runoff of .716
was based mostly on sparse data from.the Canadian Shield
(see Table 2 in Veizer and Compston, 1974) .and is therefore
somewhat uncertain; particularly in view of the suggestions
(previous chapter) that continental crust may be less radio-
genic (nu .710 -- DePaolé,\lQSO;rU ,711 -= Albaréde et al,
1981) than previouéiy believed.

-Since the primary source of Sr in the oceans is the
dissolved load éf rivers, samples of major world rivers
should be used fof the estimate of global Sr flux and of the
87Sr/BGSr ratio. The distribution of major world rivers
according to their discharge is given in Fig. 2.1l. The
world annual d%scﬁarge isjestimated to be 3.74 x 1016 litres
{(Martin and Meybéck, 1959). The largest river, thé Amazon
accounts for 14% of this total. The significance of each
river decreases fapidly with the top 10 world rivers

accounting for 30.8% and the top 30 accounting for 46.5%

™~
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of the world total. It is thus evident tﬁat»tge few larggst
rivers are paramount in terms of ‘their qontribﬁtion to”tqtal.
world discharge; Howéver, sampling of wofld‘rivers was not
finéncially feasible and‘£he'study had tb be restficted to
Canadian rivers. Fig. 2.2 shows that Qanadian rivers have

a similar distribution pattern to world rivers with the two.
largest Caﬁadian rivers, the S5t. Lawrencé and the Mackenzie
accounting together for 16.5% of the total Canadian dis-
charge. ) o

Canada can be divided into 39 major river basins
(Fig. 2.3), which feed 4 major water bodies; the Pacific
Oceanf the Atlantic Qcean, tﬁe Arctic Ocean and Hudson Bay.
The total Canadian discharée is 3.311 x lO15 litres/year
(National Atlas of Canada, 1578), thch rep?esents 8.85% og
the world total and the 39 largest rivers account for 48%
of the Canadian total. This ranks integrated Canadian
rivers second to the Amazon in terms of their contribution
to world Discharge.

The above 39 Canadian rivers were sampled at stations
'near their mouths (Fig. 2.4) but just upsﬁream of signifib-
ant tidal effects to ensure that the samples did not contain
any seawater contributions. Even a minor contribution from
the latter would swamp the sample with marine Sr because
its concentration in seawater is_3 orders of magnitude

higher than in river waters (Veizer and Compston; 1974).

Most of the sampling was done by the Water Quality Branch of
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Environment Canada (federal) and HydrO"Quebecgg(proﬁincial).‘
31 out pf'39 rivers were sampled under more than one flow

.o |

regime. I ?

. &

2.2 Sampling, Preservation and Storage
The basic éims of sampling\(wil;%n, 1974) are:

1. to obtain a sample whose concentrations of the desired

elements ére identicél'to those in the .water at the time of

sampling, 2. . to repeat this sampling operation at times
. v .

such that the reéuired ihformation or any change is qptained,
and 3. to ensure that tﬁe'cdncentratioqs,do no; change
between saﬁpling and‘énalysis. Generally,f&t\{f more
meapingful to analyze a number of separate samples taken

at different times and at different locations than’to try

to compile énd analyze a represéntétive sample (Manahan,
1975).

The materials- used for sampling should be chésen'so
that contaminhation is ﬁot expected. Plastics, such as
polyethylene, are suitable especially when trace amounts of
metalsnare to bé determined. Some authors recommend thét
saﬁﬁlg containers be rinsed 2 - 3 times with the sample
before filling. -This is preferable when dissolved materials
afé of interest. However, this is inconvenient when the
sample is to be cdllected_into soﬁe presexrving agent. In
general, iﬁ‘is probably better to ensure that sample con-
tainers are-adequatgly clean and free of water and then -

collect the sample directly into the container. Most

&
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v. _1_',§nalysts favozf,linéarrpquethyléne bottles for anélysis=
of metals whosé'cdnéentraﬁions are less than 1 ﬁpm;  Very'
thorough‘cleaning is recdmmended and the bottles should bé
tested with High'purity water to ensure that conﬁamination
is no;"é'problem.‘ The ﬁreserving ageﬁt shouid'bé in-
cluded iﬂ the testing. One type of contamination.peculiar
to_polyephylene ig diffusion of gaseous_substances through
the wallsAof%Fhe boﬁties in both_directions, .High density;
linear polyethylene reduces_this effécﬁ. ‘
It is a common practice to acidify waters at the
.time of collection in order to reduce the possibility of
loss of elements by adsorptioﬁ onto the walls of the
s ‘ containérs; Stabiiity of most metals is ensured.by acid-
ification to'QH 2 and samples can be stéred for long périods
of-time if preserving agents are_used._'A'maximum of 6
moﬁ£hs iS'reported by Manahan fl975) but certain elements
have been known to remain stable for many yéafs.
The mos£ general method of sample preservaﬁion is
ref‘}geratioh to 4%%. Freezing shoula normally bé évoiaed
" because of physical changes such as formation of precipi-
tates and loss of.gases, which may adversely affect sample
2composition. Biological activity, a common'sourcé of sample
finstability, is usually, prevented or inhibited by storing
* the sample in the dark and at réduced temperatufe. ~Micro-
biologicél activity could, for exaﬁple,‘convert,residual

chlorine into chloride.

‘*



"probided it is sufficient for the required analyses. .A

The volume of sample collected is usuélly unimportant

-

one litre‘sample;'even considering the high dilution factoré,

"is usually suffiéienf to ensure that the limits of analy-

tical detedtion are met.
Two types of sample collection were carried out:
¥ <
1. linear polyethylene .bottles. (one acidified with 2 ml

ultfaphre nitric acid), prepared according to standards

established by the Inlahd Waters Directorate (1973), wefe

sent to each sampling site, for each of high, medium and

low flow periods. The samples,were returned by'méil to the
University of Ottawa where each one was filtered througﬁ
0.45 p Millipére apparatus. The samples were then sto%éd"
at 49C for' subsequent analyses. 215'sam§1es were obtained
representing all 39 rivers. 'Sampling Sééan.in the summer
(July] of 1979 and finished in the fall (October) of 1980
{(Table 2.1).

2. The QOttawa River and the 5t. LéwrencelRiver were

selected as pilot rivers to monitor monthly fluctuations

in water composition for the elements of interest. One

location on the Ottawa River; the Cha@plain Bridge, and.two
locations on tﬁe St. Lawrence River, Prescott and Brockville,
were sampled for one year (Octo , 1979 to October 19807.

18 (9 acidified, 9 untreated) samples of the Ottawa River
and 36 (18 acidified, 18 untreated) samples of the St.

Lawrence River were obtained. These were treated in the



TABLE 2.1
RIVERS

Yukon
Poééupiqe
S;ikipe

Nass

Skeena

. Fraser
Columbia
Mackenzie

. Back

Thelon

Kazan
Churchill (M)
Nelson

Hayes

Severn )
Winisk .
Attawapiskat
Albanys
Moose—~"
‘ChurchiLi {N)

St. John

RIVER AND SAMPLE NUMBERS

NO.

33
17

15

14

21
29
30

2?

- 36

20

31

38 .

18

23

-

SAMPLE NUMBERS . -
_ 1979 . 1980.
SUMMER FALL WINTER SPRING SUMMER

1 2 3
1 2 3
12
1 2
1 2 3
l .
1 2 3
123
1 2 -
1 2 3
.1
1 , 2
1 l' 2
1 ‘
1 2
1 2
1 2
1 2
1 2

40

FALL
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TABLE 2.1. RIVER AND SAMPLE NUMBERS | W i
(Cont’d) ‘ : : ‘
RIVERS NO. -, .SAMPLE NUMBEﬁé
: 1979 1980
_SUMMER FALL WINTER SPRING SUMMER FALL
Harricana. 39 ' | : 1 2 3
Nottaway 10 o | o1 2 3
Rupert ' 11 I 23
Fastmain 19 ‘ | 1 2
La Grande 16 - - ol 2.
Grande Rividre |
de la Baliene 25 1l 2
Arnaud - 35 1 2 3
Aux Feuilles 21 _ 1 2
Koksoak - . ‘ o ' 1 2 3
A la Baleine 24 _ ' 1 2 | 3
Petit Mecatina 26 ' 1 2 3
Natashquan 37 - 1. . 2 |
Moisie - 32 . ) 1 2 3
Manicouagan 12 ’ 123
Aux Outardeé 34 ‘ 12 3
Saguenay 9 | o 1
St.wMauricé o 22 1 2 3

St. Lawrence 1 : ' ‘1 2 3
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same‘ﬁanner as in 1.

Four‘of the bottles were'washed‘with thg same phosphéte-
free detergent as the sample bottles and were usad for, -
testing. Two mlé'of'ult:apure HNO3 were added to two oﬁ
- the bottles and all four were fillea with déionized water.

.No contaminétion was observed for any pf the desired
eléments throughout the entire ﬁerioé of‘analysié.

Inifiélly, anaiyses'were performed on both the acidified
and unacidified sampléS'with one acting as a control for
thé other. Howeﬁer;-based on -a compérison qf total
dissolﬁed sqlids values for the two ty?és'of samples
(Table 2.2), it was decided that acidified sémples only
should be used for subsequent analysis. It was apparent
that the unacid}fied samples yéd lost a significant pro-

portion (approximately half) of the analyte elements.

2.3 Analytical Techniques
The analytical methods.uﬁed, together with corres-
ponding precisions and accuracies, are summarized in Table

5.3 and their details are in the references cited and in

the subseqguent text.

2.3.1) Strontium Determinations By Carben Rod Atomizer.

The carbon rod atomizer is an alternative means of
-

atomization for atomic absorption} used to its greatest
advantage where the flame method is weak. It is
especially useful when greater analytical sensitivity is

b
-



TABLE 2.2 C'i‘OTAL DISSOLVED SOLIDS

[y

ACIDIFIED VS. UNTREATED SAMPLES {(ppm)

RIVER

.« Yukon
Porcupine
‘Columbia
Nass
Skeena

‘Fraser

NO.

SAMPLE
ACIDIFRED
214
160
174
116
86

159

t

UNTREATED
128
82
98
63
33

59

Sample numbers correspond to thoée,

in Table 2.1

43
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required. The'carbon rod is 20 - 500 x more sensitive

than the flame for most elements. In addition, the

-required sémple is much smaller (< 20 pl per determin-

ation). It .is ﬁot advisable, however, to use the cafégp/////
rod when: 1) the sémplercan be easily analyzed y/giamg,
2) better than 2% analytical accuracy is required or

3) a very refractory element is to be analyzed (Varian

-Techtron, 1975}).

The principle of éﬁalysis is the same for flame
and flameless determinations; selective absorpﬁion of
liﬁe radiation by atomic species_in the vapour'phase
(Sturgeon, 1977). Analytical signéls obtained with
electrothermal atomizers are curves having peaks with the
e#act shape of the curves being determined by the
physical and chemical properties of the matrix, by the

geometry and construction material of the sample cell,

" by the heating rate of the atomizer and by the distor-

tion of the signal caused by the finite response time
of the amplifier - recorder system used.

- o
Fortunately, agueous matrices are among the

- easlest to analyse and they rarely require'pretreat—

ment. There should be no spatial or temporal thermal
gradient in the sample cell (L)vov, 1%70), ie. the
femperature should be constant dufing the formation of
afoms.‘ It is best to use graphite tubes made from

anisotropic pyrolytic graphite, a Vapodr deposited form
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of graphite'which produces a laméllar structure. .As
a réesult of this, the eleét;ical and' thermal conduc-
tivities are different in different directions. The
thermal conductivity perpendiéular-té the "lamellae:
(c=axis) is about 225 x greater than parallel to them
(a-axis). Therefore in fhe a - direction pyrolytic
graphite is a éood conductor while in the c-direc-
tion it behaves more like an insulator. Consequently,
‘heating of these tubes is relatively.isothermal in .
time and along the length of the tube (Chakrabarti
et al, 1980): |
Heating rate_is dete;mined by several parameters,

according to the nature of the analyte element. The
rate a%lwhich a sample evaporates (and also the rate of
molecular dissociation) depends on the rate of‘increase
of temperature. " At temperatures at which the analyte
has significant vapor pressure, it is ;mportant that
the atomizer attain a sufficiently high temperature
before a sizeable fraction of the element is lost from
the anglytical volume" (Sturgeon; 1977). On the other
hand, the temperature should not be increased-more

than is necessary to completely vaporize (and disso-
ciate) the analyte, since the rate of loss of atomic
vapor becomes too great. After evappration, Sr is in
the form of a nitrate. It therefore atomizes upon

heating, by dissociation its oxide according to the



following equation;

MXOy

| (s;1) = M0, (9) = xM (g) + yO (q)
where M = metal and 0 =.oxide"(é£urgeon and Chékrabarti;
19;3). This is vapouf phase dissociation‘as opposed
to condensed‘éhase feduction by carbon. Since Sr’is a
‘¥elétively low volatility element, high rates of heating
are expected to increase its.sensitivity,_ Also, Sr can
form a refractory cérbide w%%h the graphite tube. A
sléw rate of heating would give it time to react and
would reduce sensitivity by creating a "memory effect".
Temperatures > 2800°C are required to dissociate carbides
(Varian Techtron Analytical Methods for C.R.A., 1975).
The. residence time of the atom in the analysis
volune is p;d%ortional to the sqﬁare of the length of
the absorbiﬁg medium (L‘vov, 1970). The tube for éhe
: C.R.A.—QO has a small.length and is.not conducive to
large { > 1 sec) residence fimes. This fagt becomes
important when choosing the method of-signal measurement.
The most widely used method of signal measurement is by
measurement of the maximum'or peak absorbance attained.
if a sample is completely atomized in time t, which is
less than the residence time’of the atoms, the peak
absorbance must correswpond to the total number of atoms

in the sample. .In the case of the C.R.A.-90 the peak

" method was found to be the most suitable.



A sheath‘gaé is used to'proviaé an igert'atmosphere )
for atomization. ‘The peak absorbance dpcfeasgs with
decreasing molecular wéight of the sheath gés because_
diffusion of atomS‘fromrthg absorptionAéeil becomes
easier (Sturgeon.and Chakrabarti, i978).. For this ‘ :
reason, an argon atéméphere was - chosen.

‘One of the main differences befﬁéen flame aﬁd
'fiamelggs atomization is ﬁhe meqhanics'df moleéular”
dissociation. The nature (oxidizing, reducing) and
chemigtry (air-acetylene, nitrous oxide-acetyléne)
rather than the temperature of the flame are important
"for flame analyses, while it is the atomization temp-
erature as well .as the temperature of the reducing
environment which control flameless atomization. Flame-
.less'atomization is achieved b& a 3-stage heating opro-
gram (DRY, ASH, ATOMIZE). An aliquot (5 = 10 pl) of
the material to be analysed is placed inside the graphité
tube with a micropipette. During the DRY stage the
solvent is gently‘evaporated, leaving behind the analyte
and the other dissolved solids. During the ASH stage
portions of the'matrix'are thermally decoﬁposed and’
removed from fhe tqbe. Finally, during the ATOMIZE
stage the remaining compounds are dissociated and the
analyte atoms enter the light beam so that absorption
can be measured.

The following operating conditions were developed



' DRY TEMPERATURE: 115°C

.

for Sr on the Varian Techtron C.R.A. - 90:

. WAVELENGTH: . .4605.6 &  (460.56 nm)

DRY TIME: 30 - 40 sec.
ASH TEMPERATURE:  1000°C
ASH.fIME: 26 sec. .
ATOMIZE TEMPERATURE: 2350°C

RAMP RATE: ° 800° c/sec

'HOLD TIME: 2 sec

MODE{ .PEAK ABSORBANCE

The vast majority of eléments have interference
problems £hat are complex and not aiways-pfedictable.'
Thésé problems are the limiting factor in the use of
electiothermal atomizers (Van Lc%n, 1980). In the case
of Sr major interferénce Qas'produced by the other
cations present in the water (particula;ly Ca). A
portioh of the Ca is atomized under the same working

conditions as Sr causing an enhancement of the Sr signal.

Since the intensity of interference seemed to vary

directly with Ca concentration, calibration curves were

prepared to determine the exact effect of Ca on the Sr

- signal. Standards;.containing only Ca (and acid) in

concentrations corresponding to the actual water
samples were analyzed for Sr, using the carbon rod and
reference cuxzves were obtained. The apparent Sr ab-

sorbance readings were then compared with these curves

»
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and the aétual-S:'éoncentiations determined. .
: Precisioﬂ of the Sr determinations was calculated

according to the formula‘for-duplicaté énalysis given

in Table 2.3. Table 2.4 shows the actual duplicate

vaiues‘obtained'foy 24 samples during Sr measurement.
Acéuracy was estimated by measuring thé Sr con-
centrations of three sample; by isotope dilution. The

details of: the procedure are in Appendix C. The results

- are summarized in Table 2.5. They show that the agree-

ment was better than 3 ppb or 12.5 relative percent.
| - ]
2.3.2 Mass Spectrometric.Determination of 87Sr/SGSr
h Mass spectrometry seﬁaféteé_charged atomsand
moleéules by their maésés on t?e;basis of their behav-
iour inuelect;ical and/or magnetic fields. For general
principles of mass spectrometfy.sge Féufé‘(1977, pages
65 - 68). The strontium isotopic compoéitions for this
study were détermined on a single-stage, modified,
National Buread of'Standardg, 12 inch (30cm) radius,
60° deflection, soclid-source mass spectrometer (Brooks,
1980). Within-run precision is expressed as the 95% .
confidence intefval around the mean according to ‘the
formula -{%%— - where |
¢ is the standard deviation of all measurements and
N is the numbér of ratio measurements made. - By in-

creasing'the number of ratios the precision can be reduced

to the desired value. In this way, the maximum error
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‘ PABLE 2.4  TABLE OF DUPLICATE ANALYSES FOR STRoNTiug
o ' PRECISION DETERMINATIONS |
RESULT _#1 : RESULT _ $2 . DIFFERENCE
108 *7 (ppb) - 110 (ppb) | 2 (ppb)
71 . 75 A 1
61 | . 62 - 1
75 S 79 B i 4
63 | ' 63 0
78 ' | 73 o 5
160 | 160 - S0
13 _ | 15 .. | 2
36 - 32 o | 4
| 17 18 1
? 56 | 59 3
40 35 - s
| L 12 | © 10 2
4 7 3
10 _ 10 . o 0
5 ‘_ 6 1
— 21 ) 21 , 0
16 | 20 ' 4
18 18 , 0
13 17 ‘ g
7 7 0
9 10 1
8 9 1
|




Lo T s
* - 1 3
TABLE 2.5.  -GOMPARISON OF A.A.S. AND ISOTOPE DILUTION -
A - RESULTS FOR Sr. IN SELECTED SAMPLES:. = =
. . - . B . D * . ,'
(sample numbers correspond to those in Table 2.1)
RIVER SAMPLE CONCENTRATION CONCENTRATION = - RELATIVE
‘ BY A.A.S. - BY I.D. ppb =~ &
Eastmain . 2 . 7 ppb’ 8 ppb e 1 C12.5
" Winisk 1 S A 17 o 50
Nelgon 1 72 75 L3 4
L%
g .
> - ﬁ\j "
. <
w ! /_/ . . ’
L - >
r
. ) |
- é g ’h
u.&:‘"
’ I
» N S
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-for'STSr/SGSr-rat;os of the rivers was kept at

v .00010. . : .

" Overall precision was zalculated as desScribed in

Table 2.3. Table 2.6 shows the results of ‘duplicate

87Sr/SGSr analyses * Accuracy,was_determined:by measnming

the 87Sr/ >Sr- ratio of a standard sample of SrCO3

prepared by Eimer and Amend. The ratio obtained in the

87Sr/ssér ratio 6f\

laboratory is compared to the actual
the standard (.708Q) and the_appropriate correction is
made to each measurement. The Eimer and Amend standard.
was'measﬁred-ﬁh;ee times through the course of the

analysis. The average obtained was .70815 * .00005.

Sample Preparation: 50 and 100 ml teflon beakers

were'cleaned by soaking overnight in'SO%‘reagent‘grade
nitfic acid with a'éew millilitres‘of hydrefluoric acid. .
’iAS each beaker was removed from the ac1d solution it was
rinsed 3 tlmes with distilled water and 3 times W1th
quartz dlstllled water.

| 30 - 50 mls of sample were placed in the 100 ml

) . . &
‘teflon beakers and .evaporated (sub—b01llng) on a hot

plate: They Qere_remoied”to cool. When cool and dry,
1-2 ml of 6.2N distilled HCl was added to dissolve the
residue. *This was dried on a hot plate. 1 ml of 295N
distilled HCI ‘was added with a micropipette to re-
dissdlve the sample. This 1 ml solution was poufed

into cleaned (as above) centrifuge tubes and centrifuged

10-15 minutes.
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TABLE 2.6  TABLE OF DUPLICATE ANALYSES FOR ° /sr/%®sr
- ~ PRECISION DETERMINATION
RESULT #1 - RESULT 2 ° . DIFFERENCE
L71125 - o 271131 ~ .00006
.71257 ' .71268 - .00011
.72020 o - . 72020 - . .00000
271871 C .71979 | ©.00008
.71250 3 712425  .00008
.71987 . .72007 o . .0002
. -



| J—

The. samples were then loaded onto 1on exchange

‘columns, Wthh had been cleaned w1th 6 2 N HC1 and back—

washed tw1ce or more lf necessary, w1th 2.5N HCI. Three

.2 ml washlngs were performed after loadlng to start the
sample moving down the column. 60 ml of 2.5N HCl was

'then added-.to the columns to-remove'various cations

(R_b+ ,Ca2+ , etc.j from the reéin. Subsequently 18 ml

was added and the eluate collected in the cleaned 50 ml
teflon beakers; this portion containing the Sr.

- The 18 ml portioh was evaporated on a hot plate and
then-treated with 1 - B‘arops of perchloric acid to
remove any organic material and then 1 ; 3 drops of ultra
pure HN03'and dried. The Sr is now in the form of
Sr(N03)2 suitable for loading into the masa.spectrometer.

Loading: - .02 mm-thick tantalnm;filaments were first
ioaded with Ta0,. This enhances the.emission of Sr
and generally gives longer.sampie life. Unfortunately
it also enhances the emission of Rb but since Rb 1is
ionized at a lower temperature than Sr, generally the
aovantages outweigh the disadvantages.

The eample was redissolved in 1 drop of HNO,,
loadea onto the filament, and dried before placing in
the source. ' |

Blanks: Blank samples were run and analytical error
was determined to be negligible.

90Sr: A scan was made of each sample for traces

of 908r but none were found.



2.3.3 Fiame Atomic Ahserption Spectroscopie
| Determination of Calcium. |

The techniquebis based-cn the absorption Qf
radiation energy from a light source by valenee'elec—
trons in the ground state atom’ population. The absorp-
tlon of radiation is dependent on the population of
the ground state,. whlch is Droportlonal to the’ solutlon
c0ncen€}atlon sprayed into the flame. 'General pr1nc1p1es
of flame atomic absorptlon analysis can be found in
Walsh (1961), L'vov (1970), W;llard et al. (1974) and
many other texts. -Opereting parameteré for Ca and
details of the Varian Techtron Instrument are documented
in "Varian Techtron Analytical Methods for Flame
Spectroseopy“ (1972}.

Precisien was determined as_fot Sr and 87Sr/86
according to the method described in Table 2.3. Table
2.7 shows the actual duplicate analyses for Ca.

Accuracy was estimated by comparison of analytical
values with those of an Inland Waters Directorate
Interlaboratory Study (#32) on a set of 10 reference
waters. The results are summariéed in Table 2.8; The
standard deviation was estimated from the average

difference in measured Ca concentrations. This value

expressed in ppm is used as a measure of‘?ccuracy.



TABLE 2.7

RESULT #1

. 35 ppm

26
10
:15
13
17
25
15

10
4

28

57

TABLE OF DUPLICATE ANALYSES FOR CALCIUM

PRECISION DETERMINATION

RESULT #2

33 ppm
27 :
7 v
15
14
15
23
11
11
4

28

DIFFERENCE
2 ppm .
1
3



TABLE 2.8, COMPARISON OF ANALYTICAL RESULTS‘FORrCALCIUM_
: 5

PRESENT
32.2 vpm
25.4

34.0

25.2

6l.4

ON SAMPLES FROM THE INTERNATIONAL JOINT
COMMISSION INTERLABORATORY STUDY. #32

FOR ESTIMATION OF ACCURACY

58

' RECOMMENDED ~ DIFFERENCE
31.4 ppm : 0.8 ppﬁ
25.3 . 0.1
34.0 ' -0
13.3 0.9

0.52 0.48
0.70 0.2
1.75 0.45
23.0 2.2
58.3 3.1
0.1 0.1

Ave.: 0.8



igss%‘c'

2.3.4 Potentiometric (lon Specific Electrode)
Determination of cl
e , | This method_operates in thé‘range of_the Nernstein
| response of electgodes-baséd on silver chloride. for
chloride concentrétions of 10 - 350 ppm over a pH range
‘of 1.5 to 12. Provision is also made for low level
determinatioﬁs (1 - 10" ppm) in the non-linear portion of
the curve, in the same pH range (Orion. 1977).
s Chlorides are present as.simple ions in river water.
Interferencéé come from prﬁcesses which occur on the

membrane electrode'such as complex formation with 52—,

CN , NH,, but the concentrations of thgie are very low
in river water and consequentlyhdo not affect the
determinatioﬁ. Neither ?face elements nor major ions
(NaTKTHéb;; soj) interfere with Cl determinations by
ion specific electrode (Zeinalova and Sényabin, 1975;
Midgley and Torrencé, 1978; Duff and Stuart, 1975).

Details concerning the analytical procedure can be
found in the Instrucfion Manual - Halide Electrodes.
(Orion, 1977}.

The precision of the Cl analytical results was
determined from 12 duplicate deterﬁinations (shown
in Table 2.9} in the manner described for Ca. The
accuracy was based on a comparison of results from the

#

Inland Waters Directorate Interlaboratory Study ("32)

(1981) as for Ca. These values are shown in Table 2.10.
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TABLE 2.9 ~TABLE OF DUPLICATE ANALYSES FOR CHLORIDE

PRECISION DETERMINATION

RESULT #1 | RESULT #2 = . DIFFERENCE
0.5 ppm P 0.5 ppm A . "0 .ppm \
2.0 - 1.0 1.0
9.0 . 8.0 | 1.0
11,0' - 9.0. ) 2.0
0.5 0.5 .o
3.0 - 3.0 o 0
25.0 i | 24.0 ' 1.0
21.0 - _ 121.0 - 0

TABLE 2.10 COMPARISON OF ANALYTICAL RESULTS FOR CHLORIDE
. ON SAMPLES FROM THE INTERNATIONAL JOINT COMMISSION

INTERLABORATORY STUDY #32 FOR ESTIMATION OF ACCURACY

PRESENT RECOMMENDED DIFFERENCE
17 ppm ' 21 ppq& ' 3 Dpm
5.7 : 5.5 ’ 0.2

8.7 ) B.25 0.45

1.7 1.2 0.5
~t

6.0 5.5 0.5

5.7 5.0 0.7

Ave.: 0.9 ppm
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2.3.5 Gravimetric Determination of.Total Dissolved
. .
'Solids ‘ |
Total dissolved solids is the term applied to the
material left in a vessel after evaporation of a water
sample that has been passed through a standarﬁ 0.45 pm

filter and its subséquent drying to constant weight at

105%. . )

L) w

The meihod df determination was téken from the
Analytical Methods Manual, Environment Canada (1974).

I Interfereﬁce may result from large, floating
particles\(inhbmogeneous méterials) or floating oil and/
or grease: However, residue determinations are'generally'
not subject to the usual criterig of accuracy.

Precision was calculated based on the duplicate -
analyses shpwn in Table 2.il‘according to the method

described for Sr, 87Sr/86Sr, Ca and Cl in Table 2.3.



TABLE 2.1l

RESULT #1 .. -  RESULT |
95 (ppm) . | - | 86 Ippm)
167 - 155
© 29 34
128 T 121
29 34
26 17
14 17
21 16
39 35
300 315

3
vt

i

it
JAR >

TABLE OF DUPLICATE ANALYSES

62

FOR TOTAL DISSOLVED SOLIDS PRECISION DETERMINATION

42

_-DIFFERENCE

.

12

15

(ppm)- . |



3.1 Composition of Canadian Rivers

"6.3

@

3. COMPOSITION AND CLASSIFICATION OF CANADIAN RIVERS:

The water samples were analyzed by-the techniques

listed in chapter 2. Complete data tables for each para- .

meter are presented in Appendix A. Because of time

considerations on the mass spectrometer, not all samples

87

could be measured for their Sr/BGSr ratio. Instead, one

‘sample from each river was analyzed and this was comple-

mented by additional samples, chosen with'COnsideratiqn of
all the chemical data to a total cof 65 (Tab;e 3.1). This
abbreviated data set was used for the statisticai evalua-
tion of the controls on river wéter éﬁemisﬁry. The
average composition of Canadian rivers is summarized in

Table 3.2 and Fig. 3.1.

3.2 Classification of Canadian Rivers

Multivariate statistical analysis was used to determine
the fundamental controls on river @ater composition by
grouping the rivers on the basis of similar chemical char-
acteristics. For a complete discussion of the mathematics
involved see Jéreskog et al. (1976) or Krumbein and

Graybill (1965). ' -

Factor analysis is a technique of multivariate

‘analyses which reduces the complexity of a data set to

a small number of factors which account for the same

information as the original data. R-mode factor andlysis
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Frequency histograms of the chemical data for the 39 largest
Canadian rivers. Open arrows indicate ‘the arithmetic and
solid drrows the weighed Canadian means. Data from Table 3.2.



deals with:the relationships among variables while Q-mode
R : :

studles relatlonshlps between objects or samples. By

examlnlng 1nherent 1nterdenendenc1es 1n the data, a minimum

number of "factors" are created such that they contaln the

2 '

most important information.

R-mode factor analysis (Table 3.3) shows .that a.single
factor, which:aceounts fer' 82% of total variénce, controls
all of the observed chemical parameters. The high posi ive
1oad1ngs of T.D. SI,NCa and Sr show that the concentratlons
of these elements vary sympathetically. The 87Sr/
ratio loads negatively onto the factor 1ndicating an anti-
thetrc reiatrgnship.' This suggests that conéentrated rivers
{high E.D.S., Ca, Sr) are relatively non—radi%genic and
vice-versa. The rivers may therefore represent different
degrees of a chemical and 1sotop1c continuum between these
tyo end members. This can be evaluated through Q -mode
factor analysis. Q-mode factors 1 and 2 (Table 3 4; Fig.3.2), "
representing basically thertwo leode end members, account
together for 97% of the‘infermation in the data. Rivers-
with high loadings (> 0.95) -on Q-mode'factor 1l drain pri-
marily sedimentary terranes. The chemical data for these
rivers (Table 3.1)‘are'characterized by the highest concen-
trations of Ca, Sr and T.D.S., but the lowest 87Sr/86
ratios. This is consistent with their Ca ahd Sr having been
derived from carbonate mineralslin Sedimehtary rocks, which

’

are relatively soluble and contain low 87Sr/BSSr ratios.

AT
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- TABLE 3.3 R-MODE FACTOR ANALYSIS OF COMPOSITION OF THE

39 LARGEST CANADIAN RIVERS

4

VARIABLE | ' . FACTOR 1 ‘ COMMUNALITY

Sr ' o .88619 \ | | .78532
875r/80sr  -.65384 . - .42751
ca- - ,98489 o . .97002
T.D.S. | . .95901" . .91969
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. TABLE 3.4 Q-MODE FACTOR ANALYSIS OF COMPOSITION OF THE
| 39 LARGEST CANADIAN RIVERS

Sample No. as in Table 2.1

RIVER NO. = SAMPLE NO. FACTOR 1  FACTOR 2  COMMUNALITY
1 B N .967 .237 992 |
1 L . .966 .239 7991
1 3 .968 .239 .994
2 N .960 258 ‘ .987
3 : 1 - . .948 304 . .991
4 . 2 .925 .370 .994
4 3 .926 °  .366 .992
s 1, . .s12 735 . .868
5 2 660 L7450 991

6 . 1 938 .346 1.000
6 2 .940 . .340 1.000
6 | -3 .934 ' .354 : .997
7 1 CL927 .365 .592
7 2 .934 .351 .995
8§ 1 "~ 584 .809 - .996
8 2 .277 906 .897
9 | 1 .860 . 444 .936

10 3 1 .597 .754 .926

10 . 2 - ..753 .655 .995

10 ‘ 3 , -752 .659 ’ .999
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TABLE 3.4 Q --MODE FACTOR ANALYSIS OF COMPOSITION OF. THE
(Cont"'d) | 39 LARGEST CANADIAN RIVERS.
" RIVER NO.  SAMPLE NO.  FACTOR 1  FACTOR 2  COMMUNALITY °
11 L2 T .369 922~ 987
12 . 1 712 " .680 » " .969
13 1 .962 1,267 .996.
14 | 2 . . .981 - .125 - °  .983
| - E .
14 . 3 .976 .142° . .973
s 1 971 159  .968
15 2 .976 | .164 ; .979
16 1 .13V 971 . .966
16 2 .022 956 - .915
17 R 1 Y'Y 176 .999
17 .2 o84 . .i7e 999
18 _ 1  .872 464 .977
18 2 926 o368 - .993
19 2 203 .954 .997
20 : 2 .897 . 440 -5 0998
21 2 .108 /(;87 .985
22 1 .891 s - .992
22 3 .807_‘ .522 .923
TR R 1,930 ..361 .996

93 ' 2 - .949 .313 . .999
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 ABLE 3.4  Q-MODE FACTOR ANALYSIS OF COMPOSITION OF THE
(Cont'd.) - 39 LARGEST CANADIAN RIVERS o
. RIVER NO.  SAMPLE NO. FACTOR 1  FACTOR 2 | COMMUNALITY
23 . 3 .928 351 .98k
24 2 .426 .894 981
25 © 2, Los2 .991 ©.989
26 2 .697 .535 771
27. 2 - .854 .502 .981
27 3 873\ 475 .987
28 T .269 955 .985
29 | 1 .653 .756 | .R§6
29 -3 726 - .667 a2
30 : 1 615 .770 1972
31 | 1 :862 T .471 .965
32 .1 793 ¢.603 : .992
32 2 573 5 . .795 .960
32 3 784 613 .990
33 o 1 .943 323 .993
33 C2 .950 308 .997
38 1 .601 " 377 . - .965 .
35 1 077 1953 915
- 36 | 1 905 - . 417 992 -

37 1 "~ Y.565 .745 .874
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Y
TABLE 3.4 Q-MODE FACTOR ANALYSIS OF COMPOSITION OF THE .,
(Cont'd.) 39 LARGEST CANADIAN RIVERS | |
RIVER NO. ~ SAMPLE NO. ~° FACTOR 1  FACTOR 2  COMMUNALITY
38 o .930 . .361 - .996
39 | 1 - . .839 .544 _1.000
39, : 2 .888 T .454 .994
39 3 - .895 | .438 . .994
4
k]
~
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in qontrast; five:s with similarly high.loadings on factor
ﬁﬁ'are those which drain Archean igneous {or metamorphic)
terranes. The chemical data (Table 3.1) indicate low con-

87Sr/BGSr"ratios.

qéntrations of Ca and Sr, low T.ﬁ.S. and high
‘SBuch chemistry may be’'a consequence of weathering of bidf
relatively 1nsoluble*materlal such as the Precambrian Shield.
This is apparent from the geographlc distribution of such
rlvers, which drain the Precambrian Shleld in the v1c1n1ty
' Of Hudson Bay (Fig. 3.3). | |

Tﬁe above discussion shows Ehat the major influence on
rive; composition is its.dfaiﬁage basin geology. This accounts

L}

for their dilute vs. concentrated chemisﬁry and for radiogenic,
vS. hon—;adiogenic Sr isotopic ratios. !~ |
.The geology‘oé the drainage basins.was determihed'plan-

“imetrically from geqlogical ﬁaps and hiStqgramé of the average
geologic composition for drainage basins of the end-member |
rivers -{Fig. 3.4) confirﬁ the.above inte;pretapions. The in-
termediate rivers, with ﬁoderaﬁe loadings on both factors,

. Seem to represent eithRy those drainihg basins of Proterozoic

geology or, basins having a mixture of siliceous. and carbonate

terranes (cf. Fig. 3.4 and Table 3.5).

3.3 Addiﬁional Statistics

In.addition to Factor Analysis,'three other stétisiical
técﬁniques were ‘applied to the data: 1. ana;ysis‘oﬁ va;iancé,
2. cluster analyéis ahd.3. mult%ple 1ineér regressién for

chemical as well as geological data. PR
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Geographic distribution ‘of group 1,2,3 rivers.:
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3. 3 1 Analy51s of Varlance

. ThlS approach is based on the fact that the varlance

"of a sum of random varlables is. equal to the sum of

the variances of those variables if the variables
concerned are uncorrelated. Therefore,‘uncorrelated

factors whlch introduce varlablllty can be evaluated

+in terms of their indiwvidual contrlbutlons to the total

varlablllty (Krumbeln,and Graybill, 1965). An impor-
taht assumptiop is that the population.variances are
equal. If this assumption is not valid, the power

of the F-test, for analysis of variance, is reduced.
If, through testing, the data are found to have in-
homogeneity of variance, certain transformations can
be applied (ie. log, inverse, etc) to homogeaize the
variance within the individual populations. On the
basis of this testing, log normal transformations

were applied to sSr, Ca, Sr/Ca and T.D.S. while 87

86Sr was left untransformed.

¢

For the analysis of variance, an unbalanced, nested

Sr/

format was used as shown in Fig. 3.5. The samples

were divided according to the rivers from which they
were derived and the rivers were grouped geologicall?
according to whether they drain predominantly Shield .

or non-Shield areas of Canada. Three levels of wvaria-

bility are represented (Table 3.6). (See Garrett and

Goss (1980) for details of statistical approach).

4
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_ TABLE 3.6  ANALYSIS OF VARIANCE,IN COMPOSITION FOR MAJOR

VARIATION

LEVEL BETWEEN .
3 : Geology
2 Rivers
1 Samples

Sr

73.80

20.16

6.04

CANADIAN RIVERS

Ca

49.09

48.

2

74

<17

B
PERCENT OF TOTAL VARIANCE

T.D.S.

46.07

47.49

6.44 "

87Sr/86Sr
51.19
48.01

0.8l
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For Sr, 73. 8% of the varlance 1n'concentrat10n is

maccoﬁnted for by geologlcal grouplng of rivers. 20 2%
.is due to- 51gn1f1cant dlfferences 1n Sr concentratlens.
between rlvers, and only 6.04% 1s explained by w1th1n—_
river concentration differences. Thls 1mp11es that
multipie sampling is unnecesSary'when the whole
Canadian'picture is of interest. ‘

87Sr/BGSr ratio

.The sinuations for Ca, T.D.S. and
are somewhat different in that the percentages of
variance explained_by geology and river differences
are almost'equal. This snggests somewhat different
behavior for Sr than for Ca,.T.D.S. and 878 /

The most significant result of this treatment is
tha;,for-every variabie, the percentage of variance
explained by seasonal flnctuations within rivers is
very small. In other words, one samble per river or
the average of all of the samples obtained‘is-snffic—

ient to describe the contribution of that river to the

total Canadian picture.

3.3.2 Cluster Analysis

This is a form of correlation analysis. Unlike
factor analy51s it does not 1nvolve abstract or
artificial factors but is a stralghtforward palr by
palr,'comparlson of varlables. The results can be

presented graphically in a two-dimensional hierarchical
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dlagram On whlch the naturei.bteeks between groups are J.“
clearly observed; In thls case, a sample of each rLVerl
is depicted by a araw1ng_of_a tree‘wposehcharecterlst;cs
are determined by the variablee;whicn were measured
(for details of-the‘ectuai construction of the trees
refer to. Klelner and Hartlgan, 1981)

Variables whlch behave 51m11arly are identified by
the computer and a template is created showing the
associations.. The trees are then constructed, sample

by sample, with the same variable always on the same
tree branch. An algorithm within the.computer converts
the concentrations of each variable to proportions be-
tween 0 gnd 1 according to the maximum and minimum
values in the data,' Therefore, the length of the
branch for any variable indicates.the relatite concen-—
tration of that variable and can be compared from tree
to tree. The result is that similar variables are
close together so that direct comparisons can be made

and trees that look ‘alike répreeent rivers with similar
chemical charecteristics. Fig. 3.6«sh§ws some examples.
The data appear to represent a series with one endmember
having high concentrations of Ca and T.D.S. (with strong
correlation between them), high Sr concentrations (with

87

similar but not identical behaviour), low Sr/BGSr and

:

$r/Ca ratios (Fig. 3.6a). The other endmember (Fig. 3.6d)

shows a contrasting trend; low Ca, T.D.S. and.Sr with
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(a) (b}
1
h \
Moose ' ’ Harricana
2 ' ' 2
(c) “ (@
A la Baleine Le Gronde .
lj“ -2 o 2

Fig. 3.6

Cluster Analysis - Tree diagrams showing inter-
component relationships among the endmember
and intermediate type rivers.

87 -
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high 87Sr/8‘6-Sr and Sr/Ca ratios. Intermediate rivers

are represeﬁted in Figs. 3.6b ahd 3.6c.

3.3.3 Mﬁltiple Linear Regression
| Independent ¢hemicai variables usually tend to
vary according to some pattern and often a.single
- variable may depend on several independent ones.
Multiple linear regression is designed to resolve this
kind of_sitdation {Krumbein and Graybill, 1965). XA
'stépwise multiple linear regressioh of chemistry vs.
geology was performed on the river data in an attempt
to determiné'the extent of control of various rock
types over.particular chemical eleménts. The results
(Table 3.7) confirm thé_coﬁclugidns concernihg the
significance of bedrock geology for river water chém-

istry discussed in section 3.2.
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TABLE 3.7  STEPWISE MULTIPLE LINEAR REGRESSION ANALYSIS OF

CHEMISTRY VS. GEOLOGY FOR. THE MAJOR CANADIAN RIVERS

% OF CHEMICAL

: | . VARIATION .
ELEMENT ' . ‘ROCK TYPE ACCOUNTED FOR
Sr k_ _Mesozoic c1astic sediments o | 41.10
Paleozoic élastic sediments | 23.67
Cenozoic clastic sediment; 9:44
Evapbrites 3.76
87Sr/BGSr Archean felsic igneous rocks ’ 33.06
Proterozoic clastic sediments | 11.96
i '~ Evaporites ‘(negative relationshinp) ‘ 6.51
Cenozoic clastic sediments
{(negative relationship) . 6.31
Ca ‘ Paleozoib carbonate sediments ~ - 4?.94
Mesozoic clastic sediments o 18.97
Paleozoic¢ clastic sediments ' 12.02
Evaporites | 3.52
.T.D.S. Paleozoic carbonate sediments - 47.86
Mesozoic clastic sgdiments 15.27
Paleozoic clastic sediments 10.69

Evaporites : ‘ 3.27
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4. SPECIFIC CONTROLS OF CHEMICAL A‘ND "ISOTOPIC COMPOSITION
More %pecific informatioﬁ.on Ehe_controljof rivep-cémr
position can be obtained by studying‘eacﬁ gﬁemiéal variable
individually. | |
4.1 Chloride
| The chloride determinations showed that éonceﬁtrations,
‘with the exceptipn of the St. Lawrence River, were < 10pom
(Téble A-2). This confirms that contribﬁtions from re-
cycled marine salts to the chemical composition of each

- river at the chosen sampling locations.was negligible.

4,2 Total Dissolved Solids

Fig. 4.1 shows total dissolved solids data for major

- world'riveré (Livingstone}l1963; Téble 1l.1) plotted against

runof§ Af . Runoff here is defined as dischargeldivided by'
drainage basin aréa (Hélland, i978, p..86). The purpose of
this normalization is to give large rivers in large drain-
ége basins the same weight as small rivers in small drain-
aée basins. This will.accentuate differences in water
chemistry rather than differences resulting from size.

An inverse relatiénship is - almost always obtained
between these two variaples, because when Afis large,
more water is flowihg over a given area per uﬁit time creat-
ing a more dilute solution (Leovold et al., 1964). Towards
lower values o% runoff, the concentrations of dissolved

solids décrease less rapidly (Holland,1978, ©».89-90). Canadian
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,much industrial and agricultural activity. /

fivé:s fall into the region‘of distiﬁct'invérse_relation-A

ship within the world values. - s

The world weighed average for T.D.S. is 120 ppm

‘(Livingstone, 1963), while the weighed Canadian averadge is

176 ppm (Table 3.2). The difference could'be due to_thé

fact that the Canadian value is strongly influenced by'the

composition of the St. Lawrence River, which is exposed to
i,

/

.. {
The .plot of T.D.S. vs. Af for Canadian rivers only

. -
(Fig. 4.2) clearly separates the rivers into the sSediment-

ary and non-sedimentary groups defined by Q-mode factor
analysis. ' Each group behaves independently due to their
different source terranes,'bﬁt the inverse relationship -

is observed in both cases.

4.3 éalcium

Calcium consistently rgpresehtslabout 10% of the
total dissolved ioad (Table A-4). It is not surprising,
therefore, that its distribution (Fig. 4.3) mimics that of

the T.D.S.

4.4 Elemental Strontium

. Strontium, despite a degree of similarity to calcium
(in that the sedimentarylrivers have'higher Sr concentra-
tioné than the non-sedimentary oﬁés), shows a much greéter

variability in concentration over the whole range of runoff
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Total dissolved solids plotted against runoff for the 39 major
- Canadian rivers. An average value is plotted for each river.
. . . Numbers correspond to those in Table 3.l. 0 represents Q-mode
factor analysis group 1l or "sedimentary" rivers. & reprasgets
group 2 and 0O represents group 3.
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Calcium is plotted against runoff for the 39 largest Canadian

rivers.

For explanation of numbers and symbols see Fig. 4.2.



vélues {Fig. 4.4). To analyze:differences in the pehaviour )

of these two elements, their ratio can be considered in

‘relation to the element of interest, Sr (Fig. 4.5). Because,

»

. - LI
‘of the established Ca in Af dilution relationship, it is
;exbected that an inctease in Sr concentration will result

.inincreaﬁing-Sr/Ca ratios. This is evident only if the

rivers are separated into two groups, each independently

conforming to the expected relationship. The "sedimentary"
. :

rivers. -- compared to the "non-sedimentary" ones --.although

“having higher Sr Eoncentratiqns, must have correspondingly

even higher Ca concéentrations in order to reduce théir
observed Sr/Ca ratios‘below-those-of the second group. This
implies two types of Sr release into sufféce waters. Rivers
draining sedimentary areas obtain their Sr priﬁcipally frbm
carbonate minerals (in carbonates or clasticsi} which have
typically lower Sr/Ca ratios than alumxnos;llcates Rivers
draining more resistant {(and older, thus perhaps already
leached?) regions tend to receive their Sr from weathering

of feldspars (plagioclase).

4.5 Strontium Isotopes

In contrast to elemental Sr data, the-plot of 87Sr/BGSr
vs. Af (Fig. 4.6) éoes not separate the sedimentary from
the non—sedimgntary rivers. Instead, it distinguishes
stfongly radiogenie rivers draining Archean terranes

(Q-mode factor 2} from those draining Proteroioic areas
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which‘havé isotopic rétios,éimilar to the sedimentary _

" (carbonate controlled) riveﬁg (factor 1). This is €o some-

extent surprising because if Proterozoic feldspars were the
source of strontium (as indicated by Fig. 4.5) the resulting
BTSr/SGSr ratio should be intermediate between the "Archean"

and "sedimentary" rivers. Although there is some indication

of this in the vresent data (Fig. 4.g) the trend is not .

distihct. The reason for this unusual grouping becomes
c}earer when Ehe rivers are plotted on a Sfructﬁral map of
Canada. 'The divisioﬁ between rédiogenic and'non—radiogenic
(less radiogenic) rivers in Fig. 4.6 porrésponds to the
Superior - Grenville structural boundary. This could account
for their similar-Sr/Ca fatios but somewhat different Sr

isotopic ratios. Although Sr may still have been derived

 from feldspars, the Grenville rocks are, in general, ny 1.5

Ga younger than their Superior Province counterparts and

thus were not able to generate a comparable 878r component.
In contrast, the Grenville Provincé is only somewhat older
(ru 0.6 Ga) than the mean age of Paleozoic rocks which
cohtrol the chemistry of “sédimentary" rivers. Consequently,
these two source lithologies may have somewhat similar
strontium isotopic but different Sr/Ca ratios. Nevertheless,
the absence of a significant‘875r comgonent in the Grenville
r;vers is surprising and not fully explained by the above

considerations.
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_4;6 Seasonal Variations

The pllot studles for the Ottawa and St. Lawrence

Rlvers dld not (apart from T D. S ) - show any 51gn1f1cant

. monthly fluctuatlons in thelr*ghemlcal comp051t10n {Table

4.1). This could be due to one or. both of the following:
1. chehical buffering by thé high proportion of sédiment—
ary rocks in their d}ainage pasins; 2. 'majorliﬁdustriali
contamination, affecting chloride in partlcula;.

Much greater fluctuations 'were found for the Porcuplne,
Nottaway and Koksoak Rivers.(Tables A-3 to A-6), as

deﬁbnstrated by the T.D.S. cqncentrations, 87Sr/86

.isotopic ratios and to some extent by Sr and Ca data.

Fluctuations observed in the pilot study of the St. Lawrence

River did not affect the isotopic ratios.

-
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5. CALCULATION OF B7Sr/868r RATIO FOR CONTINENTAL RUNOFF

Using the mean annual discharges,average Sr concentrat-

87

ions, and the average measured Sr/BGSr ratiocs fo: each river

8--"Sr/E;GSr ratio for Canadian

(Table 3.2), the weighed mean
river discharge was calculated to be .7111l. This ratio is
considerably less radiogenic ﬁhan'the'current estimate for
coﬁtiﬁental.funoff (Velzer and Coméston, 19?4; Brass, 1976)Q

The question arises whether the vresent resuit; may be consid-
ered representativé Qf the rivers‘oﬁ the world. IIt is évident
from Fig. 5.1 thét few major rivefs contribute almost all of

‘the Sr in-the Canadian'river total. The top 10 rivers in

Canada, while accounting for 68% of the water discharge by major-
rivers, deliver almost 90% of the Sr. Since the largest riﬁers

87

belong to the "sedimentary", group, and their Sr/SGSr rétio is

buffered at approximately .710 by the source of their Sr, it is
not surprising that they alone control the average isotopic

ratio in the vicinity of seawater values (.709). A recalcula-

87

tion of the weighed mean Sr/BGSr ratic based on the top 10

rivers again gives .711. Therefore, it would appear thaﬁ the

87Sr/865r,

87

smaller rivers, delivering variable, "non—buffeied"
are insignificant in terms of their contribution to the Sr/86Sr
ratio.

The integrated Canadian major river flux (39 rivers)

represents 4.4% of the total world discharge to the oceans.

This places it second only to the Amazon (Fig. 2.1); the
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iatter-also with 87St/aGSr ratio of .71l (Brass,‘1976). : Thus
' ‘ ) 87

almost 20% of the total world discharge has a s;/BGSr fatiq“

of .711. Among the remaining major world rivers only the
' Mississippi has been measured for Sr isotopes. Again it is

.710 {Brass, 1976). ‘It would seem therefore, that the'ﬁéue'

8

world value for the TSr/BGSr ratio.of continental runoff is

closer to .71 than to .72 and this supports the. validity of the

.. Ly
L.

presené aéﬁémate. This agrees-well with the estimate of
Albardde et ?Li (1981), who bracketed this ratio between .7097
to .7113lfrom gziance éalculationé base& on studies of sea-
water-basalt ekciéﬁge flux on the East Pacific Rise. More
recently, Elderfield and Greaves (l98i) estimated - from similar

B

considerations - the 7Sr/8~65r ratio of river input to be .7112.
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' off of .7111 (Chapter 5), ‘the

¥ el 106
" ‘ -f )
.6. GLOBAL IMPLICATIONS ' .
. _ ; ‘ ,
Using the calculated 87Sr/ Sxr ratlo for contlnental run-

B—"Sr/ 6Sr ratlo for ocean water

-of .7091 (CompSton and Pidgeon, 1962; Turekian, 1964; Faure

87

et .al,, 1967 ; Veizer and Compston, 1974) and the Sr/ Ssr

ratio for oceanic basalt of .7028 (Hoffman and Hart, 1978), the
relative'contributioﬁs.df continental rivers vs. seawater—

basalt interaction to the Srvbudget of the’ oceans ‘can be cal-

culated . acco”ﬁfhghto the following egquation:
87, ' 87 87

STgr - _ Sr . (x) + Sr . (1-x)
% 86Sr Seawater 865 . continental 865r  oceanic
' ' runcff .basalt

.. where X represents.the fraction of "Sr of continental isotopic

composition delivered to the oceans h§‘rivere and 1-x the pro-
portion contribezgakthrough interaction with baselts at the
ridges. Calculations show-that;the_continental fiux ocutweighs
the "mantle" flux by a factor éf alﬁest 4 to I. (or precisely
77% ; 23%Y. This is shown in Flg 6.1. | ‘

There is some questlon whether the ridges are a source of
§r~er whether they are merely a sink for radiogenic 87ér through
isotopic exchange reactions. Consideration of these two
iimiting eases numerically gives different estimates for the
amount of "mantle" Sr involved inlthe marine cycle. Thelglobal
river discharge of Sr is 2.24 x lO12 érams per year (60 x 10-6
g/l x 3.74 % lolsl/yr; Dufum and Haftyf'i963,; Martin and

Meybeck, 1979). For the situation where the ridges act as a-

source of Sr this value of 2.24 x 10129 represents only 77% of
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the total Sr budget and the addltlonal 23% (6.7 x 10 g) must»
be.contrlbuted,by the, "mantle". Thus, a total of, 2 91 x 10
gramsfper yeeruof SrAa:e beihg deposited in sediments (par-
ticﬁlerly ea:bonates) on the ocean floer. Alternatively, if the
ridges are 6nly sites of Sr isotopic exchange :(no net mantle

-fluxh the 2.24 x lolngrepresents the total yeatly.budget of -

marlge Sr; 23% of thls,or 5.6 x 1011 g, Eeing the'produet of
exchange with basalts. ' These results compare favourably 1n'l
=orde‘r of megnltude to those of Albarede et al. (1981)and Elde:j
fleld and Greaves (1981). They estimate that 8. 76 X lolénd
9.1;3ﬁ1011 grams of Sr respectlvely are cycled annually 1n the
' _hydrothermal svstems. In contrast, the present & \stlmete is an

;order of magnltude less than that of Spooner (1976) (3L6 X ©
10 g / yr)i the latter based on continental 8-"Sr/
ratio‘of 716 |

In conclu510n, 1nteractlon between seawater and basalts

at‘oceanic ridges is an important parameter‘in the geochemlcal
cycle of Sr. It has the potential to influence signifieantly
.the globel Sf‘budget.and its exogenic cycle. ' This may have
important lmpllcatlons for the 1nterpretat10n of secular varla—‘
tions in Sr 1sotop1c comp051t10n durlng geologlc hlstoryn

(Peterman et al., 1970; Veizer and Compston 1974,1976, Veizer

et al., 1982);. a topic beyond the scope of this Qroject.
. \ .
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7. SUGGESTIONS FgR FURTHER RESEARCH

1. 898r andngSr are two Sr isotopes produced by nuclear_

flSSlon They are among the. most dangerous substances present
in flSSlon products and can pose a serious hazard to human an&\
anlmal life when present in water or foods (Skougstad and Horr,
©1963) . Therefore, determination of Sr concentration levels
ﬂiq natural waters will be useful for evaluating this potentiall
hazard. - - | |

2. The data from this project show tﬁo fuhdamental types
,of bedrock control of river water chemlstry These two qsgh—
anisms will undoubtedly control the dlstrlbutlon of backgébund
concentratlons of other elements and isotopes. Backgrouhd
values for Canaaian river® should be reéstablished with this in
mind partlcularlv for programmes in tox1cology and pollution.

3. There is good evidence that 'the results of this study
are globally applicable. HQWever; anraugmentatipn of Canadian
rivers by Sr data on major world rlvers would improve the
reliability of the river flux determlnatlon. It may be that
the actual Sr isotopic composition of river flux is still
somewhat leas radiogenic than the present*estimate. 1f so, the
calculated "mantle" fluxes of Sr into oceans must be considered

only as an upper limit.
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8. SUMMARY: -

H Strontlum is one of the major dlssolved spe01eé in sea-
water.l Its concentratlon and 1sotop1c composxtlon are homo—
geneous throughout the oceans, .8 opm andv.709-respect1vely.
Since contlnentgi runoff is more radiogenic (BTSr/BGSr'ﬁ .716;

.72) than seawater,-Sr in seawater‘must be a‘mixtufé of this

radlogenlc and a complementary non-radiogenic source such as

oceanic crust ( Sr/ = .703). Although. information con-

_cerping seawater - basalt interaction is equivocal, this mech-

anism is commonly advocated to explain discrepancies in mass-

balance calculations:

In order to evaluate the relative contributions by the

continents and oceanic basalt to the Sr isotopic composition of

87Sr/86Sr ratio of

seawater a more confident estimate of the
continental runoff was required.
Sr is carried primarily in the dissolved load of rivers in

the 2 + ionic state. It is produced by chemical weath?;lng of O

- carbonate and 5111cate minerals. In ordep to estimate their !

. flux of Sr and its isotopic composition, the 39 largest Canadian

rivers (by discharge) were sampled jpst upstream from confluence
with the oceans and during differeqt flow regimes. When re-
turnéd to the laboratory; the samples were analyzed-for ele- {
mental Sr by carbon.rod atomié‘abéorption spectroscopy (A.A.S.),
Ca by flame A.A;S., Cl by ion specific electrode, T.D.S. by

87

gravimetry and Sr/BGSr by mass spectrometry. The geology of
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~ the drainage basins was compiied from gealoéic maps.

Q0 ;'mode'factdr anélysis classzfigd tﬁ?.rivers.chemically
.as_é two enéﬁembér séries. The_£w0 gndmemgérs were identified
-Ey R‘--méde factor analysis.as_l. condentratéd'chemistry but
non-radiogenic and 2. dilute chemistry ana'more radiogenic.
When these results were compared with the d;ainage baéin geology,

an interesting pattern was obséryed. Endmember 1 rivers dféin
 areas of Phanerozoic sediments ana endmember 2 rivers‘dfain

the “insdluble“.Canadian Shield. These two groups of rivers can
also be distinguished on the basis of individual chemical var-
iables. Thus bedrock geology exerts a major control over the
chemical composition of the dissolved load of Canadian rivers.

A welghed mean 87

Sr/BGSr ratio'fdr continental runoff was
calculated to be .711l1 based on analyses of the 39 major Can-
adian rivers. This vélue is less radiogenic than the previous
estimate but ig supported By measurements of two major world
rivers, the Amazon and Mississippi.

The calculated 87

Sr/SGSr ratio was used to estimate the
felative contributions of continental and mantle Sr to the Sr
isotopic composition.of seawater. The continental flux was
found to outweigh the "mantle" fiux by almost 4;1, or more
accurately 77%:23%. In the Sr exoéeﬁic cycle, this 23% mantle
componént‘is an upper limit and -- depending whether mid-oceanic
ridges act as a source of Sr or only as a site of isotopic ex-
cﬁange reactions -- the é%ount,of Sr released from, or exchanged

with, basalts is =< 6.7 x 10ll g/year or < 5.6 x lOll g/year
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- respectively.

Augmentation of these data by'Sr.aata'from major world

- rivers would improve the reliability bf;thé'river flux estimate. -

.
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APPENDIX B

/
Tables of Drainage Basin Geology
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GEOLOGY OF THE YUKON RIVER DRAINAGE BASIN .

(Includes dralnage ba81ns of Porcuplne, “hite, Stewart Pelly
Teslin) :

Kd F

DESCRIPTION OF ROCK UWITS : : PERCENT ‘! CLASSIFI-
: CATION

Triassic sandstone, siltstone, shale, ‘Vﬁ\“f . S
limestone - : o : 5 ME 01

' Lower Jurassmc conglomerate, greywacke,
argillite, coal : ) 11 . ME 01

Tertiary basalt, andesite, dacite, ' .
trachyte, rhyolite, tuff 5 CE 05

Metamorphic rocks of various ages: quartz-
ite, quartz-mica schist, slate, lime-
stone, greenstone, gneiss 33 M

t

Ordovician and Silurian chert and shale - 14 PA 01

Cambrian quart21te, grit, conglomerate,

slate 16 B 0l
Devonian and Carboniferous conglomerate,
quartzite, greywacke, chert, slate ' SQ\\ Pa 01
Carboniferous, mainly Pennsylvanlan lime- .
stone, shale, chert 9 PA 02
~

Carboniferous, mainly Pennsylvanian andesite,
basalt, breccia, diorite, phyllite,
limestode, chert

100

Source: Geological Survey of Canada
Department of Mines and Technicel Surveys
Map 30 - 1963 -
Geology Yukon Territory and Northwest Territories

Scale: 1 - : 3,000,000



GEOLOGY, OF THE PORCUPINE RIVER DRAINAGE BASIN.

DESCRIPTION OF ROCK UNITS
Carboniferous, mainly Pennsylvanian
limestone, shale, chert

Carboniferous, mainly Mississippian
" 1imestone and shale ‘

Mixed Ordovician, gilurian and Devonian
limestone and dolomite

Lower and Upper Cretaceous intermixed
shale, sandstone and conglomerate

Quaternary and Recent surficial deposits
obscuring bedrock relationships

.Proterqzoic phyllite

‘Source: See Yukon River -

PERCENT

.10
20
10

130

25

100

141

CLASSIFI-
CATION

PA 02
PA 02
PA 02
MF 01

CE 01

PR 06



GEOLOGY OF THE STIKINE RIVER DRALINAGE BASIN.

DESCRIPTION OF ROCK UNITS

Late’ Pal€ozoic clastic seQimenfary rocks‘
Uppér Cretaceous clastic sedimentary rocké
Triassic clastic sedimeﬁtary rocks

Upper Jurassic carbanate sediyentary rocks

Upper Jurassic to Middle Cretaceous intru-
sives - mainly granodiorite, quartz
diorite, granite, auartz monzonite,
monzonite, syenite,

Jurassic or Cretaceous acidic and inter-
mediate rocks -~ granodiorite, quartz
diorite, granite, quartz monzonite,
syenite, diorite, gabbro

I

Mesozoic mafic and intérmediate volcanics’

Triassic mafic and intermediate volcanics

-Farly Tertiary clastic sedimentéry rocks

Late Tertiary and Quaternary felsic and
mixed volcanic rocks

Source: Geological Sur%ey of Canada
ﬁap 932A (2nd Edition)
Geological Map of British Columbia
1962

Scale: 1 : 1,267,000

PERCENT

14

25

10

100

142

CLASSIFI-

PA
ME
MF

ML

ME

ME

ME

ME

- CE

CE

" CATION

0l
01
01

02

03

03
05
05

0l

05
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143
. GEOLOGY OF THE NASS RIVER BASIN.
DESCRIPTION OF ROCK. UNITS. - PERCENT ' CLASSIFI-
; ' . CATION
Upper and Lower cretaceous clastic . -
sedimentary rocks . 71 ME 01
Triassic clastic sedimentary rocks R 4 ME Ol .
Jurassic or Cretaceous acidic and inter-
mediate rocks -- granodiorite, granite, _ :
syenite,... ' 7 14 . ME 03
Upper Jurassic to Middle Crataceous P
intrusives - mainly .granodiorite, granite, J
syenite,... ' 3 . ME 03
Triassic Volcanic rocks. i ’ : 4 ME 05
Late Tertiar? and Quaternary clastic sedi-
mentary rocks. 2 CE 01
Late Tertiary volcanic rocks ' 2 CE 05

. . 100

Source: See Stikine River.



BT et Ao

3

'GEOLOGY OF THE SKEENA RIVER DRAINAGE BASIN

y
DESCRIPTION OF ROCK UNITS

Late.Paleozoic clastic sedimentary rocks

Upper Jurassic and Lower Cretaceous shale
and sandstone.

Jurassic shale and sandstone

Upper Jurassic to Middle Cretaceous

intrusives - mainly granodlorlte, granlte

syenite, gabbro

Lower and Middle Jurassic acidic and' inter-
mediate rocks - granite, qranodlorlte,
- manzonite, syenite.

Jurassic or Cretaceous acidic and inter-
mediate rocks

Jurassic volcanic rocks

Late Tertiary and'Quaternary clastic sedi-
- mentary rocks

Laté Tertiary Volcanic rocks

Source: See Stikine River

PERCENT

18]

39

10

11

13

13

100

Pa

ME

ME

ME

ME

ME.

ME

- CE

CF

144

CLASSIFI-
-CATION

01

01 .

0l

03

03
03
05
01

05



GEOLOGY OF THE FRASER RIVER DRAINAGE BASIN S |

' Includes Nechako, Chilcotin, Thompson and Fraser Rivers

* « DESCRIPTION OF ROCK UNITS ' PERCENT ) CLASSIFI~i
. . ’ - ' ‘ CATION
Pennsylvanian and Permian clastic :
sedimentary rocks i ' 4 ~ Pa 01
Pennsylvaniaﬁ and Permian volcanic rocks =~ . 4 0 PA 05

Uppér Triassic angd cretaceous clastic _
sedimentary rocCks ' ' 7 ~ ME 01

Jurassic and/or Cretaceous felsic and
intermediate rocks - granodiorite,
granite, quartzdiorite, manzonite,

gabbro 31 - ME 03
Upper Triassic vplcanic rocks - 3 MF 05
* ypper Cretaceous volcanic rocks . | ME 05

Late Tertiary and Quaternary clastic

sedimentary rocks. 12 “CE 01
Farly and Late Tertiarf volcanic rocks. 20 CE 05
DfifE covered areas; bedrock relation- :

ships obscured . ' 5 CE 01
Lower Cenozoic clastic sedimentary rocks 7 CE 01

Precambrian or later granitoid gneiss,
schist, quartzite, marble, slate, '
phyllite. 6 AM

100

Source: See Stikine River.



GEOLOGY OF THE COLUMBIA RIVER DRAINAGE BASIN

Includes Okanagan .and Kootenay drainage basins. hhly 14%c{ the
Columbia drainage basin is located in Canada. - :

.

DESCRIPTION OF ROCK UNITS - PERCENT * CLASSIFI-
: ‘ . CATION

Proterozoic clastic sedimentary, arglll- :

aceous, calcareous : 32 S PR 01
Lower Cambrian clastic sedimentary rocks 2 PA 01

- Devonién, Missiséippian} Pennsylvanian and

Permian clastic and calcareous sedi- ‘

mentary rocks 6 Br 0L
Cambrian, Ordovicianp and Silurian cal- _ N

careous sedimentary rocks 12. PA 02
Lower Cretaceous and Earlv Tertiary clastlc .. :

<; sedimentary rocks . i . 6 MF D1

Upper Jurassic and/or cretaceous acidic

and intermediate rocks; mainly grano- A

diorite, quartz diorite,, granite, .,

quartz manzonite , . . 23 ME 03

. ' 4

Early Tertiary felsic rocks mainly

granite, syenite, manzonite o 3 CF 03
Precambrian granitoid gneiss; schist,

guartzite, marble, slate, phyllite - aM
Triassic‘clestic sedimentary rocks .5 ‘ - ME 01
Triassic volcanic rocks. .5 ) * ME -05

100

Source:  See Stikine %iver



.‘ - f N N ) , . * '
GEOLOGY OF THE’MACKENZIE RIVER DRAINAGE, BASIN.

- Includes dralnage basins of the Peel, Great Bear, Lalrd

Taltson, Hay, Peace, Athabasca rivers and the Great Slave System.

DESCRIPTION OF ROCK UNITS . PERCENT - CLASSIFI-
. ‘ ST . * CATION
‘Archean granltes, syenites; gneisées i 25 S AR 03°
Ordovician and Silurian llmestone, dolbmlte , : :
' and shale . , . 26 E PR 02
'Cretaceous marine shale; non-marine shale o ,

and sandstone., : 37 . ME 01
Me50201c acid plutonlc intrusions )

{(granites) - 2 . ME 03
Mixed Precambrian-metamorphic“rocks o7 M
Devonian evaporites: halite, gypsum - ‘- ‘ 3 E

T )
100 =9

Source: Hydrogeechemistry.of the‘Surface Watere of the
Mackenzie River Drainage Basin, Canada -
I. Pactors conerqlling inorganic composition.
S.W. Reeder, B. Hitchon end A.A..Levinson, 1972

.Geochim. Cosmochim. Acta, 36, 825 - 865.

Ny,



o ‘ ‘ . : "
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GEOLOGY OF THE BACK RIVER DRAINAGE BASIN
l© ©  DESCRIPTION. OF ROCK UNITS . . - PERCENT . CLASSIFI- .
- - T | L \ CATION
‘Archean gréywacke with quartzite, slate, . ‘ . )
phyllite . o , 8 AR 01
Archeah granite,:grapodiorite, allied
gneissic rocks, muscovite-biotite _ :
" granites . : ‘ 3 AR 03
2Archean basalt, andesite ) 9 o AR 05
Middle Proterozoic sandstone, grit arkose la- - PR 01
Lower Prbterbzoic.(Paleohélikian)'inter~ .
mediate to mafic volcanics : £ PR 05
Lower Proterozoic metamorphics: granitic S
gneiss, migmatite .and mylonite o 65 PR 06

100

Source: See Yukon River

AN
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GEOLbGY OF THE THELON RIVER DRAINAGE_BASiN ) :
b RN B . o ‘ : - \ [ :'-‘
. R _ . U A T g
+ DESCRIPTIGN OF ROCK UNITS. o PERCENT . +~TLASSIFI= . ..
' T _ A T CATION
Middle'Proterozoic sandstone,'gfit arkeose - 55 - PR 0Y
Mlddle Proter0201c conglomerate and o, : o . '
sandstone W ‘ . . o . 1o PR 01
Lower Proter0201c quart21te metasedlmentary 10 . PR 06
r - N . .
: _Lower Proterozoic metamorphlcs: granitic : .
- gneiss, -migmatite.and mylonite; includes ) N .
' *some massive granites .25 - ¢ PR 06,
. \ .‘\‘; ‘ . : ’ .A '_ . 10‘0
BRI ' '
Source:. See ukon. River . EET ’“\5_,j ) - i
) - : . < ‘ ‘
.- N
LT g
f
-~
% | 3
. o
' .
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- Lower Proterozoic greywacke, quartz&,

DESCRIPTION OF ROCK UNITS

“slate . _ .
Proterozoic anorthosite, diabase, gabbro

Lower Proterozoic intermediate to basic
volginic rocks; greenstone, amphibolite

Middle Proterozoic quaffz—ﬁeldSpar and
pyroxene-biotite extrusive porphyry.

Lower Proterozoic -granitic gneiss and
schist derived from sediments and
volcanics W '

Lower Proterozoic metamorvhics; granitic
gneiss, migmatite and mylonite;
includes some massive granites:

AN
UN
Source: See Yukon River

-

Lo

CLASSIFI-
CATION

PR

PR

PR

PR

PR

PR

0L

04

05

06

06
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GEOLOGY OF THE CHURCHILL.RIVER DRAINAGE BASIN (MANITOBA) .|

DESCRIPTION. OF .ROCK JNITS

0 . M ’ . .
Archean -remobilized granite and qran1t01d
orthognelsQ- _ :
Precambrlan granite, granodlorlte, quartz
manzonite -- massive. or gne1551c

-Archean mlgmatlte and mylonlte zones --
mixed sedlment and graniteg '

' Precambrlan amphlbollte and hornblende -
~ bearing gneisses ---maybe volcanic,
. intrusiveﬂor sedimentary - in origin"

Lower Proter0201c (Churchill structural
province) .arkozse, arenlte, feldspathlc
wacke -~ arkosic gnelss and mlgmatlte

Ordov101an, thin basal sandstone, limestone
and dolomlte O :

Lower .Proterozoic fe151c\metamorph1c and
metasedimentary rocks of the Churchill
© structural prov1nce, greywacke and mud—
stone derived psammltlcfand semi=-pelitic
——
gneiss, SChlSt and migmatite - -

Proterozoic 1ntru51ves of the Churchill

structural province; granlte, granodlor;

ite, tonallte

Precambrian pelitic schists and gnelsses -
alumxnous metasediments

Cretacedus grey, non—calcareous clayey silt
and silty clay ’

Cretaceous interbedded fine to coarse sand,
" silt.and clay.

Cretaceous grey, silty clay-shale; some
parts calcareous, some non-calcareous

5 - ME 01

100 :

STARR 1
- PERCENT ~ - CLASSIFI-

* CATION

2 ~ AR 03
17 - .AR 03
' AR 06

5 AR 06

4 PR .01
6 PA 02
5 PR 06
17 © PR 03
12 ' PR 06
7  MEOL
16 '7_ME-01



‘,l , . . : . - . v . | : _ . ) _ ‘ - . | ‘-i\_' “—- .
GEOLOGY OF THE CHURCHILL RIVER DRAINAGE BASIN L
v .Sourée:-Map 79-2 Geological Map of Manitoba -
fMaﬁitoba‘Mineral Resources Nivision,
' 1979; Scale: 1 : 1,000,000
Geological Map of. Saskatchewan
Dept. Mineral Resources,
Geological Sciences Brénch'and
Saskatchewan Research Council
' Geological Division, 1972,
/
[ ]
<
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GEOLOGY OF THE NELSON RIVER DRAINAGE eASIN

Because of the large percentage df.ﬁhe Chﬁrchil} ﬁivef
being.diVertea into.the Nelson River for hydroelectric purposes,
the geology of the twd drainage basins has been combined to
“reflecﬁ more aCCufately the-areal .extent of rock types'contri—
”butlng to the chemlstry of the sample of the Nelson Rlver :gl
-When the 2 rivers are comblned the Churchlll represents 22%
of the wpole. The nature of the diversion is such that the
éeology of theVChu;chiil River drainage basin is ;epresented
in the chemistry.of the sample of that river but it also con-

tributes 22% of the chemistry of the Nelson River sample.

DESCRIPTION OF ROCK UNITS . : PERCENT CLASSIFI-

CATION
Paleozoic carbonate sedimentarv L 2 'EA 02
Upper Mesozoic carbonate sedimentary ‘1p 2 ME 02
Lower Cenozoic clastic sedimentary | 5 CE 01
Upper Mesozoic clastic sedimentary ' 42 ' ME 01
Middie Paleozoic carbonate sedimentary | 5 PA 02
Archean felsic igneous ' | 11 AR 03
Lower Paleozoic carbonate sedimentary . 7 PA 02
Lower Proterozoic felsic metamorphic ' 1 ., ._PR'OG
Lower Proferozoic felsic igneous 6 PR 03
Archean felsic metamorghic - 1 AR 06

Middle Mesozoic clastic sedimentary and
evappritic - S 2 ME 01

Archean felsic metamorvhic ; 8 AR 06



®  GEOLOGY OF THE NELSON RIVER DRAINAGE BAST

-

DESCRIPTION OF ROCK UNITS

Archean volcanic

_Archean metasedimentary

Lower Proterozoic felsic metamorphic
or metasedimentary

. - A
Lower Proterozoic.clastic meedimentary

Sources: 1. ﬁap 79 - 2

Geological Map of Manitoba

Manitoba Mineral Resources Division, 1979

Scale: 1:1,000,000

®
N

(CONT'D.) .

PERCENT

100

- 2. Geological Map of saskatchewan

Department of Mineral Resources,

Geological Sciences Branch

and Saskatchewan Résearch Council,

Geélogical Division, 1972
3. Geological Map of Alberta

Research Council of Alberta

Map 35, 1972 , .

Scale: 1:1,267,000 «

‘154

CLASSIFI-.

'CATION

Ag'os

AR 06

PR 06

PR 01
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GEOLOGY OF THE HAYES RIVER DRAINAGE BASIN

DESCRIPTION OF ROCK UNITS * PERCENT ~ CLASSIFI-
S : CATION
Archean métamorphosed early intrusive

rocks--tonalite, minor granodiorite,
grahite and related gneiss; undifferen-

tiated granitic rocks 40 AR 06
Ordovician sandstone - shale 7 PA 01
Ordovician limestone and dolomite ‘ 5 PA 02

Silurian limestone, dolomitic limestone . :
and dolomite: .. . ‘ 13 PA 02

Silurian limestone, skeletal calcarenites;
in part argillaceous and dolomitic 5 - PA D2

Archean metamorphosed early intrusive

rocks -- gneisses and migmatites,
felsic granulites with minor gabbro :
and anorthosite . 5 AR 06

Proterozoic layéred migmatitic gneiss
derived from Archean early intrusives,
aplite, pegmatite : 5 PR 06

Proterozoic mafic/ultramafic meta- S .
volcanics -- basalt, komatiite .5 : - PR 06

Proterozoic greywacke, argillite, slate

with pelitic and semi-pelitic schists 5 PR 01
Mixed basalt - andesite, granodiocrite- - .
tonalite-migmatite, greywacke-arkose 10 ) AM
100

Source: Map 79 - 2

Geological Mag of Manitoba
Manitoba Min-ral.Resources Division, 1979

Scale 1:1,000,



PSR g A e

GEOLOGY OF THE SEVERN RIVER DRAINAGE BASIN

DESCRIPTION OF‘BOCK UNITS PERCENT

Upper Silurian 1imestonef_dolomite,
siltstone, shale, mudstone, sand- . . n ,

stone,. gypsum, salt 2
Middle Siiu:ian dolomite and liméstone. 25
Upper Ordovician shalerand sandstone _ 4
Upper Ordovician limestone and dolomite - 5

Early Precambrian felsic igneous and meta-
morphic rocks -- granodiorite, trondh-
jemite, quartz diorite, guartz mon-—
zonite, granite, syenite, guartz and

feldspar porphyries, pegmatite, aplite 57 &
Early Precambrian mafic metavolcanics --
basalt, andesite (flows, tuff, breccia) .6
Early Precambrian mefasediments -- con-
glomerate, greywacke, arkose, ortho-
quartzite, argillite, slate, marble,... 1
100

156

CLASSIFI-

. CATION

PA
PA
- PA

BPA

AR

AR

AR

Source: Ontario Department of Mines and Northern Affairs

Ontario Geological Maps Nos. 2196 - 2201

1970

Scale 1:1,013,760 (1 in : 16 mi.)

02
02
01

02

03

06

06
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GEOLOGY OF THE WINISK RIVER DRAINAGE BASIN

N

_EJDESCRIPTION QF ROCK'UNiTS - APERCENT A CLASSIFI-

' . CATION' ‘

Middle Silurian dolomite and limestone T 27 - PA 02
Upper Ordovician shale and sandstone i 5 | PA 01
Upver O:aovicidn limestbne and dolomite . 6 ~ PA 02

L . . B
Early Precambrian mafic metavolcanics—=-

basalt, andesite (flows, 'tuff, breccia). 5 ' AR 06
Early Precambrian felsic,igneoﬁs and meta-

morphic rocks -- granodiorite, trondh-

jemite, guartz diorite, guartz monzonite;

granite, syenite, pegmatite, aplite,... 57 ~ AR 03

100

Source: See Severn River
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'GEOLOGY OF THE;ATTAWAPiSKAT RIVER DRAINAGE BASIN

DESCRIPTION OF ROCK UNITS - PERCENT
Middle Silurian dolomite and limestone. . 63
Upper Ordovician limestone and dolomite 3
Upper Orddvicién shale and sandstone 4

Early Precambrian félsic igneous and
metamorphic rocks -- granodiorite,
trondhjemite, quartz diorite, quartz
monzonite, granite, syenite, quartz
~and feldspar porphyries, pegmatite,

avlite, ... 27
Edarly Precambrian mafic metavolcanics g-
basalt, andesite (flows, tuff, breccia) 3
100
Source: See Severn River

158

" pA

PA

Pa

AR

AR

~

CLASSIPI-
CATION

02
02

0l

03

06
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GEOLOGY OF THE ALBANY RIVER DRAINAGE BASIN

: -

DESCRIPTION OF ROCK UNITS = o PERCENT CLASSIFI-
- - CATION

Lower Cretaceous. clay, sand, lignite, : '
kaolinitic gquartz sand o 1 ME 01

Middle Devpnian.limestone: dolomite, _
shale, gypsum . 11 PA 02

Lower Devonian sandstone, arkoée, con-
glomerate, siltstone, shale, limestone 5 - _ PA 01

Upper Siiurian'limeStone,‘dolomite} silt-
stone, shale, mudstone, sandstorne,

gypsum, salt 12 PA Q2
Middle Silurian dolomite and limestone 13 PA 02
Upper Ordovician shale and sandstone 1 - PA 01
, Upper Ordovician limestone and dolomite ‘ 1 - PA 02
Early Precambrian felsic igneous and meta-

morphic rocks =-- granodiorite, trondh-

jemite, quartz diorite, quartz mon-

zonite, granite... - ' 46 . AR 03
Early Precambrian metasediments -- con-

glomerate, greywacke, arkose, ortho- - gt

quartzite, argillite, slate, marble . 3 : ‘AR 06
Early Precambrian mafic metavolcanics--

basalt, andesite . . ) 7 AR 06

- 100

Source: See Severn River
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GEOLOGY OF THE MOOSE RIVER DRAINAGE BASIN

. DESCRIPTION OF ROCK UNITS i 'PERCENT =~ CLASSIFI-

‘CATION
Early Precambrian felsic igneoﬁs and
metamorphic rocks -- granodiorite,
trondhjemite, quartz diorite ) 60 ’ AR 03

Early Precambrian mafic metavolcanics --
- basalt, andesite (flows, tuff, breccia) . 12 AR 06

Early Precambrian mafic metasediments --
conglomerate, greywacke, arkose, ortho-

gquartzite, argillite, ‘slate, marble 5 AR 01
Early Precambrian felsic to intermediate

metavolcanics .—— rhyolite, dacite, ‘

rhyodacite 1 AR 06
Middle Devonian limestone, dolomite, shale 4 - . PA 02
‘Middle Paleozdic gypsum . : 4 E

Lower Cretaceous clay, sand, lignite 14 _ ME 01

100

Source: See Severn River



GEOLOGY OF THE CHURCHILL RIVER DRAINAGE ‘BASIN' (NEWFOUNDLAND)

-

DESCRIPTION OF ROCK UNITS . , . PERCENT CLASSIFI-

CATION
Paleohelikian adamellite suite; monzonite, °
syenite, granodiorite, granite and T ‘ ‘ ,
.their pyroxene bearing equivalents . 3 ‘ PR 03

Paleohellklan gabbro, "norite, anorthositic
gabbro, troctolite, diorite; derived:
basi¢ gneiss and amphlbollte 5 PR 04

Helikian granitic gnelss, mainly pink
quartzo-feldspathic gneisses, commonly
banded and migmatitic 4 PR 06

. Helikian paragneisses, granitoid gneisses -
- of probable sedimentary origin; minor .
quartzite and marble 14 PR 06

Helikian sillimanite gneisé, commonly
migmatitic -~ minor amphibolite: 8 C PR 06

Apheblan granitic gneiss, granodlorltlc

gnelss, migmatite, amphibolite . ' 9 PR 06
Aphebian granullte, pyroxene gnelss, gﬁ

charnockite, minor granitic gneiss,

mylonitic gneiss 2 PR Q6

Aphebian sillimanite gneiss with abundant o )
intrusive pegmatitic material o/~ PR 06

Aphebian metasedimentary granitoid gneisses 16 PR 06

Aphebian granulitic - dioritic to granod-

ioritic gneiss _ 1 . PR 06
Fa
Paleohelikian anorthosite suite: anortho- -
site, anorthositic gabbro, leucotroctolite 4 _ PR (4
Aphebian iron formation . i 1 PR 06

'~ Aphebian grit, arkose, c0nglomeréte, quartz- o
ite, greywacke, slate 16 _ PR 01
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GEOLOGY OF THE CHURCHILL RIVER BASIN (NEWFOUNDLAND) (CONT'D.j
) L ’l . . R .

DESCRIPTION OF ROCK UNITS . PERCENT CLASSIFI-.
B . CATION
\ o .
! Archean foliated pyroxene-bearing grano- :
diorite and syenodiorite , ‘ 1 AR 03
Archean massive granite and quartz monzonite 1 " AR 03
Aphebian;aolomife, marble, quart21te 2+ 1 PR 02
: Archean pyroxene granulite, unseparated ._}
; felsic intrusives _ 8 AR, 06
¢ : ' ;100

Source: Geological-Map of Labrador
Scale 1:1,000,000
Mineral Resources Division
Dept. of Mines, Agriculture and Resources

Province of Newfoundland and Labrador
.

“\(__‘




: GECLOGY?OF,TﬁE*S§z5J0HN RIVER DRAINAGE BASIN - '*i.

-Devonian shale, limestone, sandstone, minor

v

S . -
Y

N
| . N

- : . - . ’ . / ) . .."
. DESCRIPTION:GF ROCK UNITS® =~ -~ PERCENT .

-t

-y

greywacke, tuff.and volcanics ' Tlffr:

silurian -greywacke, slate, siltstone, sand-
* steone, conglomerate, limestone : - 7.

Ordbviciantand/or Silurian calcareous and |
-argillaceous sedimentary rocks , 10 - ¢

) +

Sllurlan and Devonian mixed greywacke and - <o
‘s5late, sandstone”and cenglqmérate, minor

volcanics -- rhyollte, trachyte, tuff L9
' Devonian - granite, - quartz menzonite, grane— ., <
dlorlte and related rocks A -
. k . ,.‘.: ':'
Mississippian red to grey sandstone, conglom—'-’"t;
erate, shale, minor limestone o L 7

- T -
Ordovician argillaceous sedimentary rocks, .
greywacke; quartzite, oonglomerate )

APennsylvanlan red to grey sandstone, con-

Precambrlan sedlmentary and volcanﬁp rooksf : '}

MlSSlSSlpplan 5111c1c volcanlc flows, tuffsJ
and related intrusive rocks o L |
Mississippian and/or Pennsylvanlan red to-
grey conglomerate,. siltstone, including
silicic to mafic volcanio flows 1
. - e . ' B
- ' . . - Lo - 100

. : W '
-Soﬁrce:‘.Departmeht of Natural‘Resources,

' Geologlcal Map of New Brunsw1ck,,

'R.R. Potter, E.V. Jacksop, "J.L. Dav1es,

kA
[

e ; . : - 1

- . .No. NR' - 1, 1968 SRNES

o Scale: 1:500,000 N

s
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CLASSIFI-

" CATION

¥ glomerate,. SLLtstone - ‘ . ,35‘_fﬁ'

Pa
PA

PA

© PA

. PA

PA’

PA

PA

AR,

PA

PA

¢

01.

0l

ol.,
0L,
03

pl

0l

0l

01

05

01

s
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S . | . s . . ‘ . o . | i
‘# '~ 'GEOLOGY OF THE ARNAUD RIVER.DRAINAGE BASIN
. . - o . ) . . . " . e . L]
» - ' '. ’ . ) r . o
r DESCRIPTION OF ROCK-UNITS .~ PERCENT -~ CLASSIFI- .
. » LT C . CATION

" Archean quartzitic diorite,.granodiorite,.’
' tonalite, trondhjemite, foliated

_granite, grahitic gneiss -~ Superior Prov. /51 - . AR 03 N
. A ArcheanlcharnOCkitic rocks; pyroxene ' . . .
<‘(hypersthene)'granites . . 23 . AR 03

o

Archean Na,K-feldspar massdive granltes, ‘ . Cos
granlte, monzonlte, gr nodiorite, . .
syenlte, granitic gnagss -~ . . - 15 AR 03 -

Archean metasedimentary and oyroclastlc )

’ rocks; metagreywacke, tuff, quartzite 3 o AR 06-

- Archean foliated'dranite,,granitic gneiss,
' ' paragneiss and migmatites of the

Churchill Structural Provin?e | 8 AR,06
. . . | & : . | oo | | R
. ‘ %” o ) .. . H_-\
> ' ! Souxce: Carte Géologiqps du Québec'. , o - RS
Editibn:Provisoire, Dossier Publique No. 735, o - -

‘Gouvernement de Québec
"Mlnlstere de l Energle et des Ressources

‘ ~D1rectlon genefale de la recherche geologlque
y e et mlnerale, 1980 : :

</' . Scale: 1:1,500,000 o /)
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.GEOLOGY OF THE HARRICANA RIVER DRAINAGE BASIN -

5\

DESCRIPTION OF ROCK UNITS ° ©  PERCENT CLASSIFI-
' . : CATION °
Non-differentiated gneiss -- pa;agneiss,
- orthogneiss, amphibolites, migmatites 6 AR 06

Archean basic and_inte;médiate flows; _ , : . ’
amphibolite, some sedimentary rocks 40 AR 05

'Archean'metasedimentarf and pyroclastic ) T
~rocks; metagreywackes, tuff, quar;;ite 12 . AR 06

°
-

Archean felsic igneous and metamorvhic
rocks; quartzitic diorite, granodiorite, '
tonalite, trondhjemite, foliated granite
granitic gneiss L . ' 15 "AR. 03

Ardheap Na,K-feldspar granites, granite,
monzonite, granodiorite, syenite,

. granitic .gneiss . 20 - ‘ . AR 03
Mesozolic red sandstone and‘siltstohe; . i
Silurian limestone, dolomite, siltstone;
Ordovician limestone and sandstone 5 - o ME 01
' Lower Devonian sandstone, arkbse; cong164 ‘ _
merate, siltstone, shale, limestone . 1 : .. Pa 01.
"Early Precambrian mafic metavolcanics -- _
*  ‘basplt, andesite’ ‘ ' -1 AR 06

Source: See Arnaud River

Cmy
3
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'GEOLOEESQF THE NOTTAWAY, RIVER DRAINAGE BASIN

FT% Suéerior—Grenville Structural Province boundary passes
through the Southeastern portion of the drainage basin)

DESCRIPTION OF ROCK UNITS PERCENT CLASSIFI--
. CATION .
Archean mafic and intermediate meta- s .
volcanics; amphibolite - . 17 AR 06
Archean rhyolite and felsic pyroclasticsﬁ 1 " ‘AR 05

Archean metasedimentary and pvroclastic
rocks; metagreywackes,  tuff, cquartzite 12 : AR 06

Archean anorthosite, anorthositic gabbro, - .
gabbro : , _ 1 . AR 04

Archean diorite, gabbro and ultramafics
such as peridotite, pvyroxenite,
serpentinits . . - 2 AR 04 -

Archean quartzitic diorite, granodiorite,
tonalite, trondhjemite, foliated granite,

granitic gneiss 27 AR 03
Archean Na,K-feldspar granites, monzonite,

granodiorite, syenite, granitic gneiss <24 , - AR 03
.Archean non-differentiated gneisses. ' 9 : AR 06

Archean para- and orthogneiss with.some i
amphibolites : 5 _ AR 06 _

Archean granitoid rocks; biotite or h
blende granite, syenite, monzonite,
granitic gneiss 2 : AR 03

100

Source: See Arnaud River
o



GEOLOGY OF TH% RUPERT RIVER DRAINAGE BASIN

,‘.

167

(84% of the dralnage baSLn is in the Sunerlor Structural

Province with the remalnlng 16% in the Grenville .

Structural Province}.

‘DESCRIP%ION OF ROCK UNITS . PERCENT

Archean quartzitic diorite, granodiorite,
tonalite, dhjemite, foliated

granite, graniic gneiss 37

Lower Proterozocic sWndstone, conglomerate,
~greywacke, argillite, quartzite, -
dolomite ' N , 11

Archean Na,K—feldspar,graﬁites, monzonite,
granodiorite, syenite, granitic gneiss 16

Archean metasedimentary and pyroclastic
rocks; metagreywackes, tUff, quartzite - 16

Archean mafic and intermediate flows mixed.
with diorite, gabbro and ultramafics such
as perldotlte, pyroxenlte and
serpentinite ' o0 4

Archean para- and orthogneiss with some .
amphibolites ‘ g

Archean,alkaline-intruéives . e L

ArchHean granitoid rocks; biotite or horn-
blende granite, ' syenite, monzonite,
granitic gneiss 4

Archean mafic and ultramaflc metamorphlc
rocks 2

-

Source: See Arnaud River -

N~
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CLASS

IFI-

CATION

AR

PR

AR

AR

AR

AR

AR

AR

AR

03

0l
03

06

04
06
03
03

06
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GEOLOGY OF THE EASTMAIN RIVER DRAINAGE BASIN

DESCRIPTION OF ROCK UNITS - ' PERCENT
Archean metasedimentary and pyroclastic
rocks; metagreywackes, tuff, quartzite 58

Archean quartzitic diorite, granodiorite,
tonalite, trondhjemite, foliated

granite, granitic gneiss 3aQ
. Proterozoic sandstohe, conglomerate,. grey-
wacke, argillite, quartzite, dolomite C 2
Archean’ Na,K-feldspar granites (massive),
monzonite, granodiorite, syenite,
granitic gneiss 6
Archean mafic and intermediate flows? E
‘amphibolite, rhyolite and felsic
pyroclastic rocks 4
100

. Source: See Arnaud River

.

168

CLASSIFI-
CATION

AR 06

-AR 03

" PR 01

AR 03

AR 06
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'GEOLOGY OF LA GRANDE RIVIERE DRAINAGE BASIN
. - g
DESCRIPTION OF ROCK UNITS. K PERCENT. CLASSIFI-
B CATION
Archean Na,K-feldspar massive granites; .
granite, monzonite, granodiorite,
syenlte, granitic gneiss ‘ 26 AR 03
'Archean quartzitic dlorlte, granodlorlte,
tonalite, trondhiémlte" foliated . ,
grqplte, granitic gneiss 48 AR 03
Archean metasedimentary and pyroclastic .
rocks; metfagreywackes, tuff, quartzite . 22 AR 06
Archean mafic, and 1ntermed1ate flowss § '
. amphlbollte , < 2 . AR 06
Archean charnockitic rocks. - pyroxene

(hypersthene) granites ‘ _ ‘ 2 AR 03

) . .. 100

Source: See Arnaud River
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GEOLOGY OF THE GRANDE'R;VIERE DE LA BALEINE DRAINAGE BASIN

(Basin located in thé Superior Stfuctural Prdvince)-

-

DESCRIPTION' OF ROCK UNITS  PERCENT

Archean Na,K-feldspar massive granites;
granite, monzonite, granodiorite, :
syenite, granitic gneiss ' 42
» Archean quartzitic diorite, granodiorite,
tonalite, trondhjemite, foliated '
granite, granitic gneiss ‘ . 57

ﬁrchean baéic and intermediate‘fiows; .
metavolcanic amphibolite : 1
100

Source: See Arnaud River

170

CLASSIFI-
CATION

AR 03

AR 03

AR 06
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GEOLOGY OF THE AUX FEUILLES RIVER DRAINAGE BASIN .

(Dralnage basin is totally w1th1n the Superior
Structural Province) - :

'DESCRIPTION OF ROCK UNITS . PERCENT

Archean quartzitic dlorlte, qranodlorlte,
tonalite, trondh]emlte, follated granite

granitic gnelss , 62
‘Archean charnockltlc rocks -~ pyroxene ¢’
(hypersthene) granltes ' _ 26

"Archean metasedlmentary and poyroclastic ‘
rocks; metagreywacke, tuff, quart21te 8

archean Na,K-feldspar massive qranltes,
granlte, monzonite, granodiorite, syenlte,
granitic gneiss

r
100

Source:. See Arnaud River

171

CLASSIFI-
CATION .

AR 03
AR 03

AR 06-

AR 03



 GEOLOGY OF THE KOKSOAK R-I'VER DRAINAGE BASIN

“_1'72

(Includes Aux Mé8l&zes and Canlaplscau whlch 101n to form the

Koksoak River.

- The northeastern 25% of the drainage basin is in the
Churchill Structural Province. The remaining 75% is in the

Superior Structural Province.)

DESCRIPTION OF ROCK UNITS: ' ' PERCENT

Lower Profe:ozoic sedimentary rocks--. ;
sandstone, greywacke, siltstone, shale: 12

Lower Proterozoic gabbro and other ultra—
mafic rocks , : 5

Lower Proterozoic mafic and felsic flows

and pyroclastics with their metamorphic
: equlvalents ' .5

Archean felsic igneous rocks 1

Proter0201c foliated granite and granitic
gnelss, paragnelss and mlgmatltes, h 1
4

Archean quartzitic diorite, granodlorite,
tonalite, trondhjemite, foliated granite,

.granitic gneiss : . 22

Archean charnockitic rocks ) 23

‘Archean Na, K- feldsnar massive granltes,

granite, monzonite, granodlorlte, syenlte,
granitic gneiss o . 24

Archean metasedimentary and pyroclastic
rocks; metagreywacke, tuff, quartzite 7

: . N 100

Source: rse;\;::;Ea\ggﬁer

CLASSIFI-

CATION

PR 01

PR

PR

AR

PR

AR

AR

AR

" AR’

04

05

03

03

03

03

03

06



.~ GEOLOGY OF RIVIERE A LA BALEINE DRAINAGE BASIN

[

(Drainage,basin”is‘located entirély within the Churchill
Structural Province).

DESCRIPTION OF ROCK UNITS PERCENT CLASSIFI-
' : : S ; CATION
R . ) : -
Archean foliated granite and granitic :
gneiss,nparagneiss and migmatite 39 AR (6.

Archean granodlorlte, granite and .
other intrusives 7 AR 03

Lower Proter0201c sedimentary rocks --
sandstone, greywacke, siltstone, shale . 7 PR 01

Proterozoic foliated granite and granitic ‘
gneiss, paragneiss and migmatite 39 PR 06

Lower Proterozoic gabbro and other ultra-

maflc rocks . 2 PR 04
ProterozoiC‘felsicfigneous rocks -= granites
and other intrusives . 6 PR 03
100 )
£

Source: See Arnaud River
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GEOLbGY OF RIVIERE DU PETIT'MECATINA‘DRAINAGEﬂBASIN

' DESCRIPTION OF ROCK UNITS © PERCENT . CLASSIFI-
. " : . - CATION '

Aréhean non-differentiated gneiss, para-

gneiss, orthogneiss, amphibolites, A B

migmatites. T e e 48 - AR 06
Archean mafic and ultramafic rocks,

orthoamphibdlites 1 ~ AR 04
Middle Proterozoic anorthosite, anorthositic

gabbro, gabbro - 16 PR 04
Archean charnockitic rocks | 16 AR 03
Archean grapitoid rocks -- biotite or

hornblende granite, syenite, monzonite, .

granitic gneiss - 19 - AR 03

100

"Source: See Arnaud River



175

9
GEOLOGY OF THE NATASHQUAN RIVER DRAINAGE BASIN
DESCRIPTION OF ROCK. UNITS . PERCENT - CLASSIFI-
- S _  GATION |
" Archean non-differentiated gneiss -- . |
paragneiss, orthogneiss, amphibolites,
migmatites . : R 24 AR 06
Archean paragneiss and amphibolite --
differentiated - 4 AR 06
Archean mixed non-différentiated and"
differentiated gneiss - . 16 ‘AR 06
 Proterozoic mafic -and ultramafic rocks - -
orthoamphibolites : 3 PR 04
Archean‘gﬁanitoid rocks -~ biotite or ’
hornblende granite), syenite, monzonite, N , .
granitic gneiss 53 . AR 03
. - " ‘
P ' S . 100
4
' - . ‘ - . .
Source: See Arnaud River ‘ _ , .
.\ .-
hY
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7
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Source: -See Arnaud R.
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' GEOLOGY OF THE MOISIE RIVER DRAINAGE BASIN
DESCRIPTION OF ROCK UNITS - . PERCENT CLASSIFI-"
o . . < CATION -
Archean non~differentiated gneiss; para-
gneiss, orthogneiss, amphibolites, o ‘
« ‘migmatites s 15 AR 06
Proterozoic non-differentiated gneiss;
. pbaragneiss, orthogneiss, amphibcolites, ‘ "
s migmatites . L 14 " PR 06
Lower Proterozoic parééheiss and o
amphibolite - _ .2 PR 06
Archean mixed differentiated and rion- _ L~
diffeérentiated. gneiss : - 18 AR 06
Proterozoic mixed differentiated, and non-
differentiated gneiss _ . 18 PR 06
‘Proterqzoic mafic and ultramafic rocks —-
# orthoamphibolites o 12 PR 04
C . B - ‘4“4 - - P
Middle Proterozoic anorthosite, anorthositic
gabbro., gabbro . : : ! 8 PR 04
Archean granitoid rocks | " . 5 AR.03
Proterozoic biotite or hornblendé granite, . T
syenite, monzonite, granitic gneiss . 5 PR 03
Middle Prqterdzoic charnockitic rocks .3 PR 03
' 100



o

-;dEOLOGY,QF'THE-MANicoﬁAGAN RIVER DRAINAGE BASIN

L
»,

DESCRIPTION OF ROCK UNITS - PERCENT
.Proterozoic metamorphic L 2
“Archean granilite and charnockite - 3

Archean granitic gneiss, migmatite; :
undifferentiated plutonic, sedimentary
and volcanic rocks ‘ ) 56

Proter0201c gneiss and schist derlved from

sedimentary rock . ~ 15 .

Archean gneiss and schist derlved from

sedimentary rock 7 11
' Archean granite and allied plutonic rocks _ 1
Proterozoic anorthosite R | S
Prbterqzoic gabbro, diorite : , 3~
Mesozoic vélcanic and pyroclastic R 4
| -loq

~er

Source: See Arnaud River

PR

AR

AR

PR,

AR
AR

{PR

PR

ME
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CLASSIFI-
" CATION

06
06

06

06

06
03
04
04

05



s . " . . e )
'GEOLOGY OF THE ‘AUX OUTARDES RIVER DRAINAGE BASIN
DESCRIPTION OF ROCK UNITS . PERCENT CLASSIFI-
: . ' : 'CATION " *

Proterozoic sandstone, conglomerate,
greywacke, argillite, quart21te, R ‘
dolomlte‘ ‘ - 7 PR 01

Archean Na,K-feldspar massive granites,
granite, monzonite, granodiorite,’ ‘ :
syenite, granitic gneiss ) - 6 AR 03
Archean metasedimentary and pyroclastic . .o
rocks, metagreywackes, tuff, quart21te 4 - AR 06

Proterozoic anorthosite, anorthositic .
gabbro, gabbro . - 23 . PR 04

Archean non-differentiated gheissr para-
gneiss, orthogneiss, amphibolites," :
migmatites : C o 23 AR 06

Proterozoic non=differentiated gneiss,
paragneiss, orthogneiss, amphibolites,

migmatites 22 . , PR 66
Archean charnodékitic gneiss 11 " - AR 06
Afchean.charnqckitic rocks 4 AR 03

100 '

-Source: See Arnaud River

ot



'GEOLOGY OF THE SAGUENAY RIVER DRAINAGE BASIN

DESéRIPTION OF ROCK UNITS PERCENT OLASSIFi—
CATION
Archean quartzitic diorite, granodiorite,
tonalite, trondhjemite, foliated
granite, granitic gneiss . 710 AR 03
Archean Na,K-feldspar ﬁassivesgranités,
granite, monzonite, 'granodiorite, .

syenitey granitic gneiss 1 AR 03
Archean charnockitic rocks -- pyroxene _ )
(hypersthene) granltes - : 4 AR 03

' Proterozoic sandstone, conglomerate, grey- _ :
wacke, argillite, quartzite, dolomite 3 PR 01

Archean metasedimentary and pyroclastic
rocks; metagreywacke, tuff, . quartzite . 2 AR 06. .

Archean non- -differentiated gneiss; para:‘
gneiss, orthogneiss, amphibolite, ‘ _
migmatite . " 30 AR 06

Proterozoic non-differentiated gneiss;
paragneiss, orthognelss, amphibolite,

migmatite ) . 30 PR 06
Archean orthoamphibolites 2 ‘AR 04
Proterozoic mafic and ultramafic¢ rocks 2 PR 04

Proterozoic andrthosite, anorthositic : _
gabbro, gabbro 8 PR 04
. ' . ’ - -
Mesozoic red sandstone and siltstone---
Silurian limestone; dolomite; Ordovician

limestone and sandstone 4 ME 01
Archean charnockitic gneiss : -4 : AR 06
Co 100

Source: See Arnaud River



GEOLOGY OF THE ST MAURICE RIVER DRAINAGE BASIN

:{ (Dralnage basin is located entirely w1th1n the GrenVLlle
Structural -Province, except the southernmost tip -
which is in the St. Lawrence Lowlands Structural

PrOV1nce)

DESCRIPTION OF ROCK UNITS ' PERCENT

Lower Proterozoic undifferentiated gneiss;
paragneiss, orthogneiss, amphibolites,

migmatites’ 50
- Lower Paleozoic shale and sandstone (flysch) 3
Afchean.gha;nockitic rocks o 7

Archean granitoid rocks; biotite or horn-
‘blende granite, syenite, monzonite,

granitic gneiss : 14
Lower Proterozoic charnockitic gneiss 26
100

Source: See. Arnaud River

PR

PA

AR

AR

PR

. CLASSIFI-
CATION

06
01

03

03

06

Tl 2



RETI
; ﬁ&f GEOLoéY;oF THE'ST. LAWRENCE RIVER DRAINAGE BASIN -
‘ ‘ - DEéCRIPTIOﬁVQF.ROéK UNITS 'PEECENT CLASSIéi-
' .  CATION

: Archeap_mgfic and,;ltkamafio'rocks ot 1 . AR 04

_ chhean_folsic.igneous rocks‘ | -9 . AR 03
'Jioﬁer Paleozoic clastic sedimentary rocks .5 ‘ PA 01
,Lower Paleozoic carbonate sedimentary rocks | 8 , PA 02
Archean orthogneiss 3 AR 06
Proterozoic paragﬁeiéé énd amphibolites 4 : PR 06

Proter0201c anorthosite, anorthosmtlc ggpbfo

A\\\ﬁjciif/gabbro S 2 PR 04
fean charnokitic rocks ! | 7 . AR 03

Proterozoic granitoid rocks -- biotite or& ‘ .
hornblende granite, syen;te, monzonite -3 PR 04
Middle Paleozoic carbonate sedlmentary . :
rocks 6 . PA 02
Middle to uppetr Proterozoic clastic : -
. sedimentary rocks. . . . 7 PR 01°
. \ , .
Middle to upper Proterozoic felsic igneous 1 PR 03
Middle to upper Proteroz01c ~carbonate -
metasedlmentary , . 1 - PR 06
Upper Proterozoic clastic sedimentary o
and volecanic LA ‘ 2 PR 01
Archean mafic metavolcanics ' l'
Middle Proterozoic metasedimentary rocks 3
Upper Paleozoic clastic sediméntqu rocks .5
Upper Paleozoic carbonate sedimentary rocks . T2, PAa 02
Cenozoic clastic sedimentary rocks . 28, ® CE 01
Middle Proterozoic volcanic rocks : 2 PR 05

i:lpo



' GEOLOGY OF THE ST. LAWRENCE RIVER DRAINAGE BASIN (CONT'D.) -

Source:’ Ontario portion: Sei_a Severn River
' Québec portion: See Arnaud River
{
-
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APPENDIX c:
Determinatfon‘of Strontium Concentrations
by

'Isotope Dilution

O
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DETERMINATION OF STRONTIUM BY ISOTOPE DILUTION

Three samples were analyzed for thelr Sr concentratlons by
- -

isotope dllutlon: Eastmaln #2, Winisk #l Nelson #1, (see. . .-+
Feure, 1972 pp. 68 - 70 for principles).

The measurement of the isotopic ratio is affected by
_fractlonatlon in the mass spectrometer Because Sr has 4

naturally occurring 1sotopes this effect can be corrected u51ng

B4 Sr/ Sr vs. B6 Sr/BBSr

the slope of fractlonatlon of
Sample Eastmain #2.

A. The slope of fractionation forr84Sr/885r'vs. 805r/88sr

N

of the spike alone hés-been‘determined to be §i= 37L856xl+'
(-4.513).
For the mixture of spike and sample the 84Sr/SSSr'vs. 86Sr/B,BSr

was calculated from the mass spectrometric readings

y, = 14.180 x, + (~1.063)

2
Let yl— y2 .
14. 180 Ky +{(-1.063) = 37.856 Xy + (-4.513) g
' 23.675 x = 3.450 '
- ] ’ . :
‘ ; X = 9.1457 o

where x now represehts the corrected 86/@8 ratio.
Substituting: |
| Yy = 37.856 (.1457) + (-4.513)"
y; = 1.0037 - . e

where y now represents the corrected 84/88 ratio.
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DETERMINATION OF STRONTIUM BY ISOTOPE DILUTION (CONT'D.) -

B. Calculation of Abundances (Ab) and Weight (W) of
o : . ~
Normal Sr (N) and Spike strontium (S) is as follows:.

*4/86y - 0.0653 N
.-35/86&'= 1.00000 o
A _88/86N = 8.37521 _ | -
AN 87/Bﬁﬁ = .72830 = .72845 co?rected for Eimer and .
Amend SfCO3. | | |

8486 + 8586 + ®8/86 + 87/86 = '10.16024.
Divide each ratio by the sum and multiply by the mass of

‘the isotope in the numerator:

, 8%aby = .005568766 x 83.9134 = .46729408
© . %%ap_ = .098422871 x 85.9092 = 8.4554301
“%7ab = 071696141 'x 86.9088 = 6.2310255
0 Bang - ".82431222 x 87.9056 = 72.46166
‘ %an_ TSGAbN,+87AbN +2oapy = 87.615639 = W Sry |
Spiked:
%%/864 = 22.660
_36/855 = 1.0000 | o
" 87/865 = 0.4208
%/86, = 3M67 7

27.4478
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' DETERMINATION OF STRONTIUM BY ISOTOPE DILUTTON (CONT D.)

. | | ,
'séAbs = 0.825562139. x 83.9134 = 69.27572599
86ab_ =.0.036433224 x 85.9092 = 3.129949127
'87abg ="0.015333849 x 86.9088 = 1.332646416
882K, = 0.122670788 x 87.9056 = 10.78344922
B4, 86, 87 88 o _ '
abg + “0abg + “Tapg + TPabg = 84.52177076 = W s
C.- - Isotope dilution calculation using Faurefé equation
. - A B
N, = Sy X W AbY - R Abg
— B 1A
We R AbS - Ab

-

' Calculation of S, (weight in pg of Sr added by the 'spike).

concentration of épike = 3.2733 pg/g Sr
weight of spike added = (0.08785 g

3.2733 x 0.08785 = 0.287559405 ng

o

W= W Srg = 87.615639 g

WS = W SrS = cons?ant =‘84;52177076.g

abh = %%ab_ = .825562139 = constant

Rm = ratio of mix 84/88 co:rected for fractination =
1.03731099 |

AbS = BSAbS = .122670788 = constant

AbD = 88AbN = .82431222

aph = *tab = .005568#66_

16
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"V Ny = 0.24503522 pg of total normal St

N © 0.24503522 pg

L R = 8.1985462 x 10> pg/g
- wt. sample ' 29.88764 g :

Concentration of sample Eastmain #2 is 8.199 .hg/g or 8.2 ppb.
Following the same procedure the concentrations of samples .
Winisk #1 and Nelson #1 were determined to be 17 and 75 ppb

respectively. I





