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ABSTRACT

The mineral phases from a complex granitic pegmatite, the G1oserhe1a
pegmatite of South Norway, were analysed for their U-Pb, Rb-Sr and
oxygen isotopic composit1on. The pegmafite intrudes amphibolitic
Ebuntry rockﬁof the Bamble sector of the Precambrian Baltic™hield
within the time span of the Sveco-Norwegian orogeny (1100-1000 m.y.).
The U-Pb concordia date of 1055 + 30 m.y. 1is taken to be the time of
intrusion and crystallization of the pegmatite, while the later Rb-Sr
mineral isochron date df 1009 + 6 m.y. is 1nterpreted to be the time of
the Iast!major pulse of the Sveco-Norwegian event in that area of the
Ba]tic Shield. The initial Sr 1sotope ratio and the ]80 enriched
nature of the mineral phases suggests that the probab]e parent material
for the pegmatite magma ‘is the amphjbo11tic cduntr& rock that forms the -
predomfnant rock. type .in the area. |

Considerable scatter of some of the Rb-Sr data‘and disequilibrium
oxygen isotope fractionations of the silicate mineral'dhases can be
correlated to e]teration Bf (in particular) the fe]dspars. which
suggests that an event subsequent to 1009 m.y. ago resu1ted 1n loca1
open system isotopic rediStribution. These effects have masked any
isotopic distributions that might be expected to have deve]oped during'
fractional crystd??%ietion from’ a silicate ‘magma. On the whole. the j
da;a can be interpreted as supporting this model of-pegmat1te ge;esis.g-
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CHAﬁIER\i INTRODUCTION

The disintegration of‘ﬁétura11y occuring radioactive nuclides
results tn isotopic variations that may be used to infer time relation-"
ships and processes Xffecting geo;bgicai materiais.'.ChronologicaI

methods developed trior to the idvent of‘isotope geochronology are stijl
uséfuT. but have some 1imitations. Intrusive relationships and the law
of sugerposition clarify relative sequences. .Relative ages are obtained

most often from fossils of the Phanerozoic, a comparatively short span

jvpf’débidgic time. Palaeontology and stratigraphy can be applied to
correlation problems in the thin surface veneer'of supracfusta]
sediments. None of these methods, however, a]lows a quan‘ﬁtative
assessment of the time of formation or the subsequent metamorphic
history of a body of rock. |

The discovery of radioactivity by Bequerel opened the door to a
quantitative assessment of geologic time. Because the rate of decay of
a radiocactive nuclide is fixed, the quantity and rate of decay of a
radioactive 'parent' nuc’ide and the accumulated quantity of its
radiogenic 'daughter' can be used to calculate the time e1apsé§ since
the mineral or rock became a chemically closed system. ° |

A number of naturally-occuring radioactive nuclides exist. Tﬁeﬁu
suitability of a given parent-daughter Baif for the determinatidh of the
age of a materiai depends on several important factors. A key V
consideration 1s the presence of a sufficient (fe. measurab]e) quantity
of both the parent and ‘the daughter nuclide. This in turn is in part
governed by the time required for one half of a given number of &‘
radioactive parent huclides to spontaneously disintegrate, termed the -

/o

1.
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‘haif—life'. For very old rocks. three"nucleué clocks' ere presenti}‘ 
in‘conmon‘use: these are‘the parent-dauéhter'pairs KQAr anq Rb-Sr, ~
and the family U-Th-Pb. . ,;;

A number of criteria. both analzticaﬂ and geo]ogical must be
observed before significance can be attached to a mineral or rock date.<
Accurate determination of the rate of decay of the radioactive nuclide
and of the abundence of the radioactive and radiogenic isotopes are

essential. If an abundance ratio is used, the isotopic composition of

~ the element must be known and constaﬁ? in nature. These two requirements P

. are essentially satisfied at the present time. It is more difficu]t-to

assess the degree of fu]fil]ment of the next three criteria. The phase
to be dated should be frée of 'contaminant’ daughter at the time of

formationg or the amount of contaminant must be known and corrected'for.

"The phase shouid.actni:{j/closed system after the event of interest,

specificaiiy, no .gai loss of parent or daughter nuclide should

occurt! Lastly, the geological field re]ationships of tﬂe sample must be .

well known so that the phase chosen for dating is representative of the

event of interest. , e
If all of these criteria :ﬁé satisfied, the date becomes an age '
for a given mineral or rock. However. no parent-daughter combination
12ypifies ideal behavior. and nataral systems may be affected by a complex

array of variables.. The nuclides of interest are genera]iy not major

_ constituents of mineral lattices, and they may be selectiveiy gained or

Tost without causing reconstitution or even disruption of the lattice
(Giletti. 1974). Violation of any one of these criteria may not be g
apparent, without an. independent ‘check. ,The best‘single check is the

application of another decay scheme to a coexisting. mineral. Discordant

R
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ages'iaﬂicate that at least one of the criteria has not been satisfied.’
h The most basic difficulty is undoubted]yﬁche assessment of the

degree thcfesed system behavior of a rock or mineral between the time
',pf fefmacfon and the present. Yet it is the very failure to behave
E;idea11y.that‘can'contribute a wealth ofvinformation to the understanding
of geb]ogical'précesSes that may affect a mineral phase during its
’ residence-1n‘tﬁe EaYth's crust. This is a two-fold problem. To unravel
.,the history of a given mineral the geochronologist must not only be

fami]ia;~w1th t e type of events that result in open system behavior.
_but~a1so witQ the ‘different mechanisms on the mo]ecu]ar level that allow
lfor 1oss. gafn or exchange of a particular nuclide in response to a
: particular event The geo]og1ca1 events that result in open system
.'behav1or are weilwknown, and may be loosely grouped as 'metamorphic' or
s;weaghe : processes.. In response, chemical reaction,

v | o
recrystallization and diffusion all result in at least transient open

T~ v
system behavior,talloW1ng loss or gain of nuclides. " The behavior of the |
‘,d1fferent elements that comprise the various parent-daughter pa1rs are
'%overnﬁd by two factors the inherent geochemical character1st1cs of an
eleme;t, and the d}fferent1a1 responses of the envqronment -the m1nera1
*1att1ce- 1n which the nuc11de resides, to changes in phys1ca] and
chemica] condftlons that ffect equ111br1um relationships. The
-remaining cha]]enge involves reliably linking the 'cause' and 'effect'
: re]at1onshfﬁs..' ‘
"§1gqgfﬁcanc differences in age are often- shown by cogenetic )
minerals. From studies of s}scems sho&tng such relationships, schemes
wefe‘deviged to gnterpret'ddscordant ages, most 1mpoi&antiy, Nicolaysen's

o

q(196¥)'rUbidiQp-stron;ium isochron plot, and the uranium-lead concordia

@




>lot originated by Wetherill (1956) and refined by Tilton (1960). These
jraphical representations are essent1ally tndependent of the mechanism
»f Joss: they only indicate the age of a rock or mineral system, and the
time of an episode of open system behavior for a mineral. Attention

has been subsequently directed to the caUse of this open system behavior.
One example is a classic study by Hart (1964) of the effect of the
intrusion of the Eldora stock 1ntowthe Precambrian of the Colorado
Rockies. This study is a detailedxaécount of the isotopic response of’
several common silicate minerals to temperature in an essentially |
single-variable natural experiment. Nuggrous other studies of this

type have been published since, At the Eame time, growing attention has
been directed tdwards mechanisms on an atomic level, such as those
described in a recently bub11shed volume entitled "Geochemical Transpo}t
and Kinetics? (Hofmann et al, 1974).

As the awareness of the importance of these processes grows,
_inc?easing qttention is beinc gi/en by geochronologists to the behavior
of other nuclides, or 5pecifica11y, stable isotopes. Oxygen isotecpes
have received the greatest attention, for oiygen is abundant in common
rock forming minerals, and the factors that govérn the distribution and
fractionation of its isotopes in natural systems are well understood.

The comparative studx of strontium and oxygen fsotopes is of
particular importance. Alcon§1derab1e quantity of literature exists
that concerns the use of contaminant radiogenic strontium in a mineral
phase as a t'ogenetic indicator. At the same time, an equal volume
of 1iteraturé has established oxygen 1sotdp1c composition as a .
petrogenetic indicator in its own right. The factors that control the
enrichment of 87Sr and 180 in the crust are the result of two complete]y
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different mechanisms. Combination of-the two together can remove much
of the usual ambigu1t} in an interpretation based on one system alone,
and it can become possible to determine the origin of a magma and its
degree of interaction with pre-existihg crustal material. |

Of all of the methods presently available, oxygen isotopes are
probab]y the most powerful tool that can be used to consider the
processes that affect a mineral phase subsequent to its crysta1112ation
Fractionation effects, because they depend mostly on differences in
isotopic we1ght, are much more pronounced for isotopes of oxygen than
strontium (or most other common min;}ql\formingAnuc11des) Conveniently,
oxygen isotope fractionation is greatest‘Et\4ow temperatures, so that
many of the geological events that result in 1sotopic exchange and;re-
distribution can be simulated and studied with ease in tpe 1aborafory.
As a result, these processes are relatively well understood. In compar-
ison, the behavior of strontium isotopes can only be studied in the
context of their environment, and these responses, dictated by mineral
Tattice stability, most commoﬁ1y occur at high temperature and pressure
conditions that are difficult to reproduce in the laboratory. Many lab- '

oratory results have not been perfectly satisfactory, so in order to'

“study such processes, another approach is often chosen. This involves

study in a 'natural' laboratory, similar to Hart's (1964) investigation.
Rocks are complex systems, and in order to comprehend the response of a
system to a geo]ogic event, the response of each separate component of
the system (1e. each mineral phase) must be known. At the present time,
enough uncertainty'stf11 exists that for an experiment to be suitable,
most of the variables must be accurately known and controlled.

With due consideration given to all of these prihcip1es and
3




parameters, a projéct'QaS selected to assess the application of the
basic principles of geochronology to a natural system, and at the same
time contribute useful geological information. The Gloserheia complex
pegmatite, from South Norway, was selected on the basis of several
considerations. Complex pegmatite:genesis is a problem of basic
significance to igneous petrology, because it is believed to be re]ated
to the end stage of magmatic crystaltization; and because it is believed
to form a te1escbped representation of fractional crystal]ization It
is also of importance to ‘economic geology, because pegmatites are the
sole economic source of many unuéﬁa] elements and minerals. Yet
pegmatites have received relatively I{ttle attention in the post war
years, and references to the isotopic compostion may be tallied on one
hand. Pegmatites are well-suited to isotopic study. They commonly
contain minerals with relatively high concentrations of the radioactive
parent nuclides Rb, U, Th, and K, and at the same time have abundant,
well distributed oxygen-bearing silicate phases. Pegmatite bodies are
small enough to.study with ease, but afford sufficient internal 25\\
compositional variation to be interesting. If the pegmatite has been
quarried, relatively unweathered samples for analysis may be obtained. N
There is some contention/regarding both the genesis of pegmatites and
the source of their mine;a1ization, with some models requiring open |
system add{tion of mineral components, while other models require

single stage én"1acement. They are thus ideal candidates for the study
of isotopic response to open system behaVior. The Gloserheia pegmatite
was studied for variation in Rb-Sr, U-Pb and 180/160 composition related
to the pronouncgd structural zoning exhibited by this and most other

complex pegmatites. The experimental results were considered in terms

~
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df assigning a time of formation to the pegmatfté. a source for the
magma from which it crystallized, and the cause and effect relationships
of the open systém behavior which contributed to the final product that

now exists.




CHAPTER II  PEGMATITES AND PEGMATITE FORMATION 3

Pegmatites are small, 1ntrusive. usua]ly coarse-grained ho]ocrysta1- _
1ine bodies. They are dominantly composed of quartz aod feldspar, and
often contain highly variable and exotic accessory minerals. Pegmatites
‘have been divided into two broad classes on the basis of proposed orfgin.

- The most.connnn class, simple or 'sweat' pegmatites. are be]ieveg to be

; metamorphfc in origin. They are characfer1ied by small size (up to
severa] meters across), relatively fine grain size, and simple minera]
assemblages. Pegmatites believed to be of igneous orig1n may be simp]e or
complex. Complex pegmatites, a group to wh1ch the Gloserheia pegmatite
belongs, are relatively unoommon. Complex pegmatites are 1erge in size

in comparison to simple pegmatites (ie. up to tens of meters across), are
quite coarse grained, and often have widely varied and unusua] mineral |
assemblages. Comprehensive descriptions of the variations in geometry and
mineral assemblages observed in complex pegmatites have been published by
Cameron et T¥ (1949), Jahns (1953 1955) and Brtzen (1959).

Comp]ex pegmatites are characteristically zoned. The zones are
systematically arranged, and are 1itho1bgica11y‘distinct units. They are
expressed by variatioos\ﬁn minera] distribution and in grain size.
withfi a sing]e pegmatite; grain size may range from millimeters to tens
of meters, 1ncreasing towards the center. There is a corresponding
increase in the‘comp]exity of the mineral assemblages, Q!th the more
exotic minerals concenfratedlin the inner regions. The zonesvare
concentriea1ly disposed and to variable oegrees ref1ec; the size, shape - &v,/~——é~

and structure of the body. They grade from uniform, continuous units to

©




" discontinuous pods or lenses. The number of ;one;\in AHy given pegmatite gf"

is highly variable, rang1ng from one to over eleven ‘ ,‘:"

Cameron et al (1949) proposed a structural division of compiéi
pegmatitesbinto bbrder.}WaII; ihterﬁed1ate aﬁdréoré zéhés. >The bbrder
zohebis the narrow, fine-grained ap11t1c se1vage. ,Confacts,with the
enclosing country rock are commonly sharp. The wa]1‘zqne; next adjacent,
is characteri;tical]y thicker and coarser-grained. Thé coré is an
elongate lens‘or‘series of podé centered within the body. Zones between
the core and the wall zone are designated as intermediate zones and are
signifieﬂ by a letter o} number increasing away from.the core.

' The border and‘wall ;oneé are mineralogically similar. They are
composed of fine-grained aplitic or gfaph1c intergrowths of quartz and
feldspar. These two zones are generally completely and continuously
developed. | |

Intermediate zones are often 1ncbmp1ete1x’and asymmetrically
| developed. Inter-zone contacts range from gradétional to sharp, and
'tq]escoping' of units is common. One or all of the.zones may be
entirely absent, with zones ranging in number from zero to gibater than
five. Usually five intermediate»zones.are present. The minéralogy js
more variable than the wall zone, for fhe Qidely variable suite§ oflﬁ,
accessory/ﬁineraIS are concentrated hefe. The majbr constituents ar;
| oligoclase, microcline} quartz and biotite. Ear1yffor$1ng rare-earth
minera]s are charactefistica]ly found attached to or enclosed by plates
of\b1otf;e, Textures range from subhedral to‘edhedral. and thé é]ready
~'coérse grain size commonly increases towafds the core.

‘The core is generé]lyvsymnetrica11y Tocated with respgct to~the
sides of the pegmatite, and freqﬁently closely reflects the external
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shapg. The core may be composed entf%ely.of,quartz or contain
subordinate amounts of feldspar (usually microc116e) and ﬁica. Crystals
may be extremely large and may range in texture from anhedral.to euhedral.
'Giant' pegmatitic textures, when present, are found 1n'u5)core and the
innermost intermediate zones. ’

'ﬁagmat1c' pegmatites have been subdivided into four groups on the .
basis of aécessory mineral assemblqges (Brotzen, 1959), 1e..pegmat1tes"
bearing: | ‘

(1) oxides; eg. columbite, sémarskite, cassiterite, euxenite.
(2) phosphatés and fluorides; eg. monazite, f1Qor1te, apatite, Li-Na-Mn-

Fe phosphates. | .

(3) aluminosilicates, with small highly charged cations; eg. beryl,

~ tourmaline. | )
(4) aluminosilicates, with small cations of unit charge; eg. alBite,'

spodumene.

Pegmatites emplacéd\in the same region often have the same suite of
: -accessory minerals.
| Basic fgat&res of granitic pegmatites afe often found to have
superimposed complicating feétures. These features appear to be
funétfons of th} degree:o’ alteration and replacement. Brotzen (1959)
has qualitatively classifiez these according to the stage 1n development.
The most common feature is the addition of musd/vite. which may be
abundant and can occur independent1y of other late mineralization. The
appearance of muscovite signifies the increased actlvity of water. It
may crystallize directly or form through the partial hydrolysis gf_
microcline. In the second stage, muscovite-1s frequently associated with

sugary albite ih fracture fillings and forms a replacement for microcline.
. ' . : ’ N~
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This albite.replacement tends to obliterate the original zoning.

‘Mineralization is characteristically associated with these veins and

patches. Late 1ithium (and/or subordinate phosphate, cesium and sod1um) -

mineralization represents the most advanced stage of replacement, and

is represented by the presence of lepidolite, amblygonite, and spodumene

in addition to muscovite and albite. These late mineralizations, with

the exception of muscovite, are localized between the quartz core and

oo

the microcline-bearing intermediate zone.

Controversy regarding the mechanism of formation of pegmatites is

long standing. The mode of emp1acement, the source of material, and the

physical and chemical conditions of crystallization have all been the

subject of speculation. Early scientists suggested that pegmatites

crystallized from the walls inwards in an open channelway. Successive

fluids of different chemical composition precipitéted the various layers

or zoneshbf a pegmatite, similar to the Gehavior of ore-bearing

hydrothermal fluids in a major shear zone. Textural relationships

coupled with an improved understanding of magmatic and metasomatic

processes have caused this early hypothesis to be essentially abandoned.:

The common alteration and replacement'of minerals has led ﬁany

‘geologists to propose a rep]acemént origin for pegmatites. Commonly

cited evidence for metasomatic or reb]acement origin includes:

(1) clear eVidence of post-consolidation replacement; with

(2)

pseudomorphism, transection and corrdsion of early minerals.
Channels Tined with subhedral crysfa]s are commonly oberved to
crosscut earlier minerals or rocks.

the presence of giant crystals poses serious problems of suppdrt

during growth from a magma or fluid, as does the présence of
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stellate, three-dimensional aggregates of prismatic minerals.

. (3) discrepancies between the composition of zones and the composifion
expected to have formed from a magma crystallizing in an essentially
closed system whose liquid phase was yielding only crystalline
material.

(4) simple fractional crystallization cannot satisfactorily account for
a quartz core or for the essentially monomineralic microcline zone
usually found.adjacent to 1t. In the final stages of (simple)
fractional crystallization, plagioclase and microcline should

| consolidate at a partial eutectic.

(5) 1{n many cases, there is insufficient muscovite to act as a
repository for potassium liberated during late albite replacement
of microcline. A potassium 1mbaiance resu1ts.

Certain authors (dominantly proponents of metasomatism) prefer a

‘single‘genesis for.all pegmatites and regard the textures and degree of

internal (zonal) segregation as a function of the size of the body. For

example, Gresens (1967) has proposed interaction of an alkali chloride
fluid phase with pre-ekisting quartz-muscovite schist in a tectonica11yh
induced low pressure zone.‘}The quartz core is the first bart of the
pegmatite to form as a result of recrysta111zatio;\of migrating silica.

This is succeeded by fe]dspar'recrysta]]izat1bn. Late replacement

muscovite forms when 11thos£at1c pressure is re-established, making

the feldspar unstable. Rare or trace elements concentrate to form

.exotic minerals during expulsion from mineral lattices during

re-ordering and recrystallization, or they‘@qy be hydrothefma]ly

1ntroducéd. Reitan (1965) suggested secondary recrystallization of

" a relatively few grains of aplite to consume surrounding grains. This

g3
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reaction is driven by the reduction of total grain boundary free energy;
in a process similar to metallurgical annealing.

Although these #nd other similar models suffice fpr ‘some pegmatite
occurences, they fail to account adequately for the features,observed in
many others. The most recent model of pegmatité genesfs is magmatic, and
concerns itself only with complex pegmatites. There is a growing body
of isotopic and geothermometric evidence to support this now widely
accepted model. Jahns and Burham (1969) probosed that pegmatites
develop in situ in an essentially closed chamber, under 'restriéted
system' conditionsi that is, there is ho new addition of magma, but fhe
existing magma may freely exchange with the surrouhding country rockai&,
Internal zoning develops from the walls inwards in response to fractional
crystallization of the magma, with incomplete ‘reaction between the
crystals and the rest liquid. . ' .,:}‘ ) o

The magma may be either primary igneous or the resy]t of local
anatexis-of crustal material. The only requirement is fhat the starting

material be rich in dis§o]yed,v01at11es. especially water. Exchange

P

between the magma and the wall rock is to be expected, but for the sake
of simplicity the systém is otherwise regarded as closed.
Crystallization of the magma could commence anywhere in the ranée
1300-650°C. In natural systems, considerable raﬁges in the liquidus
temperature result from variations in the confining pressure, the
anhydrous composition, and the quantity and composition of ihe voTatiles
present. Crystallization, with or withoutyfeaction between the crystals
and the'si11cate melt, would grddﬁa]ly lead to saturation of the ﬁe1t :
with volatiles, and hence to the phenoﬁenon known as resurgent or t

retrograde boiling. The appearance of a second fluid phase is regarded



as a key condition. It can be correlated tp the deneIOpment of
intermediate zones and the core, and typical pegmatite textures, such
as glant crystals, large scale mineral replacement and pseudomorphism.

" The inward increase-1n Qnain siie in pegmatites 1s'nsua11y not otserved
to be gradual. Rather, there is an abrupt increase in one of the

outer 1ntermediate zones,. and Jahns and Burnham attribute this to the

appearance of the second fluid phase. S .

The fluid would 1n1t1a11y separate on a submicroscopic scale. The
Ybubbles" of this 1mmisc1b1e 11quid would coalesce and assume the roie
of an interstitial fluid. Most likely it would be in a supercr1t1ca1
state with respect to both preSsure and temperature. The two phases
would differ in composition and in physical properties. Diffusion nf
material in the much less viscous.aqueous phase could be expected to
occur as much as eight to ten prdera more rap1d1y, facilitating the
formatjon of'1arge crystals and the reaction and edrrosion of e;r]y-

formed crystals no longer in equilibrium.

‘Both the textural and mineralogical variations that represent zones

have been attributed to the preﬁEnce,of a second fluid phase. Quantities °

of dilute fluid would enhance transfer of re]atiyley non-;olatile_
material, either through f]utd movement;‘or more 11ke1y, through
diffusion in the fluid in response to a compositional gradient. Therma}
gradients are to be expected in codTing igneous bodies. They nave been
nemonstrated to induce composittnnal gradients;for various constituents
with differing tenperature-dependent solubilities and/or rates of
diffusion. In other words, the partitioning of matenials between tne
si]icate magma and the aqueous phase and the rate of movement of this

material through‘the aqueous phase can differ considerably for different
. , 4

o
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. been ra1sed as an objection to magmatic orig1n. Thesé crysta]s could
‘not have grown 1n a Tiquid without some means of support. In response

*to this Jahns (1953)rsuggested that two or more minerals may crystallize

&

constituents. Partitioning of material between the twdjf]uids is of

course never perfect. Nonetheless, the aqueous f1u1d'exh1b{ts a v . | \
marked preference for potassium and lithium, while the magma tends to ‘
concentrate soda-bearing phases. ‘The tompositiona1 sum of both -

components is roughly equivalent to crysta111zaf*on from a silicate . i

melt in the absence of a free aqueous phase. . . | v

The degree of segregation of minerals becomé§/ﬁa;é marked as ‘the

volume and degree of in ection of the aqueous f]uid 1ncreases.

The aqueous fluid produces either segregated masses\or pockets of a

potassium feldspar and muscovite. The pockets.éinterstitiél to or
within aggregafes of large crysta1s;.form in response to limited
coé]esence of the fluid bubbles. Gross gegfegation of potassic minerals
from sodic p]agioc]ase (ie., in the inner intermediate zones) is related.
to the preferent1a1 transfer of potassium re]ative to sodium in the
aqueous fluid. 5111c1 that is not being fixed in the'aluminosi11cates
1s~segregated'to varying degfegs by tran%fer through the aqueous phase
and crysia]]izes ds coarse-grained quartz in the final stages.

The problem 6f‘suppo¥t during crystallization from ; liquid for

very 1arge4crystals and radial, three dimensiopa] aggregates has often

penecontemporanedusly tohfofm a loose mesh providing a delicate support.
Quiréz appears to.have developed with or s]ightly'gfter the other

minerals, f111ing,fhe interstices and healing basqﬁ frac;urg§;(wh1ch are
simple tensional breaks, rather than a phenomenon}cauSéd by replacement)

in elongate prismatic minerals.
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As'crystaliization continues, the silicate 1iquid would most likely .

be used up before the coexisting aqueous phase. At this point the

~ aqueous phase would no longer be supercritical, at least with respect

to femperature. and condense to a 1iquid and a vapor. Theorectically

the three phases could coexist, but only under very unusual geo]ogicaIQ'

conditions. The amount of#the 1iquid and vapor would be small, but
could well be highly corroéive with respect to the earIy fdrmed
crystalline phases. resulting in wide§prea&\re$ction and repiacement.
These Ee;ct1ons would be responsible for features such as partial or .
bomp]ete crystal pseudomorphs, aggregates of coarse-grained sodic
albite, and the crystallizatibn of typical 'pocket’ minerals~such‘as
carbonate, members of thé;epidote Qroup. and sheet structure minerals.
Reaction and recrystallization would continue until all of‘the fluids
are,used up, and the'final téhpe}ature:of crysfa]lizafion,cou1d well
extend down to the'hydrotheﬁmal or hypogene (100°C) range. @
 'Reduction in the total confining pressure could happen at ény
stage during crystallization. This mighttpccﬁr through fracturing of
the country réck with attendant rapid loss of volatiles. This loss is
selective, favouring potash over soda and‘a1ka11és over_si11ca and
'alumina.vand produées metasomatit a]teration4of the host rocks. This ,
would also rapidly move»the.system-into the subsolidus region and cause

4uehch1ng of the crystallizing sjiicate liquid.. Typical development

of’aplite~fn small to large veins or fracture f1111n§s){s accounted for

o

“in this manner. | ) .

4
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CHAPTER 11 GEOLOGY

The material for this study comes from a single pegmatite body
located at G]bserheid, South Norway. Thé pegmatite is located in the
Bamble sector of the Precambr 'n Baltic Shield. It is apparently either
the product of anatexis of the amphibolitic country rock, or a direct
mantle derivative. The age of the pegmatite is unknown. An isotopic
study is perhaps tpe'bést approach to obtain direct solutions to the
questions of origin and age. If this information may be obtained, the
pegmatite and th events leading to its fo;mation can be related to the
geological histgry of this sector of the Baltic Shie]ﬁ.
GEOLOGY AND GEOCHRONOLOGY OF THE BALTIC SHIELD

\The Baltic Shield's main structural features are believed to have
evolved continuously in an asymmetric pattern through the Archean and
| Early Proterozoic. The Early to Midd]f Prbterozéic, marked by a peridd B
of conso11dation and depositiqnuof continental sediments, was followed
by late Middle Proterozoic orogenesis discbrdant to earlier structural
patterns.' Post-Precambrian sediments, intrusives, and deep crustal
faulting have resu]ted in.on}y minor quification\of pre-existing
A great maﬁy Baltic Shield age determinations have been pﬁb]ished, 3
ﬁnst notably by Neumann (1960), Polkanov and Ger]ing.(1961) and Broch
(1964). In a cumulative survey, Kratz et al (1968)_out11hed a now
widely accepted isotopic divisfon of the Shield-into three major zones
(see Figure 1). These subdivisidns are in good’agfeement.with_present
-understanding of the structural and geophysical trends.
. , y

The eastern area of the Shield, known as the Karelides, or the

17 -
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Figure 1.  Schematic geochronological map of the Baltic Shield.
Geochronological zones: I=Sammo-Karelian; II=Sveco-Fennian; and III
=Sveco-Norweg'ian. Orogenic formations with age: 1=3600-1900 m.y.;
2=2300-1650 m.y.; 3=1200-900 m.y. 4=Bamble sector; 5=Eocambrian and
Paleozoic; 6=boundaries of zones. After Kratz et al, 1968.
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Saamo-Kareliap, Zone, is the most ancient, with ages ranging from 3600 to
1900 m.y. Main structural features evolved in the Archean and Early

Proterozofc with the formation of granulite terrains, The Middle

Proterozoic (1900 to 1650 m.y.) of the Saamo-Karelian Zone was character-

ized by an epigeosynclinal subplatform environment. Crustal thicknesses
are approximately 34 to 38 kmt ¢

‘ The centr$1 and western Shield, or the Sveco-Fennian Zone, consists
dominant1y of Early and Middle Proterozoic supracrustal and plutonic
formations. The basement is unknown. Intense orogeny between 1950 and
1700 m.y. appears to have obliterated much of the earlier structure.
Crustal thicknesses are approximate]y"39 to 42 km. The isotobic boundary
to the north cancides with a deep-seated_vertfca] crustal zone. The |

»

western boundafy (with the Sveco-Fennian Zone) is marked geologically by

a major fault with associated hyperite (olivine-bearing norite) intrusives

dating 1000 m.y.

The extreme southwest portion of the Shield, or the Sveco-Norwegian
Zone, has relic older ages of 1550-1700 m.y., with superimposed
structurally discordant agesuof mainly 1000 m.y. or less. Crustal
thicknesses are approximately 36 to 38 km.

GEOLOGY AND GEOCHRONOLOGY OF THE BAMBLE SECTOR, SOUTH NORWAY

The Sveéo—Norwegian Zone has been subdfvided into a number of
sectors. The area of principal concern is the Bamble sector, which lies
betweén Langesund and Kristiansand in the Skagerrak coastal region of
South Norway. ; \

Regional geological descriptions of this area have been bub]ished
by Bugge (1943), 0'Nions et al (1969), O'Qions and Baadsgaard (1971),
and Field and Rgheim (1979). Geo]ogical boundaries of the.Bamb1e

19
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sector are, to the east, Cambro-Silurian sediments, and a proposed fauft
offshore of the.Skaerggrd islands (0'Nions, 1969); and-to the west, the
Porsgrun-Kristiansand fault. This major NE-SW/shear zone, extending

from Porsgrunn south to the coastal town of Kristiansand, is marked by
an approximately 4 km. wide band of cataclastics. O'Nions (1969)
postulates that this down-faulted block, known as the.Bamb]e-Kristiansand
sector, represents a southweétern extension of the .0slo graben.

The geological assemblage is of essen;%a]]y sedimenfary and vo]cani(_/
origin metamorbhosed to dominantly upper dﬁphibo]ite'facies assemblages.
Major rock types are intefbedded quartzitegi‘biotite-horﬁb]ende schists,
amphibolites, granites, graﬁogiorites.'and quartz-diorite gneisses. Less
dominant are marbles, calcsilicate rocks, and aﬁthophy]]jte cordierite

-

rocks.

The bulk of the terrain-is composed of relatively old (approximately
1700 m.y.) volcanics and sediments metamorphosed to the si]]imanite-
aTm&ndiné-drthoclase subfacies of the almandine-amphibolite facies.
The metamorphic grade increases to the southwest towards the Arendal
district, where hornblende and orthopyroxene granu]ites‘are found.

Conformable bands and boudins of amphibolites have‘textures and
bulk chemistry consistént'with‘igneous'origin. Granftic gneisses océur
as roughly lenticular bodies with igneous textures ahd;poor]y déve]oped.
_ foliation. Compositional variations gfadfhg'to granodiorite are found
adjacent to amphibolites and biotite schists. The amphibolite facies
éneisses have’generally not been subdivided for mappiﬁg purposes. An
excéption is the synkinematic Levang granite gnefss,'é NE-SW e]ongate‘
medium-grained-biotite granite with a broad domal structure. Field’

relations suggest a high grade in situ origin as the result of partial



anatexis. _ ,

Late and post-kinematic granites and hyperites intrude the gneiSses.
Field studies (0'Nions, 1969) and K-Ar and Rb-Sr geochronology (0'Nions
et al, 1969; Field and R8heim, 1979) relate these to several pulses of
activity between 1100 and 1000 m.y: This event has frequently been
correlated with the Grenville of N. A. Reactivation of the Levang
granite gneiss and emp]acement,of concordant plagioclase pegmatites was
followed by the emplacement of hyperite, discordent.granite sheets, and
pocassium feldspar pegmatites. The Grimstad and Herefoss granites, in
the southern part of the sector, have been variously classified as
synkinematic, based on one K-Ar age (reporfed by Neumann, 1960), and
more recently post-kinemat{c; by field relationshipe (Bugge, 1943) and
K-Ar geochronology (0'Nions, 1969), indicating an age of gﬁo'm.y. for
the Grimstad granite. " _

0'Nions (1969) describes two types of pegmatixée, small in size
(¢2 m.) but ubiquitaus throughout the Bamble sector. Tne plagioclase
pegmatites are m1neralogica11y simple, composed of quartz, plagioclase
(Anzo-An30), and biotite, with occasional sphene, rutile, diops1de. and
allanite. They are concordant with country rock. foliation and are
synkinematic, postulated to be the reeu]t of local partia],anatexis
related to the reactivation of the Levang granite gneies. ‘Discordant
potassium‘feldspar pegmatites, composed of microcline, quartz, biotite,

and muscovite are post-kinematic (approximately 1040 m.y.) and associated

with the emplacement of sma11 (<30 m') granite sheets. These pegmatites

frequent]y show enrichment in U. Th, Zr, Nb, Ta, and Ce, manifested in
the appearance of a11an1te, z1rcon. sphene, and euxenite. These are -

interpreted to represent mobilized partial" anatectic material.

1
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Oftedal (1954) and Heier and Taylor (1959) have described a third
group of pegmatites, larger in size and with anomalously low lead content.
 Two examples cited were the pegmatites at Arendal andLKragerB. | , |
Later tectonic activity has been suggested by Neumann (1960), who
reported a K-Ar age of 874 m.y. from a pegmatite at Vik, near Grimstad.
Limited Permian (Caledonian) activity is manifested in iron-nickel-
copper mineralization, dated by the common lead method, and.in numerous
" NNW-SSE trending syenite and dolerite dikes. These are undated.but
inferred to be Permian in age (0'Nions, 1969).
A recent detailed Rb-Sr study of the Arendal region. published by
Field and Rgheim (1979) has resulted in re-eva]uation of the significance
of the 1600 and 1060 m.y. events, and additionally cast light on the
.nature of the quartzofe]dsnathic gneisses: These high iron, acid- Z
intermediate orthogneisses can be chemically subdivided into two zones;
one high]y_deficient-in K and’Rb (K20~0.5%. Rb~8 bpm, Rb/Sr~0,05, K/Rb |
~1300) in contrast to a 'normal‘ upper crustaivtype (K20~4%, Rb~150 ppm,
Rb/Sr~1.2, k/Rb~290). An interpretation coneistent with trace element
1mode11ng involves the separation of a.potassium-poor cumuiate phase from
a magma directly emplaced under high grade conditions. The residual
Tiquids crystallized as normal potassium eharnockites. The metamorphic
‘grade and - the torrespdnding dedree of dehydration reiated to this event.'
are observed to increase from the NW towards the SE, climaxing in the
environs of Arendal. _ | |
The sole identifiable secondary effect is trace hydration along
7minor irreguiar]y spaced fractures re]ated to a later series of =
undeformed subvertical intrusive granite sheets and pegmatite dikes.' In

_.the charndcki.tes this event is manifested by the local replacement of
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+ orthopyroxene by serpentine, chlorite and'actinolite, secondary biotite
growth and incipient turbidity in plagioclase. ‘ |
Total rock Rb-Sr geochrono1ogy based on co11eotion‘oﬁ’a number of
closely spaced sanp1es in twelve localities yielded two distinct £§e
groups at 1450-1550 m.y. and 1000<1100 m.y. Mineral isochrons for
the same samples of both these grobps give ages of 1040 m.y. The
“younger whole rock age of 1060 m.y. is associated with those localities
showing relatively intense secondary a1terat1on. The older:whole rock
age is obtained-from.1oca11t1esiconpleteiy lacking evidence of secondary
‘effects. Ages 1ntermed1ate to the two events are suggested to result
from local open system behavior with part1a1 1sotope'rehomogenization.
No‘relationship'to‘the alkali element chemistry was observed Fie]d
and R8heim conclude that 1ndiscriminate sampling of wide]y spaced’ (reset)
localities have created an 111usion of maJor reg1ona1 1sotope rehomogen-
1zat1on, when in fact quite d1fferent resu]ts are observed in c]osely
spaced carefully chosen localities. Thus in contrad1ction to %93
conclusions of 0 N1ons (1969) the 1060 m.y. event was minor in scale |
and as such should not be corre]ated with the Grenville event in the -
Canadian Shield. - ‘
GEOLOGY OF THE GLOSERHEIA GRANITE PEGMATITE

The G]oserhe1a pegmatite 1s located 9 km north of Arenda1. norway
(8 43'36"E, 58°32'20“N) in the Bamble sector of the,Precambrian Ba1t1c’
Shield (see Figure 2). It has been intruded 1nto upper amph1b01ite
and granulite facies metasediments. The pegmatite has been previoust o

briefly mentioned in geological reports by Anderson (1926, 193]) and

'Oftedal (1954). Heier and Taylor (1959), in a regional study of alkali o

trace eiement geochemfstry, briefly compared the G]oserheia pegmatite

23




|‘5 km. '

Figure 2.

‘Locatio

(after

of the Gloserheia pegmatite.
mli, 1977).

| e
B vater

@ Pegmatite

[[[n Pégmat1te Quarry

-

'soom'

[ pa— |

1 Figure 3.

The sha
(after

e of the Gloserheia pegmatite. :

]1, 1977)

24



to another found near Kragerg and commented on the anomalously low

lead content of both. More recently, RAm14 (1975, 1977) has published

studies of the mineralogy and rore earth geochemistry of opat1te and

xenotime and of the internal structure and mineralogy of the pegmatite.
Rm14 (1977) describes the‘pegﬁatite as a V-shaped body cross-

cutting the country rock with general]y smooth, sharp contacts (see

F1gure 3). Unfortunately the exposure in the area 1s;poor and heavy

overburden obscures most of the field relotiohships. The west arm of

the body is observed to thin out and disappear under the overburden. The

south arm terminate; 1rrego1ar1y with interfingering gneisses. Evidence .

of;stress includes bent twin lamellae in plagioclase, eurved cleavage
planes in muscovite, the development of a second fair cleavage in
biotite, variable degrees of undulatory extinction in the major minerals
and scattered microfracturing. The'source of this sthain may be related
“either to competing crystailization or to small-scale country rock
defohmation; Accordingly the pegmatite may be’ either synf or post-
tectonic. The pegmatite is described as unique 1n-the area. |

1. Structure
The quartz core is located in the northwest portion'of the *

pegmatite.
well exposed and lei (3 observations and interpretations of the zonal

sequences are based _here.
The Gloserheia pegmat1te exhibits hell devéioped, hego1ar zoning.
It has a quartz core, five ihte;mediate iones, a hal]‘zOhe and a border
2one. Table 1 shows. the mineral composition of the different zones.
The core. in p]aces is as much as 80 m. 1n width It 1s almost

entire]y composed of dense masses of coarse-grained quartz. Occasional

This is the on1y port1on of the pegmatite that is relatfve]y :

25




TABLE 1. Mineral Compositign of the Different Zones in the G]oserheia

Pegmatite (after

1, 1977).

Mineral

Core
zone 1

Int. Int.
zone . zone

Int.

zone
II1

Int.
zone
IV

Int.

zone

v

Wall

‘Zone

Border
zone

Quartz
Microcline
Plagioclase
Biotite
Mu§cov1te
Tourmaline
Allanite -
Apatite -
Euxenite
Calcite
Pyrite
Magnetite
Rutile
Xenotime
‘Zircon
Yttrotitanite
_Goethite
" Chlorite
B-uranophane
Uranophane
Kasolite
Uraninite
Thorite
Monazite
Hematite
Beryl
Foqrmarierite

"ﬁ: Main mineral.

M A T
T M

A/T

S R P e e I
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A: Accessory mineral.

> X > >

A/T
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1

T
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TE Trace yihera]..
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miarolitic druses are found, and there is a minor quantity of microcline.
The contact with intermediate zone I is irregular because of the large

size of the crystals. ” .
The first intermediate zone varies in thickness from 0.5 36“3 m.
Biotite and quartz are 1ntersit1t{a1 tozb1ocky microcline. Biotite forms™

a narrow seam along the contact with the core zonéj.

Intermediate zone II is an essentially monomiperalic zone of
medium to coarse-grained anhedral plagioclase. The thickness of this -
zone varies from several dm. to about 1 m.

Intermediate,zoﬁé/fll is characterized by Fhe abundance of trace
minera1s;. These 1nc1;de euxenite, allanite, biotite, apatite, zircon,
uranophane, etc. Quartz, m1croc11ne, biotite, and euxenite occur |
throughout the zone. The other accessory m1nera1s are localized in the
areas of pronounced myscovitization. Thickness of the zone is about 1 dm.

Intermediate zone IV is composed of grapthai]y intergrown
plagioclase and quartz. At the contact with 1ntermed1a§e zone'iii/fhe
plagioclase is graphically intergrown in a similar texture with |
microcline. Thickness df the zone 1s'about:T dm.

Intermediate zone-V is composed of gr&phica]]y intergrown quartz -
and microcline. In places it is in contact wi;h—intermed1ate zone III,
and in these locations a cm. size rim of miz4bc11ne is present. The

border with 1ntermediate zone IV is locally myrmekit1c. Patches of

"graphic-textured'plagioclase and quartz and meter-sized areas of

concentrically zoggd quartz; microcline and plagioclase (from the center
to the edge) are found sporadically. Zone V_varies in thickness from

5 to 8 m.

The wall- zone wvaries in thickness from 1 dm. to 1.5 m. The grain
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size veries from 1 to 10 cm., and ‘the texture is hypidiomorphic granular
or loeaIIy aplitic. Mineralogy consists of graphica]ly intergrown
microcline or (dominantly) oligoclase and quartz, along with minor
biotite, euxenite, and uranium secondary minerals. .

The borderkzone is similar to the wall zone;{ but it is s1lightly
enriched in magnetite and biotite. '
2. Mineralogy

Quarfz is the dominant mineral phase in the pegmatite. It is found
in every zone, but is coﬁcentrated in the core zone. Iﬁ the core, the
quartz forms dense subhedral Fo anhedral masses. Usually it is
trans]ucent or milky in colour, but rose and smoky varieties are preeent
in small quantites. In thin section; the quartz ehows undulatory ‘
extinction, suggesting that it has been strained during or after
crysta]1ization. Small to‘medium-graiped crystefs of quartz are found
elsewhere in the pegmatite in druses in altered parts>of'm1croc11ne
crystals and as anhedraj grains‘oéf;;riabie size. : .

Microcline is the second mosf common mineral, found in all zeﬁes
~with the exception of intermediate zone II. It is found in the core
ds euhedral to subhedral crystals of cm. size, and is oeeasionally
altered to muscovite. In the intermediate and wall zones microcline
forms euhedral crystals or anhedral grains from medium t64very coarse
grain size. ~The microcline is always perthitic, with well developed
grid-iron twinnieg. ‘The colour varies from grey to|brownish black to
shades of red. In intermediate zones I and V the microcline is
replaced by muscovite, quartz end minor amounts ef rutile, xenotime,
magnetite, apatitel;gnd,tourmST{he. The nature of the replacement is

,,prob}emﬁtTE/Bef the alteration appears to be concentrated along small

e
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cracks. Amli (1977) postulates that percolating solutions caused the
alteration. ! | |

Anhedral.masses,of_plagioclase aré the dominant constituent in
1ntermedjate zones II -and III. Plagioclase is also present in the
outer intermediate zones and the wall éhd border zone. In intermediate
zone IV it is graphically intergrown with quartz: In the ofher zones
it is present in variable gmouﬁté as subhédr$1 to anhedral masses. Thé
p]agioc}ase is characteristically sericitized or muscovitized. “The
degree of alteration is vériab}e. In heavily muscqyatjzed plagidt]ase
occasional cavit{es are filled with qa]cjte and rimmed with muscovite
books up to 3 cm. across. The plagioclase is dominantly sodic oligoclase.
Sericitization aphears to increase the albite content,' The composition
of the plagioclase ranges from Ap82 to Abgsi The albite twins show
signs of stress,_inc]uding bending and disp1acement.

» | Biotite is present in all zones Qith the exception of the core énd
-intermediate zone II. 1In inFermediate.zone I it forms bent sheets of dm.
size. In the other“zones biotite is present as thid,Tafhs up to 2 cm. -
in length. It is occasiona]]y weak]y ch]oritized . | |

Muscovite is present 1n zones I 11, and III, as euhedra] to
"subhedra1 books up to a few cm, across.. It is a silvery green co]our and
is visibly zoned. ' The zoning is expressed as variations in the shades of
green. The muscovite occurs as r@ndomly oriented plates within fe]dspar.

- and as fine-grained oriented plates apparently.reblacing feldspar. Tﬁiﬁ
section examination of muscovitized crumbly fEIdspar suggests that- there
has been at least two phases of muscovite deve]opment. ' _ ’

Pyrite, magnet1te. rutile and prismatic black tourmaliqe'ocqur in

the core and in thelinner intermediate zones in trace aﬁounts
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characteristically associated with microcline a]teratioﬁ. TourmaIine |
also occurs as inclusions in quartz. Magnetite occurs as both 1nc1:;1ons
1n quartz and as anhedral crystals-in the wall -and border Zone.
ﬂ-uranophane. uranophane, kasolite, uraninite, thorite, euxenite.
allanite, zircon, and yttrotitanite are all intimately associated in
1ntermed1atenzone I1I1. The zircon occurs as en intergrowth witt'or an
1nglusion in euxenite and apatite. AlIanite 1s the ‘most abundant rare
brown masses. OnIy single specimens of uraninite and yttrotitanite
were found‘in the pegmatite. Euxenite {s found as euhedral to4anhedra1
brown or hlack crystals up to a cm. in size. It 15 most agyhdant in-
intermediate’ zone III but is aIso present in intermediate zone 1 and
che wall zeLe.\ The colour change from black to brown is beIieved to be —
related to the degree of alteration (ie. the degree of Ieaching of U and
Th)(Amli, 1977). In thin section, the euxenite is isotropic in character,
~ which is typically indicative of metamict character. Uranophane,‘
B-uranophane and kasolite are intimately associated with euxenite and ‘1
probebly formed throuét leaching' (of euxenite) by percoIating soIdtIons.
They form lemony-yellow films and pockets (probab]y pseudomorphous

after euxenite)

(23 w

-

B L S P

T R A

. i N . ’
R AR o RER Tt i a et ok : . =
N oM Tt R L S RS N i s T2

e,

eyt



CHAPTER IV RUBIDJUM-STRONTIUM GEOCHRONOLOGY

1

~ INTRODUCTION

The rubidium-strontium method of geochronology was used to‘date the
formation of the Gloserheia granite pegmatife. This decay scheme was
considered to be most sujtable‘because of the abundance of rubididm in
well distributéd silicate mineral phases and because the half-1ife of
rubidium is of the approprfate order of magnitude to date a (presumed)
Precambrian body of igneous rock. The 1n1ti$1lstrontium isotope ratio

was determined by the 'isochron' method. This ratio is-regarded as

‘{mportant because it reflgcts the geochemicallhistory and thus the

source of the strontium, and as such is an important petrogenetic

indicator.

Four mineral phases were available for Rb-Sr dating. Two of the

~minerdl phases, biotite and microcline, were interpreted to be early-.

crystallizing on the basis of petrographic inspection. The nature of

the plagioclase (sodic 61igoc1&se) and muscovite was ambiguous, fdr

: ,bpth these minerals have extensively replaced primary feldsbar, and

muscovite books have encrusted crystals of quartz and feldspar. These

' relationships probably developed during the fina1.stages (possibly the

hydrothermal stage) of crystallization of the pegmatite, or during a

subsequent period of metamorphism. . |

Rubidium-Strontium Isotope Systematics . j

/

Although many geologists have some familiarity with geochronolpgy, a

br1ef summary of the basic principles of Rb-Sr' isotope systematics is

N’ | ’//
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'parent' nuclide disintegrates at a known rate according to the law of
radioactive decay (N=Noe'At) to form a stable strontium 1sbtope

'daughter' according to the following reaction:

87Rb 4§7Sr + B + energy

¢ 87

The abundance o Sr in a mineral is expressed by the equation:

B5r = 8sp, + Fap(ert)

is the number of atoms of this isotope 1hcorporated into

Sr =

where 187

SrN
~ the same unit weight of this material at the time of its formation, ')'
is the decay constant of (in this case) 87Rb. and 't' is the time
elapsed in yéars since the mineral formed.

The 'date; becomes an 'age' when the m1néra1 has remained isotopic- °
a]]y—c10sed, wpgn the proper correction is made for the initial
87Sr/SGSr ratio, and when the analytical results are accurate and
representative of the material dated. An internal check of the
satisfact1og of these requirements is provided by dating the components
of a%rock (1e., the minerals), or dating a su1te of cogenet1c igneous
rocks. If the dates are discordant, either an 1nappropr1ate correction

was made for norma] Sr or the system has not rema1ned 1sotop1ca11y

closed. Both_of?these possibilities may be pursued with the isochron

mefhod, whjchiﬁs based on the following precepts. |
: Cogenefic igneous rogks crystallizing from an isotopically

‘homogeneous source over a relatively short time period should have the
same initial 87Sr/865r ratio. These phases should plot on a single
..stralght line (or isochron) with coordinates of 87Sr/ Sr (y) and ©
87Rb/ Sr (x). The slope of the isochron is controlled by the age of
the system, or in effect, the amount of radiogenic parént (87Rb) fhat
has qisintegratEd-through time. This re]ationship cén be expressed



mathematically as m = e~ 1; where 'm' is the slope of the line, 't'

: L3

is the time of formation of the system, and 'A' is the decay constant
of (in this case) 87pb.  The intercept of this line with the y axis is -

the value of the 87§r/865r ratio at the time of formation of the system,

f 87Sr 1n1t1a11y 1ncorporated into

87

and represents the relati&e amount o
the mineral lattice. With this method, the initial “'Sr rat1o_can be
accurately determined. This initial ratio mey be used as a petrogenetic
indicator, because it is inherited from the source_of'the magma.
Secondly, the slope of the line defines the age 't' at which that grOUP
of minerals or rocks last behaved as a closed system. For a group of
minerals that time might not correspond to the time of crystallization
of the rock, but rather to the last metamorphic event.'
Metamorphic(brocesses almost invariably cause readjustmeht of ?he
chemical constituents of a rock, and this movement may result in
recrystallization of_existing minerals. Radquenic Sr,.beCause it

87Rb in a mineral lattice, is a mobile componeﬁ?

imperfectly replaces
and thermal eveénts frequently result in isotopic rehomogenization. The
mobility of Sr does not often extend to the whole rock sea1e,-so.wh11e
‘the minerals bebave as open systems, the rock itself remains c]o;ed.
The signifieance~of this is that, if the Sr is comp]ete]y rehomogenizéd\'
a m1nera1 isochron will indicate the most recent episode of metamorph1sm,
whi]e an isochron based on the ana]ysis of a comagmat1c suite of’ (wh01E)
rocks norma11y.1nd1cates the time of crystallization of that suite.v

The interpretation of isochrons hinges upon the assumption of 1dea],
open system behavior on one scaie and closed system behaviof oe the other.

‘While closed systems can be demonstrated to exist down to the geologicail

hand spec1men scale, this is not a1ways the case. This is dependent on
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the mechanism of nuclide (or isotope) exchange.(Fletcher and Hofmann,
1974) and the scale of compositional heterogeneity (HamiTton, 1965).
For minerals, complete-isotopic re-equilibration seems reasonable for
the case of complete melting, but it is more difficult to envisage for
_cases of minor recrystallization. If the'data points can be fit to an
isochron, one may safely presume that the»basic requirements'have been
met. However, there are many cases.where an isochron cannot be fit
to the isotopic compositions of cogenetic samples (for example, tnis
study). If the reason for this fa11ure can be deduced, one may gain
1nsight into the geological processes affect1ng the system.

One approach to the reso]ut1on‘of these d1ff1cu1t1es has been
field investigation of age discordancies cohtro]]ed’by one geological
process. The classic example of this approach nas reported by Hart
(1964). The effect of the intrusion of the Eldora stock into the
Precambrian in ‘the Colorado Rockies was monitored by a detailed study
of the isotopic response of the major mineral phases, ﬁ}he apparent age _‘
ofva mineral could be correlated to its-distance outward from the -
intrusive contact. Other such studies have been reported, but a great
number of unknown parameters clearly affect the find1ngs, and the .
conc]us1ons drawn are correspondingly reduced to generalitles. Moreover,
many geo]ogical processes are not amenable to this type of study, either
because a process may not result 1n a pronounced effect, or because
subsequent processes have modified the physical and chemica] state of
the mnterial. obsouring the initial effect. -

To ;larify some of the parameters, considerable Iaboratory study

has been directed:towards’the diffusive processes that operate in a



geological system. Unforfunater laboratory conditions do not lend
them§e1ves to the study of high pressure and.temperature kinetics or to
the study of 1ong-term ﬁechan1sms. vMoredVer, because’so Tittle is
known about theﬁe processes, experiments must be so simplified and the
variables sé tightly controlled that it becomes difficult to reliably
extrapolate the conclusions to natural systems. Still, valuable
contributions have been made. | _

Heating experiﬁents.conducted on rock samples (eg. Baadsgaard and
van Breemen.-]970;;Hanson, 1971) ha?e demonstrated closed system K
behavior on the scale of a hand specimen. These experiments have also”
shown that Rb, Sr, K, and Na concentrations shift in individual minerals
in response to heating; and that Sr isofope composition has a tendency
fo homogenize. Muscovite and biotite have been‘fodnd to lose Rb and
,87Sr, ﬁnd to gain normal Sr; while low Rb phases such as albite and
"apatite appear to gain 87§r (Kesmarky, 1977). Brooks (1968) has

87 86 q 87

Rb, °°Sr-and °/Sr tended to "migrate"

demonstrated that the isotopes
from potassium feldspar to fine-grained plagioclase alteration products.

1‘ Studiés in rock systems have proved difficult to quantify, so
attention has’beeh directed towards singIe-minéra1 studies which are
highly simplified and dgain further removed from natural systems. »
Hofmann (1969) and Foland (1972) considered the premise that radiogenic /
87Sr,is more mobile than common §f and demqnstréted that fadiogenié 875y
effectively Behavés like common Sr - at least under hydrothermal‘

experimental conditions. This was attriéuted to the mechanf;m Qf, 
nuclide migration in mineral lattices. _

Metasomatic prbceSses are regarded in terms oflrea;tion between

rock-forming minerals and‘mobile aqueous so]htes (Hofmann, 1972;

( : ' -
{ .
’ ) : .
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Kbrzhinskii. 1965, 1970). Tt has long been recogﬁised that ion exchange
has importaht effects on mineral Rb-Sr,ages (Giletti, 1974) but it has
been difficult to isolate the mechanisms. Many of the experiments have

- resulted in chemical a1tefat10n rather than diffusion (eg. Kulp and
Bassett, 1961; Gerling and Ovchinnikové. 1962§ KU]p and Engels, 1963);
or in breakdown of the minerals due to instability at high temperatures
(eg. Baadsgaard and .van Breemen, 1970; Hanson; 1971). Hofmann and
Giletti (1970) examined K and Na exchan§e between biotite and water, and ”

concluded fhat.K.and Na exchange operated at équa] rates} howévef

Giletti (1974) and Foland (1974) dispute this and suggest instead that

the mechanism of K and Na diffusion are 1hdependent‘of each»bther.

Fe]dspar§ have provéd especiai]y diffiédlt to study because of variable
internal composition commonly expressed SS perthite. Still, feldspars

‘merit considerable attention because -they are a sensitive indicator of

\

(N , o
4/,,has considered the mechanism of ion exchange and Na and K diffusion in Qﬂﬁ

. metasomatic (K-Na) exchange activity (Robertson, 1959). Petfovic (1972)

‘ perthitic‘feidspars. Foland (1972) investigated_a]ka]i diffusion in
orthoclase and commented on the experimenta]‘djff;éultiES encountered in
studies of Rb diffusiviiies, These studies are more. concerned with
‘mechanics_than app11cat10pé, but bn]y the épp}ications are of concern to
most ge010g1§25; Still, it appears that the assumption‘of closed:_
-system behavior of the scale of haﬁd-épecimensiand minerai'scale open i
system behaviof is genera]ly-ﬁot‘a problem, with the exceptibn of}alka]i
meiasométism. K'ahd Na appear to readily exchange, and in all a
probability, Rb and.Sr océupying the same-cation.laffice sites exchange

“>a10ng with them.  The reaction:r&te gpbear; to be enhanced by the |

apparently'cafa1ytic effect of an Hzé.speéiesf(Foland, 1974). 0'Neil

KO
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and Tay10r (1967) have shown that under disequilibrium exper1menta1
cond1t1ons alkali ion exchange 1s additiona11y 11nked to oxygen 1sotope
exchange.

In the Gloserheia pegmatite, metasom. ic proce-ses aprear to have
~at least locally affected the feldspar phases, manifested vy the turbid,
heav11y sericitiied'nature ofvthe plagiociase and the development of
~rep1acement-type mesoperthite in the 1nner zones. In addition, carbonate
and hematite are concentrated along fractures and the b1ot1te is britt]e
and (weakly) ch10r1t1zed It seems reasonable that if cation, exchange .'.
has occured the Rb-Sr ages wou]d be affected, and cou1d result in
scatter of the data po1nts on an 1sochron p1ot \ | ,

In summary, silicate mineral phases from the Gloserheia pegmat1te
were ana]ysed by the Rb-Sr techn1que to determ1ne the age of -the ‘
pegmattte body, and_to obtain mineral 1sotope data 1n the hopes of |
determining the factors that governed the emplacement of‘the pegmatite
and the nature of the uranium mineralization. | *
CsawpiEs . . L
| In the G]oserhe1a pegmat1te, four m1nera1 phases were su1tab1e for
Rb-Sr dating. These were. muscov1te, biotite, p1ag1oc1ase and m1croc11ne
These minerals were abundant and well d15tr1buted throughout the 1nterna1
'zones. Detailed sample descript1ons are located in Appendix A.

‘Muscovite was sampled from the core zone, and the first and second
intermediate zone. The core sample was composed of fresh books’of'mus-
covite up to cm. size partia]]y encrusting the surface of a quartz
crysta]. In the 1ntermed1ate zones, muscovite p]ates were enc]osed by
feldspar and formed. crusts on unattached surfaces of the dtystal Some -

of the muscovige was parallel in orientation, suggest1ng‘that at least .

"

Ca




portion formed by rep]acement

B1ot1te was sampled from the first four 1ntermed1ate zones. ‘The'

samples from the first two intermediate zones were large books of gently

crenulated biotite, weakly chloritized and hematite stained on the
surfaces. Biotite in the single sample from the third intermediate
zone was present as hexagona] cm. sized books with attached rare earth

bearing m1nera1s (ie. a]lanite, .euxenite). Biotite from the fourth

_1ntermed1ate zone occured as variably chlori’~ A laths interstitial to”

coarse-grained feldspar.
“During preparation for sample analysis of muscovite and biotite,
altered material was'physically removed wherée possib]e, and uniform_

fractions were separated on the basis of magnetic properties and

\

. AN
'spec1f1c grav1t1es. : - ‘

Both sodic and potass1c fe1dspar were present Microc11ne was
>character1st1ca11y perth1t1c, and exh1b1ted pronounced grid-iron
_ tw1nn1ng. It.was genera]ly fresh in character, but incipient local
ajteraffon was concentrated along'fractureS'and in perthite strings.
Microcline was found in all zones nith the exception oflintermediate’
zone II;, In the outermost‘zones m%croc]ine occured in a graphic-
textured intergrowth with,sodic o1igoc1ase and/or duarfi while in the
N 1nner zoneS it occuredlas large blocky.crystalsc A small'amodntIOf
'}ontwinned potassic feldspar (orthoclase ?) was~preSenc in'the_outer
zones, and'appeared to be replacing o]igoclase. It was a]tered'to
v;variable degrees Oligoclase was present in every zone with the
- exception of the core zone. The composit1on ranged from Ab82 to Ab96
and-was-apparently related to degree of alteration. Oligoclase'in the

' outer,zones~appeared to be primary, but in the inner zones 1f:Was

PRSI



i spiked w1th a mixed solution of

characteristically heavily muscovitized and formed a replacement
mesoperthite in‘samples 121-4, 172-2,'-3 and -6. ;

Perthites and a]teration products were separated with thg_yse of
heavy 1iquids. In cases where two distinct gravity fractions were ' "
present; and the specific gravity of these fractions was similar, both <
fraetions were retained for analysis. Otherwise the relatively dense, o \\, A

homogeneous fraction was selected.

, .

ANALYTICAL

The rotk”samp]es were crushed and the mineral phases were separated j
2and purified as described in Appendix B. Chemical separations'were
- performed as described in Appendix C, in preparation for 1sotopic
',analys1s on a mass spectrometer. In brief, eachh&1nera] separate was
87Rb and 84Sr, and then equ111brated

by decomposit1on in HF and HNO3 Rb was separated from Sr using the

barium coprec1p1tat1on method The Sr was further purified by elution
through'an ion exchange column, whi]e the Rb-was_predipitated'as.a ' =
perchlorate.” Samples were loaded on?butgassed rheniun>doub1e'fi1aments. v
~The spikes used were nrepared and calibrated by Dr;'H. Baadsgaard.
tThe spikes contained ~ 2 ug/g 845y and either ~ 200 or ~A5.5 ug/g 87

per gram of -solution. Choice ofksnikefwas pased on approximate Rb'and.
Srvconcentrations:determinedwby XRF analysis. Several blank determin-
-ations.on the anaiytica1 procedure Were run by Dr. Baadsgaard and the

author during the time'intervaIPOf laboratory work. The blanks were

fbund to'contain about 1 nanogram of Sr and 2.5 nanograms 6f Rb.

The 1sotop1c composition of the samples was determined on a 30 cm.

~ radius of curvature 90 sector single focussing 5011d source mass

A
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spectrométer, the Aldermaston Micromass 30. The spectrometer was
equipped with peak-switching facilities, and. an on-linehHewletf-Packard
9825A minicomputer. The isotope masses were measured by switching
between preset maghet current positions and recording the digital
vo]tmeteh output. The Sr 1sotop1c data was corrected for fractionation
| by norma]izing the 86Sr/885r (atomic) ratio to 0.1194. Analysis of Sr
and Rb in a standard reference mater1a1 NBS Fe]dspar 607, gave the -
fb]lowing results:

total Sr = 67.4 ppm; total Rb:= 520.6 ppm; S7sr/%sy = 1 2015 + 0.0004
which compared favourably to the cehtificate of analysis values (total
Sr & 65.5 * 0.3 ppm; total Rb = 524 + 1 ppm; S7sy/865;. - 1.20039 +
0.00002).- Analytical precisipn is estimated to be ahout 1_0.5% of t:
total Sr content. Rubidium isotopic ratios cannot be corrected for
fractionation, 0 Rb determinations may only be accurate to + 1 or 2%.
Repeats of samples are included in Tab]e 2. The variation observed 1n

q 87

the Sr rat1os an Rb/BGSr ratios in repeat samples is attributed to

sample Inhomogeneity related to the coarse grain size, .
RESULTS .

Fortyn1ne m1nera1 separates from the G]oserheia pegmatite vere anal-
,‘ysed for their Rb and Sr 1sotop1c compos1t1ons Analytical data <~» th-
~samples is presented in Table 2. The results are graphica]‘ Jresented
on cbnventiona] Nicolaysen 1so¢hron diagrams 1in Figures 4 anu . A refer-
ence 1sochron fitted to e]even fresh potassium feldspars and three fresh
oligoclase samples defines. an age of 1009 + 6 m.y. (standard deviation
given as 20) with an inftial ratio of 0.7135 + 0.0008 (at 20) using a

A value for 87Rb of 1.42 x 10 ]]yrs. (Steiger and Jager, 1977). The

- isochron has a mean square weight of deviates (MSWD) of 9.1, which is



a
TABLE 2. Rb/Sr analytical data for minerals from the
Gloserheia pegmatite. ’ . o =
Sample ' 865r : 87Rb 87Rb/sGSr 87Sr/865r‘
Number . (ppm) (ppm) atomic atomic
' ratio- ratio

Potassium feldspar ,

-2 * 9,4773 146.49 15.279 0.9362

-1+ 7798 122,98 15.600  0.9398

Cl-4 * 7.0063 142,42 19.923 1.0021 ;
11-5  * 6.5390  143.63 21.712 1.0292 ’
1111 * - 7.4363 130.52 17.349 . 0.9612

172-4 3.3081 ° 15.376 4,504  0.7845
125-1 4, 5.2369 93,329 17.286 ° 0. 9601
Wzl 11.807° 2,980 1.0866 = 0.7262
Plagioclase - | '
171-4 3.0078 0.5015  0.1648 07223
172-2 . 32183 0.2210 0.0679 0.7182 =
122-3 ' 2.2707 02478 0.1079 0.7196

122-6 © 1.0935  0.6484  0.5862 0.7275

172-7 5252 . 37235 0.6429  0.7185

122-8  2.4478 0.7001 0.2348  0.7208

132 6779 6.1227  0.8933 . 0.7257 :

123-3 6.5803 470 07066  0.7230

* pelatively unaltered minerél sampIe-used to calculate the best |
jsochron. ‘ S O




. -TABLE 2. Continugd.

BZ-1'

‘*'-relatively unalte
isochron.

-

.+ mineral separaté\with 1ighter specific gravity.

‘- _mineral separate ﬁnth,heavier spe¢ific gravity.

A

' S;mple : 86Sr | 87Rb 87Rb/865r 87Sr/865r

Number (ppm) (ppm) atomic atomic
ratio . ratio
Feldspars. Heavy 1iquid separated pairs.

171-8 + * 6.5809  13.864 2.8025 0.7435
121-8 - 5.2973 3.6910 0.6887 0.7234
171-10 + 2.7084 82.931 - 30,267 1.1078
121-10 - 2.6345 54.032 20.273 0.9783
1Z4-1 + * 4.6603 92.343 19.587 0.9994
124-1 + ~ 4.7511 ' 90.860 18.904 0.9894
124-1 - * 2.8429 1.3779 0.4791 0.7208
124-1 - *  2.8835 1.6041 05499 0.7210
124-2 + *  4.6080  33.423 7.1667 0.8164
-124-2: . _3.1175i - 2.6887 0.8525 0.7264
1752 '+ 3.5973 97.174 26.702 1.0857
175-2 - * 2.2128 29,581 13.214 0.9018
175-2 - *  0.2108 2.3943 11.225 0.8745

BZ-1 + 6.3712 125.73 19.507 1.0009
- 10.971 . 9.6044 0.8654 0.7241

red mineral sample used to calculate the best
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TABLE 2. Continued.

Sample
Number

86g),
. (ppm)

8701,
(ppm)

87Rb/86$r
atomic
ratio

87Sr/865r
atomic
ratio

Muscovite
€1
121-4
121-10
122-1
12241
122-2
1z2-3
122-6
122-8 -
Biotite
. CI-1
7e1-2
171-3
| 1Z1-11
122-5
123-3
123-3
124-1
124-2

0.9809

0.9367
0.7529

. 0.8984

0.8815

1.0781.

0.6547

0.7812

0.8739

0.5149
0.3152

- 0.6927
 0.3056
0.2808
. 2.3002 .

2.1926

0.4651

0.2908

~ Apatite (unspiked)

121.87
98.847
104.34

130.18

130.77

102.57

55.734
92.769
104.66

405.46

' 339.61

448.63
442,68 -
409.06

69.439 ‘,
30001
- 95.08:

e

66.545
454,05
496.56

122.80
104.32
136.99
143.23
146. 64
94.049
84.146
117.38
118.37

778.32 -

1253.4
640,16

14319
- 1440.2

29.841

- 2.2682
2.1772
2.6130
' 2.8307
2.8600
12.0042
1.9272

. 2.3374
2.4030

10.483
18.112.
8334
18.838 ..
19.460
1.0067
1.0130

13484
S 2,312
o725

43

e S e

b

LA B



s

=3
o
-
-

muunmvpmu 404 mo+uus gm

Sog/ Mg

.

88 0 +SELL70 = f \
H\ N umﬁusoﬁﬂ_ o T
%&3& WAISSVLOd +

a - - . .

"33 3eubad awazgamopa 3y} sosu _ m .”
SNS49A SOp3ed ;mmw\smuw 40 3014 b 914




A

FIGURE 5. Plot of 87Sr/865r ratios versus 87Rb/BGSr

ratios for muscovites and biotites
from the Gloserheia”pegmatite.
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d

in excess of the permitted deviation for experimental error only; (The
MSWD is a quantity ana]ogous to the residual variance in a simple treat-

2 distribution and an expected value of 1if the

ment. and has a x
scatter of points in the isochron is duefto experimenta]lerror alone.

McIntyre et al, 1966).

DISCUSSION AND CONCLUSIONS

/

‘Nhen the Rb-Sr data is pﬁotted on a Nico]aysen diagramf it is

apparent that a 'scatterchron' -not an isochron- (Brooks et al, 1972)
S . 4

. 1is formed‘ In an isochron diagrem, va]ues of 87Sr/865r determined for

a suite of cogenetic mineral or rock sampies are p]otted versus their
respective Rb/BBSr va]ues. If the samples were cogenetic, if they
were initially homogeneous with_respect to 87Sr/BGSr composition, and
if no subsequent modification of Rb or Sr composition occured, a linear
relationShip should be defined by the data points, and a line joining
them is termed an isoehron{ A small degree of_!catter‘is germitted
within~the limits of:experimentel error. The data, as presenteq in
Figures 4 end 5, clearly do not form a precise linear array. However,

techniques of data reduction do permit a statistically significant line

~ to be constructed connecting the data points from the fourteen relatively

" unaltered mineral samples. | ‘Fi

This isochron is based on eleven samp]es of perthitic potassium
fe]dspar and three sampies of oligoclase. The potassium fe]dspar was

predominantiy perthitic microc]ine, with only minor alteration that

appeared to be concentrated in fine strings of more sodic (?) composition.

Untwinned re]atively potassic fe]dspar (presumed orthoclase) was

present in intermediate zone V. This same phase was present elsewhere

in the outermost‘zones but was moderately kaolinized, and its’isotopic

. -
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composition .does not fit the reference isochron. Sodic oligoclase from
intermediate zone IV is the only plagioclase to fit the reference
_isochron. The plagioclase in this zone showed minor sericitization
compared to plagioclase samples in other zones.
The (potassic or sodic) composit1on‘of the feldspar mineral
separates was assessed on tne basis of thin section examination coupTed
‘with the Rb/Sr ratio. Where feldspars of two compositions were present
in a rock sample, the phases were separated on the basis df specific
~ gravity variation. Inspection of the distribution of data with respect
to the potassium fe]dspar isochron suggests that this separation either
was not always successful, or a1ternat1ve1y‘that some of the variation inQQ
specific gravity was due to the presence of fine-grained alteration
products that may have soaked up.excess 87Srr and/or 87Rb as suggested
by Brook& (]968) | i |
In thin sect1on, the feldspar samples that fit .the reference Tine
. were relatively unaltered in compar1§on to the feldspar samples thet-
~ scatter above and be]on. This suggests that some event has,resulted”tn
 Tocal variable alteration after the time of isotopic closure pf,the )
(unaltered) feldspar samples. The samples that plot above tne'referezc%
1ine were characteristieally very hedtily muscovitized, and had very low
‘.FSr and 87Rb contents. These‘samp]es may eitner heve géined'Sr or 1ost'
Rb, o both, - With such low quantities of both- nuc11des it is diff1cu1t
to assess the likelihood of either event The isotope compos1ton of
fe]dspar samples that plot below the reference line had greater
- proportions of 87

87Srr or gained SrN and/or Rb. It seems un11ke1y:thht

Rb and were on]y moderately sericitized " These samples

either lost

-~




oligoclase would have ga1hed Rb, unless the Rb concentrated in the-
sericitic alteration and this fraction was incompletely removed during

87Srr couid have been lost and

samp]evpurif1Cation. Alternatively,
SrN gained through Sr isotopic homogenization during metamorphism.
The same event that has variably dffected the feldspars at less
thaﬁ 1009 m.y. has also apparently disturbed the pegmatite's hicas.'
The isotope compositions of the samples of biotite and muscovite
dominantly plot below the potassium feldspar reference 1line in the

region of 87Sr loss or Rb and SrN gain. Biotite appears to have been

more susceptible to isotope redistribution than muscovite. Both micas -

'87Sr/8

had very high 65r ratios, with biotite more enriched in nature

than muscovite, so it seems unlikely that biotite would have (propor-

87Rb (for lack of a source). Sr only poorly

tionally) gained much
‘replaces Rb in the mica lattice, anb because of this the micas, and
| biotite in,particu]ar, are known for‘;hgir sensitivity to Sr isgfopic
feadju;fmentvduring metamorphism. (Baadsgaard, 1965).

The observed distkibution of isotopes in the mineral phases of the
Gloserﬁeia pegmatite is in‘gzéord with the experimental findingscbf

~ Hanson (1971), Baadsgaard and van Breemen (1970), and Kesmarky (1977).

In these exper1ments, rock samp1es were heated in air and then exam1ned o

.for cat1on and isotope redistribut1on. Alkali ion exchange was found
to occur between the K and Na minerals. Rb and Sr isotope compositions
were found to shift'in the dfrection of.isotope rehﬁmogenization.
\Biotite was found to lose 87Rb and 87Sr more readily than muscovite,
while both micas gained SrN. Potassium fe]dspar was found to show on1y

| minor shift in composit1on. losing small quantities of Rb and 87Sr

T : -
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Whilé in comparison, plagioclase ehanged s1ightly but erratically.
Potassium feldspar was concluded to be the most reliable mineral phase
for dating (under such conditions).

In the Gtoserheia pegmatite, some event has resulted in partial
isotope and cation (Na-K) exchange. The visibly aTtered nature of the
biotite,. the britt]e character of both micas, and the late-crystallized
or secondary nature of the muscovi te suggests that open s&stem behavtor,
at least on a mineral. sca1e, has occured. ATthough the physical
conditions that would fac111tate jon exchange exist during the 1ate
hydrothermal stage of crystallization of complex pegmatites, exehange
during this stage is'regarded as unlikely. 'The micas have apparent1y‘
-lost a proport1on of rad1ogen1c Sr, and because of the Tong ha1f—11fe
of Rb, the Sr is not 'instantaneously’ (geo]ogica]]y speaking?) generated

Thus, the event must have happened subsequent to the completion of \

\
|
!

crysta11ization (ie. < 1009 m.y.). o : ’ \
) This event is presumed to be minor in sca]e, for 1t was of . \ ~
insufficient in magnitude - to cause 1sotop1c rehomogen1 ation.. Complet *
isotope exchange does not occur even at_very high (greater than 1000°C§\\ ”
temperatures‘1t_cond1tions are dry'. (for example the experjments ofb.
Baadsgaard and van Breemen, 1970) it seems highly‘un1ike1y that any
natural system wou]d be dry, and in the G1oserhe1a pegmatite there is
petrographic evidence to suggest that an aqueous phase was present '

after the time of crystal]ization of the various,minera] phases. )
Aqueous phases areQue11 known to exert a pronounced cata]ytic,effect on’

the rated of recrystallization and ion exchange, permitting equ11ibr1um

exchange conditions to be met at much lowerltemperatures. Under aqueous

conditions and at moderate temperatures,'iSOtopic‘exchange would be .
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expected to be complete. Because this homogenization is not observed,

it is reasongbie to conc]ude that the event must only have been minor,
disturbing the more sensitive mineral phases but leaving the potassium
feldspar relatively unchanged. The date of 1009 + 6 m.y. derived

from the isochron based on unaltered and dominant]y potassic fe1dspars
may be regarded as the time at which those mineraIS'iast behaved as a
closed system and began to accumulate 87Sr from the decay of 87Rb

This date falls with1n the range (albeit towards the 1ower end) of |
isotope ages published for the Sveco-Norwegian event in the Bamble sector
of the Baltic Shield. | | _ |

The 'initial' &sr/8sr ratio of 0.7135 + 0.0008 obtained from the
potassium'feldspar isochron and the 87Sr/86$r ratio of 0.7125 * 0.00002
obtained from one analysis of apatite may be used as ejpetrogenetic
}‘Qyndicator. The application of'variations.of-the 87§r/865r initial
' ratio”hes become a relatively weil“estabiished tethniqUe. Materia]
(presumably) derived from the mantle, such as oceanic basalt, has a
relatively low initial Sr isotope ratio in the range of 0.702-0. 706 .
(Faure and Powe]i, 1972), while continental crusta] mater1a1 is
'reiatively enriched in 87Sr. Ihis variation permits identification of
Sr present through reworking of or contamination by crusta] materia] of
sia]ic composition. : o , /
.In order to deduce the magmatic source of the Gloserheia pegmatite,

' two mode]s must be eva]uated' (1) the 'initial’ ratio of the unaltered
.fe1dspars represents the origina] magmatic 87Sr/865r composition of the. :
magma, or (ii) the 87Sr/865r ratio of the unaltered feldspars represents
- _the homogenized Sr isotope ratio at the time that the feldspars last

behaved as a closed system, and if there has been a metamorphic episode

A e e e
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_ this ratio is by definition not the initial ratio at the time“of format"?“m
jon of the pegmatite. In this case, the “apatite Sr ratio may provide the
upper limit for the true value although it should be noted that the error
ranges of the two values just overlap,y The second hypothesis -is preferred
becausesof independent evidencelof’metamorphic activity; ie. the U-Pb
' date for crystallization of u- bearing minérals*was‘lOSS m-y" if‘the
second hypothesis is adopted. it becomes necessany to. consider the
initial Sr ratio of the pegmatite at about 1055 m.y. This nuy be
approximately calculated by assuming that the dominant Rb-bearing mineral -
phase in the pegmatite was feldspar. and selecting a typical 87Rb/SSSr T
ratio. Because the\bulk composition of the pegmatite is unknown. a. range,f
should be considered of about 6-12. In 50 m. y. the 87SrIBGSr ratio would'
have increasedlby about 0:004_to 0;008, so the initial ratio,ofvthe :
minerals.at l055 m;y. would have been between 0,705‘and 0;709."The;lower:
: initial ratio is}typical of7juvenile”mantle-derived igneouS'materials
Ratios in this_range‘are also typical.of the ranges observedlbyf?ield‘-
and nﬁheim (1979) for highvgrade‘metamorphic amphiboiites:jn the Arendal
region, which may through anatexis have provided-the-source of“the |
pegmatitic magma. In order to choose between these two models, independ-,»ﬂ
ent evidence is necessary. and 1is. provided by petrographic examination e
“and oxygen isotope composition.r These factors will be considered together ;t
in the final chapter. '}" Tl el i i |
) - In conclusion, in isochron based on fourteen unaltered feldspar f"
‘samples suggests a crystallization date of 1009 + 6 m y.. which my be
the time of crystallization of the pegmatite, or the time of a subsequent
metamorphic event. Scatter of the isotopic ratios of altered feldspar.

biotite, and muscovite suggest that the subsequent small-scale open ;i]y -

N nd -
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"'ﬁsystem activity occured after that time, affecting on]y the mineral '
- phases more sensitive to 1sotop1c readjustment. The nature of the

'1n1t1a1' Sr isotope ratio is ambiguous, for the ratio may not be in

the strict sense 1n1t1a1 On the basis of the Sr 1sotop1c data alone, :

it 1s not possible to more than speculate ‘on the origina] source of the

‘ pegmatite magma.

N
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CHAPTER V  URANIUM-LEAD" GEOCHRONOLOGY

Ty “

INTRODUCTION

The uranium-Tead method of geochronology was implemented tggprovide

additional informatjon:about thé geochronology of the Gloserheia
granite pegmatite, since uranium-bééking minéral phases are bfésent in
the pegmatité,"'The pegmatite is believed to be Precambrian in. age and
beﬁahse‘of‘the Tong half-life 6f uranium, the U-Pb system is an . |
appfopriate method
In this study the U-Pb system'was'used as-a check on the Rb¥Sf'

age. If the pegmatite crys£a1lizéd under restrictéd-syﬁtem conditions,
and if the syétem and its component minerals reméinéd c1o$ed.after
formation, the Rb-Sr and U- Pb 'dlocks' should yield the same radiometric
date, correspond1ng to the age of crysta111zat1on of the pegmat1te If,
however,_the pegmatite suffered subsequent‘metamorphism, one or both
systems shpuld'show.departﬁre from ideal behavior. Because fhev |

' geochemica]vbéhavior of the elemen: involved varies‘considerab]y, the

| U-Pb pair wou]d be expected to respond different]y than the Rb- Sr pa1r

to tectonism or hydrotherma] act1v1ty. This is due at least in part to

s

the d1fferent m1nera1 types invo]ved (ie. silicates (Rb- Sr) versus
‘complex oxides and phosphates (U- Rb))q '

- Two minéra] phases were available for U-Pb dating. Euxenite, a
complexRFE-béaring oxide. occured as/well-formed crystals scattered 1nf
bands in coarse—grained feldspathic rocks. Xenotime occured as

_1microcrysta1]ine 1ﬁc10510ns in apatjte'érysta1s. These mfnerals were
\aﬁa1jsed to determine their radiometric aggi which (according to Jahns

and Bhrnham's 1969 model) should correspond to thelagé of the’pegmatite;'
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Alternatively, the uranijum mineralization may have formed subsequent to
crystallization of the pegmatite, through the action of uranium-bearing
hydrbthermal‘fluids along channelways. In this case the U-Pb age might
post-date the‘Rb—Sr age. . ‘

' In summary. the U-Pb geochronometric method was expected to
1nd1cate the age of the uranium mineralization of the pegmatite (which
may or may not confdrm.with the Rb-Sr mineral age obtained by the
"isochron.method) and to reveal if a subsequent metamorphdt pulse occured
that was sufficient in magnitude to cause readjustment of the isotope

’systemat1cs , _ ' ) | .

Uranium-Lead Isotope Systematics

A]though many geo]og1sts have some fam111ar1ty with radiometric
dating, a brief rev1ew of the bas1c pr1nc1p1es of U-Pb geochrono]ogy s
given here. The interested reader is referred to more detailed rev1ews
by Baadsgaard (1965), Hamilton (1965) Hamilton and Farquhar (1968),
and Faure (1977).

Uran1um-bear1ng minerals have two radioactive isotopes of interest:

238 235

U and U. These parent nuc]ides disintegrate at known rates

- according to the law of rad1oact1ve decay (N = N,e At) to form stab]e

. lead isotope daughters accord1ng to the following reactions:

238U 06p), + SgHe + 68~ + energy L
235y 4 207py 7gHe + 48 -+ energy

The 1sotopic composition of lead in these m1nera]s is expressed by the

o

- following equations:
206, - 206, 8. A 't L
t

where 'PbN' is the number of atoms of that 1sotope incorporated into the
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same unit weight of this mineral'attits time of format1on;"t"1s the
time elapsed in years since the formation of the mineral, and 'A' is
the decdy constant. These equations may be so]ved for 't'. The two

equat1ons may be combined to result in a third age equation:
. 207Pb 207PbN 2350(e 235 207 1 | //

206Pb _ZOGPbN

Because the isotopic ratio of natural uranium is known (?35U/238U =

+ ?38u(e Ap3gt 206 _ 1

137.88) and is assumed to have remained constant over geologic time, this
value may be substituted in the above equation and a 207/2b6 date may‘
be ca]cu1ated’without determining the amount of the uranium. '

; Compatib]e dates may be obtained from these equations if e U-Pb
"bearing mineral has remained closed after formation, ie. if no U or Pb

‘has been_gained or 1ost,-gnd if the appropriate correction is made for

contaminant or 'common' lead incorporated into the mineral lattice at the

time of formation. Wetherill (1956) devised e"concdrdia' diagram, a

206, ,238, 207Pb/235

p1dt of “""Pb/"""U versus

which t207 t206 form a curve. This has found wide app]icat\en in = -

geochrono]ogy.

U, where the locus of the points for |

85

‘Minerals frequently depart from ideal (ie. closed system) behavier. .

‘resu1ting in incompat1b1e or discordant dates. The most cqmmdn pattern
of’age‘discordancy, characteristic of zircons but aiso found in other
m1nera1s, is t206<t207<t207/206 Reversed sequences are sometimes found.
These patterns are attributed to either lead or uranium 1oss. If these
- U-Pb ratios are plotted on a concordia diagram they‘tenq to 1ie on a
chord cutting the concordia at two points. wetherill (1956)'proposed |
that the upper intercept represents the 'true’ age of the system, while

/—o

"the lower 1ntercept may mark the time of an episode of lead loss.‘ This

i AR
o
4t .
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lower age is regarded as meaningful if independent“geochronoiogica] data
is Supportire}

| There are, however, alternate explanations for discordant U-Pb ages.
Nicolaysen (1957) and Tilton (1960) ‘suggested that a similar pattern

results from. the.

i1 ffusion of radiogenic lead. Diffusion is
proposed to"occurtic oy
i

. coefficient.ﬂt.,up

mineral. Nhen", )
does not exist. wasserdﬁrg (1963) expanded slightly on this model by
prop051ng that the diffusion coefficient is a time-dependent function
: re]ated to radiation damage of a crysta1 Tattice by uranium decay. uThe
diffusion trajectory is very similar to that in Tilton's model. |
wetheriil,(19§3) considered both oranium and Jead diffusion.

Othertinterpretations include loss of intermediate nuclides from
the uranium;decay'series (Holmes,.1955; Ko]p. 1955; Giletti and Kulp,
1955), a possible but unpopular hypothesis (Catanzero..1968); and |
leaohing of urenium and lead by water introducedvtgrough microcapillary
channels created by radiation damage (the di1atancy nodel of Goldich and
= Mudrey,/1972). ) | :

It is widely accepted that both episodic and continuous diffusion
processes are.responsibie for discordant ages. Frequently, however, the '
Tower intercept of a discordia is ambiguous in meaning, and it is
difficult to judge if diffusion processes or a metamorphic pu]se is
V,responsible for the age patterns, Independent geologic evidence is -

essential to make a proper Judgement., - , | i;\:;///‘?
SAMPLES ' 2 i 1‘H“;§;q~ n f _ ) -,

~In the Gloserheia pegmatite, there are numerous minerai phases

|
{

o,
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suitable for dating by the U-Pb method. These include zircon, allanite,
hraninite, sphene, euxenite. and xenotime. Several uranium secondary
minerals were also present: However, only two of the minerals, euxenite
and xenotime, were available in the collected sample suite.

Xenotime was present in the pegmatite as microcrystalline

inc‘%sions in apatite. A single sanele of xenotime (YPO,), frog}the

first intermediate zone, was provided. The sample was obtained by acid L

dissolution of an apatite crystal (Dr. W. Griffin. personal commun{ «

cation). Rmi (1975) oostulated that the_xenotime formed late, through

exsolution in the apatite, probably in conjunction with.metasomatic ;

| or hydrothermai actiyity. | | | |
The euxenite ((Y,Er,Ce,La,U)(Nb, Ti.Ta)2(0 OH)G) is described by

fm1i (1975) as occuring only in the third intermediate zone. However,

- Dr, Griffin provided euxenite-bearing samples from the wall zone and

the first and third intermediate zones.liRespectiveiy'l. 1, and 3 samples

were chosen from these zones for ana]ysis’ ‘The .crystals were euhedra1

to subhedral tabdiar. and ranged from brown to black in co]our.

Discrete euxenite crysta]s ranged’up to 015 cm. in size. In hand

specimen ‘and in thin section, the euxenite appeared to be concentrated :

' along fracture bands interstitial to large crystals of feldspar. In

thin section the euxenite'is intimately associated with minor:amounts<of

muscovite. carbonate. hematite and uranium secondary minerals inter- -

connected along fractures. The.isotropic.nature of the euxenite in thin

section suggests metamict, altered character. as does ﬂmli's (1977)

x-ray diffraction and specific gravity data. Moreover. pockets of

uranium secondary minerals suchéas B-uranophane. uranophane and kaso]ite

-

are either associated with‘or pseudomorphous after euxenite Associated

et
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plagfoclase is strongly sericitized and fron-stained. fmit (1977)
- suggests that the ufaniuﬁ seeondary minerals were formed‘from elements

leached out of euxenite.

Euxen1te and xenotime are not common minerals. ‘Most_of‘the known
occurences are in REE-bearing pegmhtites.' Consequently.thefe isa | 4
paucity'of information in the 11terature regarding their isotopic | |
behavior, erlp'and Ecklemann (1957) briefly discuss the‘behavior of
these two minehais_in a review of discordant U-Pb ages‘ahd-minera1utybe(

207Pb/206Pb ages are regarded'as reliable but

Genete11y:euxen1te' :
206Pb/238U“

' radiogenic 1e§ﬁ.is readily sdscehtible to leaching so the

.
. < B
. O Tl e,

:\m gy Bl

‘and 207Pb/2350 ages ahe often strongly d1scohdaht in the eharacteristie
pattern t206/238<t207/235<t207/206' Xenotime tends to show the feverse‘."
age pattern. 206Pb is also lost. According QO Mitche'l'l (]973).

. metamict phosphates (1nc1ud1ng xenotime) are only rare]y found Euxenite.t

D

“on the other hand, becomes typically metamict and typica]ly contains  ° .

e L

Iarge amounts of nonessential water in its structure. GoIdschmidtv(192¢)

. suggested that a necessary condition for”metamictizétion‘is that the -

structure contains fons readily susceptible to the changes in the state

of ioﬁizat?on, eshecieIIy the™ions of the rare earths., .It seems likeiy,

i e it ) .
s e Y e O s i LA L
i o Sl RIRERLS

~ then, that thecxetravalent U * form 1n.euxen1te would be read11y oxidized
' to the highly mobile hexavalent U *6 (Grandstaff. 1976). and that the
'euxenite would.be susceptible to hydrothermal activity with exchange or
;loss of the radiogenic parents and daughters.

‘ fﬂﬁyggr & :

* ANALYTICAL o | _

The rock samples were crushed, and.the mineral s§mp1esnwere

l".

_,_sepereted and purified (as described in Appendix C) if pheparatjon‘fbr

rl e j‘:":'-”Tl?‘"‘J;:J":"_T'r':":"‘.“".,“‘,' .
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~decomposdtion and isotopic analysis on a mass specrometer. Brief1y.
each mineral separate was decomposed in HF and HN03. Half the solution
“was spiked with 235U and 208Pb for 1sotope dilution determ1nation of
quantity. -The remainder was. used for Pb isotope ratio measurement,
Uranium was separated from lead using the barium coprec1p1tat10n method
and then’ both elements were purified by elution through ion exchange
\cqumns The samp]es were loaded on outgassed rhenium doub1e filaments.
Fhe spi es. were prepared and ca]ibrated by Dr. H. Baadsgaard. The g 'ﬁ
235U sz]§e<was¥composed of 9.7271 ug. 235U and 0. 0127 uQ 238U per gram - :

of so]ution. he lead spike was composed of 5. Oldf‘ug 208Pb 0.00251

ug. 207Pb. and 0 01097 ug. 206Pb per gram of so]ution Blank determin-

ations. on the ana]ytica] procedure were run by’ Dr.‘Baadsgaard durtng,

this time period. The blanks contained less than one"nanogram of

i uraniu ?and a maximum of 3.8 nanograms of Tead. The blank lead

‘$o’4‘
BT

iéﬁzwas corrected out along with common 1ead during

J

Y

é .

o
“s %"{*

gpggk;pmetefihas equ1pped with peak switching fat111t1es. and an on-line- -

digita1 voltmeter output;r The measurement precision of 207Pb/zost and

5ﬁ£b8Pb/206Pb was <“0 1%. The 206Pb/204Pb measurement precision of + 2%
. was acceptab1erbecause of the minor common -1ead correction necessary/

'jMeasurement precision of 238U/235U was about +0.1%.




o B

- % :
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RESULTS ‘ g
. Analytical results and the ages and isotopic ratios used Sor b “ f

plotting on a concordia diagram'arshpresented in, respectiveiy; Tab]es
3 and.4. Ages and ratios were caicnlated by an APL computer program. o o ;
written by Dr. H. Baadsgag{d. The following constants; adopted N
internationally in the 1976 'Convention on the Use and Decay of Geo-
and Cosmochronblogy',(Steiﬁér and Jager, 1977), were determined.by

. e
Jaffey et al (1971). - . 4 o
h ‘ 238U/235U = 137 88 (a:omic ratio, NBS va]ue) )
= ] 0 -1 _ . o
o= ]0 -1 - 3#'?' T nE
U235 ‘ 9.8485 x 10° yr. | |

— iy

The measured isotopic ratios were corrected for nonradiogenic lead
based on the composition of . 1ead in a feldspar of equivalent model 1ead iw~;ggf-
age (2%%4pb:206pp;207pp,; 208y - 1:16.04:15, 2:37.11) at u = 9.0, To= 4.56 R
px 109 yrs, No mass discrimination correction for the lead isotopes was - B

» ' ' !
i

/
necessary. The samp]es had 1arge 206/204 ratios (fe. they had a high U

content and iittle contaminant "Tead) so the error introduced in the o . S 5

- L 5
o 5 ,,v,» , i
5 j?éf The discordia was fit to the seven data points (6 euxenite samples. :

.?correction for nonradiogenicilead was quite small.

) Auhsed;on the method of least squares fitting of‘a~%traight Tine. - . |
ﬂ &ﬁ' oISCUSSION AND concwsmus LA O - Q",f’/ |
- Inspéétion of the data p]otted on. the concordia diagram in Figure 5 .
f_,reveals a typical discordance relationship, with a single straight line \
f_ fit to the data points having an upper‘and Tower intercept (with the i h
.concordia) The mean square weight qf deviates (MSHD) of this line, at ,‘\,-‘ﬁf;l
“% IR 0 ) 3 S
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5.3, 1s higher than the upper Timit accepted‘for an‘isochronous
relationship: so‘the scatter about the‘regression Tine js.probab1y
related to a geological disturbance. Still, 1t~may be COnciuded that
_the uranium mineraIization occured as a sing1e event 1055 + 30 m.y. ago
The samples have lost only sma11 amounts of radiogenic 1ead Perusa] of
the isotop1c abundance data in Tad%ggd3 and 4 reveals no correlation
between uranium content and the degree of discordancy, although this
correIation is frequently observed 1n zircons. The euxenite samples
“show the fnormal' or zircon lead loss pattern while the xenotime shows
the reverse discordancy pattern usually caused by U loss (Cobb and Kulp,
1961; Catanzaro, 1968; Tilton and Nicolaysen, 1957).. .' _

On the concordia plot (Figure 5) the uppermost data points show
slight scagter about any d1scord1a that may be constructed The cluster
of data points about the'upper 1ntercept of the discordia increases the _

-.uncerta1nty of the Tower 1ntercept The significance of the 10wer

~ intercept, which 1nd1cates a‘date of 403 + 160 m.y., is unc1ear in an

' pisodic lead loss 1nterpretation. It corresponds roughly to the time _
f;”of the Ca]edonTan in the Baltic Shield, a1though there is no documented

‘ 'evidence for Ca]edonian events 1in this area. The Rb-Sr data of this &
stady do suggest a late 1ow-grade metamorphic event of uncerta1n age
which Eiuld furni*h‘dvidence of Caledonian effects. Extrapolation of
u;the %dneargportton of 3bcont1nuous diffusion trajectory would have a
slightly 1ower 1ntercept fhan thh’fhtercept observed in Figurees This
. .same amb(gujty in 1nterpreea§*6n is para]leled in the findings of 0 Nions
and Baadsgaard (1971) for other pegmatites in the KOngsbergbBamble
sector. Most probab1y this pattern has been produced by cont1nuous :

] dtffusioh of lead from mineral 1att1ces<coup1ed with very low-grade

Pt K
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i
events that éaused epjsodic lead lToss. Examination of the thin sections
9f~the.rocks containing these minerals suggests that there has been
1imited hydrotherma] activity that would facilitate léaching of lead
.and uranium. Because of the commonly obsérved'correlat1on between the
degree of 1atf1ce damégé“(metamict1z§t{on by U decay) and the amodnt
of lead 1oss, the only minor amounts:of radiogenic lead lost by the -

euxenite samples suggests that'any‘episode of lead 1oss occured fairly

.

shortly after crystallization. |
In conclusion, the U-Pb data suggests thatvthé‘uranium mihe?als
formed in a single event at 1055 + 30 m.y. The age batterns shown by
fhe minefa1§ suggest that lead 1055 has occdred in résponse to a
series of very low grade events fairly shoft]y after crysta]]izafion,
(although the possibiltty exists that t Jf.eyent was as late as the
Ca]edpﬁian) of the pegmatite,ﬁfoupIed Ji?ﬁ'continudus.diffusion gﬁﬁﬂead‘

4

from the mineral lattices.
- {

. ' >
v . a




CHAPTER VI OXYGEN ISOTOPE GEOCHEMISTRY vy .

INTRODUCTION -

Oxygen is a major constituent of most rock iorming minerals. The
‘-oxygen isotope composition of rocks and minera]s can provide significant
information regarding the conditions of formation of igneous, metamor-
'phic and sedimentary‘rocks Additionally, measurement of oxygen isotope
i;tios is an important technique by which interaction between an oxygen
bearing fiuid or gas and a'rock is discernible. ‘
| The purpose of this study is to-obtain information regarding the
genesis and geo]ogicai histﬁhﬁ“of the Gioserheia pegmatite., The
isotopic composition of the pegmatite. may indicate if 1ts parent mater- |
jal was of an igneous or sedimentary nature. Equilibrium fractionations |
4n oxygen isotope distribution between minera1 phases can be used as a
geothermometer to-indicate'the temperatures'and'Sequence of crystal-
Jiization‘of the zones.. Aiternativeiy. if these patterns have ‘been
ob]iterated through subsequent isotopic exchange with circuiating
meteoric groundwaters orndeuteric fluids, the nature, effect, and

gdegree of exchange with these fluids can be deduced.

OXYGEN ISOTOPE SYSTEMATICS

L

S

—

Detailed discussions of oXygen'isotope geochemistry can be found-in
reviews pubiished by Epstein (1959), Epstein and Taylor . (1967), Garlick
(F!69), and Faure (1977) - Brief summaries of the basic principies and
of the behavior of isotopes during fractionai crystal]ization are ‘
presented here, in addition to a review of recent literature concerning

oxygen isotopes in pegmatites.

— . . -
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(1) General theory and app]ications ‘
_ Variations in the oxygen isotope ratios of natural substances arise
frlln the differences in the thermodynamic and kinetic properties of the

various isotopic spegies in chemical compounds. The differences occur.

’ primarily because of the effect of mass; The 1sotop1c composition of

18,

oxygen is usually expressed as 0 and reported with respect to

standard mean ocean water (SMOW, Craig, 1961): ’iwﬁ '
18 18,160 sample
§ 0= — 1| x 1000

18,165 smou

As early as 1951 it was noted that granites ( 6]80 7°L.) are more

enriched in ]80 than mant]e rocks ( 6180 5-6 Z. )(Si1verman, 1951)

Since then considerab]e effort has been ' addressed towards reso]ving the
cause of this variation, which could be produced either through

~ fractional crysta11izat10n or through magmatic assim11atid@ﬂand inter-
"action with pre- ex1st1ng supracrustal rocks. Fract1ona1 crysta]]izat1on
accounts for some granites, but can only produce isotopic enr1chment of
up to 8%, because at magmat1c temperatures isotop1c fractionation
factors are sma]],(Gar11ck. 1966). Many plutons, however, have 6]80
ratios in excess of 10 %. (Longstaffe et a], 1981). For these p1utons,
the second hypothesis seems reasonable. Supracrustal rocks, and in '
particu]ar c{astic sediments, are commonly enriched 1n']80, and this

- is attributed to thebpresende of clay minerals deriyed.through weathering
processes (Savin and Epstein, 1970). A mant]e derived maéma would have

18

to incorporate a great;quantity of 0 rich crusta] tock to produce the

18

degree of 0 enrichment observed in some p1utons, so assimi]ation is not

regarded as a feasib]e process (Taylor, 1968) However, two very

attractive hypotheses remain: (i) w1despread oxygen 1sotope exchange of

©
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\

a magma with the surrounding country rock through a fluid phase; and
(ii) the generation of a melt through anatexis of clastic sediments
Through detailed study of the-chemistry of the granitic-and country host
rocks it may be po$sib1e to discern which of these two processes has
operated. :A | - '>

The second major use of"the study of oxygen isotopes is to
determine whether isotopic equilibrium was achieved and preserved in a
given system. Equi]ibrium in a granitic rock at the time of

crysta]lization is expressed by a 6180 whole rock -value that falls

"within a fixed range of +6 to +10 %. (Taylor, 1978). Variation within

this range is attributed to the\IBO content of the parent magma,
differences in the temperature of crystal]ization, and the effect of
fractionai crysta]lization Secondly, igneous and metamorphic. rocks in
isotopic equi]ibrium show a characteristic pattern of decreasing /180
content in their component minera1s quartz-potassium fe]dspar-
p]agioclase-muscovite hornb1ende-biotite-magnetite (Tay]or and Epstein,

gy
1962). The difference in .]80 between any two of these minerais

(reported as the A 0 value) . is fixed within a narrow range and is

controlled essentia]]y by temperature.

This re]ationship has found an important app]ication in geothermom-_

N,

~etry. Equi1ibrium fractionation factors have been ca1ibrated in

1aboratory experiments in such a way as to permit systematic treatment

of isotopic data and to provide geo1ogica11y reasonable 'temperatures

of fonaation for a variety of mineral pairs (Taylor. 1968) For N

minera] phases, N-1 independent temperatures may ‘be deduced, and if

A

these are in accord and if the isotopic composition has not shifted

subsequent]y to the compietion of crystallization. it may be conc]uded

a
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‘that isotopic equilibrium was attained. However, the petrogenetic
sign1f1cance of these temperatures is unclear. ‘Some degree of exchange
subsequent to initial crystallization is probable and depends on the
nature and volume. of the fluid phase. so that the temperatures obtained
probab]y represent the temperatures of final equi]ibration (Bottinga

and Javoy, 1975). | '

Equilibrium may not exist if exchange react1ons did not attain
equ111br1um at the time of crystallization, or if the 1sotop1c o ‘1’
composition of a mineral or rock subsequent]y shifted due’ to .
 interaction and exchange with circu]at1ng‘deuter1c or meteoric waters.
On»a gross scale, bulk readjustment may be expressed‘by variation '
of ]80 outside of the normal range for plutonfc rocks. On a Sma11er" . . -
scale, ie. within a given body, disequidibriumgmay be expressed by ) //i’
variation in the ]80 composftion of.rock sampies from different
1ocations, and on the scale of minerals, by reversa1 of the character-
1st1c sequence of ]80 enriihment. “Subtle readjustments may be
1nd1cated by variation’ 1n the delta (A ) va]ue outside of the permitted
range (which varies for each mineral pair), or expressed as discordance
in crystallization temperatures ca1cu1ated for mineral triplets. |

The most common cause o% disequﬂibrium 15 late stage, Tow -
temperature exchange with deutenﬁc or meteoric water, either during
crystallization or subsequent to its completion (Tay]or. 1978)

Deuteric waters are characteristically 180 enriched, and their -

- compositien?e determined either by magmatic composition coupled
with the effécts of fractional crystallizatiog; etc.. or these waters

’may be in equ111br1um with country rock, which m@ﬁ)have a significantly
different 1sotop1c composition from the 1ntrud1ng body Meteoric waters
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are-markedly‘depleted in‘lao with respect to igneous and metamorphic
rocks (Craig, 1961), and the effect of interaction with rocks is
pronqunced depletion of 180 (in the rocks)(Magaritz and Taylor, 1976).
(ii) Fractional crystallization ‘ |

Fractional crystallization is commonly invoked as the mechanism .
" responsible for zonation on all scales of igneous bodfes. Jahns ‘and
Burnham (1969) call upon fractional crystallization to produce ;oning

n complex granitic pegmatites. This same process is also regarded as a

mechanism that operates to produce oxygen isotope variation ina

crystallizing magma. ' As such, the process merits at Teast : pry

‘_ consideratiﬂh ‘ o 4
 Ina magma, early crystallizing phases are 180 poor, and ’
crystallization of such minerals relatively enriches the remaining melt.

The degree of enrichment is a function of ‘the type of minerals
crystallizing, the sequence of crystallization, the temperature of

_ formation, and the extent to which crystallizing minerals are prevented
'from interaotion with the melt through armouring or crystal settling.

These factors vary in turn with magmatic composition,» HZO’ oxygen
-fugacity, melt viscosity, etc. The. final isotopic composition of the
crystalline product is the result of complex interaction of many

' 1variables. and as such is difficult to predict. i A |
” Fractional crystallization of a volatile-rich magma. commonly leads -
,.to separation of‘an aqueous vapor phase. either through degassing of

] assimilated country rock or through saturation with volatiles and
g~resurgentﬂpoiling. This aqueous phase can cause appreciable isotopic

o readjustment through exchange ré&ct}ohﬁ“with silicate melt and

previOusly crystallized material This exchange is likely to

eyl e
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continue at temperatures significantly Tower than thevtemperature of .
initial separation of the vapor phase or the temperature of crystal-
lization of major minerals. The effects of this process would be a

| pronounced positive enrichment’in the 6]80 composition in the exchanged
rock.(Taylor, 1968) . :

The Muskox Intrusion of the Northwest Territories of Canada is a
well documented classic example of fractional crystallization of a magma
of basaltic composition. The oxygen isotope data shows a progressive '
upward enrichment from 6 2 to 12.3 %, corresponding to rock. types

_ representing increasing degree of differentiation (Epstein and Taylor,
l967). Although the fractionation factors are too large to-be
reconciled with simple crystal-melt equilibria, fractional crystalliz-
ation has undoubtedly played a role in producing the trends observed in
the lower portion of the body (Taylor, 1968). Isotopic analysis of '
the. minerals in the anomalously 180 rich upper portion of the intrusion

) suggests that the feldspars, which are in disequilibrium, are R
responsible for the.whole—rock~enrichment. ‘It must be concluded that

" some additional‘process of % enrichment has.been.in.operation. R

: Taylor (1968) suggestEd\that this trend is the*product.of post-crystal-

“lization exchange with an oxygen—enriched fluid phase that may well

| f:have been produced by magmatic differentiation. O'Neil and Taylor

:(1967) have demonstrated that feldspars exchange oxygen much more

readily than quartz under experimental conditions. and that exchanged , SR
feldspars, which are typically turbid and filled with fluid inclusions, . N

, texturally . resemble natural' feldspars with anomalous isotopic ;atios..vi"'

b

In conclusion, it~seems likely that fractionalrcrystallization

. exerts a pronounced effect both through'changes due to gradual shifts ~ -

L

- “"’*ir:




| (i11) * Oxygen isotdpe literature concerning pegmatites
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in”bulk chenistry. and'through formation of a highly corrosive and
;reactive aqueous phase that may persist to hydrothermal temperatures.

The effects of these processes have been considered for ingeous bodies

on the scale of plutons. The role of these processes during pegmatite

-crystallization must be considered next.

j

Granite pqnmatites show a more. complex variation in oxygen isotope

'composition than nornnl plutonic granitid*rochs Many pegmatites are

found to be highly enriched in 8¢ (5980 8 Z.) relative to average gran-

1tie rocks (8% 711 -)(Taylor and Epstein, 1963; Taylor, 1968; Long-
:«fstaffe et al 1980) Oxygen 1sotope composition of component minerals
" also. reflects this range. 5380 values of pegmatitic quartz are reported in

the literature as ranging from +8.2 to 13.5 7 (Taylor and Friedrichsen.
Y978; Longstaffe et al, 19§D)~1§/§% variations of up. to 1.1 % in quartz

and in feldspar within a single body (Taylor and Epstein, 1962. Taylor et

al '1978). This contrasts sharply to the narrow range exhibited by

'normal' pristine granitic rocks.
In individual bodies. quartz and feldspar in the . first intermediate

' zone and core have been observed to. show disequilibrium fractionations

ations are not observed. and the ]80 values of minerais suggest that

‘“isotopic exchange with uall rock has masked the originil distribution.

anging between +0 4 and +1.5 4. This is interpreted as the result of

-crystallization from two coexisting phases. More often. these fraction-

L3
PR

. Longstaffe et al (1980. 1981), in a study of the Manitoba pegmatite ;

rjdistrict. have demonstrated variable degrees of ]&0 exchanga betueen '
ffbur related pegmatitic granites and‘their host rocks. with the degree-'

'ion of, the host;jf' _

: ‘g,

z
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:rock specifically. with the greatest enrichment occuring in pegmatites .
hosted in- neta-greywackes and the least enrichment in metabasalts

. Taylor et al (1978) make the same observation for a sufte’of Califor;}

' fnian pegmatites. ~The explanation for this' yrend is exchange,throudﬁ“ B
supercritical fluidS'produced during crystallizatdon,of volatile h
?li

b " Y A B 9

“
1

| saturated (granitic) magmas. 'f&‘ N -
This type of exchange. of cpurse. invalidates.a geothermometric

d.approach to.a detailed. zonal. cooling history. However. in some cases T ,t}f:'

‘-mineral equilibrium may‘be demonstrated and syggests supersoﬂidus e

‘"crystallization in the 750 580°C range with gradations in température

: _indicating crystallization from the walls inward In addition. Iaylor

et al (l978) hhve suggested that the conditions (pressure and temper- -
. _atﬂre) during crystallization would be appropriate for the formation '}‘hh >
:of aplite with a sudden slight release of pressure. }" o o f ‘n&ﬂx'u
The recent’ literature supports Jahns and Burnham's (l969) model p ; -

of magmatic origin for complex pe tites with fractional crystalliz-.

ation and development of a supercritical aqueous phase. facilitating

Pl

e

| isotopic exchange with surrounding n‘g? _~'{' ." o .k. C L
SAMPLES L | |

QuartZ. potassium feldspar._biotite and muscovite were selected

for: oxygen isotope detenmination., The mineral phases are distributed’_

::i§Ub1QU1tOUS]y throughout the pegmatite. and with the exception of quartz,

- these same minerals have been analysed for rubidium and strontium

P
' v

isotopic compoSition. ~__.;.:f':l,_." ‘igtjf “5*f':ftg. R B |
— | Hinerals from three rock samples frommdifferent zones in the ‘f{§. Ilg:;~*?”}<

pegiatite were: analysed for istopic equilibriu. l’his detemination is
L usua'll,y ba‘sed on the. analysis of uineral triplei:s (m a rOck) but a




g . _'Taflperatures are caicuiated using the ox.ygen isotope thennometry . \

S ,;;Eequations of Bottinga and Javo.v ( 153). «APProximations of the |
o "“;TNH.MH“” of the 8 éo values and the Wratures are inciuded in T
the tahlé Fol’ ease of intercouparison of the sauples. the data is

- Feidspar showed limited aiteration to se;ieite and carbonate. and the S

. R
with warped and n biotite oniy. secondary cieava‘ges

y ANALYTQAL n:a,

in- APPendix B. - _" 4{”@%} R e
e . oy

‘ from the pooled residuai variance of rep‘licate anaiyses (of other

. work. S

CRESWTS . . | |
| " The experimental data and‘ the temperatures calculatem basis e ;?;'
'}of minera] pair fractionation data are reported in Table 5. | N o

.
1imitation was imposed on this study ‘M that on'iy three of the hand "-j- : -Q“ v =%

specimens contained appropriate mineral distributions. In addition. - 3

two quartz-muscovite pairs -and five single quartz\ samples from various

'_ 'Iocatiohs within the pegmatite. and two fine-grained h@ rock

amphibolites from the contact aureo]e were analysed,

Detai'led descriptions of the sampies are located in Appendix A. At -

| Tge amphibo]ites were quite fresﬂ The pegmatite samples (in thin

section) tended to be fractured and (excepting quartﬂ altered

.biotite was weakly chloritized. .. Both micas showed signs of stress. -' 5

,
18l el

. : B A 3
a - .

0 | The crushing. separation aﬁ‘d purificatipn procedures are outiined

SV A

»  The sampies were ana'i,ysed by the Bng method of Ciayton and
J

Mayeda (1963) The data s reported» with respect to énow (Craig. 1961)

in the usual & notation. The deviation of + 0.1 /.. was calcu'iated

A L s L s e L

sampies) performed by Dr. K. Mueh'lenbachs during the course of this

A
. \
. . \

EE— s \
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_ are strongly enriched in ?80 relative to most granitic rocks. and fall

%redﬂcted variation within a given body

' 'ranges (Taylor et al, 1978)
"alteration has locally readjusted the isotopiorcomposition. s _

obggrved for those phases analysed. with

_ such reversals.

Q

graphica'!: presented as mineral, Qg('

distribut’on in Figure 7.-
DISCUSSION Am“)' concwsxons

Inspection of the experimental data shows that the oxygen isotopes

4within the range established for granitic pegmatites. On this ba§\s

the possibility of interaction with meteoric groundwaters ‘may be 'f .

N 3.
- ~ .. ‘d,

_dismissed

- The mineral 6]80 values ape alt @f the&propriate magnitude. but'

LT

the variations between samples of the same mineral phase are large nd

foutside of " experimental error, For example, quartz Gl ] values range

from 10.5 to 12.8 % » and" the net varfation s double the maximum R

gyﬂ

. occurs in the core zone alone. which is. expé?%ed to be’ uniform with

“resped% to oxygeh isotope composition.‘ Quartz is. reputed to be & égiple '

mineral which does not (relatively) exchange isotopes. The«variations

)

s observed in feldspar and hiotite are of comparable magnitude but these

o

mineralsvhaweebeen dem\;strated to characteristically exhibit such -
The variation suggests either .

14 -

disequilibrium processes during crystallizatién or*late deutertc

s
The normal oxygen isatope enrichment pattern of.minerals is

6180 values increasing

progressively in the order biotite-muscovite-potassium feldspar-quartz.

It is stgnificant that no guartz-feldspar reversals occur. Large scale .

-'low temperature hydrothermal alteration is readily recognizahie through

As previously discussed, feldspars particularly show

Moreover. a variation of l 2L

77
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this effect as they are readily susceptib]e to clay alteration, and

because they exchange oxygen mOre rapidly than quartz or mafic minerals

(0 Neil and Taylor. 1967) Expected systematic trends in isotopic

r
fractionation between minera] pairs from different zones have either not
"I ‘

o deveio ' or have been masked by a later‘process. The three quartz-
. . TN . .

feldspar ‘pairs ana]ysed in this=atudy all havenA values within the
expected range of 0.8 to 2.0 (0'Neil and Taylor, 1967). Only one of the
three quartz-biotite;pairs analysed (IZ 1-4, with a A value of 5.8) falls

v'-;outside of the established A va]ue range of 3 to 5 (0'Neil et al, 1977)

. and agrees with the experimental data of Taylor et a1 (1978)

; ; ; In summary. the pegmatite may have formed either through |

Py
- f&otite 1s a hydrous minera] and is*susceptigﬁe, Tike feidspar, to
'c.q-. #: 4 R
secondary aiteration; ]ﬁg aitqgld neture of the biotite (in this study)f
)

fs apparent during inspection of the t&fn segfions. Equiiiprium qua?
v
muscovite fractionations have been demonstrated to range from 2 to 5

(O'Neii and Tayior, 1969) and two pairs anaiysed faii well within this }

range. ,
(o

. The erratic distributioh of oxygen isotopes suggest that the
h'@}:onditions for meaningfu] appiication of geothermometry have been

) I~

: _vio]ated viz the isotope composition’of a minerai or rock must not

in any way have- shifted subsequent to the attainment of equi]ibrium

‘during crystaiiization from a magma. TheFéfore. the significance of the

~ -~
temperatures obtained from mineral pair fractionations is questionabie.

‘l-ﬁ\ﬁﬁ%;hgptggpiets analysed,‘oue (&; J1=11), c;osely approached isotopic

. equiiibrium and suggested a temperature of'575°c It nay represent the .

temperature at whioh oxygen isotope exchange ceased This temperaturg

does fa'll neat'ly within the range suggested by Jahns and Burnham (1969)

d&

—
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: chemistry of a. Epgmatite and its hdit rock fbr any known occurence."

: .isotopic ando petrogr ..-cv
'chapter “

adh
.exchange with or assimila on of metasedimentary host rocks, or gﬁsﬂpgh .

by Taytor and Friedrichsen (1978) and Longstaffe et "al (1980, 1981) to .
caccount fOr anomalous oxygen-isotope\\?stnikution in other pegmatites # '

1of the%pegmatite minerals Witﬁ‘;hqggmphibolitic wall rock ( 6]80 10. 8
" and 13 2 A. ’ two analyses) Factors thax Turi and Taylor (1977)

oy ‘ . _
: - | ‘ ) 79

-

. . s
: 3

dtfferentiation from a Jgéinile igneous source, followed by isotopic “i”:14§§-:

anatexis of 180 enriched metasedimentary material Assimilation of host

| rock is considered less likely because of the lack of“fholitbs in the

! . . e
Gloserheia pegmatite. This is not- eXpected in any ca§e.’Taylor et al :

(1978) report that (generally)~no correlation exists between thevbulk ;q‘=;§3: f

:ffMetaseﬁimentary origin ofethegmagma can only be properly evaluated with

the assistance of other isotopic or petrographic data. The collected

data will be considcred in the following L ‘9

N .
-v“‘ ‘. ‘ !

| The disequilibrium redistributi of jsotopes was probably largely
-
facilitated by the presence of an aquebus vapor phase created through,

resurgent boiling. This‘phase would have been highly corrosive to
prev1ously crystallized minerals. Because it would have persisted to .;alﬁ
Tower temperatures than the crystallizing temperatures of the minerals,

18

this fluid or vapor phase would be expected to locally cause 0

j .
enrichmeﬁt through isotopic exchange. This mechanism has been invoked S

This same phase would be expected-to facilitate isotopic exchangg, "\«..l"

~..

'-jconsider to promote this exchange are (l) the volume of the intrusion

S _is small im comparison with the host rock (2) the late to post tectonic ':,“"

7"-environment would'gpill be quite hot and (3) abundant volatiles would

'7‘J3be associated with pegmatitic intrusions.. The effect on a juvenile :7'5‘°“; -



80

> "hgneolm magma ( 6]80 7-8 7.. ) would be quite pronounced with a

"“.-d'lfference of about 6 ’/.. between the intrusion and the wall rock. At

» the same. t‘lme 10 proéuce such a 'large 1sr{top1c shift a very large volume
of wall rock would . have to b§ exch&nged, apd one wou]d expect to see
ef’fkts attributab'le to deiteric a]teration 1n the amphibolite. It is
regardgd as unerly that* this was ther case. However. the effects of £

}
,,,,,, ¢ v
wall rpck exchange on a metased'lmentary ihagn\a «wou]d be almost ne91191b1e.

y .ri’,q

. ?fhis exchange wou]d have the 1mportant effect of resetting any original '

o In sp'lte Q’f the stgﬁﬁc!nce of theﬁe departures from equﬂibrium, 2 '
o fract‘lonations. the var‘lat‘ions ave stﬂ'l quite »sma'ﬂ A]teration .of i "’"L é
the pegmatite bS' meteprilc watecs or weathering processes is. prec1uded . | %
by the strong positive enrichment“ f 6] 0 and 1ts distribution in :f;
' various mineral phases. The 6]80 values show at 'Ieast an approach to :x
. o e ° I"'“ e S L. T -‘ ;z
e equf‘librium, and the isotopic composit1onfo§ the m1nera'ls may be,»} g
,assumed to ref‘lect the composit'lon of the melt itself. 3
. T _ 1
[ {l . ’ [N . . “. 1" . ;
o N ;
, % ! \ s \El
i » I S £ Y

'Istribution and taccount for :the disequﬂibrium ‘observed, - s

Do Al e
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CHAPTER VII  SUMMARY AND“CONCLUSIONS
L
The various mineral phases of the Gloserheia pegmatite (a compiex

granitic pegmatite in South Norway) were analysed for their radioisotope

. composition using the Rb- Sq:and U-Pb geochronoiogica] methods, and. for

their oxygen isotope geOCQEmistry. The study was undertaken to establish
the age of the pegmatite and to relate it to the geological history ofv '

the Bamb]e sector of the Ba]tic Shie]d‘ and to determine the factors _i ‘

governing the emplacemen of the pegmatite. During the course of the

A ~o.
study it became appa; ' ha%open system behavior significantly modi‘f{?edv

at least the originai‘

[ o

contributed to the final isotopic pattern were considered '; o

The comb]ete suite of Rb -Sr isotope data for the Rb~bearing minera] .

phases yieided a "scatterchron" when plotted on a. Nicolaysen Hiagram,
L
however an isochron cou]d be fitted to the relative]y una]tered (dominan—

tly potassium fe]dspar) minera] samp%gs. The date calculated from the

.isochron indicated that thesewsamples begah to. behave as a ciosed system -

1009 + 6 m.y ago. The oligoclase, muscovite. and biotite samples,

comparatﬁ%%iy sensitive to updating during subsequenﬂKMetamorphic events$,
[

scatter mostly be]ow the reference isochron with the exceptioniof the

very iow Rb and Sr-bearing o]igociase sampies. which scatter above the

Egmafter 1009 m. y..,with probab]e\gedisyribution of Rb, SrN, and

. ..‘-t .
¥

) :isochron near-its intercept. It is concluded that some 1ow grade event -

_‘resuiting in a]teration and incomplete isotopic rehomogenization occured

87Sr

| 54} between the various more sensitive mineral phases.-

o
; While thest-Sr mineral isocﬂron yie!ds zhe date, the U~Pb concordia

TR BT
. '-‘ ‘ - ) " *l'\”“ :w‘-,‘;‘-‘; : . -r,f/ :
. o R sy Tl e L

' - . BN I 8] SRR o

e distribution, so the events that might havet;—,

b .
p]ot may yield two. fhe time of formation of a system. and the time of Lo
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" xenotime showing 'reverse' discordanc

)

Subsequent metamorph1sm.. The U-Pb data for euxenite and xenotime

suggest a crystal]ization date of 1055 + 30 m, y. The,samp]es are

discordant. with euxenite showing th @ommon 1ead- Toss pattern, and
a)\typ'lca'l of uranium loss. The_ | /r

significance of the Tower 1ntercept of the discordia. which” 1nd1cates
~an event at 403 m.y., 1s unclear. This was about the time of the 4¥§&

Caledonian orogeny in the Ba1t1c Sh1e]d but no evidence for this event
is documented in the area. The 1ntercept 1svs11ght1y h1gher than the

“extrapoIated Iinear portion u; a continuous diffusion trajectory The -

discordia pattern can be produced by continuous diffusion of lead from

the -mineral Iattices coupled with a very low gradengvent causing minor

episodic lead loss. | o T

The U-Pb date 1is significantly (outside of ana]ytical error) -older

i‘than the Rb-Sr date. However,vthe Rb-Sr date is calculated from a

minera] isochron, and as such coqu only be expected to yield the‘1ast‘ -
date at which the mineral lattice c1qsed to the migration of - radioe

1sotopes. It seems unreasonab}e that the uran1um m1nera11zat1cn wou]d
: .

82

a

predate crystallization of the si]1cate m1nerals of the pegmat1¢e body.

It 1s more likely that the pegmatite was emp]aced at the date 1nd1cated"

d1sturb the system. with the last major pulse occuring at beQ m.y.
Very Tow grade event§"cont1nued to disturb the system, causﬁng Rb and ,

7

‘ ;‘Sr isotopic redistr1but10n in the micas and the plagdoclase and causing

" minor. Pb and/or U Toss 1n the uranium-bearing minerals. B ai*._,' {

This interpretation accords well withrthefliteratqu concerning the

| ,Sveco-Norwegian event in the Bamble-Kongsber,;secto (of the Baltic
Sh'le]d) O'Nions (1969) and Field and Rﬂhem (1 ‘9) suggested that this" .

'by the U-Pb method - and that subsequent metamorph1c pu1ses continued to ;-

IR i e ok e £h e e eal e o el
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- arogeny occurred between 1100 and 1000 m.y., with major and minor

pulses of metamorphic activity through this time period. It is spgcu'lated
that the subsequent minor disturbance of the radioisotopes occurred ‘
during intrusion of the post-kjnematic granitic plutons in the region.

The source off the magma may be indicated by consid_enM of the _ & |
oxygen isotope composition together with the '87Sr/_865r ratioq't the‘ time

. of crystaii'l‘ization of the mineral phases. If the U-Pb date is accepted

- the processes that govern oxygen isotope fractionation sialic crusta] .

- temperature ait!ration pro fsses. Evaluation of the distribution of '

< materiai . A’lternativeiy Field and RSheim (1979) present Sr isotopic

. ae the age of crystallization of the pegmatite, the 87Sr./.865r ratio
 indicated by the“intercept of the isochroh must be corrected fos the -~ s

Sr ratio of A

amount of radiogehic Sr for in the ‘i‘vei betyeen 1055 and 1009 m.y.
Th‘lS can only be rough‘ly ap med by

mming the 87Rb/86

the pegmatite to be within th : age of 6 to 12, This range in ta
composition _wo_u'ld produce an ini_tie_‘l ratio (‘_gt 165.5 m}‘._y.) of bet:re'en .'
0.705 and 0.709. , The Tower ratio is typical of mantle;deri;/ed igneous }
ratios in this range. for older (about: 1690 ny.) very low Rb (Rb/Sr~ .' 0P .:ff |
0. 05) amphibohte and granuiite facies ro?ks irptﬁs sector of the IR
Baltic Shie]d“ - L o ‘ \‘\, {

N

Oxygen 1sotopg data and consideration of the petrﬁgraphy of the N

-
y o

pegmatite body make {t possib’le to rea]isticany eva]uate these two '. Sl
posswi 'li ties. Tl@factors that gmﬁn the enrichment -or- depietion- g

' of strontium isotopes in geoiogica'l matérial are entire]y unre'l’ated to . PR

Rb, - whi le con‘tinenta'l sedimentary rocks are ]80 enriched through low

o e



these isotopes may make it possibie to discern the degree of

contamination and interaction with . (sialic) crustai materiai fher

oxygen isotope composition of siiicate mineral phases of the G]oserheia

pegmatite are significantiy enriched in 180 in comparison to 'Juveniie'

igneous granitic: rocks Moreover. the oxygen isotope composition.di,
”7“amphiboiites are of the same approximate range as the Gloserheia
ti\pegmatite. Secondly, ‘the pegmdtite contains biotite and muscovite as
' :‘ma:]or minera1 components The presence of two‘édcas is usuaily o k"f-

considered to indicate metasedimentary originajil primiry mantTe source o

for the pegmatite cannot be o]ute1y dis‘;

5
b
)

”;%?aSOHS. the preferred source for the magma is;;"?i ’f‘«
Rb depleted, ]80 enriched amphiboiitic parent |
:{» o iu/One of the major aims of this study was to correlate isotopic“

distribut15ns to the internai zones deveioped in ‘the gégqsrheia *‘JA‘ o

- pegmatite. However. during the course of anaiysis i5 tame appareht ,f;
‘fi" that if such correiations existed they had notiheen preserved The\u .
bearing nnnerais had Suﬂreréd v and/or Pb Ioss, the micas and feldspars L\;
uere xisibiy aitered and had suffered varia Rb and/or Sr isofope g
fffffgf redistribution. and the oxygen isotopes of even very cioseiy spaced -
o mpies shoved marked disequilibrium.fractionations. (i:1; o k %?1
. Oxygen isotope disequiliurium fractionations in pegmatite bodies one
_i‘;,dcommoniy at;ributed to interaction of crystaﬂline minerai phases with a “';:é;m!?
.:.}“lihighiy corrosive supercriticai aqueous - fluid or vapor. produced during ’_;gk;;gj
.eflid-‘fractional crystaliization as.&\resuit of vo]atiie saturation of the “ffi'°i

\ T?ff;magmu This may faciiitate ioca\\exchange betueen the vapor or fiuid -

\n,~ﬁ%
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silicate magma would be conta’ined' by the enclosing v.lal'l‘: rock. the much '
less viscous, highly voiatile aqueaus phase would not. and wo would act as |
‘a medium, for the exchange between the pegmatite minerals and the wall o .
rock. ‘These processes may well, have contributed to the oxygen -isot_ope ﬁ
E disequﬂ'ibrium tractionations observed in the G'l‘o'serheia,'pesinatite
| However. the Rb-Sr and u-Pb systems have also: been disturbed -at a

| sufficiently later time to cause significant Yos¢ of radiogenic isotopes. RS

o It seems reasonable that an event disturbing these systems wu]d aISO

*

"affect the oxygen isotope di stribution I@teraction/vgi_m,meteoric water

}
has been dismissed on ‘the basis of izhe ]80 enriched nature of the minera’l

phases of the C'loserheia pegmatite.mtow%pera‘ture hydrothermﬂe :
! alteration woqu be expected to cause (unobserved) reversalg in the ‘
]80 fractionation between quartz and - fe'ldspar,_ ?resmnably. ’then. the “ ' b E
‘hydrotherma1 event disturbing the isotope systematics was relative'ly .

. high temperature and may we'H have affected a’l'l a;he mineral phases.

s ,‘. .

‘ not Just the féldspars. K , _ . .
f ~ The nature of such a f]uid s at best speculative~ Burnham (1967) i:pl
has demonstrated that aqueéus phases coexisting with- magmas or ignédbi‘“" -
‘rocks at high temperatbres tend to strong]y partition alkali chlorides. TL;.
f‘Such so]utions wou]d be expected to be enrlched in K. and Na. at least
whén in contact with granitfc rocks. and to be highly corrosive. ' ,
| preferentiai]y caustng selective replacement of feidspars (Robertson. -?';Ei..
‘ ;1959) and modifying the a]kali content of the body as a uhole (TayTor
‘,pand Foreste:a'1971 0’ Nei] and Tay]or. 1967) Such exchangevreouires

| ; 'the'.'breaking of bonds. and it is ]ike'ly that cation :xchange_= inc]uding

“Rb. sty and Pb) wou'ld be acconpanied by oxygen 1sotope exchange.



i | thermal cation exchange. prbposing X solution-redeposition model With
o ’ a reaction front sveeping through crystal lottices along lattice defects
| in resbonse to disequiiibrium conditions. They suggest\hat cation \

(Na. K) exchange provides the "driving force-" for oxygen isotope

‘ 'exchange beai:ween fe'ldspars dnd fluids during deuteric, derotherma'l. and .

: ~metanorphic processes. AJii’glﬂy simi}ar mechanism has been more T

;3* recenw,y‘proposed by Bi'iebti ei: o'l (197‘8) DR R SRR , '
ek Several geo'logicei exainpies of problemetic disﬁtr‘ibution of Rb. Sr.

3’@ ﬁPb. ‘and oxygen isotopeg have been«interpreted to % the result of such ¥ " o
P processes Tne two besi: dpcmented cases.are: the intrusive comp'lexes

"y" western Si:ot]and (Tadrlor and Forester. 1971) and i:he St. 99' k_
Pocors Mountaths of S. €. “Missourt  (Wenner and Teylor, 197@2 9763 \ .
Bick ,rd and. Mose, 1975. Tdaor 1974 ]97E: Both complexesvhave |
apparenﬁy suffered iargg §Aa1e oxygen iso P

pe- redfistribui:ion. The L e

Tertiary COWTEX at‘Skye hos been ]80 dep'liei:ed and ‘the feidsper comon § -

lead and Rb-Sr isoto‘pe distributions have ’been dfsturbed (Tay]or and “ °‘7‘- o

Forester.,;wn) The Precembrian St. Francois vo‘lcanicsfand gntrusiv'e S

granites have sufﬁned ]80 enriciment. with fe'ldspar ‘l,, ratio” ,j ‘__' _:;: .

. 4 appgrentiy responsibte for this 'trendL (Bickford and Mo e. 1975 enner{ il B
e ‘ 'ates show_ a wid'.' range of sTVerajil

1 '.,‘;yi gthan the UsPb
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"scale open system Sr loss on the basis of a strong bositive correlation
between Sr content and calculated individual :qe:. Wenner and_Taylor
(1972, 1976) proposed that a regional hydrothermal event several hundred
million years after the emplacement of the intrusion resulted in feldspar

87 4 18

métasomat1sm and attendant 0 enrichment. The source of

Srr loss an
the fluids could have been either magmatic or meteoric. The meteoric
model would have required significantly different meteoric water isotopic
composition than is observed af tﬂe present time, but there is no §ub-
stantiating evidence for this. Consequently the authors prefer a
magmatic source for the metasomatizing fluids.

The.Gloserheia pegmatite has not been affected by any such pervasive
event, but some parallels to the studies of Taylor and Forester (1971),
Bickford aﬁd‘Mose (1975) and Wenner and Taylor (1972, 1976) may be drawn.
The datfs obtained for Rb and U bearing mingra]s differ slightly but
significantly. Rb and Sr isotopes hgve b%en redistributed, and the
minerals analysed for oxygen isotope Eompgsition show isotopic distri-
butions that do not fit normal equilibrium patterns. In thin.section,
“feldspars appear'to have been varlably metasomatized, the mica cleavages
ana plagioclase Eﬂjn lamellae are bent and deformed, and all of the
minerals are s]ightly fractured and hematite stained. The gént]e défor-
mation of the minerals may perhaps be attributed to the effects of
competing crystallization. The oxygen isotope disequilibrium and the
alteration and apparent metasomatism of the feldspars may be related to
late hydrothetmal activity as a normal stage of pegmatite cnyéta11izatiqn
in the fractional crystallization model of Jahns and Burnham (1969).
U-bearing minerals commonly show lead loss as a result of lattice

damage during urgnium decay. The only data that cannot be interpreted

as resulting from Jahns and Burnham's (1969) model is the Rb-Sr isotope’



!

data. It is d1ff{cult to envisage c*rcumstances that would allow Rb-Sr
redistribution and correlative feldspar alteration without affecting the
oxygen isotope distribution. Perhaps Taylor's (1974) arguement for
zircon retentivity of lead for é period of time after crystallization
may be extended to euxenite, éo that the U-Pb concordia date is correct.
Reaction with a high temperature hydrothermal fluid causing limited
local isotope and cation exchange preferentially along pre-existing
fractures would also account for the observed isotope distribution. The
effects of such exchange must have been limited and local, for theFRb-
Sr, U-Pb and ]80/]60 isotope content of the body was not homogenized,
and no }nter- or intracorrelation between the various isotopes is recog-
nizeable. The only positivé correlation is the degree of alteration of
the silicate minerals to the apparent disturbance of isotopic équilibrium.

The diseqdi]ibr}um isotope distribution that is interpreted to have
occurred in response to minor pulses of metamorphic activity makes it
difficult to provide clear cut evidence in support of any one model of
pegmatite genesis. However, &he Gloserheia pegmatite's mineral assem-
blage and textural relationships support Jahns and Bﬁrnham's (1969)
model of fractional crystallization from a volatile-rich magma, as does
the oxygen and lead isotopic data.

This study demonstrates the importqrce of the utilization of differ-
ent methods of investigation in the study of geological material. The
use of three different isotope‘systghs removes much of the ambiguity
encountered'in interpretir. the results of one system alone, and provides

insight into the complexity of geoloiic processes and their effect on

natural systems,
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APPENDIX A: DESCRIPTION AND LOCATION OF SAMPLES

The pegmatite sampIés and two host-rock sampIes made available
for study are described below. They are grouped sequentially according’
to their location within phe pegmatite. Sample locations are described
in relation to fmli's (1977) traverses of the central portion of the
pegmatite body. Sample locations (where known) are shown in Figure 7.

The specimens are approximately fist-sized. In many cases the
minerals are extremely coarse-grained (ranging in size from 1 or 2 up to
10 cm. in length) so that the rock samples are essentially mono- or bi-
mineralic. The grain size is.generally observed to decrease from the
pegmatite core to the outer zones. The dominant mineral found in the
core is quartz, with some perthite and muscovite. The intermediate zones
consist mainly of biotite or muscovite. feldspar and quartz, with a
variety of accessory minerals including carbonate,apatite, sphene,
thorite, sphene, euxen%te, and uranium secondary minerals. There is
abundant evidence of métasomatism, with the development 6f chessboard _
replacement-type perthite, muscovite and’carbonate feplacement of
feldspar, ubiquitous iron staining fr, m the breakdown of biotite and
other iron oxides, and the presefice of uranium secondary minerals. The
euxenite in all thin sections 1% otropfc, indicative of metamict
chqracter. The border and wall zones consist mainly of graphic inter-
growths of quartz and feldspar. Gene the minerals appear to be
quite fresh but thin section analysis reveals that';he hand specimen
appearance is often mis]ehding.

A representative numbgr of thin sections (21) were cut and
examined with a petrographic microscope. Descriptions are included with
the appropriate hand specimen descriptions. Mineral abundances were
determined by point counting a minimum of 500 points, and are considered
to be accurate to + 5%, '

CORE_ZONE ) : A

C-1 Quartz Locdtion: near profile C-D
A large subhedral wedge-shaped crystal of smoky, translucent quartz, with
mm. to cm. sized books of Tight green muscovite coating one surface.
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c-2 M1croc11ne-perth1te Location: near profiTe c D . ,
A large-pdtassium feldspar crystaT The felds visibly perthitic,
and salmon pink in colour. One face of the Arystal is 11ght1y .
sericitized. Examination of the thin sectipn re‘kuls pronounced grid-
iron twinning. characteristic of micreglice/and string-type perthite.

The feldspar is fractured and Yightly sericitzed. Local recrystal-
Hzation of the microcline has occured along the fractures in fine to
medium-grained patches. _

C-3 Quartz Location: near profile C-D

A large, enhedral milky quartz crystal. The crystal is moderately
fractured. Thin section examination reveals dusty, microcrystalline
opaque inclusions and the strained nature of the quartz, with undulatory
extinction and sutured grain boundaries.

C-4 Quartz Location: near profiTe C-D

Similar to C-3 \\

C-5 Quartz Location: near pnpfile C- D

A large, anhedral, milky quartz crystal The crysta] is moderately
fractured and a thin coating of fine-grained muscovite has developed on
one face.

C-6 Quartz: Location \brofile I-J

Similar to C-5. p o)

C-7 Quartz Locat1on profile I-J .

Similar to-C-5. - -
- A‘;’ °

BOUNDARY OF CORE WITH INTERMEDIATE ZONE I - : S
CI-1 guartz-Biotite-MicrocTine-Apatite Location near prafile C- D

: A’ioarse-grained sample of subhedral perthitic microcline, quartz, ‘
apatite, and biotite. The apatite is a single pale green crystal. The
single quartz crystal is smoky. translucent, and highly fractured. The
- microcline is visibly perthitic, salmon pink in colour, lightly seric-

. itized and moderately fractured. The biotite is shiny and black, but

the sheets are crenulated and-possess twod distinct cleavages; the

second perpendicular to the usual perfect basal cleavage. There 1s TocaT
hematitic ;taining along the bietite-feldspar boundary.

Microscopic examfnation reveals bending of the twin lamellae and the
moderately sericited nature of the microcline (sericite after microcline

i
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: sectlon exam1nat10n shows m1crocrysta111ne inclusions of a fine dusty

_"weakly cataclastic along the feldspar grain’ boundary Undulatory

.1oca11y recrysta111zed
. CI-2 Biotite Location: near profile C-D
”.Severa1 large books of biotite. The surfaces of the books are lightly
- chioritized, but the interiors are fresh and shiny in appearance. A
~ second c]eavage, perpendicular to.the common basal cleavage, is well

~ faces. The.sample is fractured with a narrow zone of v1s1b1e a]terat1on
*a]ong the fractures. ~ In th1n section the qrthite is 1sotrop1c and

12T-4  Muscovite: replacement pod
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,

apprx. 12%) The quartz is also visibly strained, with prononnced
undu1atory extinction and escalloped grain boundaries. The biotite is

ext1nct10n and- kink banding are well deve]oped and the biotite is

developed. The biotite sheets are slightly crenulated. The biotite’

“is brittle in character rather than flexible and elastic.

Cl- 3 Apatite Location: near profile C-D : ' : o
Large anhedra1 crysta]s, 1ight green to grey green in colour. The )
crysta]s are moderate]y fractured, and the colour is bleached over a

d1stance of severa1 mm. in either direction along the fractures. Thin

Opaque (poss1b1y hematite) and carbonate, especially along the fractures.
CI-4 Microcline: perthite Location: near profile C-D

Large, v1§1b1y perthitic blocky crystal of microcline. It is salmon
p1nP in coﬁour and fresh in appearance.

INTERMED,IATE “ZONE T . ‘
1Z1-1 Orthite -

Qﬁ 1arge§ wedge- shaped crysta] dark in colour with a pitchy lustre and

metamict appearance. A reddish-brown surface alteration occurs on two

highly altered; with abundant inclusions of a fine-grained oxide- (dom-
inantly hemat1te), a m1ca, and epidote or zoisite. The alteration is
concentrated along the numerous anastamosing fractures.

171-2 Quartz )

Sim11ar to C- =54

171-3 Biotite

Similar to CI-2.

Highiy altered p1agioc1ase replaced by quartz and muscovite. The rock:is
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metasomatized in appearance and crumbles easily. The plagioclase is
white énd sugary in appearance, with patchy hematite staining. Deep
green muscovite has replaced approximately 40% of the plagioclase. The
replacement occurs as fine to medium-grained plates planar in orientation.
One surface of the feldspar is coated by %tubby, subhedral quartz
crystals and coarse-grained dark green muécovite books up to 1 cm. in
diameter and in thickness. |

In thin section the oligoclase (AnT7Ab83) has a clouded, turbid appear-
ance with patchy extinction and poorly developed twinning. It is
partially replaced by muscovite (about 35%) and subordinate carbonate
(7%) and hematite (4%). Alteration is pronounced a]ong'fractu}es and
cleavage traces. The muscovite is coarse-grained and is 'visibly strained
with warped cleavages and undulatory exglpction.

IZ1-5 Microcline perthite Location: near profile M-N

Similar to C-2. - Thin section examination reveals a fresh, unaltered
appearance. The microcline is a vein-type perthite, with local patches
of string perthite. Trace local sericitization has developed along the
borders of the albite veins.

171-6 Xenotime

Microcrystalline (about 325 mesh) loose needles of pale yellow xenotime.
1Z1-7 Rutile | '

A dark brown metallic euhedral sing.e crystal apprcximately 1 cm. i size.
171-8 Oligoclase-Euxenite Locatior: border between Int. zones I & 1%

A coarse-grained intergrowth o1 placioclase and euxenite. The plagio-
clase is lightly sericitized and shows patchy iron oxide staining. The
euxenite occurs as subhedral to euhedral vitreous black crystals concen-
trated along a fracture band in. the plagioclase.

Thin section examination revedals the turbid, sericitized nature of the
oligoclase (A 8 b82)' The oligoclase comprised about 64% of the thin
section. Thg twin lamellae are bent and deformed, and the grains shoys
patchy extinction. The euxenite (12%) is isotropic. It is concédgpated
along a fracture band, and is”associated with minor muscovite (6%),
chloritized biotite (5%), carbonate -(4%), hematite (9%), and an unident-
ified yellowish-brown alteration product (1%). Fractures radiate away
from the euxenite into the enclosing feldspar, and fine-grained hematite




102

appears to fill most of these narrow cracks.
1Z1-9 Microcline perthite

Similar to C-2.

121-10 Sericitized oligoclase

Similar to 1Z1-4.

121-11 Quartz-Biotite-Microcline

Similar to CI-1; no apatite.

INTERMEDIATE ZONE 11
1Z2-1 Muscovite-Quartz
Loose small euhedral muscovite books and subhedral stubby quartz crystals.

The crystals range between 1 and 3 cm. in size. The muscovite is fresh
in appearance, pale green in colour and visibly zoned. The quartz is

/

milky and translucent.

1Z72-2 Muscovite replacement pod Location: profile K-L
Similar to 1Z1-4. Muscovite forms a thick crust on highly muscovitized
plagioclase. The plagioclase is sugary in appearance and is highly
porous. In thin section the feldspar is a chessboard mesoperthite and
comprises'about 63% of the thin section. Twinning is absent to poorly
developed. Fine-grained muscovite and sericite after feldspar comprise
about 32%. Alteration is especially pronounced along cleavage plains

and fractures. Fine-grained hematite (about 3%) is cdncentrated along
fractures and at grain boundaries.

1Z2-3 Muscovite replacement pod Location: profile K-L

Similar to I1Z1-4. In thin section the coarse-grained feldspar (about
57%) is turbid and locally replaces muscovite (26%) and fine to coarse-
grained carbonate (8%). The feldspar is a chessboard mesoperthite and

is graphically intergrown with coarse-grained quartz. The quartz is
visibly strained, with polygonal texture'and undulose extinction. The
muscovite grades in size from fine-grained sericite to large euhedral
plates. The cleavages are bent and deformed, and extinction is undulose.
172-4 (ligoclase '

A coarse-grained anhedral intergrowth of plagioclase cut by a narrow
quartz'grain. The plagioclase is pale green in colour and is visibly
sericitized. In :thin section, oligocliase (An]8Ab82) is replaced by fine-
grained muscovite (about 38%). Carbonate alteration (4%) is locally




103

developed along fractures.

1Z2-5 Biotite Location: south wall

Similar to CI-2.

172-6 Muscovitized oligoclase 7 .
An anhedral intergrowth of coarse-grained p]agioélase. The plagioclase
has been highly muscovitized with replacement by medium-grained quartz
and/carbonate. Light patchy hematite staining is visible along fractures
and on the rock surface. , .

In thin section, the relic feldspar comprised about 24%. The primary
oligoclase (An]BAbSZO appears to have been incompletely replaced by a
chessboard mesoperthite. Quartz (32%) is polygonized with undulose
extinction and occurs dominantly"in‘a'graphic-textured and locally
myrmekitic intergrowth with the perthite. Fine to medium-grained
carbonate (8%) is present as an oligoclase replacement, and hematite
(2%) is concéntrated in the carbonate and along fractures.

[72-7 0Oligoclase Location: between profiles G-H and I-J.

An intergrowth of coarse-grained subhedral (presumed) oligoclase. The
plagioclase is fresh in appearance but has a 1ight green, weathered
outer rind about 5 mm. in thickness. Fracture surfaces are lightly

sericitized.
172-8 Oligoclase-Quartz Location: profile I-J
Similar to 1Z2-4.

INTERMEDIATE ZONE III

1Z3-1 Plagioclase-g-uranophane

An intensely altered plagioclase with abundant medium-grained muscovite,
carbonate, and hematite. Highly fractured with local development of
$mall, powdery lemon-coloured pockets of B~uranophane. |

173-2 Perthite-Euxenite Location: profile K-L

An intergrowth o~ coarse-grained sericitzed fefdspar, glossy black
euxenite and laths of chloritized biotite.

In thin section the feldspar comprises about 56%. The high degree of
sericitization masks the relationship between the‘feldspar phases. Orth-
oclase appears to have replaced oligoclase in a replacement-type perthite
pattern. Twinning in the plagioclase is only faintly visible, and the




‘anorthite content is indeterminate. Sericitization (about 32%) is
concentrated in the plagioclase (presumed oligoclase). Fine-grained
carbonate (6%) forms a replacement for feldspar in intimate association
with euxenite: The medium-grained -blocky euxenite (4%) is isotropic
and has formed radiating fractures in the adjacent phases. Micro-
crystalline hematite and other oxides (4%) are concentrated along .
fractures and at grain boundaries.

123-3 0ligoclase-Biotite-Euxenite-Quartz-Sphene

A coafse~gra1ned intergrowth of red plagioclase, hexagonal books of

biotite, glossy black euxenite, and single subhedral crystals of quartz -

.and sphene. The quartz, euxenite, biotite and sphene appear to form a
wide vein in the highly hematized feldspar. The thin section was cut
through this ‘'vein'.

In thin section, highly sericitized oligoclase (An]GAb84) comprises
approximately 26%, with sericite after oligoclase 34%. It is moderately
fractured, with fine-grainéd hematite (11%) and carbonate (4%) concen-
trated along these fractures causing the bright red colour. A large
subhedral equant crystal of sphene (11%) appears to be rimmed by
biotite. The biotite (12%) is extensively chloritized with lamellar
intergrowths of quartz (2%) and,carbonate,(Z%) concordant with and
interstitial to the cleavage. : ’ ,
173-4 Oligoclase-Euxenite Location: “between profiles I-J and K-L
Similar to 1Z3-2. -

INTERMEDIATE ZONE IV 4
1Z4-1 Microcline-Oligoclase-Biotite Location: profile K-L
Coarse-grained intergrowth of anhedral feldspar and randomly oriented
biotite 71aths. Light hematite staining is present along fractures.
In thin section, oligoclase (19%) is turbid and lightly sericitzed
Q(sericite after oligoclase 11%) and apparently partially replaced by
microcline (28%). At interfaces the oligoclase is scalloped and em-
bayed and contains minor‘myremekite. In contrast, the microcline is
fresh”in appearance but contains narrow lenses of fine-grained clays
and sericite in subordinate amounts in a perthitic intergrowth parallel
to the dominant fracture pattern. Quartz (33%) forms a graphic inter-
growth with the feldsbar and is strained in appearance, with pronounced
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undulatory extinction. Chlorite (3%) has partially replaced the biotite
laths (5%) with trivial local alteration to muscovite (1%).

124-2 Microcline-0ligoclase-Biotite Location: profile K-L

Similar to 1Z4-1. The grain size is slightly larger, and there is
slightly greater apparent replacement of oligoclase (A"IZAb88) by
microcline

INTERMEDIATE ZOME V ‘

1Z5-1 Microcline perthite-Quartz _
Graphic-textured intergrowth of microcline perthite and quartz. The
feldspar and quartz are medium to coarse-grained and anhedral. The
feldspar is 1ightly sericitized and hematite staining is visible along
fracture planes. In thin section the vein-type miprocljne'perthite is
very lightly sericitized, with sericite after fe]dspar gomprising about
4%. The quartz (32%) is strained.

125-2 Perthite-Quartz _

A large feldspar crystal, lightly sericitized, with graphically inter-
\grown quartz. )Minor hematite staining gives the feldspar a pale pink
colour,

In thin section, orthoclase (35%) appears to be replacing plagioclase
(19%).in a replacement-type perthite pattern. The orthoclase is
relatively fresh in appearance, but locally has a ghost-1ike suggestion
of lamellar twinning. Relict patches of plagioclase are very slightly
better twinned, and are heavily sericitized, with fine-grained muscovite
and sericite after plagioclase comprising about 28%. Fine-grained
hematite and oxides (6%)\are concentrated along fractures and cleavages.
125-3 0ligoclase-Quartz .Location: profile G-F

A coarse-grained 1ntergrowth of equal portions of quartz and plagioc]ase
(presumed oligoclase). Smoky, translucent quartz occurs in anhedral
rods in an approximation of graphic texture. Quartz and blocky oligo-
clase are hematite stained along fracture surfaces and cleavages. The
oligoclase is otherwise relatively fresh in appearaince. Coarse-grained
«cavities partially filled by ch]orite probably represent the remnants of
large biot1te books.
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WALL ZONE g

WZ-1 Microcline perth1te-Quartz Location: between profiles 6-H & I-J .
Similar to 1Z5-1, but more coarse-grained {n texture. ;
WZ-2 0ligoclase-Euxenite-Quartz ! :

A coarse-gradnéd intergrowth of chalky oligdc]ase and randomly dispersed

tabular glossy black euxe . The sample is highly fractured with

pronounced hematite sta1n:>§>and.powdery Temon yellow coloured pockets

of uranium secondaries. ) i ’

In thin section, the advanced sericitization of the plagioclase renders’

the composition 1ndetekmiﬁate. Alteration products after (presumed)

o1ﬁgoc1ase include ser1c1te (34%) and fine-grained carbonate (12%) and

. muscovite (6%). The euxenite is metamict and has .caused radiating

fractures in .the enclosing.feldspar. Fine-grained hematite (8%) is

concentrated along fractures. : /

. WZ-3 0Oligoclase-Quartz-Biotite-Kasolite '

A medium to coarse-grained sample of highly sericitized blocky oligoclase

stubby quartz and books of biotite. Small pockets and fractures are
resqutiver filled with fine acicular and powdery ocher-yellow coloured
crystals of kasolite. The biotite is visibly chloritized and the

feldspar and quartz are hematite,stéined. \\\\”
'BORDER ZONE S

BZ-1 0ligoclase-Quartz - Location: profile E-F, near F

Coarse-grained graphic intergrowth of quartz and plagioclase. The
tabular, subhedral plagioclase grades into ;>tchy ptnk feldspar along
fractures. Fractures are hematite stained. ~

COUNTRY ROCK ‘
G-6 Amphibolite Locatioh: North side of tunnel entrance

A fine-grained sample of fresh, equigranular amphibolite showing weakly

- developed foliation. Equant plagioclase grains (24%) have a relatively -
sodic composition (An]7Ab83) and show we]]-developed albite twinning.
Anhedral microcline has well developed taFtan twinning and forms a minor
constituent (5%). Granular quartz comprises 19%. Hornblende is the
most abundant mineral phase (27%). Subhedral prismatic forms show
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characteristic ragged terminations. Hédge-shgpéd crystals-of sphene

comprise 12%. Chlorite (9%) completely replaces an unidentified

constituent. Minor accessories are an opaque (4%) and apatite (2%).

G~7 Amphibolite Location: south side of tunnel
Similar to G-6. Slightly more coarse-grained. Hornblende shows

poorly developed seive texture.
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APPENDIX B: MINERAL SEPARATION PROCEDURES

The rocks were washed and dried. A1l of the equipment to be used
was thoroughly cleaned initially and between samples to minimize the
possibility of contaminatijon. A

A suitably sized portion of each sample was split off and passed
through a jaw crusher. This coarse-grained material was then fed through
a disc grinder. A percussion mortar was used ‘to crush very small sample
samples. The material was then washed and sieved and the -35 +80 -
fraction was isolated and retained.

This rock powder was fed through a Franz Isodynamic separator unti)
the purest possible mineral separates were obtained. These fractions
were further purified with the use of heavy liquids. Methylene iodide
(S.G. about 3.3) was used to obtain homogenous fractions of muscovite
and of biotite and to separate euxenite from less dense silicate
components. Tetrabromethane (S.G. about 2.8) was used to obtain /
homogenous gravity fractions of feldspar and quartz. The heavy liquids
were diluted with the gradual addition of acetone to obtain a densit
gradient within the separatory funnel. It was generally found that 'the
maJor portion of each mineral separate possessed a narrow range 1n/
specific gravity,. and this portion was retained for isotope ana]ysf
Several of the feldspars showed a strongly bimodal distribution i
specjfic gravity. In these cases the two fractions were selected for
analysis. Because of the perthitic nature of the feldspars and/the
variation in the Rb/Sr ratios of the two fractions it is believed that
the denser fraction represents the enrichment of‘the‘sodic phase of the
Perthite while the Tighter fraction represents the enrichmen7 of the
potassic phase /

The mineral separates were visually 1nspected for pur1$§ with a
/binocu1ar microscope and then stored in clean labelled p]qst1c vials.

‘ Total rock samples were split from the original sample and then
passed through the jaw crusher and disc grinder. This powder was then
crushed to a very fine powder in a Tema swing mill. The powders were
stored in clean labelled plastic vials.
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APPENDIX C: . ANALYTICAL TECHNIQUES

1. Rubidium-Strontium. _ _
Rubidium and strontium determinations were carried out on muscovite,

biotite, plagioclase and microcline using the isotope dilution method
(see Faure, 1977, for a detailed description).

The samples were analysed by XRF to determine the approximate
abundance of Rb and Sr. A quantity of feldspar estimated to contain
20 micrograms of Sr, or 1 gram of sample in the case of mica, was mixed
in a teflon beaker with about 1] gram of a spike solution containing both
Rb and Sr. Choice of one of two prepared spike solutions (containing
either 2 ug/g 84Sr and 200 ug/g 87Rb or 2 ug/g 84Sr and 5.5 ug/g 87Rb)
was based on the Rb/Sr ratio of the sample. Samples having a ratio- of
less than 1 were mixed with the low Rb spike. Otherwise the spike with
the higher ratio was used, because it was more similar in composition to
the samples.

To this mixture 10 ml. each of concentrated vapor distii]ed HF and
HNO3 were added. The beaker was covered and heated a minimum of 8 hours
to equilihrate and decompose. The solution was uncovered and evaporated
to dryness. The residue was moistened with nater and 5 ml. HNO3 and
evaporated to dryness. This step was repeated at least once. 5 ml. of
HNO3 and 30 ml., of water were addéd; and the solution was covered and
heated for about 4 hours. The solution was uncovered and evaporated to
about 10 m1. If a precipitate was present at this time the contents
of the beaker were transferred to a tefion test tube and centrifuged.
The supernate was decanted into a 50 ml. silica glass centrifuge tube
containing about 10 mg. of Sr-free Ba(N03)2 solution. HNO3 was added
slowly with stirring until a copious precipitate of Ba(N03)2 collected at
the base of the tube. The solution was centrifuged. The supernate, '
containing the Rb, was decanted. The precipitate containing the Sr was
saved ‘

For Rb, the supernate was poured jnto a p]atinumcdish‘containing
0.5 ml. of vapor distilled concentrated H2504. The solution was évapor-
ated to dryness and then ignited at 900°C. The residue was leached with
0.5 ml. of water, and the K and Rb were reprecipitated with concentrated
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HC104. After centrifug1ng the supernate was discarded and tQE‘prec1p1-
tate was redissolved in a drop of hot water. A drop of this saturated
solution was loaded on the side filament of an outgassed double filament
for analysis on & mass spectrometer. ' ‘ '

For Sr, the Ba(N03)2 precipitate was dissolved in a minimum of water
and reprecipitated with the addition of HNO,. The precipitate was
redissolved and reprecipitated several times. The precipitate was
dried and then redissolved in 0.5 ml. of vapor distilled 2.3 N HC1. This
solution was loaded onto a pre-calibrated Dowex cation exchange column
and eluted with. 2.30 N HCl... The Sr eluate fraction was collected and
evaporated to dryness. The residue was dissolved in 2.3‘N HCT1 and |
loaded onto the side filament of an outgassed doub]e'Rhenium filament
for analysis on a mass spectrometer. .

ii. Uranium-Lead

Euxenite and xenotime were analysed for uranium and lead isotopic
composition using the isotope dilution (1ID)/isotope ratio (IR) method
described by Krogh (1973). 2 mg. of euxenite or 35 mg. of xenotime
(weights were chosen for optimum spfiing.rat1os) were weighed into teflon
bombs. The samples were equilibrated and decomposed by addition of 10+1
concentrated vapor distilled HF and HN03. The bombs were heated at 1659
for 48 hours. The solutions were then evapcrated to dryness. The. .
residues were moistened with 1:1 HN03‘and nzo. and then heated at 130°C
for 48 hours.  The bombs were cooled and weighed. Half the solution was
poured into a weighed silica beaker containing 10 ml. of 238U spike
solutipn. One gram of 208Pb spike was weighed into the beaker. This
a]iquot was used for ID determination of U and Pb.

The remaindef of the unspiked solution was used for IR measurement.
This was processed in the same manner as the lead ID sample.

The IR aliquot was concentrated through evapor tion. Lead-free

Ba(NO3)2 was added to separate U from Pb using the bgriuﬁ'coprecipitation '

method. The lead coprecipitated with the Ba(N03)2 leaving the U in sol-
ution. After centrifuging, the supernate was transferred to a teflon
beaker and evaporated to dryness. The U was further purified through
elution on a nitrate-anion exchange column with HNO3. The U-bearing
eluate was drijed and then loaded in a drop of HNO3 on the side filament _
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of an outgassed double rhenium f{lament.

The Pb, coprecipitated an a nitrate, was further purified through, \
elution on a chioride anion-exchange column with HC1. The Pb- bearing
eluate was dried and then loaded in a drop of H P04 ona film of silica
gel on the center filament of an outgassed double rhenium filament.
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