MINOR ELEMENTS IN 30ME CARBONATES

By
WIADIMIR WLADISLAW LAPKOWSKY

& Theels
Submitted to the Fecully of Craduate Studies
in Partiel Fulfilvent of the Reguirerents

for the Degree
Magter of Science

MeMastor University



MASTER OF SCIENCE (1959) MeMASTER UNIVERSITY
(Geology) Hamilton, Ontario,
TITLEs Minor Elements in Some Carbonates

AUTHOR: Wladimir Wiadislev lapkowsky, Diplome in Geology
(Voronezh University)

SUPERVISOR: Professor D.M. Shew

RUMBER OF PAGES: vii, 114

SCOPE AND CONTENTS: A4n investigation of minor elements distribution
in gedimentary and metamorphie carbonates wams made, A copper
oxide D,C. Are Technique of spectrographic analysis was devel=
oped for determinetion of minor elements in carbomates, Fortye
five pamples of carbonates extracted from Palaeozole limestones
of Alberta and Ontario, Precambrian merblesx of Ontario and
from Grenville Lens end Vein Carbonstes of Ontario and Quebec
were analyzed, and the concentrations of Mg, Mn, Fe, 8r, Ba,
Pb, 41, 81, T4, B, Cr, and Fi were determined.

The structure and some chemical properties of

carbonates were discussed, Ar attempt to locate the minor
olemente in the erystal structure was made,


http:oarbor.at

This irvestigation was proposed by Dr. D.i, Shaw
and prepared under his supervieion. It was he, also, who pro-
vided most of the Crenville specimens studied,

The writer is greatly indebted, and wishes to express
his sivcere gratitude to ir, D.¥, Shaw for his valuable assist-
ance and direction throughout this work. |

Provision of the rest of the Grenville rock specinens
by Dre. He8, Armstrong and some helpful discussions with him
are gratefully acknowiedged.

I an indebted to Frofessor F,uW. Seales, Univercity of
Toronto, for providing specimens of Faleseowoie lisestones, and
to Mr, R,V, Best for providing e specimen of wvug caleite,

1 algo wish to thank Mr. Ceell ¥ip for his assistance
in the aralyticel work,

To all feculty mevbers and my fellow students who
aided the writer through their helpful suggestions and dig-
cussions, I express my sppreciation,

iii



VI

Page

134
. A
Grenville Series
Intrusive Rocks
Skarn Rocks
8
Composition and Isomorphlsm
Deseription of Jtructure
« Caleite growp
= Lragonite group
13
”welamnt of Mathod
Emulsion Calibration
Preparation of Standerds
Avalytical Line Pairs and Vuorking Curves
Precision
Acouracy

Analyszed Samples
Sample Preparation
Regults of Amalyeils
- Carbomates fron mlawm&a Limagtones

= Carbopates from Precambrian Marbles
« Leng and Vein ctrbwmwa frowm mma
Brordohment and Impoverishment of different
Carbonate Groups
= Carbomtes from Sedimentary Foeks
= Carborates from Marbles and lens and
Vein Carbomatas

iv


http:Preo.ambd.an
http:Analyt.to.al
http:Desc:ript:!.on
http:Compo.si

Ioeation of Minor and Trece Blements
Purity of the Samples
location of Iﬁ.rm- and Trace Elements in the
Structure of Carbometes
Geoshendstry of the Elwuments Sought
Hagnesium
Manganese
Iron
Strontium
Barium
Lead
Aluminun and Silicon
Titanium
Horon
cm.‘.m

Page

78

110



Table I

Teble I1
Tables III

Table IV
Table V
Takle VI
Table VII
Table ViiI
Table IX
Table X
ﬁhlo i1
Taeble XII
Table XIIL

Table XIV

Analytical Line Pairs and Concentration
Range

Results of Amalysis of the Sample ASa

Concentration of Elements in NBS
Standard Ko, la

Extraction from Table I safter
Fairbairn, 1951

Results of Spectrographic Ammlyses of the
Samples from the Same locelities

Analysis Results for Carbonpntes from
Palaseczoic Limestones

Ranges and Aversges Composition of
Carbonstes from Varlous Age Groups
of Palemeozoic Limestones

Composition of Various Limestones

Comparison of Elements Concentrations in
the Natural Limestone Samples and
their Acid Insoluble Residue

Average Trace Element Concentration in
Limestones of Voronesh Magsif

Analysis Results for Carbomutes from
Precambrian Marbles

Average Composition of Palaeosmoic and
Frocambrisn Marble Carbonmtes

Avalysis Results for Lems and Veln
Carborates

Average Composition of Carbonates from

Precambrisn Merbles and Lens and Vein
Carbonates

vi

Page

23

3,32

35

39

40

41442

43



Table XV

Table IVI

Table XVII

Table XVIII

Table XIX

Table XX

Table XXI

Pable XXII

Table XXIIX

Appendix I
Appendix IX

Enrichment and Impoverishment of Minor
aud Trace Llemerntes in Carbonates

Crystallo~Chemical Constants of the
Elenents Avalyszed ‘

Manganese Content in Carbommtes
Compared with other Rocks

Strontiun Content of Carbonates
Compared with Other Rooks

Barium Content of Carbonntes
Coupared with Other Rocks

Lead Content of Carbomtes
Compared with Other Rocks

Boron Content of Carbopates
Compered with Other Rocks

Chromiun Content of Carbonmates
Compared with Other Rocks

Eickel Content of Carbonates
Compared with Other Rocks

Working Curves of the Elements Sought
Samples Localities

dppendix III Diagrams of Elements Distribution in

dppendix IV

Various Genetle Groupe of Carvonates

Correlation of Some Elemente Distribe
ution in Verious Carbonates

Page
46

62

65

&7

69

73

75

78
92



INTRODUCT ION

Carbonate minerals form an important group of sedimentary and
metamorphie rocks which include limestones, dolomites and marbles.

Recent research in geochemistry has concenfrated on igneous
and sedimentary rocks, meteorites, and (to a much lesser extent) meta-
morphic rocks whereas the carbonate metamorphie rocks have been
largely ignored.

In the past few years a considerable number of limestone anal-
yses have been reported although most of them, if not all, consider
bulk rock compoaitions. While the carbonate component is the most ime
portant part of tﬁe rock from the genetic as well as the geochemical
agpect, it is ra:ely analyzed separately.

In such eircumstances it was felt that a study of minor and
trace element distribution in unaltered carbonates (Paleozoic limestones)
compared with carbonates from rocks affected by strong metamorphism and
possibly other processes (Grenville rocks) could provide some informat-
ion on the compositional differences in carbonate minerals of different
environments,

A study of the minor and trace element content of three gen-
etiec groups of carbonates has been attempted, The following groups of
carbonate rocks were chosen: Paleozoic limestones, Grenville marbles,
and Grenville Lens and Vein carbonates., From these rocks almost pure

carbonate samples have been extracted for analysis,



Recent developments in apoetrogiaphic ingtrumentetion and
analytical methods have provided a considerable improvement in preci-
sion and reproducibility for rapid analysis of rocks and minerals,
particularly for the elements at low concentration., However, most of
the spectographic methods have been developed primarily for silicate
minerals analysis because they include most of the minerals in the
earth's crust, Only a few of these methods are suitable for the anal-
ysis of carbonates.

Therefore, an investigation of several spectrographic methods
already described in the literature was carried out for minor and
trace element analysis in various groups of carbonates, This resulted
in the development of an analytical method employing a sample-copper
oxide-graphite mixture excited in the D, C, are discharge using the

airjet,



11 SHOR .5 ON RELEVANT GRENVILLE GEO

The carbonates studied in this work (except those from Paleoz~
oic limestones) are from Ontario and Quebec areas in the Grenville sube
province of the Cansdian Shield,

Grenvilie Series

The oldest rocks in this subeprovince are the Grenville series
of highly metaworphosed sediments: marbles, amphibolites, schists,
gnelisses, quartzites, and some other related metasediments; in some
places pyroclastic beds, voleanic flows and sills of plutonics ocecur
interbedded with them., It 1s commonly assumed that these rocks accum~
ulated in the early Precambrian sea in form of limestones, marls, clays,
graywackes, and sandstones while voleanic activity was present,

The original structures and textures of all the members of
this series are highly modified or completely destroyed, probably by
several periods of metamorphism. A&s & result, standard criteria for
determination of stratigraphic succession and correlation cannot be
applied with any accuracy to most of these rocks, Conseguently, no
definite age relations between the different parts of the sub-province
or the different members of the series can be established although
in some places banded sequences of limestones possibly representing
original bedding-planes are noted.

The calcarecus rocks of the Grenville series (limestones and

marbles) are pure white to gray in colour, The presence of one to two
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per cent of graphite, iron oxides, and sulphides often causes banding.
The weathered portions of the rocks are commonly brown or blue-gray
although sometimes remein gray or white,

In most of the marbles one or more of the following access-
ory silicate minerals mey occur: phlogopite, diopside, tremolite,
hornblende, olivine, chondrodite, muscovite, tale, quartz, feldspar,
and scapolite; lesser amounts of graphite, sphene, serpentine, iron
oxides, and sulphides are found, Although no dolomite is found in the
marbles, its presence can be suspected in Mg enriched carbonétes.
intrusive Rocks

The Grenville series is intruded by plutonic rocks of diff-
erent ages and variable composition, The basic intrusives include
gabbro, diabase, and amphibolite, Some of the gabbros have igneous
textures and are relatively unmetamorphosed rocks, whereas other facies
display metamorphic texture and are rather amphibolites, The diabase
is fine grained and has a typical ophitic texture,

Silicic intrusives are represented by granite, granodiorite,
aplite, granitic pegmatites and gneissic granite, The last rock, how-
ever, cannot always be inecluded in the group of intrusive rocks since
gimilar gneisses can be produced by metamorphism of impure sandstones.
Migmetitic rocks of hybrid origin and gneissic appearance are abundant
and are derived from Grenville rocks mixed with granitic material,

One member of the plutonic group, the origin of which is
closely connected with that of the Skarn rocks (described below), is

pyroxene granite or syenite, Their textures vary from normal coarse=-



grained to pegmatitic or gneissic, These changes in texture and compos~
ition are rapid over very short distances and therefore metasomatiec pro=-
cesses probably contributed to their origin

gkarn Rocks

Skarn is a Swedish word and was originally defined as a con-
tact metamorphosed rock which had experienced Fe~Mg metasomatism,

The term "skarn" is differently interpreted . wvarious authors,
In this work the meaning of the term is that used by Shaw (1956 and
1958) for description of the group of coarse-grained rocks which are
rich in lime-silicates and are not uniform in the texture, colour, and
mineralogical composition,

This meaning of term skarn corresponds to Korzhinsky's (1955)
term "skarnoids™ which describes metamorphic and metasomatic rocks
formed from the rocks containing lime and silice in their original com=
position (Quoh as marbles, calcareous tuffs, ete.), but without intro-
duction of Ca and 8i from other sources, Following Korzhinsky, these
more or less deformed rocks, which occurred often in bedded series, con-
tain a considerable amount of lime~silicate minerals and differ from
the typical (mono - or bi-mineralic) skarns by the presence of three
or more contemporaneous minerals and by the absence of metasomatic
zoning,

Throughout the Grenville sub-province there are widespread
skarn rocks of varying mineralogy. Most are late in the Precambrian
history of the region and are believed to be coeval, They are widely

known because of economically interesting minerals such as uramnite,



uranothorite, mica, apatite, molybdenite, magnetite ete, which are
often present.

Shaw (1956) suggested that the petrology of this skarn series
can be explained by the concept of metamorphic facies, since all these
rocks are formed of different assemblages of ten major components,
namely: plagiloclase, microcline, scapolite, pyroxene, amphibole, phlog-
opite, sphene, fluorite, apatite and calcite with addition of quartsz
which ig stable under almost all metamorphic and metasomatic econditions,

On these grounds Shaw sub-divided the series into following
members: 1) Pyroxene syenite-granite group

2) Fluorite rocks

3) Pegmatitic facies .

4) Pink ealcite rocks

5) Scapolite~pyroxenite rocks

6) Pyroxenites, and transitional facies from these into

marbles, gabbros, amphibolites, and granites,
411 these rocks contain corbonates (mostly calcite) in different forms,

The pyroxene syenite-granite rocks contain well formed
crystals of calecite together with feldspar and pyroxenes in drusy
cavities,

In the fluorite rocks, which form small velins and irregular
bodies in various rocks, dark purple fluorite, calcite, pyroxene and
amphibole are the most abundant minerals., Calcite grains seldom have
crystal ghape; they are medium to very coarse and are mostly coloured
salmon-pink, In some bodles of this rock fluorite-rich and calcite-

rich bands can be detected in the central fluorite~calecite core, which



is surrounded by coarser aggregates of pyroxene and amphibole grading
into the country rocks.

Pink coloured calcite 1s also abundant in all the rocks of
pegmatitic facles associated with various other minerals.

The pink caleite rocks are mostly coarse grained and have a
gneissic texture of altermating calecite-poor and calcite~rich bands.,
They occur in lenticular masses, pockets, lenses and veins in other
rocks, The major compoment is calcite, accompanied by variable amounts
of other minerals., The colour of the caleite is of primery origin and
it is usually salmon~pink although pale brown and flesh-coloured var-
ietles are present, Caleite 1 generally interstitlal to other minerals
and when euhedral crystals occur, they often contain inclusions of
diopside and mica,

The seapolite~pyroxene rocks form lenses and bands conform-
able with the country rocks and contain caleite as an accessory
mineral.

In the metamorphic pyroxenites, which are composed mostly
of green pyroxene, calcite occurs as an accessory mineral together with
phlegapite‘and amphibole,

Carbonate samples were collected for this study from the
marbles and from some rocks of the "Skarn Series"™ and consist mainly
of Ca 803. The presence of other divalent elements indicates, how-~

ever, that other components are present in the calcite,
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III  THE CARBONATE MINERAL GROUP

Carbonates are an important group of rock-forming minerals.
Limestone, dolomitey and marble are some of the sedimentary and meta~-
morphic rocks in which carbonates are principal constituents.

The major constituents of the simple carbonates are the
€03 group and the divalent metals Ca, Mg, Fe, Mn, Sr, Ba, Zn, Pb, and
Cd., They form two "isostructural® groups, the rhombohedral caleite
group and the orthorhombic aragonite group. Caleium carbonate is
ineluded in both groups, although metallic elements with lonie radius
smaller than that of calcium belong to the calcite group and those
with larger radius belong to the aragonite group.

Bragg (1937) gives the following distribution of the metals
between the two carbonate groups in accordance with their radii:
Calcite type: Mg Fe Zn Mn Cd Ca

radius (8) 0,78 0.83 0.83 0,91 1.03 1.06
Aragonite type: gk Ca 8r Pb Ba
radius (4) 1,06 1,29 1,32 1.43

The Calcite Group:=

Bragg (1937) made an X-ray analysis of the calcite structure
as early as 1914. His work led to a description of atomie positions
within a unit cell with a rhombohedral angle of 46° 7', or in the
cleavage rhombohedron with a rhombohedral angle of 101° 55', This

8



study indicated that calcite has a distorted NaCl type structure in
which the cubic cell is compressed along a three~fold axis and has
Ne atoms replaced by Ca atoms and C1” atoms by CO4 groups thereby
resulting in a rhombohedral face-centred cell,

The triangular €04 group has a central C atom and each of
the coplaner oxygen atoms at a distance of about 1,24 % from the
carbon and at the corners of an equilateral triangle and each about
2.3 % apart., It lies in a plane perpendicular to the threefold axis,
The Ca atoms and the GGB groups are alternatively situated on the (111)
plane, The 003 group lies halfway between two groups of three Ca
atoms so that each oxygen touches two Ca atome since all the Ca atoms
are in approximate cubic close~packing, (Bragg, 1937; Graf and Lamar,
1955).

Dolomite has a unit cell analogous to that of caleite, but
with substitution of alternate Ca by Mg along any threefold axis re-
sulting in a lower symmetry than that of caleite, There is also a dis~
ordered dolomite in which Ca and Mg positions are more haphaszard,

Similar X-ray study of the other members of the calcite group
indiceted the same type of structure,

Bragg (1937, P,116) measured the paranmeters a and « for the
true unit cell with the mumber of 0&003 molecules Z = 2, and the
parameters a' and &' for the conventional (or cleavage) type unit

cell analogous to that of NaCl with Z = 4:
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Space Group
Name Rhombohedral 2 32 D§; =Ry 234
a e a! <!
Caleite CaCOs 6,361 8 46° 7' 641258 1010 550
Magnesite MgCO5 5,61 " 48°10' 58, "  103° 20
Siderite FeCO, S8 * 445 G608 v 103° 05"
Rhodochrosite MnC0, 584 " 47°20' 601 *  102° 5
Smithsonite ZnCO4 5.62 " 48° 20 587 " 103° j0°
Dolomite CaMgCOs 600 " 47° 3%+ 628 *  102° 50!
Ihe Amgonite Groupy=-

Bragg (1937) placed the aragonite group in the orthorhombic
space group Pbnm (V%é) with 4 molecules in the unit cell. While the
Ca atoms in calcite are arranged in a cuble close-packing, in aragonite
they are in an approximately hexagonal close-packing arrangement,

The CGB group is similar to that of calcite with the same
C « O distance but rotated 30° (compared with calcite)., Also, it lies
between six Ca atoms but closer to the upper three with each oxygen
touching three caleium atoms. This explanation of the aragonite structe-
ure is in agreement with its greater density compared with calcite and
with the pseudohexagonal character of the twinning,

The replacement of calcium by the other metals of the arag-
onite group occurs to a lesser extent than in the caleite group. The
unit cell data for minerals of the aragonite group after Bragg (1937,
P.117) are as followss
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Name Orthorhombic  VEO (Pbmm) 2 = 4

a b e
Aragonite CacO, 494 & 7.94 & 5,72 &
Strontionite SrC0, 5,12 8,40 " 6,08 "
Witherite BaCOs 6,25 " 8,83 " 6.54 "
Cerrusite PbCOB S.34 * 8,45 0 6,10 0

Bonding
The X-ray diffraction measurements of Schiebold (1919) and

those of Wyckoff (1920) disclosed the presence of discrete €05 groups
of identical size and shape in various carbonates corresponding to

the infrared reflection maxima of CO; groups obtained by Schaefer and
Schubert (1916). The existence of these discrete units is slso support-
ed by the application of Pauling's rule (1929) for distribution of pos-
itive valency of each cation equally among the surrounding anions:

¢ 4/3 0 and Ca /3 0 in caleite and Ca _¥/9_0and ¢ 43 0 1n
aragonite,

On the basis of the above observations, it can be concluded
that the C - 0 bonds within the 003 group are stronger than the other
bonds present in the carbonate stituctures.

However, this simplified conceptiom of carbonate bonding is
complicated by the fact that the C = O distance of 1,31 & in the carbon
group is smaller than the sum of ionie radii of C**** and 0% which is
0.15 & + 1.40 4.

Graf and Lamar, referring to Zachariasen (1931) and Evans
(1948), explain this phenomenon by the presence of polarization affect-

ing 0" ions or by the strong covalency of the C - O bonds. In their
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opinion a high polarization of the large 0" ions by the nonsymmetrical
coordination of other ions, including a smell highly charged C
cation, can be expected,

An ion's deformation is measured by its molecular refractiv-
ity: the value obtained for carbonates by Fajans and Joos (1924) in-
dicates a highly deformed state of 0% in C0; group since it is about
one-half of that in the free state.

Pauling (1931) noted that carbon must be excited for the
formation of three equivalent bonds at 120° in a plane, therefore the
carbonate group resonates producing three principal structures with
each C =~ O bond possessing 1/3 double-bond character.

0~ 0 0"
/ v V4 /

0=¢ 0 «C 0D »0
AN \ >

- -

0 ¢] 0
Graf and Lemar (1955) concluded from a literature survey
that Ca ~ O bonds in carbonates have more ionic character whereas

C -« 0 bonds in GO; group are predominantly but not completely covalent,



Methods for the spectrochemical apalysis of carbonates have
been developed to a lesser extent than those for the analysis of sile
icates ag the latter include most of the rock forming minerals,
Leininger (1950) described s method for the aralysis of major compon=
ents in linestone by use of the IU erc with a graphite-gample mixture
and 8 mutual standerd method. Spectrographic determination of the minor
and msjor components in carbonate materisl was deseribed by Goldsmith,
Graf, and Joonsuu (1955). Hawley end MacDonald (1956) developed a
mothod, mairly for amalysis of various silicate rocks, using strontium
and bariun carbomstes as intermal standards and btuffers applying a
modified Stallwood air-jet to eliminste selective volatilisation and
other variable metrix effects, The same method was used also for the an-
alysis of carbomate rocks, The major disadvantage of this method for
the writer 1z thet the adapted buffers do mot permit the analysis of
Ba and Sr which are important minor elements in carbonates,

Jaycox (1953) sugrested a DC are technigue with a variable
proportion of copper oxlde as the internal stendard and buffer for
the analysis of ceramics and other non-metallic materials., Greenius
and the author (Sibakin and Greenius 1955) adapted the principle of
this method for an AC arc micro-crater electrode technique used for
the snalysis of open hearth and blast furnace slags. In the present
study, after investigation of severel buffers and internal standards,

i3
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Cu0 used simvltanecusly ss internal standard and buffer irn a DC are
technique proved to be satisfactory for the analysis of minor and major
constituents of cerbonates,

ev ment. of Metho

A preliminary search was made for a proper buffer and ine
ternal standard using & set of @rtificially prepared standards, which
were mixed in various proportions with the buffer and internal stand-
ard (when the latter was alsc used). The arc current, screen filter,
and air-jet pressure were adjusted to achieve a wide analytical range
and a suitably high genaltivity,

It is a widely accepted opinion (e.g. Ahrens, 1954) that a
well chosen buffer and internal standard provide satisfactory grounds
for dieregerding the Mtotal energy" method for quantitative deter-
minations. Nevertheless, 1t was felt that the tendency of many met-
allic oxides to form hard-melting carbides during ereing affects consider=~
ably the amount of the element exclted (Rusanov, 1948) and therefore it
would be advisable to burn the sample to completion while using both
an internal standard and & spectrographic huffer,

In the earliest stage of the investigation a mixture of the
sample with graphite containing 0,2% PdClz was tried. The results were
unsuccessful; the erc burn wae not smooth and the line to background
ration was low,

The adaption of the K, 504 and SrCO3 methods described by Hawley
and MacDonald (1956) and the parallel study of LiC0O4 and KC1 as poss=
ible buffers with In and Pd as internal standards were the next steps

of the investigation. The spectra showed that KC1 and IJGOB decrease
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sensitivity consliderably making these buffers unacceptable, Although
SrCGB did not affect the spectrum so much, its successful application
required a thin-walled electrode crater, This involved an inconvenient
change in the standardized practice of electrode cutting., Considerable
spitting during arcing without the air-jet and also the impossibility
of analyzing Sr were the other factors which led to abandonment of this
buffer, K80, proved useful for the analysis of trace elements but the
excessive intensity of most useful major element lines made it unsatis-
factory for a complete analysis,

Deseription of the use of 03003 in the literature as a success~
ful buffer (Ahrens, 1954 P,156 and PP, 115-116) as well as the above
degeribed experiments showed that for the analysis of carbonates
neither a strong buffer nor a high concentration of moderately acting
buffer are necessary. Being composed mogtly of CaCOB, carbonates are
st;ongly self -buffering compounds., They are rather poor conductors,
however, and require admixture of a conducting material, For this
purpose Cul was successfully adapted., Copper has an ionization pot-
ential of 7,68 volts, thus the sensitivity was not depressed and being
an excellent conductor Cu0 improved the are burn and provided a con=-
giderable number of internal standard lines of different intensities,
The addition of Cu0 in excess, as used in the original Jaycox method,
proved unacceptable, Several runs of the standards mixed with graphite
and Cu0 in various proportions led to the acceptance of the ratio;
samples CuO: graphite = 4:135,

The semi-quantitative analysis of several representative

samples had shown presence of two groups of elements with different



ranges of eoncentrations, One group had concentrations from .UM to
more than 1,083 the other group had concertrations below 018, Acce
ordingly, two different excitation conditions for each sample ware .
chogen, one with moderate and the other with high sensitivity of the
analytical lines,
Exelitetion conditions vere finally established sg follows:
Condition I (for abundant elements)
privary plit opening 30 micronss esposure 75 seconds;
2 goreen filters; roteting step-se
wave length range 2200 - 4900 g; power source 240V
(oper eireuit), 8,0 4; air-jet 4 psi.

ctor, steps 4 « 73

Condition II (for trace elaments)
primary slit opening 30 microns; exposure £5 secondsj
1 soreen filter; rotating step-sector, ateps 3 = 6;
wave lemgth 2200 - 4900 3; power source 240V (open
eireuit), 10 4,
Further detalls of instruments and technique follow:
pectrograph « Jarrell-Ash 21 foot Wadsvworth grating irstrument,
first order dispersion 5 % per m,
iptical gpystem - 25 em, foeal length eylindrical lens
(horizontal axis) at the slit; 6.7 om. foesl length
eylindricel lens (vertical axis) 16,1 om, from the
s8lit; disphregm with 5 mm, aperture 27,5 om, from
the glit; 10 om. focal length spherical lens 58,1 em,
from the glit; arc iamtm 72.5 em, from the slit,
14t ~ 4¢5 mm, length, 30 microms width,

16



17

Intengity control - step sector - step ratio Log
I]_/I2 @ 0,2; 1 or 2 sereen filters,
Are gap - 8 mm, menually adjusted during excitation
of the sample,

Power Source -~ ARL IC are unit; current continuwusly adjusted during
excitation tine
Polarity = lower electrode anode

Eleetrodes « Samples 1/8" graphite rod (National Carbon Co.,
"Special Crade") crater & mm, deep, 1.5 mm, diameter;
counter electrode, 1/8" rod.

Adr-Jet -  lodified Stallwood air-jet; 4 pei pressure

nge - At least one gstandard was exposed

on sach set of plates to check working curves; samples
were analyzed in triplicate, one on each of three pairs
of plates,

g - Bastman Kodak emulsion type SA-l plate for
the range 2200 = 3500 &; snd Type III-F plate for the
range 3560 - 4900 2; development 3 mirmutes in Kodak
D«19 developer at 32°C; stop bath 10 sec.; 10 minutes

fix; 20 minutes minimun wagh,

Dengitometry « ARL instrument; galvanometer readings between 1.0 and
95.0 were used; background correction applied in the
case where 1 screen filter had been used; oimr plate
reading (100) before each meagurement,

N
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Previous work in the laboratory had indicated that, at least
for equipment available at Melbster University, arn ermulsion calibra-
%tdon based on the spectra of standards and semples with the use of
analytical and internal standard lires was superior to a calibration
based on the iron spectrum exposed on the same plate, In this work
a short investigetion of the same problem was carried out.

4n iron arc wes exposed on the plates together with the
standards. Line transmission readings were obtained in the same wave
length areas for both the iron and standard spectra, using Cu~lines
and analytiocal lines for the latter, The two step method was applied
to plot calibration curves for both spectra, Four separate curves
were drewn for the excitation condition Ij; for the wave-length reglons
2400 - 2600 &, 2600 ~ 2900 &, 2900 = 3150 &, and 4200 - 4600 &, For
the exeitation condition II, two aversge curves were drawni for the
wavelength reglon 2500 « 3400 2 and 4200 -« 4600 K, A calculation of
log, lire intensity (log I) on hoth sets of ocurves showed that the re=
gults obtaired from curves based on the spectra of the stardards are
more reproducible than those obtalred from the iron spectrum curves on
the same plate, Further check of established ecalibration curves was

made with the seven step method for each set of plates,

The artificial standerds were prepared in a matrix of "Specpure"

calcium carbopate with the added metal oxides, (Johnson, Matthey and
Co. Ltds)s Two original matrices vere prepsred, one with 0,1f content
of all the elements to be sought and another with 1,0%, A4ll the con~
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gtituents were mixed in an agete mortar with methyl aloohol to produce
& fluid peste, then dried under a light bulb and ground agsin, These
were diluted with calcium carlonate to produce & series of standsrds
containing 1.0, 0.6, 0.3, 0,1, 0.06, G,03, 0,01, 0,006, 0,003, 0,001,
0.0006, 0,0003, 0,0001% of emch element,

The standard mixture of graphite and copper oxide in the
ratio S1l respectively was made in a similar way,.

Table I shows the analytical line peirs used and the ranges
of concentration covered by the method, The wide range of the element
congentration required two differsnt excitation conditions (deseribed
above) and two corresponding sets of analytical line pairs.

The intermal standard lires were chosen in the various calle
brated regions of the plaste in order that intensities be suitable
for nearby apslytical lines., A&lthough the lines Cui06,6, Cu766.4,
and Cu2768,9 were interfered by very weak iron lines, there was no
change in thelr intensity resulting from the varlation of iron content
of the standerds snd samples, The line CuiR75.] was clearly resolved
from Cr4i274.8 and the low COr cortent in material smalysed did not affect
ite intensity, The line Cu3l08.6 colincides with a low intensity Ca
line, however, the more or less constart amount of Ca present dld not
noticenbly affect the Cu intensity, The rest of the Cu lines were free
from sny interference.

The high-intensity ground level Mg lines were mot suitable
for the determination of high Mg concentrations., The line Mg2779 was
uaged instead,


http:ho\.JCV.er

Harrigon's (1939) Wavelength Tables wers used for reference
in this work,

The working curves for all analytical pairs listed in Table
I were plotled in terms of log intensity ratlo of analytical to in~
ternal staudard line (log Ii) versus element concentration in ppm, on
seml-log paper, The averages of six replicates of each high concen=
tration standard and ten to thirtesn replicates of each low concen~
tration standard were used for plotting., All the working curves,
except for Cr, wers drawn through the averages without statistical
correlation, The working curve for Cr was correlated by a least-
sguares method. .

The uﬁrking curve for Ba showed slight curvature, but the
others were straight except for the ends which were curved as a result
of either self-abgorption or background effect, These curved ends
were considered unreliasble and were not used, Unfortunately, a gap
pecurred between the high and low concentration curves for Mg as a
resulf of discarding the cwrved portions., 411 the working curves
are shown in the Appendix I (Fig., 1 to 13).

In recent work reported by Shaw (1958), the analysls of V
in calcium-rich samples such as limestones which were made using the
line V 3185.4 have been considered doubtful, Accordingly, in the
present work the determination of vanadium was carried out with the
line V 3185.4 with & background correctlon measured at Ca3l86.4 and
an additional check made with lines V 3102,3 and V 3110,7. All the
samples produce the intensity of V 3185.4 lower than that of Ca31l86.4

and showed the absence of V 3102,3 and V 3110,7. Consequently, the
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8tandard Line Range Condition Sector Step
An ppm, Used
&g 4g3280,7/Cu3108,6 1=30 II 6
B B 2497.7/Cu2768,9 6=300 1T 3
Ba Ba4554,.0/Cu4248.9 6=100 ir 4
Cr Cr4254. 3/Cul48.9 3-100 I 4
N1 N13050.8/Cu2768,9 6=300 II 3
Fb Pb2833,0/0ul768,9 3+300 I 3
i T43372,6/Cu3108,6 6300 11 5
Al 413082,1/Cu3010,8 300-6000 | 7
413082,1/Cu3108.6 30=600 11 6
Fe Fe2719,0/Cu2766. 4 300~6000 I 6
Fe2719.0/Cu2768,9 30300 11 4
Mg Mg2779.8/Cu2882,9 300-10000 I 6
Mg2802,7/Cu3108,6 10-100 1r 4
¥n Mn2949.2/eu3010,8 600=-3000 I 7
Mn2949.,2/Cu2768.9 10600 Ir 4
si 812516,1/Cu492,1 300-10000 T 7
812528, 5/Cu2406,6 100600 11 4
Sr Sr4607.3/Cu4275.1 300-6000 I 5
8r4607, 3/0u4248.9 30300 IX 4
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vanadium concentration wae considered %o be not detectable and the
working curve was not completed,
Precision

In order to test the reprodueibility of the method, one
gsample (A-5a) conteining a moderate concentration of the clements
sought was analyzed ten times. The first three exposures were made
on three dirferenﬁ sets of plates in the routine way of analysis,
The last seven exposures were made on one palr of plates. In each
eage three different standards were exposed on each plate to check
the working curves, The coefficlent of variation (C) was calculated
from the following equation:

¢ = 100\/%a?
K nel

where:

K = sverage concentration in ppm,

d - differerce of e given determination from the mean

n - nunber of determinstions

Table II showe the results of analysis with the averages

and coefficients of varlations caloulated.



2 Ba bt} i1 Al ie Mg in 8 g
Analytical .
Line 4977 455440 2833,0 3372,8 3082,1 2719.0 2779.8 2949.2 2516.1 4607.3
Internal
Standard
Line - Cu 2768.9 4248,9 2768,9 3108,6 3010,8 2766.4 2882,9 3010.€ 2492,1 4275,1

Replicate 1 11

- MG !
3 1
4 1
5 B
6 13
7 12
8 13
9 12
0 N
Average ,
Concentration 12
Coefficient
of Variation
in % 7.5
Agguracy

The accuracy of the method was checked by enalysis of the
National Bureau of Standards argillaceous limestone standard No, la,
This is the only availsble standard which corresponds more or less

R
T
10 19
12 16
12 16
R
12 16
12 16
n 16
n v
0.3 7.3
34,8 1.4

10
io
11
1
10
10
10
11

9
10

10,2

26,5

440
490
420
370
480
450
480
460
480
400

447

8.9

3200
3800
3700
3300
3000
3400
3400
3200
3000
3200

3320

6,9

1200
1300
1300
1300
1500
1400
1400
1200
1400
1400

1340

27,2

910
770
780
840
870

730
680
790
840
780

798

8.3
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3200
2900
3300
3600
3700
3500
3300
3600
3900
3500

3450

8,2

660
780
760
660
620
720
780
780
550
640

695

+11.6
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closely to the composition of the samples, However, it does not pro-
vide analytical deta for all the elements sought and the concentrations
of 81, Al, Fe, and Mg in it are much more above the analytical range
of the established method, Thus, these elements were determined as well
ag Sr in a mixture of standard No, la diluted 1:9 by cacmj powder,
which was later mixed with graphite and Cul in accordance with the est~
ablished procedureQ For the analysis of Ti and ¥n an undiluted portion
of the standard wes used,

Table III shows the results obtained irn the present invest-
igation sompared with the values reported by NBS. The last values were
recaleulated from the oxides to the element form,

41 Fe Mg In ik gi Sr
Values recommended by HBS 2.20 1.14 1&32 0.@39 00%6 6:58 0,20
Results by present méthod 2,30 1,06 1.29 0,039 0,140 6,20 0.24

Tha values for Al, Fe, Mg, and 81 obtained with the present
method are in satisfactory agreement with those certified by National
Bureau of Standards. The agreement is not very good for Sr and Mn and
it is worse for Ti.

& certalin disagreement should be expected when a comperison
of analyses of s sample is made, perticularly when different laborat-
ories participate and entirely different methods of analysis are used.

Fairbairn et al (1951) in a report on the interlaborstory
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investigation of the precision of rock analyses indicates a maximum
disagreement for Ti0, and MmO among 34 results of the same rock samples
made by different analysts in different laboratories as shown in Table
v,

HMin, ¥ox, Min, lMax,
Gel .16 0.50 0.01 0.06
Wel 0,10 1.41 0.10 0.53

Further in the same report he noted that an inoresse in the
analytical error of a chemical analysis with a decresse in concentra~-
tion of the element sought is very prevalent, However, the error of
spectrographlc analysis is very much less variable in this respect
owing to the logerithmic concentration scsle.

An additional evaluation of asccuracy, although made on an
approximate basis, iz illustrated in Table V which shows analyses of
two pairs of samples made by W,0., Taylor, OUntario Provincial Assay
Office, and by the author. Fach palr is from the same locality, but
were collected by different persons, Thus, a considerable sampling

error can be expected,
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B BaCr N FbZi A1 Fe Mg Mo 81 252
Average of
ON30 (4,B,0) 27 46 HD tr 33 45 162 5700 2000 3000 770 1700 W.W,lapkowsky
54283209 3070 D1 940 « 10000 - 7000 - 2000 W,O0.Taylor
he3 6 15 ND tr 60 13 230 3200 1700 1200 1700 1000 W.W, Lapkowsky
54=8=155a NDND 1 130 6 = 7000 « 1000 ~ 1000 W,0.Taylor
84=8=155b KD ND¥D 13010 = A00 « 1000 - 600 W.0.Teylor

The samples are 54=8«209 and ON30 (4, B, C) collected from
a caleite~fluorite~apatite vein at the Fission Mine, Cardiff township,
Ontario and 54-8-155a (pink celecite), 54=S~155b (white caleite) and
4«3 sampled in the MacDonald Quarry, Monteagal township, Onterio,

Mr, Taylor's analyses were made for D.J. Satterly and are re-
ported here by courtesy of the Ontario Department of Mines,

Taylor analyzed these samples semiquantitatively by a visusl
comparigon with artificially prepared standards. The mpterial was
analyzed as a rock sample; i.e. no separation of carbonates from other
minerals possible present was reported,

Thus, the relatively lower values of Fe and Mn obtained by
the author may result from the magretic separation which was used for
the carbonste purification in the present work, 4 slight dissgreement
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in the values for B and Ba le explained by the limits of detectibility
noted by Taylor as being 2 ppm for B and 50 ppm for Ba,

The values of Cr, Ni, Ti, and Sr can be accepted as belng in
satisfactory agreement considering possible deviations in the visgual
comparison of the line intensity,

The disagreement in the Fb results appears to be caused by
a sgystematic error in one of the spectrographic methods. However, the
differences in the precision of quantitative and semiquartitative
determinations, the purification of the semples, and the possible sample
ing error should be taken into account,

In gpite of sll the ebove inconveniences in the comparison
of both spectographic results, they sre in better agreement than the
chemical (NBS) and spectographic analyses of the NBS standard.

The abaence of other well-analyzed samples of carbonates or
caleites forced the acceptarce of these incomplete checks of accuraecy.

It may be coneluded that the present method appears to give
gatisfactory precision and that the accuracy shows no obvious cause

for concern,



The Carbonate Samples used in this study were obtained from
various sourceg and prepared for analysis in two slightly different
ways. They are divided in three groups in accordance with the types
and ages of rocks containing the csrbonates.

The Palaeozole limestones (Group I) of precipitated and
skeletal type had been collected by F,W. Beales in southewestern Alberta
and southern Ontario., The purification of this group was made by Mpr,
Fo.We Beales by handpicking the purest limestone grains., Neither mage
netic nor heavy liquid separation methods were used in their purifiaaQ
tion. Three of the analyzed samples; a& recent Miami Oolite (from F.W,.
Beales), a vug calcite from Silurien limestone (from R,V, Best), and a
spirifer from Devonian sediments (from D.M. Shaw) are listed with Pal-
aegozoie limestones but their analyses are not included in the limestone
average and ere presented merely for comparison,

The samples of the following two groups (II and III) are car-
bonates from metamorphic Precembrian rocks of Grenville sub-province,.

The carbonates from Precambrian marbles (Group II) were obe
tained from various localities in Ontario and Quebec, and were extracte-
ed from highly metamorphosed limestones of different minerslogical
composition,

The Grenville Lens and Vein carbonates were extracted from

the rocks of "Skarn series" (Group III) and were collected in the

28
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‘Bancroft area of OUntario and Pontlac County by D.M. Bhaw and H,S,
Armstrong, The name Grenville Lens and Veln carbonates does not bear
a structural meaning., It is used for distinguishing the carbonstes
from the "Skarn series" and those of marbles.

Carbonetes from the lagt two groups were separated from the
other minerals by the methods described below.

Detailed pbtrographic and mineralogical description of the
rocks from which the anslyzed samples were obtained has been made by
D.M, Shaw (unpublished) for the Precazbrisn, and by F.W, Beales (1956)
for the Palasozole rocks,

The list of the sample locallities in Appendix II provides

information on their age snd composition,

Hend specimens of rocks were crushed to 1/8" fragments or
smaller then the pure carbonate grains were hand-picked, These were
then erushed in & steel mortar and sieved, The 100-150 mesh fraction
was saved and finer material discarded, The separation of caleite from
other minerals present was carried out with the Franz Isodynamic Sep~
arator, Adjustments of the current and tilf of the separator were var~
iable, depending on the impurities ir esch sample,

The concentrate wag then separated in Tetrabromoethane,
Samples of almost pure calelte were examined under the binocular micro-
geope and finally purified with a glass rod, using the electrostatic
attraction., A4 count of grains in the final semples showed up to 0,01%
of impurities except sample CA~84 in which 2«3% of graphite was imposs-

ible to separate, The pure calcite sample was then ground in an agate



mortar to a fine powder,

The analysis results expressed in parts per million (ppm.)
are szhown in Tables VI, .% and 2/‘% according to the types of parent
rocks. They sre given with two significant figures both for low and
high concentrations since the working curves are logarithmie.

The symbol ND means that the analyticael line was not dle-
tinguishable from the background, whereas tr. indicates that the line
to background ratio was very close to 1.0 and no numerical estimate
could be made,

As previously mentioned, no V was detected in any sample,
Ag was present in nearly every semple in an amount below the limit of

measurement, Both of thess elements, therefore, are omitted from

further discussion,

Thirteen carbonate samples from precipitated and skeletal
Palaeozole limestones were enalyzed, The asnalysis results arranged

according to age are shown in Table VI,



Sample

E-30

=33

b=z
U=6~9
Ueb=16=6
Girvanells

P=1735
=690
P=1550

B

6
16
10
KD
16
12

B « Devonlan, Palliser Formation, South-western &lberta

9
KD

Ba Cr

& <3*
0 <3
3 &
3 D
6 <3*
- B
6 tr

2 WD

Concentration in ppn.

Ei Pb T1 AL Fe

tr

# 8 8 8 8

tr
D
D
D
ND
tr

35
82
29
a7
76
41

58C 1900 3200

1100 900
500 800
660 1900

1600 780
900 1800

Mg
A4 - Ordovician, Black River Group, Southern Ontario

4600
2800

4300
4700
4700

Mn S

340
620
210
260

130
180

3300
4600
3600
3400
4700
8100

FD ED 65 1000 570 >20000"* 32 2000

ND ED 32 640

9 4 <3% tr ¥ND 51 810 610

4200

550 >20000** 30

41

3100
2000

320
210

28 3 8

170

270

Linestone

Precipitated,- Bahamite
" "
Zkeletal; Crinoid/Brach.

?
Skeletal; Crinoidal

Skeletal; Girvanella

Precipitated; Bahamite

Skeletsl; Crinoidal

L
B



Sample

JR=630

JR=530
7€

JR=100

Hiami
Oolite

Spirifer

Vug Cale,

Concentration in ppm.

B Ba Cr Bi FPb T1 A1 Fe Mg Mn 81
C -~ Mississipian, Rundle Group, South-western Alberta
10 3 3 ®D ND 18 530 150 5500 16 1700
8 4 <3 tr WD 36 560 540 5000 17 3600
D 2 6 HD ED 9 150 670 3600 21 1800
6 3 6 KD BD 27 530 670 20000 21 2900

Other Samples from Sedimentary Hocks

35 17 <3* WD tr 81 62 57 410 HD 10000
49 4 ND tr tr 37 1100 4900 2200 1200 3700
D 2 ND ND tr 7 850 110 2900 2100 3100

X 3 ppm, is taken for ecaleculations;
*%* 20000 ppm. is taken for calculations,

Sr

280
20
310
110

4800
410
140

Precipitated; Bahamit

" 3

Skeletal; Crinoid/Brach

Oolite
Foseil (Spirifer)
Vug Caleite
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Although three other carbonate samples are listed with this
group, their values are not included in the averasges since they repre-
sent rether extreme deviations in their age or origin,

The arrangement of the results according to a precipitated
or gkeletal origin showed no significant differences in composgition.
80, in the carbonates of Ordovician limestones hardly any differences
in composition of these two types is notliced, although here the amount
of skeletal type samples is in the highest proportion, The type of
the parent limestone for each sample is indicated in Table VI and
more descriptive data is given in Appendix II,

The deviations of the B, Ba, Cr, Ti, Sr, Mn, and 81 values
from the mean within each age group are not large; the values for Al
and Fe are slightly larger, The averages of element concentrations
among the different age groups are considerably greater, particularly
that of Mn, which ig approximetely from 2 to 10 fold (Table VII),

The high values of Mg in three samples were checked by the
analysis of samples diluted 1:1 by GaCOB. The resulte obtained were
gtill slightly above the limit of the working curve, but the approxi-
mate values are given in Table VII and the values of 20000 ppm, were
taken for caleculation of the Mg averages shown in Tables VII, VIII

and elsewhere in this thesis.



Elem~

ent

cr®
Ni
Fb
Ti
Sr

Al
Fe

8i
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Ordovician

6 Samples

Range
KD-16
3«10
KD- 3
D=ty
ND=tr
2A7-82
310-490
130-620
500-1600
780~1900
2800+4700
3300-8100

Devonian
3 Samples
Aver, Range
10 HD=9
5 26
3 KD~ 3
tr ND=tr
KD ND
48 32«65
388 170-320
290 30-41
€90  640-1000
1347 550-610
4050
4617 20003100

tr
tr
KD
49
253
34
816
576

4200~ 20000 14733

2366

Mississipian

4 Samples
Range
ND=10
2=4
36
ED~tr
ND
9-36
110-310
16-21
150-560
150=670
3600~ 20000
1700-2900

41l Palaeozoic
Limestone
Carbonates
13 Semples
Aver. Range 4ver,
6 iD=16 8
3 2=10 4
4e5 D=6 2
KD ND=-tr tr
ND HD-tr ND
22 G-82 41
242  110-490 312
19  16-620 147
440 150-1600 735
507 150-1900 911
8375 2800-20000 7846
2500 1700-8100 3454

a = Cr values 3 ppm., were taken as 3 ppm., for ealculations,

b « Mg values 20000 ppm., were taken as 20000 ppm., for calculations,

The composition of thie group of unmetamorphosed carbonates

is compared in Table VIII with other limestone analyses recently pibe-

lished, namely those of Pennsylvavian Limestones from Illinois (M, E,

Ostrom, 1957) and Mississipian, Pennsylvanian and early Permian lime=-
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stones from Kansas (R,T. Runnele and J,A, Schleicher, 1956) and also

with the average composition of limestones (Rankama and Sehame, 1950,

Table 5,52).

TABLE VIII

Co ition of Different Limestone n ppn

Palseogoic Samples

Elem,
Range

B ND-16
Ba =10
Cr ND=6

- Ni ND-tr
Fb ND~tr
Ti 9«82
Sr 110+490
Mn 16=620
al 150-1600

Fe 150-1900

(13)

Aver,

41
312
147
735
970

Mg 2800->20000 7846

81 1700-8100

o o o
i i i

2
L

3454

Ostrom
(92)

Range Aver,
1-200 18
10-10000 260
3«01 11
ND-70 i5
6-100 26
tr-2400 400
240-810 490
400=3700 1400

3200-46000 13000

Runnels and Rankama and
Schleicher Sahama
(288)
Range Aver, Average
Limestones
0.5-300 0.9 3
10-3000 68 120
1-200 6.2 2
0,5-100 el 0
10-200 9.1 5«10
106000 200 no data
14-720000  470° 425-765
206000 gso® 385
420-47060° 6720° 4300
700=49210 9240 4000
745-312000 30500 47700
714=112300 10740 24200

Average of samples in which the element was detected.

Cr values <3 ppm, were taken as 3 ppm. for calculations.

Mg values 20000 ppm, were taken as 20000 ppm. for calculations.

Included Ti, Mn, V. (325 samples chemically analyzed for major elements).
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The results obtained in this work are in some agreement with
figures given by Renkeme and Sahema, except for Ba, Mn, 41, Fe, and 8i,
which are much lower in the present study but disagreement ig more or
less greater when they sre compered with the results reported by other
authors.

The averages for the writer's samples are all lower than those

ef Ostrom and of Runnels and Schleicher,
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Pashiysk and Domanic sed- 20600 12400 730 1470 650 35 23 11 12 nil 14 3 nil nil 23 12
iments with low organic

carbon content

Domanic sediments with 7900 3700 120 200 600 = 2, 14 nil nil 32 6 nil nil 79 18
high organic carbon
content

Pashiysk and Domanie sed- 98700 161800 4490 14000 3130 5090
iments with low organiec
carbon content

Domanic sediments with 46500 79400 710 2130 3900 -
high organic earbon
content

In all low-frasnian , 111 132 33 nil 6, 40 nil nil 118 143
sediments }

& -« Argillaceous Limestones - 14 Samples
B = Limestones and Dolomites ~ 3 Samples b

C - Limestones - 9 Samples
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liovever, these disagreements may be explalned, to a certain
extent, by the fact that values for purified carbonates are being com~
pered with limestones. Ostrom (1957, P.1) expressed an opinion that:
“Those limestones containing clay or shale as an impurity are likely |
to contain a greater amount of trace elements than pure limestones...”.
Faets supporting this point of view are reported by Strakhov et al
(1955) who compare minor and trace element analyses of lower Devonian
lizmestones and argillaceous limestones with anelysis of the scid ine
goluble residus of the same samples (Table IX), This comparison shows
that the concentration of trace end minor elements in the srgillaceous
impurities of the limestore is much greater than in the limestone car-
bonates, The same trend is seen when s comparison of values for argille

aceous limegtones with more pure limestones is made (Tables IX and X),

Element Argillaceous Limestone Limestone
2 Samples . . 7 Samples
Cr 11 0
N4 32 o
Co 15 (?) 3
v 10 10
Cu 46 (?) 25

CaCo 3% 82,5 93446
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These facts and conclusions reported by different authors
indicate a lower concentration of minor and trace elements in the
purified carbonates, Therefore, the purified Paleseozoic carbonates
of this study are suitable for comperison with the other carbonates

extracted from different parent rocks.

Table XI shows analytical results for 10 carbonates from

Grenville marbles from variousg localities in Ontario and Quebec,

TABLE XI
Analysis Results for Carbonates from Precambrian Marblesg
Group II

B Ba Cr Ni Pb I1 Al Fe Mg Mn gl Sr
CA-84 12 27 ND ND 3 14 260 210 »10000 1) 130 1300 230
CA-103 4 11 KD ND ND 23 560 890 »>20000 66 1700 500
CA=43 5 7 ND KD 9 7 44 1200 10000 110 440 310
PC-187 5 69 ND ND %= 17 780 890 »10000 610 3200 180
PC-189 32 44 XD ND tr 37 310 650 5-106 380 »10000%) 100
W=1941 12 16 ND ND tr 7 20 3600 5-108 210 390 83
L-807 3 23 ND ND tr 6 51 4700 5-10% 470 1300 45
Mel6 36 15 ND ND tr 19 290 3900 5-10% 360 3600 130
M-6116a 32 >200YED ND ND 9 1500 - 25 390 92 12000 450
FR=5 6 12 ND ND 12 8 56 40 690 76 270 930

1)

Ba > 200 ag 200 ppm., 8i »10000 as 10000 ppm. and Mg >10000 as
10000 ppm, and 5-10% as 75000 ppm. are teken for calculations,

In this group all the elements for which results were obtained
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show considerable variations in their concentrations from sample to
sample., The "tr" values of Pb are 1In the approximate range of l-2
ppm, However, the average for the whole group is calculated from three
samples with determined values, Cr and Ni were detected in none of the
samples. Mg was too abundent to be determined directly in all except
two sampless high Mg contenis were therefore estimated visually in dil-
uted mixiures,

averages and ranges of element concentrations of this group
and sedlmentary carvonates are compared in Table XII, The information
on the degree of element enrichment or impoverishment will be discussed

later,

Palasozoic Precambrian Marble
Element Carbonates (13) Carbonates (10)

Range Aver. Range Aver,
B ND=16 8 4=36 18
Ba 2-10 4 7= 200 Ldod
Cr ND=6 2 KD KD
Ni ND-tr r ND ND
Fb ND=tr KD ND=12 Red
Ti 9=82 4l 6=37 15
Sr 110-490 32 45-930 296
Mn 16=620 147 66=610 250
Al 150-1600 735 20-1500 387
Fa 150-1900 970 25=4700 1680
Mg 2800«>20000 7846 390-100000 35100

si 1700-8100 3454 270-12000 3410
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Nincleen analyses of Lens and Vein carbonates are shown in

b o
S S5 1 8

®

They mogtly represent samples {rom different localitlies as

well but include slightly different carbonates from the same hand speci~

mens in three cases.

A=l
A-2
A=3

A=y

A-5b
A=5c
h=Ga
A=Gb
C4~105
Q=67
ON=-6b
ON-15
ON=-26
ON-30a

23
20

17

12

10
22
28
48

25
41

98
is5

10
90

98
98

100

16

16

57

tr

ir

tr

of Grenville Rocks
(Growp III)

Eb Ii A1 Yo MK
17 16 110 6200 3200 2600
4, 13 25 3700 3000 2000
60 13 230 3200 1700 1200
17 17 140 5800 2700 3000
21 10 460 3500 1300 @30
16 10 710 4400 2000 930
22 9 670 5100 2500 950
4 36 260 3700 10000 440
4 431700 3700 13000 380
12 9 7, 1400 1300 650
27 7 380 1900 600 700
18 23 540 2600 5500 1200
13 10 470 3500 1700 940
18 20 1100 5800 4700 2400
45 45 83 6000 2000 3000

si
420
110
1700

1200

3700

2300

11000
860
4400
1500
1900
5400
600

3800
5800
970
2500
760
740
1300
570
530
3700
2500
1100
1000
5200
1900
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E B O M P IUAM Fo X M 3 Sr
ON=30b 21 50 ND tr 29 46 97 5500 2000 2900 600 1400
N-3e 20 38 " tr 2 4 200 5500 2100 2900 1100 1700
ON-31 26 5, " ND 12 10 78 1300 13000 430 930 2500
ON~39 44 96 ™ ND 16 17 180 1500 12000 890 3600 6600

The samples Ok 30 a, b, and ¢ are carbonates of different
grain size in the same parent rocks a =~ coarse, b - medium, and ¢ «
flng grain, In these samples the following changes in element distri-
bution are indicated: a slight bu: gradual decrease in B, Ba, and Pb
content from the coarse to the fine grain size: no elear changes in
the Ti, Mg, Mn, Fe, Sr, Cr, and Ki céntanta and a large (2-3 fold)
increase in the &l and 31 contents of the fine~grained carbonates,

Semples A-5a, b, and ¢, and A~ba and b represent a transi-
tion in carbonste colour of two corresponding hand specimens A-5 and 4«6,
A-Ga is a pink variety and 4-6b a white one, Their compositions have
no changes over the limits of varlation in B, Ba, Pb, Ti, Fe, Mn, &r,
Cr, and Ni contents; a large inerease in the Al and Mg contents as
well as a large decrease in the Si content occur in the white carbonste,
Samples A-58 (pink), A=-5b (gray), and A-5¢ (white) were collected within
1" « 3" from a contact with hybrid gneiss and show rather more uneven
element distribution., There are no significant changes in B, Ti, Pb,
Cr, and Ri contents, but the Fe, Mg, and Mn contents increase gradually
and in large amounts from the pink through the gray to the white variety

while the S1 content increases from the pink to the gray and then
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decreases congldersebly in the white carbonate., The highest Sr content is
in the white carbonate, while the Ba content ig highest in the gray one.
The rest of the analyses represent samples from different
localities and vary considerably in the concentrations of all the
elements sought.
The average and range of element concentration of this
group is compared with those of marbles in Table XIV, which indicates
further and more intensive enrichment of trace snd minor elements in

Lens and Vein carbonates, particularly S8r. This pheromena is dis~

cuseed in more detall in the following section,

Sr 45-930 296 530-6600 2345
Mn 66-610 i 3803000 1492
Al 20-1500 387 25-1700 400
Fe 25#4700 1680 1300«6200 3910
Mg 390-100000 35100 600-13000 4437

8i 270-12000 3410 110-11000 2470



L,

A comparison of the average concentrations of elementa
sought shows significant changes from one genetic group to another,

On the grounds discussed earlier in this paper, the average
composition of the carbonates from sedimentary rocks can be taken as
firgt approximation of the average composition of original limestone
ecsrbonate, Thus, in further discussion, the other group averages are
compered with it for a determination of enrichment or impoverishment

of the other carbomate groups,

The aversge composition of this group compared with the aver-
éges of its subdivisions by age is shown in Table VII and indicates
considerable variations in the ranges and the averages of element
concerntration of these subgroupe.

The following elements Fe, Mn, 5i, Sr, and B show a decrease
(from 1/2 to 2 but Mn ten-fold) in concentration from the carbonates
of Southern Ontario Ordoviclan limestones to those of Southewestern
Alberta, Devonian, and Mississipian limestones, The average concen-
tration of these elements fluctuates slightly (Fe, 8r, Si) or retain
the same level (B) ir the limestones of the last two sub-groups except
¥n which is lowest in the Missiseipisn ssmples,

The change in the Al and Tl everages are of & different
character, They remain on the same level in the carbonates of South-
ern Ontaerio Ordoviclan and in those of South-western Alberta Devonian
limestones, but are approximetely twofold decreased in the carbonates
of Missiselpian limestones of Southewestern Alberta,
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The group of elements found in smaller amounts Ba, Cr, or pre-
gent as traces, Ni, display no pronounced variations in the composition
of all three sub-groups of sedimentary carbonates, Since Pb 1s not dete
ectable in all of these samples, it can be assumed that it follows the
same pattern of distribution,

The approximste average values of Mg (in three samples, its
concentration being sbove the range of working curve is estimated as
20000 ppm,) show the following distribution in the age subegroups: The
Mg concentration is lowest in the carbonates from Ordovician limestones,
{t is considerably incressed in Devonian and slightly less in those of

Mississipian limestones,

The results of analysis have shown that there is a consider-
able incresse in the concentration of most miror and trace elements
(except Ti, &1, and S1) from the carbonates of unmetamorphosed lime-
stones through those of Precambrian Msrbles to the Lens and Vein
carbonates, ‘

Table XV ghows the average concentrations and the values of
enrichment or impoverishment of each element in each group compared
with those of sedimentary carbonates, ‘I’he Lens and Veln carbonates
are compared alsc with the carbonates from the msrbles, The coefficient
of standard deviation or enalytical error (V) determined with sample A=-5a
is shown in this table as well,
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Group Average Carbonates of Lens and Lens and Coefficient
Marbles com~ Vein Carbon~ Veln Carbon- of Standard
Pola~ Mare Lens paring with ates compar~- ates compar- Variation
eogo- bles and Palaeozoic  ing with Car- ing Paleogf- (Sample 4-5a)
ic Vein Carbonates bopates of ie Carbonates -
Legt, Marbles
13 [0 En~ Ime  Ep~ Im= Ep- Im- %
rich~ pover=- rich~ pover~ rich- povere
ment ish~ 1ment ishe- ment ighe-
ment ment ment
B a8 18 2L 10 - 3 - 13 - 75
1
Ba 4 é&é{%} 52 38,4(21) - 96 48 - 5.0
Cr 2 4] D - 2 . - - - 2 »
Bi tr KD tr = tr - - - tr -
P D 244 22 24 - 17,6 = 22 - 11,0
A A 15 21 = 26 6 - - 20 6e5
Br 312 296 2345 - 16 2049 = 2033 o 12,0
Mn 147 191 1492 44 - 1301 - 1345 - 8.0
A1 735 @ 387 400 - 348 13 - - 335 9.0
Fe 970 1680 3910 1700 - 2230 - 2940 - 7.0
Mg 7630 34100 4437 29470 - - 29663 - 3200 7.0
81 3454 3410 2470 - 14 - 940 - 984 8.0

1) Figure 42.5 includes in the sverage calculations sample
with 200 ppm. Ba as 200 ppm.

Figure 25 does not represent this sample,



Compared with limestones, marble carbonates show consider-
able increase In Mg, Ba, and Fe, slight increase in B and Mn, little
change in Cr, Ni, Pb, 8r, and 851, and a decrease in T4 and A1,

The Lens and Vein carbonates display a large enrichment in
Sr, Mn, and ¥e, moderate enrichment in Pb, B, Ba, little change in
Ki end Cr, a considerable impoverishment in Mg and 81 compared with
both limestone and marble groups; a little change in Al and Ti com-
pared with marbles, and an enriuhmmﬁt in them compared with limestones,

Diagrams of element dlstribution in the samples of various
genetlc groups are attached in Appendix I1I, figs. 1 to 8.

The aversges for the groups show considerable differences,
which might be introduced by secondary processes such as metamore-
phism and/or metasomatism, Therefore, the total averages for all
the analyzed samples are not calculated, being consldered unreprese

entative,
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Two different types of locstion are anticipated for minor
and trace elements in any mineral analysed. One occurs in contamine
atior by foreign grains, inelusions, and intergrowths with other
minerals, while the other one is in the crystalline structure of the
mineral itself,

The presence of contaminstion in minerals i1s possible and

reguires detailed discussion of sample purification.

The main purification methods, described elsevhere in this
paper, are based orn two properties of minerals: Specific gravity
and nagnetic suseptibility, Therefore impurities differing in these
perticular respecis were easily eliminsted while those with similar
properties as carbonates were separsted only to & certain extent,

The final purification was made under binotular microscope
by use of electrostatic attraction for picking up the impurities.

At this stage the colour end appearance of foreign grains were used
for their identification, snd mineral grairs similar in this reaspect
to carbonates were difficult to eliminate,

Almost all of the samples etudied (except sedimentary vare
ieties) were extracted from Precambrian rocks containing numerous
additional mirerals, These minerals may be grouped as follows:

L, Minerals containing components not analyzed in this work:

48



49

graphite, fluorite, apatite,

2. HMinerals easily separated from carbonates: sulphides, Fdoxides,
sphens, diopside, tremolite, chrondrodite,

3. Minerals difficult to separate from carbonates: phlogopite,
scapolite, quartz,

In one sample (CA=84) 2 = 3% of graphite was impossible to
separate but the rest of the samples did not contain much of the
easily aatigeable purple flucrite and green apatite which were separ~
ated durin&vthg final stage of purification,

The proof of satisfactory separation was not always possible
to establish directly, i.e. by examination under binocular microscope,
particularly for the grains with colour and sppearance resembling
carbonates, Some indirect reasoning, however, suggested that satise
factory purification of the carbonates had been achleved.

Thus, sample FR-5 representing silicated marble, in the case
of poor purification, should contain considerable amount of 8i, but the
results of analysis for this sample show the lowest concentration of Si
in all the group of marble carbonates, proving that silicates present
in the rock sample have been very satisfactorily separated,

The degree of separation of magnesian silicates could addit~
ionally be checked by the proportion of Mg and 81 in the semples enrich-
ed in Mg, If separation had not been satisfactory then the concentration
of 8i in these samples should vary in proportion to the concentration of
Mg. The results computed in Tables XI and XIII, however, do not show
any indication that such a relation occurs. On the contrary, the

marble carbonates which are very rich in Mg contain less Si,
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Moxham (1958) discussed in more detail the effect of sphene
on the results of spectographic analysis of pyroxenes, ke concluded
that 1 grain of sphene per thousand of the sample will inerease the
concentration of Ti by approximately 250 ppm. It should be noted that
very rere sphene grains occurred in the carbonate samples and were
easily detected and eliminated at the final stage of purification.

The last group comprises two minerals which were poorly
separated at the main stages of separation, The first mineral is
wica flakes (mostly phlogophite) which were found in considerable
quantity in almost all the samples, During final purification they
were easlly identified with the help of their appearance and separ-
ated by use of electrostatie sttraction. Fresence of some unnoticed
grains can affect the concentrations of Mg, Al, and 81, However, m
indirect contrel of this effect could be established since it is posse
ible that micas of different composition were present in the samples,

The second mineral of this group, scapolite, was most
difficult to geparate since its properties are similar to carbonates,

Filby (1957) achieved purifimtio:i of scapolites from carbone
atee by dissolving samples in dilute HCL, It is obvious that thise
method is of no use for purification of carbonates,

No succesaful method for scapolite separation was found in
this work, Fortunately, & mierogcepic study made by Shaw (unpublished)
has shown that most of the samples enalyzed in this study contain little
or no scapolite,

The amounts of Hg, particularly in the marble carhbonates,
indicate that some submicreoscopie intergrowth of dolomite in caleite
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are probably present although microseopic investigation of the samples
(Shaw, unpublished) did not show any evidence,

It appears that at the achleved degree of purification the
contamination of the samples by the presence of foreign grains does
not affect the results noticeably. In cur case the analytical method
(coneidering its coefficient of standard deviation) ecould introduce
more variations in the results obtained than the achieved purity of
samples. It is also clear that the effect of trace and minor elements
in the impurities, in this case, should be much smaller or rather neg-
ligible.

Ho intergrowths were observed between carbonates and other
minerals, but may have been present on a sub-microsecopic seale. Con~
taninstion from such minute inclusions can never be ruled out, but is
likely to be negligible,

From the above discussion the effect of contaminating fectors
in the samples is considered to be of no importance at the anhieved
degree of purity, and iharufurm it was not sccounted for in changes of
element concentration either among samples or groups of samples., 4s well,
it will not be considered in the problem of locating elements in the

carbonotes,.

It is well krnown that many minersls contain elements which
are not present in their theoretical formula, These elements either
ocoupy structural sites or are situated in structural voide among other

elements,
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In geochemistry the substituilon of minor and trace elements
into the structure of & mineral and their relationship within the
lattice is often explained by the concept of dladechy,

Renkams and Sshame (1950, P,121) give the following definition
of this concept: "two atoms or loms cccurring in & mineral are called
diladochie if they are capesble of regplacing each other in the structure
of the mineral, each occupying the othar's position®,

Thus, isomorphic mixtures with more strict compositioral and
sgtructural requirements to the compounds participating are a specifie
case of this concept,

In the present study seversl of the elements found in the
carbonates correspond to the requirements of isomorphous mixtures; they
are Mg, Fe, Mn, Ba, 5r, and Pb,

Data of vaerious carbonate analyses show that they alsgo toler-
ate gome quantities of 81, &1, Ti, Cr, Ni, and other elements., In the
present study the above elements were found in vaeriasble smounts in all
three genetlc groups of carbonates, The possible location of these
elements in the carbomates, whether as occupylng structural gites or as
held in the crystal in the form of a dispersed phase, will be discussed
later,

The location of boron could be in the structural wvoids, if
one assumes that it is present in form of cetion, since its very small
joniec radius would permit 'mxeh implacement, It should not be overlocked
that it might be present in the form of caleium or magnesium borates
(Rankama and Sehama, 1950, P,490) as well es in the form of gaseous

inclusions and submicroscopic inclusions of tourmaline,
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The above estimate of substitution of some elements for various
structural localities is based on Coldschmidt's empirical rule of *15%
tolerance in atomic radii for the guest slement to the me jor element in
the structire, Im meny ceses, however, this rule does not hold (Shaw,
1954) and other explanations are to be sought for the distribution of
the minor elements,

Host of these explanstory factors have been studied for sille
cates and mainly considered with respect to the formation of igneous
minerals where lons can freely mvel in the magma and can be selected
during erystallization in accordance with their concentration and
properties,

The conuitlons are entirely different during formation of
metamorphic or mﬁmtm minerals, The genisis of these minerals
involves the problem of transportation to the site of reaction with
possible compositional variation of incoming material, The bulk of
the reacting material depends upon the composition of the rock in situ,
Any soluble material produced by a reaction can be removed. Although
the processes as well as the lonic substitution proeceed in accordance
with chemieal laws, some alterations may occur, particularly when the
. presence of colloids is anticipated, Nevertheless, some of the factors
explairing distribution of minor elements concerning igneous minerals
will be very shortly mentioned,

Ramberg (1952) considered the silicates as increasingly
volymerized compounds, and discussed in detail the 8i-0 bond, He shows
how small cations of high charge (Mg, Fe) prefer the simplest member
in the series (orthosilicates) while the larger and low charged cations
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concentrate in the most complex mamber (tectocilicates) which also more
readily sccepls substitution of 8i by Al in 84-0 links,

Ghrens (1952, 1953) employed the lonisation potential of an
element as & most important factor contmlliﬁg its distribution, sugge-
esting that elements of similar ionization potential are diad?nhic;

Riggeood (1955) explains diadochy from the standpolnt of
electronegativity and proposes that it is more possible for ion with
lovwer kn to beo preferentially accepted in the structure since it forms
a stronger bond.

Persman (Saukow, 1950) explained element distributions using
the energy of the crystalline lattice which is supposed to be a funce
tion of lon charges and their radii, It is measured by the amount of
work required for destruction of the ionic bond in the composite ions.
For the determination of this evergy for any crystalline ooﬁpound. he
caloulsted ¥K values (energetic coefficients) of elements.

All the sbove-mentioned concepts, however, encountered numere
ous exceptions and aonﬁrnd:&atiana in their application,

The erystallochemical constants of the elements amalyzed to
which refaerence has just been made, are listed in Table IVI, They are
as followsi

ionic radii (R) for six~fold coordination given by Rankama

13

and Sehaua (1950, Appendix 3)
jonisation potentials listed by Ahrems (1952)

]

electronegativity values (En) after Fyfe (1951)

lattice energy coefficients given by Saukov (1950)
Since the minerals studled in this work are of metamorphlec
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origin, soue other views helpful in an explamation of the structural
relations between me jor and mihar elements should be presented.

Graf and Lamar (1955, FP.668, 609) pointed out that having un=
gaturated ionie bonds and sbnormal lattice gpacing ir the near-surface
layer, a crystalline carbonate surface is an abrormal environment
allowing increased absorption, Many other minerals have the same pro=

- perties.

| An experimental study of Dougles and Walker (as it is reported
by Graf and Lamer, 1955) has shown that there is a negative surface
charge on calcite powder resulting from the loss of Ca ions in the
surfacial layer after various electrolytic solutions had been passed
thwough it, 4s a result, s strong adsorption of positive ions (Ba“f,
Po'?, ¥g**) and some negative lons (HCOg~, CO,", (POB')é) occurred,

These theoretical conslderations and experimental results
indicate a possible adsorption of pegilive and negative lons by grow=
ing carbonate crystals during metasomatic processes or during processes
of material redistribution in situ,

Thus, in our case one can anticipate presence not only of
Mg, Fe, and in in calcite structures, but also that of larger positive
ions such as Sr, Fb and Ba,

The experiments showing adsorption of large anions by car-
bonate surfaces encourages a suggestiony that analogous adsorption of
41503, 810y, ?103 and other anions may have occurred during crystal growth,
whether during metamorphie replecement and redistribution or during prece
ipitation and diapenetic recrystallization, assuming that in each case

some fluid was present.
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Element Co=ord, R Ip En ke

Number &) faf P Al
B> 6 0,20 37,9 2,0 6,00
514 6 0,39  45.1 1.8 8.60
a1? 6 0.57 28,4 1.5 4495

cr3 6 0.64 96,0 1.2 -
743 6 0,69 = - 44,65
N1l 6 0,78 18,2 1.7 2,18
Mg 6 0,78 15,03 12 2,10
Fe? 6 0,83 16,24 1,65 2,12
in? 6 0,91 122,0 1.4 2,00
ca? 5 1,06 11,87 1,0 1.75
sr@ 6 L. B3 A0 1.50
PbR 6 1.32 39,0 % | 1,65
Ba? b 1.43 10,0 0,85  1.35

De Vore (1955) anticipates that direct substitution can be
replaced by a process of adsorption, He further suggests that, most
of the amount of the minor element in the structure, or at leasgt a pore
tion of it, can be incorporated by the growing crystal surfaces, Fart
of the minor elements are consequently located not on the structural
sites, but rather in the structural defects and dislocations,

Chukhrov (1955) supports the importance of adsorption and
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believes that: "elements adsorbed by a erystalline substance durlng
its growth do not participate in its structure, but are forming in it
solid solutions elther true or colleoidal, It seems to be that in this
particular panner minerals caplure admixtures of the elements which
cannct be sccepted in their crystalline structure®, (PF.236-237).

He also advocates Lhat disperged phase of sclld particles in
erystalline minerals can be formed in result of either mechanical cap~
ture during crystalliszatlion or disintegration of isomorphous mixtures
at a decreased temperature with a vﬁry vague difference between them
in most cases, The classification of dispersed systems by their sizes
is cited as follows:

(a) coarse dispersed systems with the size of dispersed phase
of 1000 2 (visible under microscope).
(b) eolloidal dispersed systems with the size of dispersed phase
1000-10 R (submicrosecopic).
(¢) moleculer end ionic dispersed systems with the gize of dis-
persed phase of 10 3.
In his opinion, "the abundance of some elements in minerals which could
not be included into the lattice in respect tc the laws of isomorphism
iz ofter explained by the presence of dlspersed ecolleoidal particles in
it ("anomelous mixed crystals")." (PP,2,8250),

One cannot expect, of course, that the abundance of all the
minor elements in ecarbonates will be explained on the basls of the
above theories, as De Vore's work is restricted to a few elements
in some particular minerals and may not he a general case, But,

Chukhrov's views are open to an argument since he admits that: "solid
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dispersoid minerals are, as yet, studied to an inadequate extent”,
However, these theories explain the abundance of the elements
which are difficultly accepted into the structure and therefore may be
helpful for location of Al, Ti and 8i in carbonates. How they occur,
whether as submicroscopie inclusions, colloidal or molecular dispersed
plases 1is difficult to anticipate, but in agreement with these theorieg

they should not occur on the structural sites of carbonates.

Geochemistry of the Elements Sought.

In the following discussion of the geochemical properties
and relations of the elements sought in the carbonates, these elements
are subdivided into groups 1n accordance with their ability to substite
ute into the carbonaste structure,

The first group comprises Mg, Mn, and Fe which having ioniec
radii mogt simllar to caleium readily substitute for it in the calcite
gtructure to & considerable degrees.

The second group includes Sr, Ba, and Pb which by reason of
their ionic sgizes preferably substitute for Ca in the aragonite struct-
ure although they can substitute to a smaller extent in the calcite
structure,

The third group consiste of 41, 81, and Ti which probably
cannot substitule on the Ca structural sites in the carbonates.

The fourth group includes B, Cr, and Ni, one of which (B) is
present In all the carbonate groups, and the others only in sedimentary
carbonates. Probably the last two cen be partly related with the other

minor elements in the carbonetss.
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Hagneslum
?ha average magnesium concentrations in different carbonate
groups shﬁ; large variations,
[7 The abundance of Mg in sedimentary carbonates is 7850 ppm,
with aqéaidarable variations within the sub-groups (see Table VII);
the muébla carbonates show the highest Mg abundance - apprpximataly
35100’ppwu,;whila the Lens and Veln carbonates the lowest = 4440 ppm,
| fho abundance of Mg in the limestones shown in Table VIII,

unfortunately, camnot be compared with the results of the present investe

igation (Table VI) since dolomite limestones were included in the aver-
ages reported by the other authors. In this work high Mg concentra-

tion (2.0%) was found in three samples of sedimentary carbonates (in
two of precipitated and in one of skeletal type, Table VI),

Mineralogical study (Shaw, 1956) of the Grenville rocks from
which the investigated metamorphic carbonates were extracted did not
reveal any dolomite in the marbles and "skarn series". Consequently,
the magnesium detected should be located within the caleite structure.
In present work most of high Mg concentrations were estimated semi~
qualitatively. Therefore 1t 1s difficult to decide whether magnesium
ocours in an exsolution of dolomite and magnesian ealcite or in the
latter only.

An experimental study of dolomite - magnesian caleite re-
lations by Graf and Goldsmith (1955) showed that at elevated temperat=
ures and Co, pressures calcites contain Mg in solid golution in equili-
brium with dolomite or periclase. The exsolution curve revealed that

field of unmixed megnesian calecite containing 6 mol., per cent of Mgco3
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starts at 500° C, and at the temperature of 800° C, the amount of MgCo4
in magnesian calecite incresses te 22 mol per cent,

Most of Mg enriched metamorphic carbonates of present work
cccur in the group of Precambrian marbles. The amount of %43603 in them
(recaleulated from Mg concentrations) is approximately 3.5% to 26%.

If one assumes that Grenville marbles are of the same meta-
morphic facies, then for the same temperature the above variation in
Mg concentrations suggests presence of dolomite - magnesian caleite
exsolution in the samples of higher Mg concentration,

Goldsmith, Graf and Joensuu (1955) reported 2.2 to 6.6 mol,
per cent of MOB in natural megnesian calecites or caleite marbles
(with no dolomite present)., This supports presence of dolomite =
magnesian calcite exsolution in the carbonates of Precambrian marbles,

liowever, possibility of big analytical error for semle-qual-
itative estimation in spectrographic analysis makes this conclusion

doubtful.

Manganese is closely related to iron in raﬁpwt to its chem~
ieal properties., Its natural occurrence is similar to that of iron
also, though they are more or less separated during processes of sedi~
mentation,

Although most manganese in the sea precipitates in the form
of Mnb s it can also precipitate as Mn?  in the form of carbomates
when pretective organic colloids are removed from manganese bicarbone
ate, Thus, MCO; is common in deep-ses sediments.

From hydrothermal solutions manganese and iron can be depos=-
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ited together forming Fe=Mn carbomate (Msnganosiderite),

In calcite Mn® readily substitutes at the structural gites
of calecium having preference in respect to iron since its ionie size
is more similar, (See Table XVI)

In natural carbonates up to 42 per cent of Ca sites can be
replaced by Mn® (Kreiger, 1930) while in synthetic calcites, only up
to 15 per cent (Vengard, 1947).

Digtribution of manganese in various groups of sedimentary
carbonates investigated is more uneven than thet of any other element,
For this group of carbomates the ratio Fe:Mn in different age sub-
groups changes as follows: 4.64 in Ordoviecian, 16,94 in Devonian, 26,68
in Missiesipian, and 6,20 ag the average value of all the sedimentary
groups, For the marbles the ratio ig 6,72 and for the Lens and Vein
carbonates it is 2,62,

The average manganese content 1n the various genetic groups
(Table XV) increases simultaneously with iron from the sedimentary
carbonates through the marble varlety to the Lens and Vein carbomates.
(See plete Appendix III, Fig. 1)k v

The manganese content in the last group is cloge to that re-
ported by Moxham for Grenville metamorphic pyroxenes average of 1350 ppm.
(range from 600 to 2500 ppm.) and amphiboles average of 1280 ppm.

In Table XVII Mn content found in carbonates is compared

with that in various rocks,



Mn., Max, Aver,
Carbonates from Paleozole
Limestones w 620 147
Carbonates from Precanm~
brian Marbles &6 610 9
Leng and Vein
Carbonates 380 3000 1492
Limestones (composite) Rankama & Sshama (1950) 385
Tahle 31.&
Oolites, Scanie, Sweden  Rankema & Sahama (1950) 1800
Table 31«4
Ultra basic rocks Rankama & Sahame (1950) 1120
Table 31.3
Cranites Rankame & Sahams (1950) 965
Limestone (Paleozoic Ostrom (1957) 400 3700 1400
from Illinois)
Limestones (Paleoszoie Runnels & Sechleicher 20 6000 850
from Kanses) (1956)
dron

The abundance of iron shows a gradual increase from less to

more metamorphosed carbonates investigated.

The averages ares

911

ppm. in Palaezolc carbomates, 1680 ppm. in Precambrian marble carbone
ates, and 3910 ppm. in Grerville Lens and Vein carbonstes.

The average iron content in wvarious rocks is as followus

(Rankama and Sahama, 1952, P, 668)1

Igneous rocks « 7,15 per cent,
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Shales « 6,73 per cent, Sandstones - 1,41 per cent, and Limestones -
0.54 per cent,

Ferrous iron precipitated in the carbonate form is common
and 1mportant‘ in sediments, Its preeipitation and acceptance in care
bonates is ﬁmlogoua to manganese with the maximum Pe 2 content for
carbonates of 48,2 per cent in siderite.

In the substitution into caleite structure, iron shares cate
ionic sites with other bivalent elements where its proportion can be,
to a certain extent, evaluated by the ratlo to corresponding elements.
In the case of carbonates studied the Feilg ratio for sedimentary
group is 0,116, for marble group is 0,048, and for Lens and Vein cere

bonate group is 0,881,

gtrontium .
The abundsnce of strontium in the varilous groups of carbone

ates compared with that of some rocks is shown in Table XVIII,

The size of strontium ionle radius (Table XVI) and other
chemical properties are similar to those of caleium, Therefors,
strontiun is closely associated with it in sedimentary and igneous
rocks.,

Turebian and Kulp (1956) reported strontium erustal abund-
ance of 450 ppm., while its abundance in limestones of 610 ppm. and in
shales of 245 ppm, '

Shaw (1954) found average Sr content of 710 ppm. in pelitic
metamorphosed rocks of New Hempshire reglon in the Appalachians.

The highest Sr content in rocks is reported for nepheline
syenites, although it is relatively evenly distributed among other



igneous rocks.

In sedimentary rocks Sr i1s most sbundant in limestones into
which Sr can precipitate from ses water,

The results of amalysis by Nall (1934) uhw 5=1400 ppm, (mean
702 ppm.) of Sr in sedimentary caleites and 4800 ppm, in magmatic cal~
cite from the Fen area of Norwey (Graf and Lamer, 1955, P.666), The ine
crease in Sr content of magmatic ealecite is 6,9 fold, while the in-
creagse in Sr of Lens and Vein carbonates compared to its concentration
in sedimentaty carborates lnvestigated is 7.5 fold.

The incfease in Sr content of caleite formed at high tempera=
tures is explained by a thermsl effect on the structure which leads to
more ready substitution of Sr into Ca sites. (Rankama and Sahama, 1950).

If this conception of Sr abundance iz true, then the enrich-
ment in 8r of lens and Veln carbonates should have been completed at
elevated temperatures.

Two more factors are in support of this view: (a) considere
able amounts of Sr which enter postmagmatic solution; (b) inability
of strontium to form minerals during metamorphism., (Rankams and Sehama,
1950, P, 482,)

The location of Sr in carbomates was discussed earlier; it
entersg into the calcite structure substituting for Ca,



Carbonates of Palasozoic Limestones

Carbonates of Precambrian Marbles

Leng and Veln Carbonates

Linestones (average)

Carbonate Rocks, Southern
Lapland

Nepheline Syenites

Nepheline Syenites
Bagement Complex of So. Lapland

Ultrabasics

Gabbros and Dolerites
Hetta Granites
Youngest Granites
Syenites

Syenites

Rankams & Sahama (1950)
Table 15.4

Rankama & Sahama (1950)
Table 150‘

Goldschmidt (195&;
P.245)

Rankama & Sahama (1950)
Table 15.4

Rankama & Sahama (1950)
Table 15.4

Goldschmidt (1954,
P.245)
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1400

1200

80
250

700
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The walues of Ba concentration in various ecarbonste groups

in this work are compered with the barium content in other rocks in
Table XIX.

The Ba results of this study are much lower than those listed
in Table XIX for corresponding material, However, the values given by
Moxhem for pyroxenes and amphiboles from the same Crenville area show
relatively similar low content of Ba,

Although the chemical properties of barium are similar to
those of caleium, its large ionic radius prevents a great amount of
substitution in the caleite structure, It is generally accepted that
Ba (as well as Sr) more readily substitutes into the aragonite struct-

Ure,



Carbonates of Palasozolc Limestones
Carbonates of Precambrian Marbles

Lens and Vein Carbonates
Crustal Abundance
Limestones

Carbonate Rocks, So. Lapland

Syenites and Trachytes

Nepheline Syenites

Rocks of Bagement Complex of
Southern Lepland

Ultrabasics

Gabbros and Dolerites

Botia Granites

Youngest Granites

Byenites

Grenville Pyroxenes

Grenvillie Amphildes

Green (1953)

Rankama & Sahama (1950)
Table 1504

Rarkema & Sahama (1950)
Table 1504

Renkama & Sghama (1950)
Table 1503

Rankama & Sahama (1950)
Table 15.3

Rankama & Sahama (1950)

Moxham (1958)
Moxham (1958)

67

10 4
200 42.4

100 52.5
<50
120

270

1600

520

18

670
630
620
11
15



Lead
In this work only traces of Pb were detected in sedimente

ary ocarbonates, The amount is considerably lower than the limestone
average reported by Rankams and Sahama (1950), although its content is
gradually increased to an avarage of 2.4 ppm. in the merble carbonates
and to an average of 22 ppm. in the Lens and Vein varieties,

Lead abundance in the pyroxenese of the same area of up to
49.8 ppm, is reported by Moxham (1958),

In pelitic rocks of New Hempshire (Shaw, 1954) lead content
inereases from the low-grade metamorphie rocks (16,1 ppm.) through the
medium grade (23,3 ppm,) to the high-grade (27,3 ppm,) with the final
average for all the rocks of Devonian Littleton formmtion of 24 ppm,

For comparison the lead content of some igneous rocks 1s
shown in Table XX,

The i.a_nie size of lead is slightly larger than that of caleium,
indieating that it is more readily acceptable in aragonite structure (see
Table XVI)., Considering this commorly asccepted view, one can anticipe
ate occurrence of lead in csrbonates investigated se & direct replace«
ment of Ca sites in the calcite structure (to a small degree), in this
way causing some imperfection in calecite structure,

The possible proportional increase of Pb and Sr was investige

ated by p@gttiﬁg Pb content vs, Sr content, but no linear correlation
was found,


http:Conaidarir.JS
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» Lead
Analyzed Sample Reference
Min., Mox. Aver.
Carbonates of Palaeozoie Limestones D tr D
Carbonates of Precambrian Marbles KD 12 2.4
Lens and Vein Carbonates 4 60 22
Limestones (average) Rankama & Sahama (1950) 510
Table 5,52
Gabbros and related Rocks Rankama & Sahama (1950) £
(average) Table 41.4
Granitic Rocks (average) Rankana & Sshama (1950) 9
Table 41.4
Granities, Southern Lapland Rankams & Sahama (1950) 30
(average) Table 41.4

4dverage aluminum and silicon contents in limestones of 4300

ppm, and 24200 ppm. respectively (Rankama and Sahama, 1950, Table 5.52)

are most probably present in the form of Al-8i c¢clay minerals and

35.02 whieh are included into limestones during sedimentation,

Part of this material, having smaller size, may be included

in carbonate grains.

Thus, 735 ppm. of Al and 3450 ppm., of Si in the

purified sedimentary carbonates may represent inclusions of verious

gizes corresponding to solid dispersoids discussed elsewhere in this

paper,
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Assuming that during metamorphic and perticulsrly metasoms~
tie redistribution of materisl, that flulds are present, one can ex-
pect migration of these elements in anionic or moleculsr form and cone
sequently, in metamorphic carbomates they should ocour also in this
form,

The sizes of this dispersed phase (following terminology
of Chukhrov) remain unknown and the possibility, therefore, of Al
and 81 presence in cationie form could not be excluded, But, in case
disintegration of anions occuwrred and smell Al and Si cations enter
carbonates, they probably would be located in the interstructural
voids,

In both cases, then, Al end 5i probably will not substitute
on the cationic sites in the structure of meitamorphic carborates.

The averages of Al 387 ppm., and 81 3410 in msrble carbone
ates and respectively 400 ppm and 2470 ppm., in lens and Veln carbone
ates are smaller (except S5i in marbles) than the corresponding figures
for sedimentary carbonates,

The various genetic carbonate groups show a different propor=-
tion of Al end 51 present. The 8i:Al ration of average concentrations
is 4.7 in sedimentary, 8.8 in marble and 6,2 in Lens and Veln carbone
ates.

The plot of Al vs. Si concentrations in the samples (Appen-
dix IV, Fig. 3) shows that Al content increases proportionally to
that of Si in all the csrbonmate groups.

Zitanium
Average titanium content in the studied sedimentary earbone
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ates is 41 ppm. (renge from 9 to 82 ppm,); it decresses in Precambrian
marble carbonates to 15 ppm. (range from & to 37 ppm.) and in Lens
and Vein carbonetes to the average of 21 ppm. (range from 7 to 46 ppm.).

Titanium 1s a minor element in most rocks, Its average cone-
tent in igneous rocks is 4400 ppm. It 18 closely related to silicon
and usually occurs in the sllicate or oxide phase.

The following titenium contents in some sedimentary and
metamorphic rocks are listed by Rankama and Sahama (1950, Table 21.2):
Shales = 4300 ppm., Sandstones = 4400 ppm., aluninus-rich schists -
6300 ppm,, and quartszites - 960 ppm,

The abundance of Ti in limestones given by Ostrom (1957)
is an average of 400 ppm, for Pemmsylvanian limestones from Illinols
and given by Rumnels and Schlelcher (1956) is an average of 200 ppm.
for Palaeozole limestones {rom Kansas.

Comparing these figures with values obtained for carbonstes,
it should be considered that in both of these cases alumo-giliceous
material incorporated in limestones was included in analysis and
therefore the lower figures of Ti content in purified sedimentary
carbonates appears to be reasonable.

The decrease in Ti content found in both groups of metamore
phic cerbomnates may be connected to the relation of titanium to the
silicate and oxide phases.

For instance, part of the Ti in carbonestes could have migrated
as a result of material redistribution to sphene or pyroxenes which
are present in the seme assemblage.

Some evidence for this suggestion ean be found in Moxham's
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(1958) thesis where average Ti value is 330 ppm, with range of 150=
1000 ppm. in the metamorphic pyroxenes of the Grenville formation, He
had suggested that titanium would substitute for ferric iron, magnes-

lum, and aluminum in the pyroxene structure,

Boron
Goldschmidt and Peters considered that boron is more abund-

ant in the sedimentary cycle than in the average igneous rock. They
report a concentration of 30 ppm. in sandstones and up to 300 ppm, in
shales, v

The values of boron in the carbonates studied compared with
those in varioug rocks are given in Table XXI., There is a definite
increase in concentration from Palaesozoic sedimentary carbonates
through Precambrian marbles to the Lens and Vein carbonates,

During magmatic erystallization, boron is partly included
in rock forming minerals and in part enters emanations and mineral
waters of the areas with volecanic activity, The enrichment of horon
ocours in postmegmatic processes where it forms tourmaline and other
boron bearing minerals.

Evaluating the incresse in boron concentration of metamore
phosed carbonates, the following factors should be taken into account:
The small size of boron and its high mobility, a possibility that prime
ary boron in sediments could remain in them or could be removed while
the secondary boron could be introduced by metasomatic processes. A
mobilization of boron by an intrusive process (as described by Géld-

schmidt, 1954, P.247) with later redistribution by post-magmatic and

metamorphic processes could also occur,
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Presence of submicrosgopie inclusion of tourmaline is also possible.

Carbonates of Palaeozolc Limestones
Carbomtes of Precambrian Marbles

Lens and Veln Carbonates

Caleitic and Dolomitie Limestones

Carbonate Rocks, Southern
Lapland

Nepheline Syenites

Rocks of the Basement Complex
of Southern Lapland

Ultrabasios
Cabbros and Dolerites

Granites

Syenites

Permgylvanian Limestones from
Ostrom, Illinois

Palaeogic Limestones from
Kangas

Boron
Hip. Max. Aver.
rd 16 8
4 36 18
6 48 21
Rankama & Sshema (1950) 3
Table 16,3
Rankams & Sshama (1950) 9
Teble 16.3
Rankama & Sahame (1950) 3
Table 16,2
Renkama & Sshama (1950) 31
Table 16,2
Rankama & Sshama (1950) 9
Table 16,2 ]
Rarkama & Sehama (1950) 0,9 3
hbl‘ 1652
Rankama & Sahams (1950) 9
T&hh 16-2
1 200 18

Runnels & Sehleicher 0,5 300 6.9
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Ghromlun

Detectable amounts of chromium averaging 2 ppm. have been
found only in the carbonates of sedimentary limestones, The limit
for visual detectibility (tr) for chromium is 1-2 ppm,

In Table XXII the results of this work are compared with
the abundance of chromium in various rocks.

The ioniec size and charge of chromium as well as other chem-
iocal properties closely correspend to those of Fe” 7 and u***,
therefore the abundance of Cr should be related to that of those
elements,

The effect of alumo~gilicious ﬂnpwiﬁu in limestones on
the concentration of Cr and some other elenents was already discusesed
in the chapter of analyticsl method,

The presence of Fe and 41  bearing minerals together
with carbonates in the same metamorphic assemblage can provide more
gultable emplacement for Cr in their structure than in carbonates.



Carbonates of Palaeozoie limestones
Carbonates of Precambrian Marbles

Lens and Vein Carbonetes

Limestones (average)

Carbonate Rooks, Southern
lapland

Nepheline Syenite

Bagement Complex of Southern
lapland

Ultrabasics

Gabbros and Dolerites

Granites

Syenites

Hicked

Rankama & Sehama (19%50)
Table 5.52

Renkama & Sahams (1950)
Table 28,3

Rarkeams & Sahame (1950)
Table 28,2

Rankama & Sahama {1950)

Crustal sbundance of Ni reported by Rankama and Sahama
(1950, Table 2.3) is 80 ppm., while its average in limestones is 3«10
ppm. and 4t is absent in carbonmate rocks from Southern lapland,

Results of the present investigation show traces of Ri only

in gpedimentary carboretes, with the value of tr being slightly below

3 ppm, corresponding with the values reported for gimilar rocks

(Table XXIII),

Ay

26,8



Carbonates of Palseosoic Limestonos
Carbonates of Frecanbrian Marbles

Lens and Vein Carborateg

Limestones (average)

Limestones, Vagtergotiand,
Sweden,

Carbonate Rooks, Southern
lapland

Hepheline Syenite

Basement Complex, Southern
lapland

Ultrabasics

Gabbrog and Delerites

Granites
Syenites

Raydasn & Sahams (1950)
Table 5.52

Rankama & Sahama (1950)
T‘blﬂ 34.3

Rankams & Sehame {(1950)
. Table 34.3

Rarkama & Sahema (1950)
Tahle Mhz

Razkams & Sahsma (1950)
Table 34.2

Ranksma & Sshama (1950)
Table 34.2

Rankame & Sehama (1950)
Table 3‘.2

Rankarma & Sshama (1950)
Table 3‘“3

47
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The spectrographic method developed for ammrysis of carbonates pro=
vides satisfactory eccuracy and precislon for the interpretation
of results.

Three genetic groups of carbomates studled show an incresse in Mn,
Fe, Sr, Ba, B, and Fb and a decrease in Al and 31 from Palaeosole
iimestones through Precambrian marbles to Grenville lens and Vein
carbomates, The highest average value of Mg concentration :lo”

found in carbonates of Precambrian marbles, vhile the average

value of Ti decresses from limestones to marbles and then slightly
incresges in Lens and Veln carbonmates, Small amounts of Cr and

Ni are detected in gedimentary carbormtes, while they are absent
or present in the amounts below the limit of calculation of the
mothod in metamorphic carbomates., No detectable amounts of V and
values of Ag below the limit of ealeulation are detected in all the
carbonates studied,

Most of the minor elements found in the carbomates (Mg, Mn, Fe, Sr,
Ba, Fb) appear to be present in the lattice structure of the care
bonates substituting on the calcium sites., Al, B, 81, and Ti are
probably located in interstructural space of the carbormate lattice
either as ions in structural voids or as 2 dispersed phase of their
components placed in structural imperfection, Distribution of Or
and Bi is probably connected with the impurities in sedimentary

carbonutes,
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Bumber Hook Deseription age locality Collector

He=30 Caloilutite with Ordovician Black Southern P.W.Beals
legeer fine River Group Ontario
calesrenite

He33 Fine caloerenite " \ " n

Yubed Crinoidal/Brahiopod " " "
caloarenite

ﬁM # " "

eyl mls Crinoidal/Brahiopod " " #
calesrenite

Girvanella Part of Girvenells » L "
gkeleton

P=1735 Caleiculite

W00 Calcirudite " ] "

Pe1550 Caleilutite with " " "
fine skeletal debris
wainly crinoidal

JR=6 O Fine calcarenite Hississiplan, " ﬂ
fundle Group
Jﬂnﬁgﬂ ] L] L 4 3
JR«100 Crinoidal coarse " " "
ealearenite
76 Medlun-grained " " n

oolite with moderate
amount of skeletal
graing and gkeletal
pucled


http:G1rmnel.le

Number
Miami
Oolite

P-la

P24

Ca~103

M-16

M=61168

PC-187

PC~189

44-1941

807

FRe5

Samples loecality (comtd,)

Rogk Description Lge
Medium=-grained Recent

oolite with guartaz
grain nuelel

Spirifer Devonian

Crystaelline caleite Silurian,
from Vog in dolom= Irondequait
itic Limestone

Graphitic marble Precambrian,
Grenville

Chandrodite marble L
Marble containing .
pyrito headrs

White marble "

Crystalline limestone v

Forgterite«chonw "
drodite marble

S8ilicate marble "

9%

locality  Collector
Mami,

Florida, U.S.4, F.W,Beals

Arcona Iy
Ontario D ' MsShaw

Clappison Cut, R,V,Best
Hamilton,
Ontario

lot, Range IX, D,},Shaw
Grand Calumet
Twp, ;Quebec

Boundary be- HeS.Armstrong

tween Lots 13-
14,ConXIV,Mon=
mouth Mn; Ont.

Road cut near "
Wilbermere
Lake,lot28,Con,
XI,Mormouth

Twpe » Ontario,

lot 31,00on.XI, J.Satterley
Cardiff Twp.,
Ont.,

Boleurder *
Qmm’ Lot 22’
OQHQN’GMEOTd
Twp., Ont,

Seuguin River, "
Iot 9, ConXI,
Christie Tup.

Ont,

lot 9, ﬂon.XI, 8
Christle Twp,.
Ont,

Farmers Raplds, D,M, Shaw
Hull Twpe
Quebec
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Chwi3

Cawdy,

A=l

fwd

L

el

iwSa
A=5h
heSe

hwia
[

Can105

qeG7

Pink Carborate
Lens

Pink ecarbommte lens
with apatite

Pink carborate lens
with guarts

Pivle carbormate with
large erystal of
magnetite

Pink ot, [from car-

Cray ot. (bovate

White ot, jusss in hy-
brid greise

Pirk et, (from care

hite ct.{bomate
megs in hye
trdid rooks

Pink uaimlh in
diopeide marble
vith Thorianite

white onlcite from
saloltewguarts veln

}:\ 95

lgeality  Collseter
!ﬁ‘ %,Bim Do Mo Ehaw
Calumet Tup. |
Guebeo

lot 31 Ramge = *
i, MWM \
TWpes 5

Magnetite pit, »
Lot 27-28,Con,
i¥,Glanorgan

Mq. Ot

Brauwer p .
zmmmﬂx
Fonmouth Dup,

ity

MoDomld Quarry .
?&MM

Hagoetits pit, I,5,Armstrong
Lot 27+28,Con,

i¥y Glamorgan

Tupe ok,

Hew rosd cut >
at Besver Pond,
&Wa Npey

Highvay vest  °
of

Gooderhan,
Glamorgan Twp.,
L

Iot 22,fange Vy 0. M SHhaw
Hudderafield

Do yQuebes

Horoler dam, "
Catizeeu river,
Mitehell Twp,.
Gueboo,



ON=6 Pink calcite Precambrian Lot 13,Con.XVI D,M,Shaw
Grenville Monmouth Twp,.
Ont,
ON~l5 Pink calecite " lot 24,Con.XIV .
Mommouth Twp.
Ont,
ON=26 Pink calcite . Pits in »
Essonville
granite,lot 17
Con,XIIX
Monmouth Twp.
Ont,
ONi-304 Coarse grain » Eichardson b
ON-30B Medium grain (Fussion)
ON=-300 Fine grain Mine,lot 46
White calcite from ConXXI, Card~
calcite-fluorite- 1ff Twpe. Onmt,
apatite gneiss
ON=31 Pink calcite and " Iot 17,0on.V1, .
apatite Clamorgan Twp.
te
ON=39 Pink calcite " Camex radio= »

active propers
ty, Lot 6,Con,
IX , Monmouth
m. Ont.






f‘v‘ u"" v ¥ R ’ o w[
ae-q "}"grr i X HETCGE |
: R Lo ‘

Pékce?_?? |

IN
~
IN
9

Concentrat

” g

.

Pc, maf'é’les

(R F o

Sed )m pla!fy _‘ Lk




< -

X group avera

.

on 1’7

/¢

| "Cq?'n'ée‘ nitral




FoFA NS /0 L_.( 1077 ©F

X group average.

"€ /7 var(us cargonales

.
o e T a2

/ ’J o ,
6000
Séo0p-
¢800-
_4100»
g
Q
Q Y€oof-
L
IN
)
R e
¥ 3000}
N &
1]
u
N
Q
O 2400t
/800 !
/200
600}
O =~

Sedimenlury

P miarbles

T v

lerns snd ve'n

v o A . s

-t







¥ II4 A‘H p ﬁl‘ﬁvl‘- r. J : % o ; ] ik u . i
el L e 8 Dl Ve > f Ro o 28 /. 0. g
.. “‘”v ! 2 : o b e ‘,‘ & , -' J‘AV uv ¥ ‘ 3 \u i._\ 2 ) : 4 = 4 [ -
! i ! ' | T ' v O

N g

i _‘.f‘ ‘. T T 4 | i - we . . x cee

i

3 (> s00rPm)

o
A L Qx . » eo

Barium

WDTE SRR TR

‘Wlo Ul UDJIOAIUBIUOD)

120}~
/00—

ol




- Concenlralion in PP/7.

1600

1400

. 1200

/600

800

600

4_00

<00

F/'g. 6. D/Zs;[r/'d’u[/bn of Al /n various carbonales

(X - group average/

103

Seaimenlary

. mardles

Lens and vein.



’ r

PPM

-

.

~
3
~

al

oncentr

£




i‘éeéi*

Wd’d us uogw am




106



naes :(x |- sedimentary , (-)-Pe maréies
ca) fonales. : :







¥

gooo /0000 /1000




1.

2,

3e

be

5e

6.

Te

8.

De

10,

1l.

&hrens; L.H.,

Deales, F.W,

Bragg, W.l.

Chukhrov, F.V.

De Vore, G.W,

Douglas, H.W,

Evans, R.C.

BIELICORAPHY

(1950), Spectrochemical Analysis;
sddison~Wesley Publishing Co., Ine.,
Cambridge, Mass.

(1952), The Use of Isnisation Potentials,
Part 1. Geochim, et Cosmochim. Acta,
Vol, 2, PP, 155~169,

(1953). The Use of lonisation Potentials,
Part II. Geochim, et Cosmochim, Acta,
Val. 3‘; ?P. 1“'%&

(1954) Quantitative Spectrochemical Apalysis
of &ilicates.
Fergemon Fress, london,

(1956)., Condition of Depogition of Palliser
(Devonian) Limestone of South-western Alberta,
{(Reprint) The Bulletin of the American
Adssociation of Petroleum Geologiste.

Vol, 40, No, 5, PP, 8484870,

(1937). The Atomie Structure of Minersls.
Cornell University Prees, Ithace, H.Y,

(19%5). Colloide in the Barth's Crust.

Publishing House of Aksd. Hauk, 3:3;5;3., Hoscow,

(1955)., The Role of Adsorption in the Frac-
tionstion and Distribution of Elements,
Jour, Gmlgg Vol, 63’ P?.kﬁ*:mﬂn

and mlk‘l" Rabo ‘19@); The Blectrokinetic
Behaviour of Iceland Spar against iqueous
Solutions, Trans, Faraday Soc., Vol. 46,
P?o 559“”‘

(1948). An Introduction to Crystal Chemistry,
Cambridge University Preszs,

Fairbairn, H.W, et al., (1951). & Cooperative Investigation

of Precision and Accurscy in Chemical, Spectro«
chemical and Modal Analysis of S8ilicaté Rocks.

U.S. Gwlo W. m&t’.ﬂ M. 930, U..a. Qo‘.mt
Print, Office, Washington,

110



1a.

13,

1de

15e

166

17,

8.

19,

20,

21

e

236

Fajens, K and Joos, J,, (1924). IMolefraktion von Ionen und
Molelkulen im Lichte der Atomstruktur. 2. Fhysik,
Val. 23’ FF’ 1"46Q

Filby, R.H., (1957). Spectrographic Method for the Deterumine
ation of Sodium, Potassium and Calcium in Minerals
and their Application to Some Scepolites.

M Sc. Thesis, Melaster University.

Fyfe, WeSspy (1951). Isomorphism and Bond Type.
Am, mﬂ ma %’ W; '7“"757@

Qolduhmﬁ.dt. VoMo (1954)s Geochemistry,
Clarendon Press, Oxford,

Goldsmith, J.R., Graf, D.L., and Joensuu, 0.I,, (1955). The
oocourrence of Magnesian Caloites in Nature,
Geochim. ot Cosmochim. Aeta Vol, 7, PP, 212#230,

Graf, Dole, and Goldsmith, J,R. Dolomite-iagnesian Calecite
Kelations at Elevated Temperatures and COq,
Geochim, ot Cosmochim, Acta Vol, 7, PP, 109-128,

Graf, D.L, and Lamar, J.B., (1955). Properties of Calcium and
Magnesium Carbomates and their Bearing on Some
Uses of Carborate Rooks, Jowr. Foon, Geol.

Green, J,, (1953), Geochemical Table of the Elements for 1953,
Geol. Soc. America, Bull,, Vol, &' PP, 1001-1012,

Harrison, G.R. (1939). M. I, 7. Wavelength Tablea,
John HWiley and Sons, New York,

Hewley, J.E.,, and MacDonald, G., (1956). Guantitative Spectroe
chemical Analyses of some Silicate and Carbonate
Rocks snd Iron Ores with the Stallwood Alr-jet,
Geochim, et Cosmochim, Acta Vol, 10, PP, 197-223.

Jayeox, E.K., (1953). Suggested Method for Spectrochemical
dnalysis of Ceramiecs and other Nommetalic Mster-
ialas by the povwder « DL arc technigue.

Amer. Soc, Test, Materials. Methods for Emission
Spectrochenical Ammlysls, FP, 273278,

Kallweit, H., (1949) Hischkristalle des Systems CaCO, = swe
mit der Emenlermethode urtersucht, 2. !g
Vol 4a, FPs 140=149.


http:109-1.28

25

26,

27,

28,

30,

31,

32.

33.

Jhe

Korshinsky, De8S., (1955), Eseay of Metasematic Processes.

Erieger, Pu’

In Symposiun; Fundemental Problems in the
Theory of Magmatic Ore Deposits,
Publishing House of dkad Nauk, 8,8,8.R.,

(1930). Notes or an Xeray Diffraction Study
of the Serdes Caleite*rodochrosite, &m,Min,
%1. 15' W .23’ 29¢

Leininger, R.K., (1950). Spectrochemical Determination of

mmm, Rolu’

Noll, W.,

Gﬂmg M B, ¥

Pauling, L.,

R&m‘, Rq Y

Ma jor Comstituents in Limestone,
J¢ %tn M| mm; Vol. ‘Q’ ?Po m&

(1958), Minor Element Distribution in Some
Pyroxenes of lMetamorphie Origin,
H.5¢. Thesis, McMaster University.

(1934). Geochemic des Strontiums; mit Bemere
kungen zur Geochemic des Beriums, Chem, d.
Erde, Vol, 8, PP, 507600,

{1957), Trace Elsments in Illirois Pennsylvaviam
Linestones, '
I1lirois State Ceol, Surv., Urbanpa,

(1929), The Principles Coverning the Structures
of Complex lonle Crystals., Jour, 4m, Chem. Soc,
Vol, 51, PP, 1010-1026,

(1931), The Hature of the Chemdeal Bond, Appe
lication of Results Obtained from the Quantem
Mechanics and from s Theory of Paramegretic
Susceptibility to the Structure of *olecules,
Hour, im, Chem, Soe,, Vol, 53, PP, 136'?‘1400.

(1952), Chemical Bonds and Distribution of
Cations in Silicates,
Jour, Geol., Vol. 60, PP, 331=355,

Rankama, K., and Sehama, Th, G,, (1950). Geochemistry,

University of Chicago Press, Chiocago, 111.

Ringwood, 4.B,, (1955}, The Prineiples Governing Trace Elame

ent Distribution during Magmetic Crystalliaz-
ation. Geochim, et Cosmochim, Acta,
Vol. ?' PP. w9~302 ‘nd 2‘3’254.

112


http:lecnJJ.eo

35.

36,

37,

38,

39.

40,

4.

430

bhe

454

46,

47,

113

Runnels, R.T., and Schleicher, J.A., (1956). Chemical Com-
poeition of Essgtern Kansas Limestones.
State Geol, Surv. of Kanses, Bull, 119, Part 3,
Lavwrence, Kansas.,

Rusanov, A.K., (1948). Spectrographic Analysis of Ore and
Minerals,
State Publishing Co. of Geologleel Literature, Moscow,

Saukov, A.A., (1950). Geochemistry.
State Publishing Co, of Geological Literature, Moscow,

Schaefer, M,, and Schubert, M,, (1916). Kurswelling Ultra-
rote Eigenfrequenten der Sulfat und Karbone
ate, Ammn, 4, Phys,, Vol. 50, PP, 283-339.

Schisbold, B., (1919), Dis Vervendung der lavediagramme sur
Bestimmng der Struktur des Kalkspates: 4 Ch,
d, Math,~pys. Klasse dur Sachs, Akad., d. Wiss.,
Vol. 36, PP, 68213,

Shaw, D.iH,, (1953). The Camouflage Prineiple and Trace
Element Distribution in Megmatlie Rocks.
Jﬂur» Gml., V‘Ql. 61’ PP.ME"].‘,SI.

" (1954). Trace Elsments in Pelitie Rocks,
" Parts I and II, Geol. Soc¢c. America, Bull,,
Val. 66‘, PP. 1151"'13.829

" (1956). Geology of some Skarn-deposits of
Western Quebee., Unpublished report.

" (1957). A Vanadium~Calcium Spectral Line co=
incidence at 3185 § and 1ts effect on Vanadium
Abundance Data, Geochim, et Cosmochim, Acta,
Val. 15, PP. 160"1610

" (1958), Radiometive Mineral Occurrences of the
- Provinee of Quebec, Dept. of Mines, P.Q.;
Geological Report No., &0,

8iBakin, J,G., and Greenius, 4,W., (1955), A Method for the
3pectrochemical Analyeis of Slags, Unpublished
report, Steel Company of Canada Ltd,

Slater, J.C., (1931). Note on the Structure of the Groups X0s;
Phys. Rev., Vol, 38, PP, 325-329,

Strakhov, H.,M., et al (1955), To the Geochemistry of Oil-bearing
Sediments, Tm Akad, Xauk, 3;3.&03’, Vol, 155’
(Geol, series No, 66), Moscow,.


http:Diatributi.on

48,

49

51,

52,

Tureldar, K.K., and Kulp, J.le, (1956). The Geochemistry of

Strontiws, Geochim, et Cosmochim, Acta,
Vﬁ)l. 10’ Pp. us‘m.

Wyokoff, R.W.0ep, (1920). The Crystal Structures of some Carbone

ates of the Calecite CGroup, Amer, Jour. Sc.,
4th Ser,, Vol. w, PP, 317-360,

Zachariagen, W.H,, (1931a). The Structure of Croups X0, in

Vengard, L.s

Cl’yﬁﬁﬂh- Jour, Amer, Chem, &0-'
Vol, 53, PP, 223-2130,

(1931b). Note on the Structure of Groups in
Crystals, Phys., Rev., Vol. 37, PP, T75=T77.

(1947)s Investigetion into the Structure and
Properties of Solid Metter with the help of
Geray, Skrifter Utgitt av Det Norske Videskmpse
&Iﬂﬁd&i, {ﬁlﬁ” Io Hat-Na tury mssu, EQ. b}



	pg i175
	pg ii176
	pg iii177
	pg iv178
	pg v179
	pg vi180
	pg vii181
	pg 1182
	pg 2183
	pg 3184
	pg 4185
	pg 5186
	pg 6187
	pg 7188
	pg 8189
	pg 9190
	pg 10191
	pg 11192
	pg 12193
	pg 13194
	pg 14195
	pg 15196
	pg 16197
	pg 17198
	pg 18199
	pg 19200
	pg 20201
	pg 21202
	pg 22203
	pg 23204
	pg 24205
	pg 25206
	pg 26207
	pg 27208
	pg 28209
	pg 29210
	pg 30211
	pg 31212
	pg 32213
	pg 33214
	pg 34215
	pg 35216
	pg 36217
	pg 37218
	pg 38219
	pg 39220
	pg 40221
	pg 41222
	pg 42223
	pg 43224
	pg 44225
	pg 45226
	pg 46227
	pg 47228
	pg 48229
	pg 49230
	pg 50231
	pg 51232
	pg 52233
	pg 53234
	pg 54235
	pg 55236
	pg 56237
	pg 57238
	pg 58239
	pg 59240
	pg 60241
	pg 61242
	pg 62243
	pg 63244
	pg 64247
	pg 65246
	pg 66248
	pg 67249
	pg 68250
	pg 69251
	pg 70252
	pg 71253
	pg 72254
	pg 73255
	pg 74256
	pg 75257
	pg 76258
	pg 77259
	pg 78260
	pg 79261
	pg 80262
	pg 81263
	pg 82264
	pg 83265
	pg 84266
	pg 85267
	pg 86268
	pg 87269
	pg 88270
	pg 89271
	pg 90272
	pg 91273
	pg 92274
	pg 93275
	pg 94276
	pg 95277
	pg 96278
	pg 97279
	pg 98280
	pg 99281
	pg 100282
	pg 101283
	pg 102284
	pg 103285
	pg 104286
	pg 105287
	pg 106288
	pg 107289
	pg 108290
	pg 109291
	pg 110292
	pg 111293
	pg 112294
	pg 113295
	pg 114296

