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ABSTRACT

Quartz and felspar porphyries and associated
greenschists of the West Coast Range are des-
cribed. Felspar porphyries are considered to have
criginated by the felspathising of spilitic lavas,
lava breccias and related greywackes during a
period of progressive metamorphism. Metamorphic
mineral assemblages of the greenschist and albite-
epidote-amphibolite facies are recognized in the
porphyries and are identified with increasing
degrees of porphyritising of host rocks. Sharp con-~
tacts between chlorite-sericite schists and gquart-
zites are regarded as metamorphic in origin and
as indicating the replacing action of a chloritising
and sericitising front. Haematite rich rocks and
low grade pyritic ores which respectively occupy
narrow zones above and below the schist quartzite
contact are regarded as representing minor haema-~
tising and pyritising fronts.

Sulphide and silicate metasomatism are closely
related to the structure of the range and it appears
that the advance of fronis has been engenderad
and controlied by the upward flow of heated waters
through fault fissures and pore spaces. Mefa-
somatic replacement was effected by diffusion and
exchange through Iintergranular films. This
mechanism  is  thermodynamically efficient and
allows adequate explanations of growth, and also
of corrosion structures, of gquartz and felspar
crystals in the porphyries. During the advance of
fronts there was extensive transport of materiaf;
metamorphism was not merely an adjustment to
changed isogradial conditions. In particular,
migrating solutions leached iron, copper and sul-
phur from the basic rocks and precipitated them in
specific zones where they now form low grade ores.

After a period of rising temperatures and pro-
gressive metamorphism there fellowed an interval
of cocling and retreat of thermal zones. Because
of the presence of abundant water there was dur-
ing this cooling phase an intense retrograde meta-
morphism of the recently formed felspathic rocks.
Hydration of these rocks resulted in the liberation
of silica and thus gave rise to quartz porphyries
and quartz sericite schists. Extreme pneumatolysis
and leaching of gilica from the porphyries gave rise
to kaclinised rocks and to veins of quartz and chert.
A similar kind of leaching of sulphides from the low
grade ores, and of selective precipitation of sul-
phides in pipes and veins, gave rise to rich ore
bodies.
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INTRODUCTION
On Magmatism

Given all the information accumulated from the
study of igneous rocks over the past hundred years
one might expect that petrologists would be able to
reach agreement on the mode or modes of origin
of granites. It seems that differences of opinion
probably stem in the first instance from the geo-
graphic isolation and consequent different geologi-
cal environments and approaches of schools. A
cursory examination of geological maps of Brittany
(War Office, 1942) shows that the environment of
the French school is one of stratiform or concord-
ant ‘ granites porphyroides” which readily lend
themselves to stratigraphic and structural mapping,
and whose study might readily lead to metasomatic
hypotheses. The setting is the same in parts of
Canada, Fennoscandia and Australia, and prohably
in Cornwall. In Scotland and in the Atlantic
states of North America occur entirely different
vhenomena of dynamcthermal metamorphism and
cauldron subsidence complexes which respectively
indicate certain limitations of diffusional meta-
morphism in the production of granites and point
to magmatic origins. As a result much of the study
of granites in those countries has centred round
processes of crystallization and differentiation of
fusion and assimilation, and metasomatism has
until recently been ignored.

Considering the problem on a world-wide scale
there is convincing evidence of both magmatic and
metasomatic processes and the writer, in common
with others, has no difficully in believing that there
are “granites and granites”. 'That this account
deals with phenomena typical of the Hercynian
terrain of France must not, therefore, be taken o
mean that the writer belongs to the “ French
school ”, nor that magmatic origins have been
ignored. That it deals solely with metasomatic
origing of porphyries must be taken to mean, in-
stead, that the West Coast Range region consti-
tutes a province which once suffered a particular
kind of metamorphism.

Gradational Metamorphism

“ Les considérations structurales I’étude des struc-
tures pre-existantes sont donc a la base des re-
cherches sur la metasomatose ”. Wegmann (1948,
p. 46).
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An attempt has been made by the writer (Paris
I and II, 1954 and 1956) to demonstrate that large
bedding structures of sediments at Mount Lyell
can be traced into metamorphic rocks and granites.
Wegmann’s statement applies to the finer bedding
and particle {(conglomeratic) structures of rocks
also. Using these characters, independently of
gross structures, many rocks which superficially
appear to have been of magmatic origin can be de-
monstrated to be sedimentary and metamorphic.
So far as the existence of such relict structures are
concerned there is, for the writer, no problem of
fact remain There are such rocks., They do
show a gradational metamorphism, and the only
problem concerning them is—what were the pro-
cesses of metamorphism which brought them o
their present state? There is no doubt, either,
that such rocks exist in many parts of the world.
From Vermont, Hitchcock (quoted by Winchell,
1888, p. 334) states “ We define this rock as a con-
glomerate with a cement of syenite or granite,
or as a syenite or granite with pebbles in it”.
From Canada, Brown (1948, p. 438) states “ Con-
tacts between sediments and porphyry are grada-
tional and as the sediments are highly altered or
¢ porphyritised ’, it is often difficult to differentiate
sediments from porphyry . From Minnesota, Win-
chell (1888, p. 219} says “ Here is a real conglomer-
ate . . . A vreal conglomerate . . . in a
groundmass of typical syenite is certainly an extra-
ordinary occurrence; I have never seen it before
. never read of it” Emmons el al (1953,
“The Wisconsin rapakivi granites
. . may be traced into rocks which we regard as
metamorphosed greenstones ”

Apart from the example mted here and in Part I
of this work there are numerous other examples of
such transitional rocks characterised by relict
pebbles.

p. 116)

Metamorphic Contacts

There is also, for the writer, no problem of fact
remaining as to the existence of sharp metamorphic
contacts. The contacts at Mount Lyell between
schist and quartzite, and on the Liynchford-Crotty
track between: porphyry and haematitic conglomer-
ates are, from a structural viewpoint, indisputahbly
metamorphic. (The writer would in these contexts
allow no .;nfe.yr“‘ ations which did not explain the
overall structures.)

Apart from the examples of Part I (loc.
there are numerous cases described from many
parts of the world. At one such sharp contact,
below the unconformable Goodrich Quartzite of
Michigan, Van Hise and Bailey (1887, p. 442) find
a granite conglomerate in which ¢ ’he matrix is
completely erystalline . if it were not for the
conglomeratic c’ur&'mr of the r nks their sedi-
mentary origin could not be asserted from the
evidence éhOWil by thin section ” Ee;aw each of a
succession of related overstepping unconformities
(or transgressive contacts) associsied with haema-
tite, Van Hise finds much the same thing, e.i,, below
the Mesnard Quartzite (p. 224) and the Wewe
Slate (p. 271). These and similar unconformities
in Amerioa have been debated for sixty years
(Lamey, 1937, and were debated even by Van Hise,
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. The apparent transition of the Mesnard
guaxtnte into granite noted by Romminger, says
Van Hise (1897, p. 239), is only due to mashing at
the juncture of the two formations. ““ The mashing‘
has transformed the clastic rock into a erystalline
schist and metamorphosed the granibe into a gxm’
tar looking rock 7.

The sub-~ Bowman unconformity, one of many
in Fennoscandia (von Eckermann, 1936), has a
similar lengthy history of debate. Sederholm (1924,
p. 35) feels obliged to point out that “the oceur-
rence of a conglomerate containing pebbles of
gneiss is evidence of age thal cannot be gain-
said 7, but he exprmses his underlying doubt and
reasens for saying this (p. 47) when he relabes
how, at comac*ts, granite “ oceasionally fills rounded
cavities in the basic rock which have probably
originated by the corroding action of the magma .
Further reason is found in the writing of McCallien
(1932, p. 271) on the sub-Botinian unconformity.
He quotes Sederholm thus, “ Nobody who has any
respect for facts could, standing before this con-
tact, explain it by assuming that the diorite was
younger than the schists”. In face of this and
of derived pebbles of diorite in the conglomerate
McCallien (loc. cit., p. 271) prefers to rely on in-
trusive stringers from the diorite; ¢ the diorite”
he says, ‘““is younger, i.e., infrusive into the sedi-
ments ”’

Faced with the same kind of anomaly Wahl
(1947), in an avea he himself describes as grani-
tised, overcomes the problern by supposing that
quartz porphyry has been intruded along an un-
conformable contact and injected between the peb-
bles. He says (p. 190) that “ the porphyry con-
tains numerocus xenoliths of older country rocks

oftenn to a certain extent digested by the
lava ” and continues (p. 291), “it is, however, re-
markable that these xenc hths only seem to ':ccnr
as a fairly limmited horizontal streak in the lava ”
(ie., apparently refain an original bedded -har-
acter).

According to Wegmann (1948, p. 46) Keilhau has
it that ‘“one must recognize the existencz of
phenomena before one attempts to explain fhem .
in the works cited above is the recognition of the
porphyroid problem. It is world-wide. We may
now ask: what is porphyritising, how is it effected,
why should it be associated with conglomer aLe,, and
follow sedimentary boundaries, why should it vesult
in mharp acts, what is ?he meaning of the
association ite, porphyry, pyrite, haemame and
finally wkat is ‘ihe relation of aD these to major
earth structures?

33

¢

THE PORPHYROID CYCLE OF METAMORPHISM
Comparisons

The ides of metamorphic zones in regional meta-
morphism has long been established and the work
of Becke, Grubenmann, Barrow, Van Hise and
others has heen broadened into a theory of meta-
morphic facies by Eskola (1820). This last con-
cept treats metamorphism in terms of zones of
chemical equilibrium at different ftemperastuvres and
pressures in the earth, and defines a facies as all
those rocks crystallizing with perfect equilibrivum
hetween minerals under one set of pressure-tern-
perature conditions. In Harker’s sense of regionsal
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(dynamo-thermal) metamorphism the minerals
which occur at a given depth are defermined by
pressure-temperature conditions in relation to the
composition of the source rocks, and with little
reference to transfer of material. In that view it
is also considered that there has bsen little retro-
grade metamorphism and minerals now seen at the
surface are metastable phases of minerals formed
at the peak of anamorphism. These ideas of re-
stricted metamorphism have tended to be atbached
to Eskola’s (1920, p. 146) much breader concept
which considers * minerals, guite regardless of
their mode of crystaliization, whether from magms
or agueous soluticn or gas . or by gradual
change of earlier minerals”. Porphyreid meta-
morphism fits into Eskola’s scheme quite readily,
and while it is similar to dynamothermal metamor-
phism in respect of broad causes, principles and
facies, it is different in respect of the completeness
of recrystallization, in the sharpness and brevity of
zones and in the characteristic deveiopment of
highly porphyritic rocks and sulphide ores. Also
different is its close association with intense pneu-
matolysis and retrograde (largely hydrolytic) meta-
morphism. These differences are related to an en-~
vironment where there was abundant water, where
solutions were particularly free to migrate, and
where geothermal and pressure gradients were
steep. In this context the minerals of any one
facies are not primarily dependent on the original
composition of the rocks, but, because of the addi-
tion or subtraction of material from the parent
rock, may be quite different.

16, 18 a.—Cross section of the West Coast Range
showing probable directions of flow and
regions of accumulation of heated waters.
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Frn 18 b.——Showing general

The greatest single problem of the porphyroids
is that of distinguishing between the earlier phases
of metamorphism and the later phases of pneu-
matolytic and refrograde metamorphism which
followed. To sist discussion  the writer has
adapted two terms “anamorphism” and ‘“kata-
morphism 7’ which have largely fallen out of use
and which very conveniently fit the two stages of
porphyroid metamorphism. Anamorphism as de-
fined by Van Hise (1904, p. 43) is the process of
rock alteration which results in the production of
complex compounds from simpler ones. If is a
process ol dehydration and compaction usually
oceurring ab some depth and pressure, and is the
process usually referred to in the ordinary use of
the word metamorphism. Katamorphism as defined
by Van Hise (1904, p. 43) is the production of
simple compounds from more complex ones, and
ineludes processes of weathering and hydration at
atmospheric temperatures and pressures.

€

Anamorphisim will here be used to mean the pro-
cess of progressive metamorphism, ie., Van Hise’s
meaning. Katamorphism will be extended in mean-
ing to include processes of hydration at relatively
high temperatures and to include retrograde pro-
cesses generally. 'This modification is considered
reasonable since hydrothermal alteration produces
sericitic and c¢lay rocks somewhat similar to
weathering products and because Van Hise’'s defi-
nition refers expressly to such processes of simpli~
fication of composition.

e
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iorm of isogeotherms resulling
from the distribution of heated waters in fiz. 18 a.
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Fluid and Heatl Transfer

It is supposed that in the West
the beginning of

Coast Range at
the porphyroid cycle of meta-
morphism there was an access of heat from depth
along the Lyell Shear which fermed a deep-~rocted
line of weakness in the crust (fig. 18).

Heat was fransmitted by HfHuid transfer, ie,
through the bodily migration of intensely super-
heated water. Migration was fostered and co
trolled by shs ,;ez zones along the Lyell Shear a:

Linda Dist ce and by ag uch as
Owen anu Conglomerates. ,lﬂdf} w
further contr

)*e major \m ctur
West Coast Ra nticlinorium

anticlinal ctregts,(

Barth (1951, p. 301) contends that migration is
and it does not
“ Ry

an old and rather obvious idea
ap ply to metamorphic rocks in
burial and orogenic pressure all dssur
cavities close completely Only in shea
‘rocks and in loosely packed sediments ar
low metamorphic equivalents is permeability good
enough to allow migration.” The porphyroids may
have been formed at relatively shallow depths: the
rocks from which they were formed were particu-
larly pervious and there was some shearing asso-
ciated with their metamorphism but one would
anly reluctantly call the Murchison granite a low
grade metamorphic product. The porphyroid rocks
though in fact common are simply different from
what Barth describes as ‘“ metamorphic rocks i
general .

general.

The idea of Barth (loc. ¢it.) and others that
there might be no migration of fluids in deep-seated
rocks is based to some extent on the assumption
that the “ solutions we are discussing here behave
like ground water V. After Gillingham’s (1948) ex-
periments it seems most improbable that water
above 400°C behaves anything like ground water.
Having little or no surface tension the fluid, even
without volatiles and though dense, is more likely
to act like a chemically active gas under very high
pressures. Apart from this, cavities do not close
up at the depth of format}on of all granites. The
tourmaline nodules of the Heemskirk granite
(Waterhouse, 1916) were undoubtedly formed at
the same depth as the granite was formed, yet a
large proportion of them are hollow and were prob-
ably once filled with fluids. If cavities are filled
with fluids at the same pressure as their surround-
ings there is no reason why they should close up
and further, if solutions are generated by heat from
hydrous minerals within the rocks, they might
even attain a higher pressure than their sur-
roundings and themselves be a primary cause of
cpening of fissures.

Even at great depths (10 miles or more) there is
no reason why solutions should not migrate up-
wards any more than why basalts should not. The
only difficulty is to get water down to such depths
in the first instance. The continued depression
of the Zeehan Syncline must have caused the deep
burial of large amounts of water and the compac-
tion of its sediments must at some stage have re-
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sulted in the migration of that water towards the
18(*)

Lyell Shear (fig.
graphic traps helo
of the growing a
1ssisted in the tl,i“ping’ cﬁf connab
passage to great depths.

T“ne: presence of xtz b1

The only problem is how desp might
have been depressed before los
and combined water.
on the natu
shyroid pa
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509) and is iwr sely a mqtter of @pm’
iter  imagines that reconstifuiion
\‘/ou}d only yﬁmme important in ouaim_r & coarse
aquifer of rated pebbles, to the p ge of
crdinary water at depths a’opreachmg five miles,
and that gas phase water would travel tnrough
pore spaces and self-created openings and shear
fissures io dep of 10 miles or more. ssible
directions of flow of heated fluids and the ¢
guent warping of isogeotherms towards tr
are shown in flg. 18b. In view of the
200°C temperatures in steam ¥ 5 1000 £ e
along wide fault zones at Wairakei, New Zealand
(Steiner, 1953), the suggestion that the 400° iso-
therm might reach to within 10,000 feet of the sur~
face does not seem unreascnable.
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Prom an empmg viewpoint the penetrati
Cambrian ba by fluids even down to a mele
scale is evident everywhere. Innumerable veing o
albite, gquartz, and epidote indicate that rocks wo'c
permeqbw along fractures, and the kaolinization of
the porphyry at Queenstown shows that the whole
of that formation was intimately permeated by
water. Where greywackes have been wholly re-
placed by chert, as on the frack above the Com-
stcck mine, it is absurd to say that silicon ions
or silica ions cannot migrate, and where, as at the
mines, there is ample evidence that quartzites have
been replaced by felspar and sericite it is futile
to maintain that large aluminium ions cannct be
exchanged in large quantities.

The writer would not, however, advocate the
diffusion of elements through crystal lattices for the
porphyroids. In keeping with the broad hypo-
thesis of gross movement of solutions in fissures
and pore spaces he would advocate a tailed
transmission of solutes by diffusion thro

im-
mobile intergranular films of water.
Shape of Isegrads
Returning to the broader picture, sclutions

migrating upwards established a series of pressure-
temperature zones (isograds of Tilley), and as
they passed through the rocks there was a mutual
chemical adjustment of both rocks and Qslutmns‘
In this way new mineral facles were formed and as
time passed isogeotherms moved upwards so that
there was formed a series of advancing waves of
alteration. This idea, essentially the “ front con-
cept ” of Reynolds (1946) applied in a “ wet” con-
text, is also similar to the views of Goodspeed (1952)
and Backlund (1846).
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As migration was controlled by fractures and
sedimentary structures, the isogradal surfaces must
have heen most complex and the form of suc
sive zones must have resembled a series of con
tric cedar-tree lacecliths. That is in contrast i
dry metamorphisin where heat transport may b
assutned to be by conduction and where isograds
must have much simpler profiles. During an in
terval of time, shapes of surfaces were probably
still more complex, for repeated earth mavemem
ring metamorphism must have altered the size
pe of fractures, and on b visualize a
F ¢ cedar-trees laccoliths 7 superis ﬂﬁosea o,
iy offeet from, each othe

intense ﬁhvw and 1
releam 93 ) gas pr
of miles must have varied

must have fluct uated ﬁr and fro in respanse Afzam
this is d;ffe: ent from “dry” metamorphism whez’e
2as [ sure and structural controls are much less
?;. The structural picture is genera
compiex; thers must be few places in the world
where everything is as simple as abt Mount Lyell.

Ilgnoring complexities of form, and thinking only
of simple shells of me;tammphl sin, the relations
betweenn anamorphic zones must have been as
follows: Individual minerals or groups of minerals
may be regarded as critical and others as non-
critical to specific isograds. Some, like Lne higher
plagieclases and chlorites, might extend over wids
zones, while others, like albite and mwueib, W
1‘@5%3 icted to moderate temperatyu nes of hydy

hermal alteration. Haematite wrs 150 specific,
baum restricted to the lowest temperature zone and
pyrite was confined to the next warmer zone. This
is all according to the dry concept, but because of
freedom to migrate there is with pornhyroid meua«
somatism a much smaller tendency for the original
rocks to dominate the composition of the recon-
stituted ones. Instead, there is a strong tendency
for components tc migrate intc zones of their
optimum stability and there form concentrated
zones of critical minerals. Zones thus tend to be
zones composed largely of index minerals, rather
than zones with index minerals, or even without
index minerals as is often the case in the Scottish
Highlands. Zones may, however, he diluted with
less critical minerals like chlorite, and this appears
to be the case of the chlorite-pyrite ore zone
at Mi. Lyell.

Metamorphic Diffusion Zones

The mechanism by which “ metasomatic diffusion
zoning 7 might be effected has been treated in some
detail by Korzhinsky (1848) who describes how
selutions may ascend open fissures and permeate
wall rocks, and how lons might further migrate by
diffusing through immobile pore solutions.

This writer sees the process as one where solu~
tions act as both collectors and precipitants. Com-
pounds are dissolved from one zone where they are
unstable and, as selutions move cutwards, are pre-
cipitated in the next cooler zone. As isograds
themselves move upwards so minerals like pyrite
may be repeatedly leached from the rocks and pre-
cipitated, again and again, and be carried forward
in a cumulative manner,

et

Thaﬁ ranfm of conditions over which a mineral

n stable is one factor determining the
in which it cecurs. Less critical
precipitated far in advance of the
ey are resorbed; transport of these
in giant leaps. With more criti-
are small, zones are narrow
are concentrated. Where fault
sures allow easy upward travel, solutions (and
ectherms) might migrate far ahead of their
sctive zone. Th 2lize some vein-~

3t the process of
of magmas,

nzablhbv ranges of minerals are not the only fac-
tors determining width of zones, for introduced
chemical factors may affect equilibria. Thus re-
aetive beds like limestones may cause the forma-
ion of new insoluble minerals like datolite at Cole-
srook Hill and scheslite at King ig Island, Tasmania,
and so restrict the distribution of boron and tung-
sten into narrow zones. Here the freedom to
migrate by diffusion in solution is determined by
the affinity of the freely migrating ions for others
like those of calcium which do not migrate so freely.

A discussion of the collection of water, carbon
dioxide, chlorine, ﬁucrine, &ec., into a ‘“‘cloud of
volatiles 7 (Backlund, 1946) illustrates the general
principle of advance of fronts and shows how the
physical properties of sediments may influence
width of zones. In most rocks even at great depths
80, _‘18 water cccurs either in the free state or with
varying degrees of combination in clays which con-
tam something of the order of 10 per cent water.
Apart from the effects of pressure already described,
the effect of heat is to reconstitute clay minerals
into less hydrous species, and upward migration of
heat must tend to drive the liberated water ypward
through any available channels. ‘The further
izogeotherms migrate, the greater the cumulative
total of migrating water and its associated volatile
compounds must be.

Contacts Between Zones

With increasing depth in the earth there must be
everywhere, and in particular above this cloud of

“volatiles, some iscgeotherm corresponding to the

critical temperature of water. Whether or not this
temperature is affected by dissolved solids as sug-
gested by Smith (1953), and whether or not water
at this temperature resembles a gas, the surface
tension of water gradually diminishes with increas-
ing temperature and normally vanishes at critical
temperatures. Assuming that water in the earth
similarly loses its surface tension at temperatures
apprﬁauhmﬂ 400°C, capillarity must cease to affect
its passage vnrough fine pores. It may further be
assumed (by extrapoclation from the laboratory bﬂ
haviour of water) that this change of fluidity of
water is in the final instance relatively sudden.
If these assumptions are correct there must, then,
be some isothermal surface or narrow zone in the
earth above which given rocks behave as relatively
impervious to superheated water, and below which
the same kind of rocks are relatively pervious to
the more fluid “ near gas ” phase. Ignoring for the

{
i
i
i
i



168

moment the chemical activity of water at 400°C,
there must be a sudden pressure (and temperature)
drop across the boundary, a sudden change in the
prevailing chemical equilibria, and a corresponding
break in the mineral facies developed.
Alternatively, variation in the permeability of
rocks may produce much the same result. Thus a
rave of volatiles passing .through moderately per-
meable strata will be held back on encountering
g nearly impermeable stratum and a steep pres-
sure gradient may develop across the contact of the
two. Other factors being constant critical minerals
ight be deposited or resorbed at the contact and
the two formations might develop separate facies.
The two factors of permeability and fluidity tend
1o be complementary and their effects to coincide.
Thus, if an impervious barrier such as the Farrell
late or the silicified Owen Conglomerate were to
impede migration, there would be an increase of
fluids and pressures below the contact and tempera-~
tures would rise. 'This would continue until higher
temperatures were reached and the barrier were
resolved by the inereased chemical activity of solu-
tions. Alfernatively, temperatures and pressures
would rise until the barrier was resolved by ex-
plosion. The knife-edge contacts of the Owen
Conglomerate at Lyell and of the hornfels “ pen-
dants ” in the Darwin Granite may have been much
influenced by such permeability and fluidity factors.

The passage of solubtions from Jess permeable
rocks into vast and highly permeable formations
{such as the Owen Conglomerate must have been
hefore silicification) would also be accompanied by
a very sudden drop in pressure. Any broad up-
ward migration across bedding must, as in the pre-
vious cases, result in the deposition of critical
minerals at the lower contacts of such formations.
Permeable beds must, however, allow the spread of
relatively uniform pressures throughout their thick-
ness and favour the development within them of
one mineral facies rather than of gradation of
facies. It would be possible in this interpretation
for two formations like the Owen and Dora which
originally had different constitutions and, pre-
sumably, different permeabilities to have developed
two separate facies of metamorphism. This separ-
ation of facies along with the different original com-
positions of the two formations could account for
their very different reactions to metamorphism,
and for the deposition of ores at their contact.
It seems unlikely, however, that such contacts
would be sharp or transgressive like the Lyell con-
tacts; on the contrary, relatively diffuse and con-
formable contacts as at Lake Dora and Red Hills
would be expected.

Late Phase Metamorphism

Porphyroid metamorphism, as  distinet from
“dry 7’ metamorphism is particularly characterized
by its late, retrograde or katamorphic stages of
preumatolysis and hydrothermal alteration. With
the cooling of a region after it has reached a peak
of anamorphism there is necessarily a retreat of
isograds and the possibility of retrograde mets~
morphism. During this phase of cooling late frac-
turing of the West Coast Range Anticlinorium
allowed a large scale release of water over a wide
area. Around these faults there was a superposi-
tion of low temperature facies on high, ie., the
kaolinization and sericitization of porphyries and
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granite. Migration of solutions in these processes
was not guided by any regionally impelling force
such as existed in the earlier advance of fronts,
so one cannot properly speak of & retreat of fronts
but simply of retrograde metamorphism.

The source of the water in this phase is prob-
ably the same as in the first half of the cycle.
The cloud of volatiles of that early phase does nob
represent all of the water originally present in the
rocks, but only that portion most readily detached.
It seems probable that during all of the anamorphic
phase, water is driven off from the rocks at all
depths by rising temperatures and that this water
continually migrates upwards 0 maintain the they-
mal gradient.

With rocks of fairly uniform conductivity such
as occur with dry metamorphism, gecthermal
egradients are probably straight-line or gentle curves
(fig. 19 @) but with fluid transfer of heat gradients
are variable. The zone in which there iz the
greafest concentration of water is that with the
greatest conductivity (fig. 19 &), and not only may
this conductivity be some orders greater than that
of dry rocks, but with time thizs conductive zone
migrates towards the surface. This movement con~-
tinues until at the peak of anamorphism the zone
of conductivity reaches an optimum level as in
fig. 19c.

12 MILES 6 o

— EFFECTIVE PERMEABILITY

T\ WMASS OF HEATED WATER IN MOTION

e ~—_ _ EFFECTIVE CONDUCIIVITY!

—___GE&
\9&5@_4{44 —CRADEN

TXT‘:WT:L“ HNW\J& i
e GEO
i P~ ZEUTH. e
I ANAMORPHIS M ‘ L ORAD e

\cowpucriviry R -

—_ — S S— —

i . - L

| HEATING, DRy ! COOLING, KATAMORPHISM 1 HEATING,

5 METAMORPHISM | OF LATE PHASES :PROP)’ZIT/SIHG

gradient of
of water.

Fig., 19.—Showing the effect on the gecthermal
accumulating and upward migrating body
B, C and D represent successive stages of upward
migration of isogeotherms. The dashed line in each
figure indicates the state of the geothermal gradient in
the previous figure.

i
{
i




J. BRADLEY 169

Migration beyond this level must cause heat to
be rapidly dissipated to the surface by conductivity
of rocks, by eruption or by hot springs. Then
although there is still a flow of heat from depth and
isogeotherms at a depth of several miles are still
rising and driving a little water before them, the
rocks at intermediate depths may be cooling (fig.
19d). It is the water driven off at this last stage
which causes the late phase metamorphism of the
porphyroids. This does not mean that meta-
morphism may not go further for isogectherms may
still rise slowly by conductivity of the rocks and
if the region under consideration were depressed
into the crust it would be possible to have intense
dry high temperature metamorphism of rocks which
had just passed through a wet porphyroid stage.
There are some appearances of this having
happened at Broken Hill, but not in the West Coast
Range.

Mineral Facies of the Porphyreids

Reviewing in fterms of metamorphic facies the
Cambrian rocks which might originally have been
present in the West Coast Range together with
those resulting from metamorphism we have the
following categories:—

(1) The original sediments and lavas. These are
divisible into:

(a) Hydrated rocks of the weathering or
N.T.P. facies (argillites and guartz arenites).

(b) Anhydrous or partly hydrated lavas of
the sanidinite facies and fragments of similar
rocks in the tuffs and greywackes.

{2) Rocks of successive stages of metamorphism.

(a) First katemorphic stage of the outer-

most hydrothermal front in which anhydrous

. remnants of lavas (augite and plagioclase)

were hydrated at low temperatures to chloriie,
sericite and kaolin rocks like those of 1(a).

(b) Anamorphic stages in which rocks of
1(a) and 2(a) were rebuilt into

(i) greenschist rocks with pyrite,

(i1) rocks of the albite epidote amphibolite

facies.

(¢) Second katamorphic stage of retrograde
metamorphism in which any of the preceding
rocks might be sericitized snd leached of
silica or quartzified. These effects tend to be
irregular and localized.

{3) Vein rocks.

(g) Those resulting from the leaching of
sediments and lavas in stage 2¢(a) and 2(H).
These veins are composed of rocks belonging
to several facies (frontal deposits of Bradley,
1956), and include quartz-haematite, pyrite,
quartz-epidote and felspar veins.

(b) Those resulting from leaching of the
metamorphic rocks during stage 2(c). They
inciude sericite and chalcedonic silica veins
along with teie-frontal sulphides (Bradley,
1956) .

ORIGINAL SEDIMENTS AND LAVAS
Owen Conglomerate

The members of this formation are of three types,
viz., argillaceous, arenaceous and conglomeratic.
With the exception of some argillites in the upper
part of the formation the whole is almost every-
where silicified. The shaly partings are, in general,
composed of chlorite and sericite with subordinate
bands of angular silt-grade guartz and with haema-
tite in varying proportions. In the partings of the

ubicolar Sandstone on the King River the iron
mineral is probably magnetite, but in most other
localities haematite has been introduced along with
silica.

The quartz sandstones are seen in their un-
silicified state only in the Tubicolar Sandstone
where they consist exclusively of sharp particles of
quartz schist, gquartz crystals and chert. The
matrix is chlorite or sericite, and in some places
limonite of secondary origin. The most striking
feature of these sandstones, and this also includes
the sandstone dyke rocks at Lyell, is the apparent
extreme angularity due largely to grain growth of
fragments less than 0-2 mm. across (plate D, figs.
18 and 19). With increasing size, particles are pro-
gressively rounded. In the purple sandstones and
grits the matrix is haematite and individual quartz
schist particles are very heavily powdered with
haematite along grain boundaries (plate D, fig. 3.

Conglomerate beds also consist of quartz schist,
guartz and chert, with varying amounts of sericitic
and chalecedonic matrix. White chert fragments
(5 mm.) are common only in the grits of the
Tubicolar Sandstone near the Comstock Mine,
and there the angular particles comprise as much
as 10 per cent of the whole. It is debatable whether
the chert was formed before deposition or by sili-
cification afterwards. It is alsc possible that
many dark siliceous hornfels pebbles in the rest
of the formation represent recvystallized chert,
and were originally non-siliceous rock such as
slate.

Lynch Conglomerate

The Lynch Conglomerate has been described

(Pt. 1, p. 221) as the stratigraphic (and less
altered) equivalent of the Dora Conglomerate.

The formation consists of 3000 feet of tuffaceous
greywackes grading up from coarse basaltic con-
glomerates at the base into silty and quartzose
beds immediately below the Owen Conglomerate.
The uppermost member is a subgreywacke grit
with small guartzite and quartz fragment pebbles
sel in a serigitic and chloritic matrix. The
varvoid silts gre composed mainly of sericite with
some chlorite, ¢lay minerals and fine quartz. The
major part of the formation, and the one which
iz the subject of most debate, varies from slate
to tuffaceous breccia. The latter consists of
particles of slate, basalt and trachy-basalt with
broken crystals of augite and felspar with fine-
grained sericite and chlorite.

Some alteration of augite to chiorite may have
preceded deposition of the sediments, but in many
rocks augite is fresh and was apparently buried
shortly after derivation from its source rock. This




is consistent with rapid erosion and deposition in
an active fectonic environment. In general the
c hism of the rocks is directly re-
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hly altered; vesicles are filled with calecite or

quartz (not chlorite) and felspars are irresolvable
masses of pinite or sericite. Study of numerous
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3 So widesp iz the sericitising epidotisix
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Original felspar compositions in spilites may
sometimes be deduced from the textures of the
rocks, but deductive conclusions can usually be
debated. Thus Secott (1951 ¢, p. 131) has deduced
from the occurrence of graphic intergrowths of
augite and albite in the lavas at King Island that
the albite was primary. The ternary system diop-
side-albite-ancrthite (Bowen, 1928, p. 46) shows
that augite and albite may form eutectics in soda
rich basalts, but it also shows that anorthite and
augite may form eutectics in caleic rocks.

In basalts anorthite is very rare and it seems a
reasonable assumption that the albite of the graphic
in..m‘,rowth described by Scott was magmatic.
Bowen’s figure indicates that the eutectic propor-
tions of albite to diopside are about 20/1 while the
intergrowth in Scoft’s (1951 a, p. 4) rock has pro-
portions fairly close to the 43/47 proportions of
the anorthite diopside eutectic. The graphic inter-
growths could thus signify that the original fel~
spar was anorthite and that this felspar has been
replaced by albite. The fact that the pyroxene in
the intergrowths is diopsidic sugite might, how-
ever, completely alter the picture and all than can
be concluded is that idealized experimental in-
formation on crystallization is probably inadequate
for dealing with the problem, and that Scott’s
evidence is inconclusive.

This is typical of the spilite problem. The rocks
in guestion probably represent the best exposed
and least altered of the Tasmanian spilites, so
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rocks elsewhere can hardly be easier to interpret.
Other empirical approaches, still using texture, are
probably no more reliable than the last. The
clearest case which can be made, and even this is

weak, is that some rocks contain no recognizable
mmte, either secondary or 0“1&1‘3&1 Such S
(plate D, flg. &) may contain up to 10

';2.

of highly al felspar phenocrysts
unaltered augite, and it might be cwncmdcx waw bﬁu
cause albite is usuaily stable and appear« qu;te
fresh long after augite be 01}9(
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per cent, as ferromagnesian mmerax and on this
score alone are probably trachy asa,lts or augite-
trachyte Degpits probable alterations of f°i~
spars to albite and oligoclase it seems lmh’k
the rocks have ever been much diffe
they are now.

Again, the general absence of ophitic or por-
phyritic-granular textures among the lavas in-
dicate that they are not normal basalts. This
is the meore suggestive since basalts with relatively
low proportions of augite might be expected to be
gphitic rather than to have the simple porphyritic
nabits of the Cfmm‘ ian lavas (Clark, 1952).

Among the griginal rocks of the region there are
apart from ilites, pmslble hornblende gmde.«ltem
One from the tuffs on Lynch Creek contains horn-
blende which, though altered, appears to be an
original mineral. In the vicinity some actinolite
crystals occur, but these ars acicular and clearly
have grown on augite. While these cannot readily
ke confused with the idiocrysts of very decomposed
hornbiende occurring in the tufl the hornhiende
may still be secondary. This example along with
a similar rock described by Scott (1954, p. 140)
and a number of indisputed hornblende lavas
recently discovered by Banks (personal communi-
cation) indicate a widespread but probably minor
andesitic vulecanism in the region.

Fortunately, little depends on knowing the pre-
cise composition of the original lavas. Not only
do deuteric and later metasomatic processes overlap
and resemble each other, but from the ubiquily of
the association it seems that the processes are re-
lated, and can ke treated together. It is believed
that most rocks originally belonged to a cale-
basalt—trachy-basalt—trachyte-suite like those
of present day oceanic environments, and they in-
cluded sub-aeri as well as submarine repre-
sentatives. It is believed also that the extrusion
of the lavas was probably controlled by faulting
movements related to those which later gave rise
to the Dundas and West Coast Range geanticlines,
and which controlled the upward passage of meta-
somatizing sodic solutions. It seems probable that
these solutions were most active during the Tabber-
abberan orogeny, but they may also have had some
effect during the Tyennan orogeny, and they may
have been effective in causing contemporanecus
gpilitising of the lavas.

Sy
5




ALTERED ROCKS

The Anamorphic Seguence

Of all the rocks, the basic are the most
sensitive to ihc eariiest changes of pressure and
temperature. This is partly bpmuée of their mixed
composition and partly because their felspars and
pyroxenes are mebastable. These contrast with
hydrous minerals and guartz of the stable slates
and quartzites. Attention will be directed first to
the stages of alteration of lavas and tuffaceous
greywackes.
e f
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these effects, which could ke th:z result
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tage II. In the groundmass of the lavas, in the
matnx of the tuffs, and not necessarily sxSoOCIade
with original felspars, small clusters of red felspar
are formed and red felspar veins cut the rock.
Roth felspars have a refractive indices np = 1-51,
1-54 (Aby Ans . In this and all the subse-
changes of plagicclase Hskola’s spilite re-~
sotionn is prokably important. The reaction reads

CadlLRiL,0, +  Na, L0, -+ 4810, = Ahmbxgoq +  CalO,
1 a'\'UR'l‘Hi‘i‘h 4] SOD. GARB. + 4 SILICA == 2 ALBITEH |- 1 CALCITE
Eskola (see Barth, 1951, p. 286) has demonstrated

that this reaction is reversible with pressure so
one might conclude that the albitising, whether
deuteric or imposed, occured at relatively low pres-
sures. If solutions were juvenile this low pressure
need not signify very shallow depth but merely that
solutions had free egress to regions of low pres-
sure. However hypothetical the source of these solu-
tions might be, there is no question that silica,
sodium and carbon dioxide were added, and it will
be assumed for the present that there were solu-
tions of this kind.

Stage III a. Solutions and reactions similar to
the last, but with higher temperatures, caused the
fo1mat1ml of many minerals of the lavas. Preh-
nite, which occasionally fills vesicles in the Rose~
bery Lavas and the King Island Lavas (Scoit,
1951 @) may be formed along with albite, thus:

4CaAl,S1,0, + 2Na,C0, -+ 6810, L O(Mgle)Sith; +

The amesite molecule may combine with serpentine
coming from hydration of pyroxene to form

chlorite and this would explain the cccurrence of
chlorite alongside prehnite in vesicles. It is char-
acteristic of this stage that augite is broken down.

Stage IIT'b. Probably at slightly higher tem-
peratures or pressures there occurs a third reaction
which introduces hydrogrossular.

40aAl,81,05 + 2Na,C0, +

3H,0 = 4NaAlSi,0,+ 20aC0, +
4 ANORTHITE--2 SOD. CARE. 6 SILICA +2 EXSTANTTE+3 WATER 5> 4 ALBITE -2 CALCITL+

4H,0 +2(MgFe)Si0,+ 58i0, = 4NaAlSi,0.+ CaCO, +

The close similarity between the last two re~
webions suggest that product‘* of eﬂch should be
(mnd in close 4 s iz not only so
20 the Tasy ites (Scott, loc. cit.) but
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in i 4 veins of each

ionn of spilite 5
s probably general,
ven descriptions of
without recognizing it as such.
the nature of the 50~ -called “ glass”
’s (1 \39 .

The associat
3 € vdrogrossular
although many workers have gi
hyumﬂlossu}ar
Thig is onvn‘,us&

s

] _Vum*c
ne iz
(1832, p. 108, at

recegmz
into vesicles ” describes a
simiiar material veining the neighbouring serpen-
tine as ndvmg R I 1728, and as hem" “like a
variety of ! See also Seott (1831a). An
m;z:{_,rrmnt bzmguim on Dun
Mountain mineral of

that H, forms th

: loeﬂs (Bell ef ai, 1811, p. 60, and
27, p. 1603, Els ere in New Zealand

it ccurs in Ube assoelation caleite, trermolite, chilor-
ite and prehnite (Turner, 1935) which also
oceurs in Tasmania. It very clearly falls into a
moderate temperature zone, perhaps about 2060°C,

anﬁ belongs to the greenschist facies. Hydro-
ossularising is an important process asscciated

albitisin
wge IV. ‘ysta&limtion of 1&&”&,> proceeds
1y with the final resorption of the original
caleic felspars and the formation of new oligocl
rich rocks. Important changes here are epidotising
and formation of actinolite, but there is not yet the
development of biotite or garnet which are com-
monly present in similar rocks (Turner and Ver-
hoogen, 1951, p. 46%). At this stage the rocks of
Lynch Cxcek and East Queen River begin to grow
minute stringers of quartz and epidote, and under
the microscope small grains of quartz are recog-
nizable as entities for the first time. TUnder the
microscope epidote is scattered throughout the
slides and grouped in clusters of granules arocund
that which was previously lime-rich felspar or
vesicle fillings. Here such augite as had till now
escaped chlommsmg becomes altered to fine needles
or fibres of actinolite, and veins of tremolite cut
the rocks. QOccurrences of tremolite vary from
veins some feet wide on Lynch Creek down to small

- CapAlySEH01,(0H), - H(MgFe),AlSi0,
1 PREHNITE + 1 AMESITE

Rec

3

isolated needles, and probably result from a
crganization of the material of the chlorite and
calcite. From this point on there is a robbing of the
rock of carbon dioxide, and a general dehydration,
and calcite disappears. Although this has not been
observed by the writer, reorganization of prehnite
and hydrogrossular probably occurs with the first
appearance of epidote, these two minerals being
made over to epidote.

CO, +

re-

4 ANORTHITE + 2 SOD. CARB.+ 4 WATHER+ 2 ENSTATITE +5 RIL!CA?li ALBITE

Oa,A1,81,0,(0H), -+
HYDROGROSSULAR 4
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H,(Mg¥e),Al,5i0,
AMESITE
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Stage V. In the succeeding stage of meta-
morphisme the rocks are substantially altered to
felspar porphyries when the whole rock (e.g., Red
Hills and on the Mackintosh River at Tullah) is
made over to oligoclase Ab, An. Throughout all
of the previous stages some chlorite has been pre-
sent, but in diminishing amounts, and at the
optimum of this stage it is usually about 4 per
cent of the rock and the only ferromagnesian
mineral. Epidote also disappears at this stage
and its lime presumably goes into the new oligoclase
felspar. Barth’s (1851, p. 284) graph gives a
temperature of under 300° for this reaction. These
rocks are true syenifes and it is small wonder that
Twelvetrees gave them this name. As it is quite
impossible to distinguish some of these from coarse
trachytes under the microscope the only evidence
of their origin must, perhaps, always be field
observation of volecanic or sedimentary structure.
It is at this stage that biotite first appears in
faded wisps among the felspars. Always the
minerals look as though they had been weathered
and the felspars, no matter how new, are powdered
and pitted with sericite or kaolin. The only index
of newness now lies in the degree of idiomorphism
of felspars or in the relict outlines which felspars
occasionally leave behind them.

Stage VI. The blotchy syenites of the Murchi-
son River provide the type of the next stage of
alteration. Here the rock is coarse grained with
crystals of red and pink felspar from 2-5 mrns.
across and with biotite and dark-green chlorite,
obvicus even in hand specimens. The felspar is
now only in part oligoclase, and is 50 per cent or
more of orthoclase. There is usually little twin-
ning or zoning of the plagioclase and felspars are
highly sericitized.

Stage VII. The final stage is represented by the
granites of the Murchison River and Mount Dar-
win Plateau. Taking the latter occurrences first,
the felspar is orthoclase, and quartz is very vari-
able, from 10-40 per cent. Felspars are, on the
whole, sericitized and are hypidiomorphic. The
quarz is most interesting; it is interstitial and often
ocecurs in tiny grains just as it might in veins or in
a quartzite; groups are made up of individuals of
differing sizes and it appears that the granite
approaches normality with the growth of these
crystals into larger compound units (plate B, fig.
6). The largest and most nearly normal of these
crystals are conspicuously shadowy in their ex-
tinctions as though their constituent grains had
been badly assembled.

The ferromagnesian minerals, biotite 1 per cent
and chlorite 3 per cent, are glso curious. The
chlorite is so widely disseminated through the rock
as to give it a gresnish hue, bubl is inconspicuous
in thin section. Some chlorite, which occurs in
stringers, does not appear to be an alteration pro-
duct of pre-existing minerals, but the biotite of the
rock appears, because of its highly idiomorphic
character, to be an alteraticn product of the
chlorite. Biotite is very sparse indeed, so sparse
that it appears in none of the writer’s thin slices.
it appears in the field, however, as hexagonal
crystals some 23 mms, high and wide. Barth (1951,

p. 337) claims that such associations belong tc the
epidote amphibolite facies and choosing antigorite
to represent chlorife he suggests the following re-
action occurs at about 250°.

AISLO,(OH)
Bl

Mz, 8L,0,(0H) + KA
ANTIGORIER -

-+ 2810, + H,0
MIPH -+ 2QUARYZ - WATER

&=

This provides a possible source for a small part
of the granular guartz of the rock but the tempera-
ture suggested by Barth seems very low. Were these
rocks schistose or hybrid gneissose types this low
temperature would cause no surprise, but in in-
terpreting the rocks in facies terms we now have
to accept completely crystalline rocks as low tem-
perature derivatives. The most common rock con-
tains one-inch crystals of pink orthoclase set in o
coarse groundmass of orthoclase, quartz and
chlorite and though broadly stratified it is an un-
doubted granite.

That is a very broad picture of the granite which
is very varied and which, in some bands, is fine
grained or approaching graphic in texture, and
which in some bands has both biotite and muscovite
mica. Here again it may bear pegmatbitic veins of
chlorite with pyrite or irregular stringers (six
inches wide) of magnetite, both clearly part of
the rock and originating more or less in situ.

The Murchison River granite is similar to the
Darwin granite except that chlorite is very minor,
and biotite is more prominent. Interstitial guartz
is present here in large crystals rather than
granules, but shadowy extinction is general. This
granite has one distinctive feature, viz., the pre-
sence, along the east bank of the gorge, of an
aplitic phase paralleling the contact with the
haematised conglomerate. The rock (plate D, fig.
6), is a typical aplite with interlocking grains of
guartz and felspar in proportions of 40/60, and the
felspar is orthoclase and orthoclase perthite in
equal proportions.

Summary

The sequence of stages so far described is selec-
tive, but in the field there is an overlap of all
stages and the sequence is thought to be representa-
tive. + first there were hydrating processes in-
yolving the formation of sericite and chlorite, and
these were paralleied and followed by anamorphic
reactions of building of felspars, biotite and fremo-
lite. While the materials of different reactions
were often used several times to build up new
minerals, the alleration of basalts to potash
granites necessarily involved the addition or sub-
traction of materials. In the first sericilising stage
there was an influx of alumina and/or elimination
of silica (¢f. Turner and Verhoogen, 1851, p. 483).
in the next three stages where albite was formed
and augite and then chlorite eliminated there was
an influx of soda and silica with an influx of lime,
magnesia, and iron. In the Murchison syenite stage
there was a progressive elimination of soda and
water and an increase in potash. These are all
absolute changes where individusal pebbles, or beds
of rock, can be sald to have lost original minerals
and gained others of quite different compositions.
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The incoming of quartz in the potash granites
probably represents a different and relative kind of
change and may not mean that there has been an
addition of silica to the syenites. The elimination
of oligoclase and its replacement by quartz could
readily mean that both soda and alumina have
been removed and excess silica left behind. This
kind of reaction would be different from the pre-
ceding examples also in that it must involve some
change in volume.

Volume Changes in Metasomautism
The porphyroids, more than other rocks, demon-

strate that it is equal volumes and not equal
weights of minerals which replace each other.

This principle, enlarged on by Turner and Ver-
hoogen (1951, p. 483), may be critically important
in determining reaction in rocks under great pres-
sures or where other circumstances preclude migra-
tion of materials. In porphyroid metasomatism
the principle may, however, be relatively unimport-
ant in determining the course of reactions and

example, if replacement of silicate rocks can be
demonstrated to have occurred there must often
have been migration of material to make up for
the gain or loss of weight per unit volume. This is
made clear by Lindgren (1924, p. 507) in relation
to the iron silica and sulphur replacements at
the contact zone at Bingham, and obviously the
principle must apply o replaced silicate rocks also.

Nevertheless, there are reasons for supposing
that there may have been some appreciable volume
changes in porphyroi atismn.  'The aplite
veing of the Murc i granite are in two
instances ptygmatically folded, a kind of folding
which signifies to the writer that there has been a
shrinkage of the rock enveloping the aplites. The
shrinkage mechanism canot be uneguivocally de-
monstrated by the examples

5

on the Murchison
River, but suitable cases can be taken from photo-
rraphs of ptygmatic folds in a similar porphyroid
granite of Finland (Sederholm, 1926, figs. 30-40).
Useful examples showing two or more intersecting
and ptygmatically folded dykes (fig. 20) are thought

may have a different kind of significance. For to be fully explicable in the following terms.
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ahead of their respective front into the overlying
zone. When the potash granite moves up and takes
the place of the sodic syenite it appears that there
is a reduction of the volume of the syenite. Dykes
having the same composition as the granite are,
however, unaffected by this change and, retaining
their own volumes are folded in the manner shown
(fig. 26b and c¢J.

For the Murchison granite this kind of reduction
in volume coincides with the elimination of oligo-
clase and the incoming of quartz. This implies that
soda and alumina have migrated in a wave begin-
ning at this horizon.

The upper limit of the wave of aluminium meta~
somatism is well defined at several points in the
range by the sericitizing and felspathising of guart-
zites. At the Lyell contact the replacement of
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quartz by sericite clearly requires the addition of
alumina and alkali, and if it is assumed that all
of the quartz replaced has gone tc sericite, there
must have been an increase in volume by about
106 per cent. The intense local contortions of the
sandstone dykes at Lyell suggest that there may
have been some expansion and consequent re-
adjustment of the schist along the contact. The
schist must under these circumstances have tended
to be squeered into anticlinal crests or other zones
of relief. This might explain the “mashing”
which seems common ab similar contacts elsewhere
(Van Hise, 1857, p. 238) and the common difficulty
in tracing beds across contacts. Apart from con-
tortion there is no evidence of greal increase in
volume at contacts and it seems that silica must
have been dissolved in large amounts to make way
for the incoming sericite. The silica, apart from
that required to msake up sericite, has apparently
passed upwards into the Owen C‘Jnﬂomelate Fel-
thising of the quartzites, as at Darwin Spur,
st also have involved the introduction of alumina
and the removal of silica in the same way.

Retrograde Metamorphism

By the time late hydrothermal injection of the
porphyroids commenced, the permeability which
had directed earlier iolutlcns dkmp, stratification
planes had disappeared. Seric
and kaolinising were thus rentmd round hroad
crush zones like the Linda Disturbance, or late
faults such as the N.E. tensional faults.

faul

Late Sericitising and the Origin of Quartz Porphy-
ries.

The term seric

e

ceous alter ation products of

: OFL vmu nal in th ;
sericite 1s ; i : c\mcemmm is
ly the soda ¥ te, and not the
mineral. Yoder ter (1955, p. 255
define sericite as “a ﬁeiid term used to describe
any fine-grained white mica” and state, “ The
white micas include muscovite and paragonite ”.
“ Sericite 7 will be used in this vague butl cw ,wmaw
sense in this aceount.
In view of the richness of
soda it must be expected that S0me cases the
hydration products of felsp clude parg-
gonite. Experiments by Morey ;m'i Chen (1855
. 999) suggest, however, that in the breakduw*l
of albite the potash impurities of the mineral
rcvm ‘to I‘G“’I z2in behind as muscovite, while sodium
y 5011;@3011 Perhaps this ex-

latively high concenbra-
3 ;] uymi schists near Ques‘ns-
Luwn, a,nd u suggests that in 'ome places sericitis-
mg may be merely a process of leaching of ga‘a

At still other places it seems pmoaule that sericitis-
mg involves very little potash and the process is
one of paragonitising.

The sericitising of the Owen Conglomerate at
Lyell is, in fact, different from either of these
processes, for it is clearly a process of introduction
of potash. Anslyses of the specimens of plate A
by Mr. Ritchie (D.SIR. New Zealand) show the

m porphyroids in

following variations of alkalies across the contact
zone of the Owen Conglomerate. Specimen 1
(plate A, fizg. 3) is taken from the conglomerate
at the stage of metamorphism where the guartz
hegins to lose its lustre and has an Na.0O content
of 0-1%, and a potash content of 1-6%. Less than
two i.’().(}hcb away, where the rock is the gericite
schist of plate A, fig. 6, the eoxresponding con-
tents are Na.O Ué,f, and K.,O 42%. There has
been an addition of potash to the guartzites to form
muscovite.

The coarser guartz porphyries are
analogues of the guartz-sericite schists, and the
common occurrence of oy thaclaw porphyroblasts
in them indicaltes that potash was added to the
rocks during their formation. Since the potash
causing these alterations was introduced during
the cooling phase of metamorphism it seems prob-
able that there are two sericifising phenomensa
associated with porphyroid metasomatism. In the
stage of advancing fronts sericitising probably
involves leaching of soda, and in the second or late

non-schistose

phase, sericitising involves an introduction of
potash. The source of the potash in the second

case is attributed by the writer to the leaching by
late phase solutions of still deeper seated rocks,
and it is supposed that sericitised potash granite
oceurs at a depth less than 5000 feet below the
present guartz porphyries. Without this explana-
i the presence of a clearly defined high tempera-
2 zone of introduction of potash (e, in the
nites) is at varia with the introduction in
the same area of potash in low temperature seri-
cite (muscoviie) schists. In the West Coast Range
all felspathic rocks are sericitised in some degree;
in general the felspar porphyries have suffered
least, and progressing through mam with increas-
g amoun‘tw of guartz to quartz porphyries altera-
tion becomes more intense. In the guartz porphy-
ries hydration has sometimes procecded to the ex-
treme where felspars have been wholly leached of
glkalies and reduced to kaolin, as for example in
the area within a forty chains radius of Queenstown.

During complete sericitising of alkali felspars
some 20 per cent by weight of the original mineral
is removed as silica in solution. Some of the silica
so released from the porphyroids probably found
its way through faull fissures and emerged at the
surface in hot siliceous sp s. Much silica was,
however, rrmmwxmu in the amiiim of the Owen
C Qnglomexar (Bradley, 1954, p. 231) and in veins.
Where solutions can migrate so freely, hydration

night easﬂy go to completion and felspars be re-

duced to kaolin; but this seems to have happened
(mly on the Linda Disturbance atb Queer 'L»"JOW?“
it seems instead that there was usually som 1€ strug-
tural restriction on ftransport and that at times
there was no appre 2ciable movement of sclutions.
The rock and the immobile solutions constituted a
closed system in which composition stayed constant
and where it was possible for an equilibrium fo be
set up between quartz, felspar, sericite, water,
potash and soda. In particular, silica accumuﬁted
until it reached saturation point and then crystal-
lized in situ as quartz. Most workers would agree
that this may be the mode of origin of quartz
in sericite schists, but that is not all that is in~

i
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tended here. 'The silica
often crystallized at many centres within the se
citised felspar porphyries as idioblastic crystals,
and so formed guartz felspar porphyries and quartz
porphyries. This idea has been proposed in prin-
ciple by several workers who have claimed that
guartz phenocrysts may be porphyroblasis. Thus
Scott (1954, p. 140 and plate 4, figs. 1 and 2,
Stanton (1955, p. 606) and Goodspeed (1837) have
all described the pimply protuberances around large
quartz crystals as growth structures and have
called the crystals porphyroblasts.

The main contribution of this work is to establish
that this process of guartz porphyritising may be
of regionial extent, and further that it may be the
result of retrograde metamorphism, T inciple
of sericitising and guartz enrichment applies
equally to any felspathic rocks whether lava or
greywacke, and whether or noi they have been
metamorphosed o felspar porphyries. The regional
quartz porphyries in Tasmania include all these
types, but since the felspar porphyries provide the
most favourable raw material for such changes and
naturaily occur in the most favourable sites for
late injeection, most guartz porphyries are altered
felspar porphyries. At second hand they are altered
sediments and lavas and there is even some case
for supposing that ultrabasic rocks near Dundas
(Ellistor, 1954, p. 173) may also be secondarily
altered to quartz porphyry.

Even on the regional scale this general idea is
not new for it was expressed Iong ago by Wads-

in the porphyra‘ds very

worth (1887, p. 68) who stated “part of the
corroded and fissured guartz penetrated by the
groundmass in quartz porphyry has been

formed in the rock as alteration product sub-
seguent to the golidification of the rock, and is

due to the abion and aggregation of the
set free during the alteration of the rock 7.
The proof of these assertions must usually rest

] final insiance on the fisld demonstration
norphyries have the structure of sediments
(Bradliey, 1954) vrather than on mlcmumpy, but
there are numercus confirmatory lines of evidence,
and some debails of the crystallization of quartz are
convinein

Without listing the deficiencies of the magmatic
theory on the following scores this thesis explains
wce of quartz phenocrysts in rocks rang-
n sediments through ¢ itoid
: lavas in Tasmania fo gabbros in Minnesoin
rth, loec. cit.), and explains the presence
of 00 called quartz xenocrysts in the olivine basalts
(Exeter Traps), along with quarfz porphyry con-
’lom eraies on the margin of the Dartmoor Granite
hy, 1932, p. 730,
This thesis of origin of gquartz porphyries implies
ilar regional porphyries in other parts a)'f
the world should alsc be associated with intense
sericiti r  There are, it seems, very few quar vz.'
porphyries which are not highly sericitised; there
are many in which the groundmass cons lStS ex-
clusively of sericite, and more than a few in which
the groundmass is highly kaclinised.

In general, regional guartz porphyries are char-
acteristic rocks, perhaps the most characteristic
(next to pegmatites) of intensely pneumatolysed

silica

and

terrains.

Bischioff,

When they occur as veins a
Tasmania, the quariz porph

at Mount
s may have

many of the characters of pegmatites and bbai
cassiterite and topasz.
Quariz Felspar Porphyry

The distinction mmade by previous Tasmanian

workers between felspar porphyries, quartz felspar
perphvmes and quartz porphyries is a useful one
lenotes the degree a*“ { on m the

altera
the microscope the firg

of free silica in the rocks is in the
indeterminate granmation of the groundmass be-
tween the fe The next siage

some of these granules growing together
irregular quarlz porphyrobls 01 mm, ;
At this stage there are few, if any, crystals show
ing resorption cavities or inclusions of a
In the next stage where gquartzes are vis;;,
hand specimens and are some 1-0 mn 5
rock under the microscope is the ill- oemmd quar
porphyry or guartz felspar porphyry of convem'on
it has up to 5 per cent of quarty, but the fE’”’)“"b
are still readily recognizable as felspars—ithis is
the “ gquartz felspar porphyry ” of this work.

Quartz Porphyry

Beyond L‘ms qguartz
groundimass

felspar porphyry stage the
f the rock becomes vague and horn-
felsic looking, it is made up of many small irregu-
lar quartz grains, sericite fiakes and specks of
kaelin which may cbscure the felspars completely.
The final type of guartz porphyry, in which
quartzes are gome 5 mm. across and from 5-20 per
cent of the rork is what the writer would des-
cribe as the ideal quartz porphyry. This consi
of quartz, ’m,eu resorbed, set ina pmun mass almos

exclusively of sericite, but with perhaps a mtw
chlorite. In hand specimen the rock is often a
dark bloodwfed from specks of haematite scatbtered
through it, bul in thin section these are not okvious
among Lhe kaolin and ser . This colour
tends to be distinetive of the mvre guartzose type
for the more felspathic frequently owe their
colouring to chlorite and are often green. }m the
extreme type of quariz 7‘201‘132*137“’37, flakes i
are commmonly arranged in a rectangular b
which suggests that they have been formea on

cs of felspar, butb thm i hal

s texture is “ln ax
earby a,ﬂ reis

to ba *he w ult of gruwth fm,d a,d
strain-free environment. In the absence of strain
orthoclase grows in these rocks as pimply porghyro~
blasts (plate B, fig. 37, but the feispar usually re-
mains less than 10 per cent of the rock and is
prominent only in the Mount Bischoff porphyry.
It seems from the degree of zericitisation of these
felspars that newly formed orthoclase is very
readily reconverted to sericite.

*Tf} ui(}“ in a

Shadowy Extinclion

The quartzes of all the porphyries tend to have
the shadowy extinciion which is usually attributed
to strain, and commonly have an ‘"“(‘ghl‘ﬂ' or
pimply outline (plate C, fig. 5. Shadowy exiine-



176

tion in these rocks is, however, not the result of
strain but of parallel or subparallel growth of
quartz crystals. This can be seen in some speci-
mens like plate ¢, fig. 1, which shows a large
number of small guartz hexagons disposed side by
side, bub not quite parallel to sach other. This
kind of section can be duplicated very readily by
cutting a section through the encrusting quartz
crystals lining the inside of geodes, and the same
structure is common in much fine-grained quariz
from veins. It might be claimed that the section
is, in fact, from a small vugh in. the porphyries
and that it has no other significance. In the
porphyries there is, however, fransition from the
figured specimen through every gradation of dis-
junctive shadowinesg to non-shadowy gquartz. Dis-
junctive shadowiness is that where a large crystal
is made up of a large number of discrete indi-
viduals, each of which has its own extinction and
its own optic orientation (cf. Goodspeed, 1937).
Orientations change abruptly from one crystal to
the next, but the change is progressive across the
larger compound grain and so extinction shadows
move in one direction and in jerks. Even non-
shadowy quartz has some submicroscopic disorien-
tation, for it is common for the quartzes of the
porphyries and of the potash granites to be biaxial
and to have 2E as high as 10°. Although this is
usually taken to mean that crystals have been
strained the aggregate of plate C, fig. 1 would show
a biaxial character if one used condenser and
cbjective large enocugh to embrace all of the
crystals at once. Conversely, the biaxial character
of ordinary crystals to ordinary lenses could be
due to the presence of submicroscopic erystals pro-~
gressively disoriented from each other. If we
follow this argument far enough down the scale
of size we should arrive at disoriented unit cells
which would represent a bent crystal and which
would be a strained crystal of a kind. It happens,
however, that crystals are not usually bent in
earth movement but are usually sheared on varied
planes and strain shadowiness is random. Such
crystals which are common in the sheared quartz
sericite schists show an irregular pattern of
shadowiness and rarely give a clear biaxial figure.
These shadows are of the type described by
Hietanen (1938, figs. 4 and 13) from highly sheared
guartzites. Neither they nor the Bohm lamellas
described by Hietanen are quite the same as the
disjunctive shadows of the porphyry guartzes.

Quartz Sericite Schists

Quartz sericite schists are sirictly limited to
narrow zones of intense faulting and at Lyell are
most conveniently seen about half a mile from
the Gap on the Queenstown road. The rock
{plate A, fig. 6) Is very similar to the quartz por-
phyries except that the sericite here is schistose
and generally wraps around guartz crystals. Io
some cases sericite runs straight into the guartz
grains as if the latter had formed after schisting
and these same quartzes often have pimply mar-
gins. Quartz crystals, which commonly form less
than 20 per cent of the rock, vary in shape and
size; e.g., grains may be broken (plate D, fig. 4),
equidimensional and round, bear resorption cavi-
ties, or may he irregular or elongate. Only the
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larger elongate crystals are aligned with the schis~
tosity and they show no obvious optical orientation.

Shadowy extinction is general in these guartzes,
but by contrast with the porphyry quartzes the
movement of shadows is smooth in detail and is in
random directions. From ihe distribution of frac-
tures in the guartz of plate I, fig. 4 it may be con-
cluded that breaking strains were unevenly distri-
buted through that crystal. It seems probable,
therefore, that in other crystals stressed to a point
just short of breaking any residual strains would
have distributions similar to that of the cracks.
One should, therefore, expect extinction shadows
at any one time to form a dark, irregular and
rhomboidal grating which would expand or con-
tract smoothly with the rotation of the micro-
scope stage. This kind of strain shadow is common
among the gquartzes of the quartz sericite schists
and will in a later paragraph be shown to have
interesting implications.

Chloritization

Chloritization, like the previous processes, may
be a late process as well as an early one of advanc-
ing fronts, and the late process is concentrated in
shatter zones. Chloritized rocks resulting from this
process are located around the intersection of
shatter zones with lava breccias and conglomerates
which escaped the earlier metamorphism, e.g., in
the area within a twenty-chain radius of the
Queenstown Smelters. Where Conglomerate Creek
cuts the rocks twenty chains above the road bridge,
the clays are just sufficiently strong to stand as
outerops in the stream bed, and here the sedi-
mentary structure of a conglomerate shows up
clearly, and relics of original individual felspars
show up as paler green rectangles of sericitic clay
in the darker green groundmass. Smears of the
green material on a slide convey no more idea of
its nature than does a smear of the clays of the
kaolinised rvocks. To convey this indeterminacy
the term “ earthy chlorite ” is apt, but it is prob-
able that the material is often more than 50 per
cent kaolin and 25 per cent sericite. It is im-~
portant to maintain the theoretical distinction be-
tween this material and the early or frontal chlorite
sericite schists of the mine open cut, and fortun-
ately there is a practical distinetion also. The
frontal chilorites are relatively tough and fissile and
bear conspicuous disseminations of pyrite, whereas
the late chlorite is massive clay without trace of
sulphides. It might be tentatively supposed that
the chlorite fraction of these rocks is the same as
that of the late chalcopyrite veins which occur in
the open cut. In the latter case sections can be
made and the mineral delermnined as pennine.

METASOMATISM

General

Many accounts of metasomatism consider that
exchange of material is restricted to a small bulk
of mobile elements whose small ions are capable
of passing through the interspaces of large ions
such as those of oxygen and silicon. Read and
Barth (1851, p. 313), who favour this view, see
the proportion and position of oxygen ions as
relatively unchanging during metamorphism, while
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others like Poldevaart (1953, p. 501) assume where
possible that the number of (Si, Al) G, tetrahedra
in a silicate rock remains counstant, and that
changes are restricted to other wzlstfituemss‘
Poldevaart recognizes, however, that in replace

ment ore hodies silica tetrahedra may be removed

Just how ionic replacement is effected in meta-
somatism is understood no better than comparable
ionic processes of crystallization and reaction in
acid silicate melts, but one might agree with Lind-
gren (1833, p. 91) that “it is a process of practi-
cally simultaneocus zmnimy solutionn and deposi-
ion V7, and with Poldevaart (1853, p. 481) that “it
takes place in me pre*eme of a mnc‘; phase~water ”.
Some system of particle-by-particle replacement
seems nism which

to be the only possible mechs
can explain pseudomorphic replacements of carbon-~
ate or silicate by sulphides. In these cases there
are no complications of solid solution, or of ex-
changing small ions, &c., and it can «,,n}y be con-
cluded that there has been a wholesale change of
material and a wholesale transport through what
now seems to ke solid rock. The scale of such
phenomensa is not aslways small, for many millions
of tons of sulphides and silica must have been ex-
changed in the formation of ore bodies at Lyell.

Thus, while the principle that there should be
the 1eai possible migration of material accord
with the econeomy of nature and is accepted herﬁ
as a basic principle, it is clear that sclid diffusion
is not always the most effective ‘m‘ampulf mech-

anism. In the porphyroids transport in solution
through fissures, between particles, and along

crystal boundaries was probably more important
than intra-lattice diffusion. The idea of a con-
tinuous system of fault fissures (arteries) of pore
spaces (capillaries) and intergranular films
(diffusional membranes) is as familiar as our
owrn blood systems. }fh both systems transport

in large channels,
smaller.

and by diffusion alone in the

As distinet from the movement of cold water in
surficial hydrological processes, transpor!t in the
vorphyroids was by waler at bm,germ‘urss rang-
ing up to 400°C, and it is considered that in this
stete water would in time penefrate the pores of
most  unmetamorphosed  rocks. Other  factors
favouring transport of sclutions in the porphyroids
of the West Coast Range were the conglomeratic
nature of the bulk of the sediments, he shallow
depth at which memzmrphbm oceurred, and the
intense shearing of the less permeable sirata.

of

To give some oram of sizes invelved in the tran
fusion system of tht “pu‘phyr@i&s it sugges
that, except for the siate rocks, solutions
reach through pore spaces to wi I*in
every given point. Transport of ions

bed
might
six inches of
in these
solutions was primarily by diffusion but was at

times by bulk movement also. Transport for dis-
tances less than six inches (usually less than two
inches) is regarded as having occurred by diffusion
through intergranular films.

R.S—12.

Intergranular Films

The operation of films is best illustrated by
reference to the growth of quartz porphyroblasts.
In fig 21 ¢ it is supposed that two guartz crysials
4 and B are suspended in water. This has some
sm*a,,w flux dissolved in it and ¢
confining pressure ave such that dissolves
silica in appreciable amounts (Gillingham, 1848,
©. 242). As crystal 4 is smaller than B it has a

larger surface weight ratio, and because of this it
T.lIlS:lbiSfiQu

may have a relatively larger nurnbw of
bonds of its « ttice expos
and may have 2 i e]y h)gz‘zef
crystal B, The ;

crystal has,

that the smaller
3 a lower heat of
solution than the and [ dissolve in the
water more readily. If the water of our example
becomes barely saturated with silica respective to
the larger crystal, it must still be unsaturated for
the smaller, which must dissolve away. Any re-
sultant increase in the saturation of the solution
must, however, cause the large erystal o grow and
i will ultimately “ absorb” the smaller (Turner
and Verhoogen, 1851, p. 396).

If the width of the channel of fig. 21 g is de-
creased almost to vanishing point (fg. 21b) the
same transfer process will operate more and more
readily as the distance of travel of ions decreases
until the stage of fig. 21 ¢ is reached, where the
lattices of the {wo crystals are nearly touching.
The forms of adjacenv* surfaces are idealised in
the figure for it is probable that crystal lattices
will be strained and distorted at such margine.
Despite this it is thought that the basic prin-
ciple is probakly valid and that there may be
some irregular space between crystals which would
accommodate ions of varying sizes. Sizes of spaces
might vary widely depending orn the kinds of
crystal and lattice invelved. Paralle! flakes of mica
or chlorite such has occur in a2 slate or schist
would probmw’ allow very little room and the same
may apply to oriented grains in guartz schists.
On the other hand, randomly oriented grains of
framework crystals, of felspar and quartz, must
often present spaces of at least the order of size
of the unit cells to either side.

7

Growth of Quariz Perphyroblasis
We may thus visualize the ex
two guartzes of a fAlm accommoda water as
H d OH ions 4 perhaps as molecules. It ig
probable that at low temperatures the free charges
to either side of the channel between A and B
ifig. 21 ¢) crewe th@ same e‘ieci as if the solution
; uper m:v sing tempera-
I the wawr in
regard Q

between

e

,LLAL

*"atuz a

:JWM in twm and { ww d "‘c released
into the solution. In general, release would be
from the small crystal and any il‘eed (Si0)* ion
would simply move across from one crystal to the
other, reorient itself and grow on the larger lattice.
Succeeding ions would do the same in sequence and
eventually the small crystal would be “ absorbed ”
by the larger. In a rock consisting of small quarts
crystals any larger one of these could thus build
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Fig, 21.~—Resorption phenomena. 20a, b, ¢, d. See text 20e:
a possible distributi f shearing strai i
tion of shear zone ]

shearing eracks in guartz. 671:
unbroken gquartz crystal. 20 g:

shows

shows complete resorp-
20 h: shows partial resorbtion in a lightly strained crystal.
21 4: shows a pietur {iffusion of ions which is only true when a crystal has different .
solu ty in different parts.
S
P %

shows the pattern of diffusion of ions with s homogeneous crystal.
: shows the effect of regrowth (shading) in closing resorbtion ecavities. (Cf. plate C, fig. 6.}
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itself into a porphyroblast. The operation of this
process in quartz porphyries is well demonstrated
by the pimply growths that can be seen on the
margins of quartz crystals in thin sections. To
make this obvious and unequivocal (in that there
can be no possibility of magmatic origin) a por-
phyroblast that has grown in a guartzite has been
chosen for illustration (plate C, fig. 5). Here the
rock is an unstressed quartzite from Mount Bis-
choff, Tasmania; it forms the upward continuation
of a quartz porphyry dyke. In more normal quartz
porphyries quartz often grows in the same manner
by the aggregation of very small quartz crystals
such as occur in guartz felspar hornfels (Good-
speed, 1937).

Accompanying sericitization is a widespread
saturation of surrounding rocks by colloidal silica;
this sometimes silicifies the rocks with chalcedonic
silica (Scott, 1954, p. 137), or at higher tempera-
tures produces a hornfels with minute quartz
granules. There seems to be & wide variation in
the size of granules which might be formed in this
way, s0 that when they are built up into larger
crystals there is a corresponding variation of the
“ pimpliness ” of the resultant porphyroblasts—
for example, in thin section a fine-grained hornfels
shows a relatively smooth outline and a quartzite
shows a rough outline and so on.

“Where obstacles, such as the minute felspar
grains of hornfels and adinoles, lie in the path of
growing quartzes they are not pushed fo one side
as happens in the growth of garnets. Nor does
the quartz simply engulf the impurity and then in
some unspecified way._ ‘“clear .itself”, but the
offending particle is chemically resolved and goes
into solution. In fig. 21 d any particle of felspar
such as A which is in equilibrium with the solution
and its neighbours, will pass out of equilibrium if
it is put into a position B where it is threatened
with “ capture ”.

In crystals a smooth outline represents a smaller
relative surface and a lower free energy than does
an irregular outline so that in adjustment towards
lower temperature eguilibria thers is usually a
tendency for crystals to fill in their depressions
and round out their outlines. Despite the absorp-
tion of small crystals outside an optiraum outline
there is, it seems, a greater attraction on surfaces
in the recesses of the crystal than on the protuber-
ances for any spare ions which might be in solution.
In the example fig. 21 d there must therefore be
some tendency for solutions which lie in the recess
around a potential inclusion of felspar to be poor
in silica ions. If conditions are such that a felspar
at A is in equilibrium with the quartz, the sericite
and the solution, then the tendency at B must be
for the mineral to be out of equilibrium. It will
react with the solution to form sericite and silica
in solution, and this silica will be deposited on the
inside of the cavity. If a non-reactive compound
lay in the path of the growing quartz it would be
included in the grain, but since potential in~-
clusions are usually silicates and are higher than
quartz in Bowewn's reaction series most potential
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inclusions are vesorbed. Quartz will, however,
capture kaolin and water which may be considered
lower in the reaction series, and chlorite which is
near quartz.

Resorption of Quariz

The formation of resorption cavities in quartz
crystals illustrates the principle of grain growth
very clearly and demonstrates the extreme sensi-
tivity of equilibria in intergranular films. When
stress is applied to crystals, potential energy is
imparted and the result is a warping or disorder-
ing of the ionic lattice. This energy, which is in
excess of that normally possessed by the crystal
allows a strained crystal to dissclve with greater
ease than it would were it unstrained (Barth, 1951,
p. 305).

Returning to the broken crystals of plate D,
fig. 4 and to fig. 21 e-h we see again that quartz
crystals may be unevenly strained throughout their
lattices. A result of this is that strained crystals
can never be in perfect equilibrium with enveloping
solutions, and if the latter are saturated with
respect to the unstrained parts of crystals they
must be unsaturated with respect to the strained
parts. If equilibria are critical and no other factor
intervenes there must be some tendency towards
solution of strained parts of crystals and the for-
mation of resorption cavities. Ions released in this
process must iend fo migrate through the inter-
granular film and be precipitated on the unstrained
parts of the samne or adjacent crystals. (Fig. 21 k)

Shapes of cavities are difficult to explain without
this straining hypothesis. In any alternative thesis
one must assume that solutions (magmatic or
watery) must have had different solvent powers at
different points around a crystal. This implies that
ions migrate in the curious pattern of fig. 217 and
that they do not obey the known principles of diffu-
sionn.. Most authorities would agree that the pattern
of diffusion arcund crystals is that shown in fig.
217 and that diffusion gradients around crystals
are highest at corners and not in the middle of
faces or in cavities. In general, crystals tend to be
rounded off at corners.

Specimen guartz crystals dissolved in the labora-
tory do in fact become rounded, and so do felspars
when resorbed in lavas.

Now, if it is accepted that resorption cavities in-
dicate differential solution and that solutions them-
selves may not vary in solvent power the only alter-
native seems to be that the crystal being resorbed
has variable solubility. Further, if the crystal has
a3 uniform elemental composition any variation
in solubility must be attributed o the arrangement
of its particles, i.e., to a warping, straining or other
disordering of its lattice.

This principle does not necessarily apply to
minerals other than quartz, for in many crystals
strain is taken up by gliding on cleavages, or by
twinning; and many minerals (e.g., perthites) have
variable compositions and solubilities in one crystal
and this masks strain resorption effects.

The strain resorption effect can explain a number
of puzzles in the literature and in the field.
Misch (1949, p. 388) and much earlier Wadsworth
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(loc. cit.) have proposed that resorption cavities
are g result of crystal growth. Where growth cccurs
at the same time as resorption, the neck of a
cavity tends to become constricted and finally to
close up aliogether (fig. 21 k). Only in this respect
does Misch’s explanation see m to be valid.

Up to this point a two-dimensional view has been
taken of cavitation but it is a small step to
imagine resorption as occurring in a plane normal
to rock slices, and so to account for isolated islands
of groundmass in the centre of crystals (plate C,
fig. 6). It is easy now to ses why it is that re-
sorbed crystals khmﬂd e so rmuch more common in
the dynamically stressed quarts sericite schists at
Lyell than in the guartz porphyries. In general,
it seems that schisting and yporphyritising are
compliementary and that conditions favouring the
one tend to eliminate the other. In eliminating
shearing stress metfasomatism has the same func-
tion as ﬁuldlty has in magmas, and it appears that
the rocks of metasomatic environments will trans-
mit shearing stress only for very short distances.
Where stress is particularly intense, ecrystals ar
broken down inte small units, bub resorption im-
mediately removes strain and regrowth of crystals
follows. So rapid is this reaction that in the West
Coast Range it is only around the latest faults
that schisting occurs, and even along the Lyell
Shear the porphyroids are characteristically non
sehistose.

Felspar Porphyroblasts

.The growth of felspar porphyroblasts is similar
to the amoeboid growth of quartz crystals. Ortho-
clase and oligoelase porphyroblasts are respectively
shown by plate B, figs. 3 and 5, and so far as
growth is concerned the only difference between
these and quariz crystals lies in the lack of re-
sorption cavities and in the presence of zones and
zoned inclusions.

Zoned Felspars

Zoned felspars in granites present one of the

greatest difficulties o theses of origin of granites
L seems improbable that a pro-
e formation and
T
bals

by dry diffusion.
cess of diffusion wh
preservation of unhomogeneou few}“ar Crys
can at the szame e permit the homogenising
wide granitic terrains made up of such crystals.
soda rich felspars it is common for zones to be only
01 mm, wide, and for successions of zones to vary
in rhythmic or cyclic fashions (Barth, 1951, p.
150). These indicate sudden chfmves and reversals
in composition of felspar and of the solutions or
magmas which might have deposited them ;
thus set problems for meagmall a8 well g
diffusionists.

ch allows

Interpreting crystal growth in ferms of inbter-
eranular films provides a very feasible mechanism
of origin of zones. One might visualise the growth
of a felspar crystal on the Wa? of a pegmatite
vein and imagine that composition, pressure and
temperature of the solutions surrounding the
erystal might vary because of opening or clesing
of the fissure. Then the growing crystal would be
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coated with layers of varied composition. As each
layer was precipitated it would be out of circulation,
and if there was no dry diffusion it would remain
as a zone. MNow, if the pegmatife vein is as in an
earlier example, reduced to the size of an inter-
granular flm, the zoning of crystals in solid rocks
might be explained

One might visualize a felspar as bathed in and
growing in an intergranular filtn and that as the

crystal grew ‘r}vf* nei“hbout’mr ct’ysia,ls were resorbed
to make ‘w‘ﬁ“n v the (fig. 22 a~¢). The

jons cauu growth and re-
s >1ptlon vmg:h‘; vary depend steady mig ramm

i thermal zones or on w,dﬂ"

A .1L,LL1aL10113 of pres
sure in the continuous fuid s

rstem of pores.

It is because of such fluctuations that zoned in-
clusions in felspars become possible. As long as
growth is slow and changes of composition of en-~
veloping solutions are gradual there is time for
the migration of ions, the filling of cavities and the
resorption of potential inclusions. With sudden
pressure changes it is possible for equilibria to
change swiftly and for there to be sudden precipi-
tation of a new kind of felspar whose constituent
ions are evenly distributed through the solutions.
With even distribution of ions it is possible and
almost a conseguence for growth of felspar erystals
to ke concentraled on the projecting pimples which
thus grow together and capture inclusions.

Turning to the broader picture of intergranular
films in rocks, it i ible to account for the
metasomatic replacement of whole rock sequences.
For simplicity it will be assumed for the moment
that we have 3 guartz sandstone in which all pores
and smaller intergranular spaces are Pervac
water at high temperatures. Clearly a recrysie
lization of the whole can be effected by exchange

across intergrapular films without a single ion
moving more than its own width. This would
satisfy the economy of movement of or

oxygen as desired by Poldevaart, Read and Barth
(loc. cit.). Now, if we have a uniform greywacke
of the vompoai;isn of granite, and if it‘ be under
conditions where it might cry:
the maximum distance of migrs
would be of the wnd er of size of
mineral grains. Since most of the :
there would be no need to require any of the
larger ions to migrate more than thelr own width.
These would stay roughly in constant posiftions
while smaller ions mi@mted quiiﬁe mau mktames
through films, and r q
eguilibria. ¥f the mﬂks wem he m
able composition, it is clear that
need for m tion of ions from one
neighbour, over distances of mauny feet. If
silica ions had to be moved there might be
difficulty, but were the formation permeable as in
a conglomerate, or if the time factor were large,
there would be no problem. On the other hand, if
a bed like dynamically compacted Miners’ Siate
were involved, there would be no intergranular
films between crystals and there would be no ready
alteration of this rock.

S0 Q,
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Fic, 22 a,
(shaded)
part of a
The rules governing films and generally applying
to film metasomatism of porphyrecids can be set
outb thus:—

b, co—-Stages in the gre

ywih
to

may be capt > a zone of

1. The thickness of {ilms can be defined as the
minimum thickness which, at the temperature pre-
vailing, would allow he migration of the largest

of zoned felspars.

mineralized front may be captured.

22 d and e¢: show how haematitic rocks and pebbles
1etite {eross hatched). 227 and g show how a large

ions involved in silicate reactions. Films probably
need be no larger than one order greater than the
diameter of the largest ions. For practical purposes
a rock being altered by means of such films can be
regarded as solid throughout ifs metamorphism,
and as only slightly less solid than granite at the
surface today.



2. A slight solubility of silicates in water is all
that is meeded for exchange, because the distances
of migration are so small. Obviously there must
be some eaquilibrium between temperature, rates of
migration, width of channel, such that the mini-
murm width of channel would be maintained for
each set of pressure-temperature conditions, ie,
at high pressures, low temperatures, and with low
solubility the rates of diffusion and width of
channels Wwould be small. With increasing tem-
peratures channels would widen until at melting
they involved the whole rock.

3. Although waler content of the rock might he
low, say 2 per cent, all reactions might proceed
in great dilutions of water, say 89 per cent.

4. The water and volatiles of the pore spaces
need not in this static process ever be used up.
Their effective role is comparable with that of
catalysts.

5. Intergranular exchange will probably be at a
maximum at the lowest depth compatible with high
temperatures and retention of water.

6. The process will be at a minimum at greatl
depths and in rocks with common orientations of
crystal lattices (i.e., dynamic and deep seated meta-
morphisrmm must generally be opposed to porphy-
roid) .

7. For the coromon large ions of silicates the
distance of migration is very clase to the minimum
which can be arranged with any other device, and
need be little more than the diameter of the ion.

8. The equilibria existing across fluid interspaces
are extremely sensitive to changes of temperature,
pressure and concentration.

8. The process can happen only once to a given
series of sediments. 'These rocks may, however, be
subjected later to dry metamorphism.

10. The problem of the source of energy reguired
to melt rocks in magmatic theory does not enter
here, for very little rock is in solution at any one
time, and because solutions are dilute and watery
temperatures are at a minimum.

11. The mechanism does not depart from the
already accepted principles of magmatism or meta-
morphism, and provides an imporiant bridge be-
tween them.

Amplifying the last point, conventional mag-~
matic schools accept and even proclaim the follow-
ing ideas which are necessary or relevant to the
hypothesis of intergranular diffusion and meta-
somatism. It is widely agreed that all the minerals
of the alkali granites may form at relatively low
temperatures from dilute water solutions (e, in
pegmatites). t is agreed that diffusion in such
solutions must ke much swifter and more effec-
tive than is diffusion in acid melts and is much
aided by volatiles. It is agreed that the parent
material of granites may, and probably does, con-
tain large amounts of water (Goranson, 1938).

Shand (1950), among others believes that a
magma may to an appreciable extent consist of
erystals; if this is so, and if the magma contains
large amounts of water, the interstitial fluid must
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be very rich in water and must cccupy narrow
channels which in principle must be not unlike the
intergranular films advocated here. There must be
some point in any theoretical crystallization of
granite magmsa where all magmatists are compelied
to agree with Shand. Further, if and when crystal-
lization from magmas has proceeded alm to the
“last drop” and residual fluids finally reaci with
early minerals to produce granite, the magmatist
must logically find some stage where he is in com-
plete agreement with this account. He cannot,
therefore, iject to the film mechanism ¢ any
point of principle.

Finally, Lthe reaction series as proposed by Bowen
(1928) and accepted by two generations of petrolo-
gists applies fully to the account given here for the
origin of gquartz porphyries. That series indicates
that a succession of minerals may be precipitated in
turn from a solution, and that at each stage the
sclution becomes enriched in the constituents of
lower members. In the final instance orthoclase,
then muscovite, and then quartz are precipitated
from the “magma ”. Alternatively, the series may
be interpreted to mean that any one mineral may
react with a “more acid” melt to form the next
lower member in the series. Since it is improb-
able that quartz or muscovite can separate from
dry quartz muscovite melt, those minerals must then
he formed either by reaction of felspar with residual
melt (clearly the only residual melt which can
possibly exist with felspar at this stage is watbter)
or must be precipitated from water solution (eg.,
as in pegmatites). The first alternative is clearly
the case of the guartz porphyries and the second
directly implies that the interstitial quartz and
muscovite of the potash granites has crystallized
out of pegmatitic intergranular films. Although
perhaps never expressed in these terms this is the
magmatist’s, not the granitiser’s, view of forma-
tion of quartz and muscovite.

The Dora Conglomerate.

The Dora formation was described (Part I) as
consisting largely of quartz porphyry conglomerate
interbedded with occasional slaty beds, and as pas-
sing up near the top of pyritic chlorite beds and
haematized conglomerate. At that horizon there
is some passage through haematitic rocks from the
porphyries below into the guartz conglomerate
above.

It seems probable that the Dora formation
was originally a felspathic greywacke conglomerate,
perhaps quartzose towards the top, and that during
the earlier stages of metamorphism it was per-
meated by felspathising sclutions. Here were
formed albite-oligoclase rocks of keratophyric types
just reaching to a grade with biotite. The correla-
tive formation at Lynch Creek has been described
as bearing tremolite, but metamorphism there was
gradational and rather mixed. At Lake Dora the
entire formation is relatively uniform for meta-
morphic grade and occupies a marginal position
between the biotite-chlorite sub-~-facies and the
albite epidote-amphibolite facies of Turner and
Verhoogen. The same formation on the other side
of the range and below Mount Geikie containsg the
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hornblende-bearing rock described by Scott (1954,
p. 140). The latter rock appears to belong to a
slightly higher grade, viz.,, the albite-epidote~
amphibolite facies.

The conglomerates in the immediate vicinity of
the Red Hills copper prospects were not intensely
prneumatolysed at a late stage and thus remain for
our inspection, but elsewhere the Dora formation
was widely injected by heated waters and converted
to guartz felspar porphyry and cguartz porphyry.
The formation was pervaded by hot water, but it
iz evident that there was no great flow of water
for there is little infense sericitising.

Because the system moved towards an eguilibrium
involving quartz and sericite it follows that
quartz pebbles and slabs of slate in the forma-
tion would be unaffected by the quartz porphyritis-
ing. Had previous felspathising been intense every-
where there would have been no quartz pebbles,
nor perhaps even slate fragments, left in the for-
mation, bubt in some loecalities (the King Bridsge)
quartz pebbles were by chance unaliered by fel-
spathising and, of necessity, unaltered by later
quartz porphyritising. Late injection, which por-
phyritised the whole Dora formation and the Jukes
Breccia, ignored quartz pebbles in those strata and
in the Owen Conglomerate. Slaty fragments were
not left entirely unaffected by this process, for
their chlorite was destroyed, they were substan-
tially leached of iron, and they were converted to
yellowish sericite. Now they tend to be friable and
have a weathered appearance.

At Lake Dora the matrix of the conglomerate
often bears porphyroblasts of quartz and felspar

nd is like most of the pebbles, but it is almost
always green and chloritic whereas the pebbles are
often a dull brownish red.

Along sheared zones like the North Lyell Fault
at the King Bridge, the matrix of pebbles consists
almost wholly of sericife without porphyroblasts
of quartz or felspar. This difference in matrices is
to be expected between the rocks of stressed and
non-stressed environments. In a conglomerate any
shearing stresses must tend to be concentrated in
the weak matrix of the rock, and pebbles must tend
to be rotated. Any concentrated shearing tends,
a3 we have seen, to favour the growth of sericite
and to suppress the growth of quartz phenocrysts.
The occurrence of sericite as the matrix of the
drawn out porphyry conglomerate at the King
Bridge, is thus quite consistent with the history
given for rocks at Lake Dora.

Sporadically, as for example along Roaring Meg
Creek, a third textural variation in the porphyries
occurs. Here the perphyry cousists of a slate
breccia and it is only the matrix which has been
porphyritised. It seems that parts of the grey~
wacke sequence consisting of thin alternating bands
of slate and tuffacecus sandstone reacted to shear-
ing by breaking into a breccia of compacted slate
and sandstone. As already shown, slates are not
readily altered; in the first instance they are not
readily permeable and in the second they are made
of sericite and chlorite and would have little reason
to react with solutions forming the sericite of the
guartz porphyries. The result of metamorphism
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of such a mixture is a breccia with a cement of
porphyry or a porphyry filled with slate fragments.
For similar sons it is possible o have quartz
pebbles or slaty pebbles with a gquartz porphyry
matrix. In the Magpet area of manis a silici-
fied limestone (prohably the Smithton Dolomite)
does form such a breceia.

Apart from Tasmania, a common mode of occur-
rence of quartz porphyries is as thick conglomerates
or ineclusion ecrammed breccias. Examples of the
latter are exposed on the Buller River, New
Zeal (Morgan and Bartrum, 1215), and are
interpreted by the writer as metamorphosed slate
breceias in which the slaty fragments have been un-
altered while the permieable matrix has been por-
phyritised. On the same river the younger Hawks
Cray Breccia (Wellman, 1950) has to the present
writer been similarly but less intensely porphyri-
tised and mineralised with pyrite and uraniferous
minerals.

Further afield the vast (15,0600 fi. thick) Calumet
and Hecla quartz porphyry conglomerates of the
Michigan copper mining district are like the Dora
Conglomerate in that they end abruptly against a
mineralised fault. Almost every writer on these
conglomerates has described them as having been
permeated by metasomatising solutions, and has
commented that they consist of felsite and quartz
porphyry pebbles derived f{rom some unknown
gource of batholith dimensions (Butler and Bur-
bank, 1929, u. 83).

It is relevant to note here the common occur-
rence of breccia pipes and breccia dykes of quartz
porphyry in copper bearing rocks. These have been
observed in Arizona by Anderson ef al (1955, p. 42)
and described as explosion pipes, and the ? “ relict
pebbles ” in some of them have been atiributed to
abrasion during transport by gas explosions in vol-
canic necks. This writer believes that they repre-
sent replacements, along pipes and fissures, of pre-
existing breccias and conglomerates of lava and
sediments.

The world literature on the porphyries, and par-
ticularly of those associated with copper and iron
in Fennoscandia and Canada, is so full of references
to thick quartz porphyry conglomerates, and has so
few references to solid quartz porphyry bodies, that
the writer believes that a very common and possibly
the most common mode of occurrence of the large
guartz porphyry muasses quoted in the literature is
not as intrusions but as beds of conglomerate or
breccia.

Replacements at Sharp Contacis.

The simplest and, at this stage, most instructive
example of replacement at a sharp contact is at
Lyell where quartzitic Owen Conglomerate is re-
placed by haematite (plate A, figs. 2). The field
phenomena have been described (Part I), and
microscopic study simply confirms the findings
based on hand specimens. The elementary fact is
that there are no intermediate stages of change
between quartz and haematite. The first figure
shows the phencmenon described earlier from hand
specimens, viz., that chert, quartzite and vein quartz
are replaced in that order. In hand specimen the
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first haematite to appear replaces the cherty matrix
between pebbles, and under the mi scope the first
haematite replaces the matrix between the quartz
graing in the guartzite. There iz some suggestion
in thin sections that small grains are replaced be-
fore large, and strained before unstrained grains,
but this adds no new principle. Plate D, fig. §
provides the most significant information, namely,
that iron has migrated along grain boundaries. In
a complementary manner it shows also that silicon
or silica ions must have emigrated from the rocks.
Presumably such emigration was also along grain
boundaries, and at first sight it appears that as
iron moved forward silica must have moved back
along the same path. Thers i3 s limit to this,
however, for the silicon has clearly not gone back-
ward: there is only purer and purer haematite in
that direction. The silica must in some way have
passed through the completely silicified conglomer-
ate. There is no doubt that the conglomerate was
locally silicified aiy this stage, for the pebbles ars
often broken and replaced by haematite along
¢racks which run across malrix and neighbouring
pebbles. (Si0)*~ ions must, then, have passed
through the guartzite fissures and along boundary
films or, conceivably, by a process of exchange
through crystal lattices. On the other hand, many
of the quartz grains in the illustration (plate D,
fig. 3) are now isolated by a surrcunding layer of
haematite. If grains like these were replaced by
haematite to form solid haematite pebbles there
must have been some migration of (8i0.)*—— ions
through the surrcunding wall of haematite. As
the haemsatite is specular and is made of small
grains, it seems that silica must have moved through
the intergranular films surrounding the individual
haematite grains. Furthermore, it is clear that
if there was a continuing replacement of quari-
zite by haematite there must have been continuing
reinforcement of iron ilons moving up through the
haematite.

It is concluded that iron and silicon or their
oxide ions can each move through the films be-
tween quartz grains and between haematite grains.
And now we can ask: do they move in watery films,
in disordered marginal phases of crystals, or in a
combination of both? Since chert grains are wholly
replaced crystals of quartz are unfouched, it seems
that the films might have bad the same constitu-
tion and composition as the chert (i.e., be disordered
and contain watery.

It seems most probable that the ferric ions may
migrate through pores and films for some distance
in front of the points where haematite crystals are
first observed and that along with silica and
hydroxyl ions in those places they form a disordered
phasge. It is presumably this thin dispersion of
ferric ions which gives the rose colour to much of
the conglomerate, and it is the first formation of
crystalline haematite which causes the sudden
change of pebbles from pink to black.

Replacement of Quartz by Sericite.

Although the haematite zone lies at the base of
the zone of silicification it is not always egually
thick or intense but may vary Irom fifty to zerc
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feet; if thin it may contain many unaltered pebbles
of quartz. The chloritising and sericitising of the
haematitic guartzites provides the sharpest and most
dramatic contact of all.

The replacement of gquartzile by sericite at this
contact is real encugh, although the phenomenon
nas not often been recorded and few workers would
find it feasible. Replacement by sericite along grain
boundaries is similar to that just described and pre-
sents the same problems of migration. Replace-
ment is not simply by mica but involves some
chlorite also, and it can be concluded that there
hag been a migration of aluminivm in one form or
other along intergranular films. In this process the
guartzite is progressively replaced along grain
boundaries so that quartz grains become smaller
and finally disappear (plate A, figs. 3, 4 and 5).
This disappearance takes place at different rates
at various points along the outerop, so that in
some areas there are quartz sericite schists extend-
ing beyond the contact for 20 yards, and in others
only for an inch.

Differential schisting of the sericitic rocks as com-
pared with the quartzites is to be expected because
of the very soft nature of the sericite, and this
schisting, together with the unschisted quartzites
and haematite ““ pebbles ”, gives a very convincing
but false appearance of unconformity.

Very similar replacements of quartzite by sericite
have been described for the sub-Furonian uncon-
formity below the Ajibik Quartzite in Michigan:
Lamey (1934, p. 2863) states, “ Another unusual
phase of contact metamorphism is the sericitisation
of an impure quartzite 7, and it was in such a con-
text that Van Hise (loc. cit.) described the process
of “mashing ” of guartzite.

Adjacent to the quartz-schist contact at Lyell,
is the sharply defined contact of chlorite against
haematite. This contact can be readily traced for
miles, for on one side there are exclusively green
chloritic rocks (except for the two islands at Lyell),
and on the other there are exclusively red and
purple haematitic quartzite. Replacement here
follows the previous patterns and calls for little
comment. Confirmation of this type of sharp con-
tact is provided by another example from Michigan
described by Butler and Burbank (1829, p. 53): “In
the iron rich boulders in the Calumet and Hecla
Conglomerate the rock was chloritised at the front
of the replacement wave and replaced by copper
a little nearer the source, both processes evidently
having been in progress at the same time and, in
places, but a fraction of an inch apart” .o
“The front of the replacement wave in the
amygdaleld is marked by the destruction of haema-
tite . It is remarkable to find that copper deposiis
from many parts of the world present the same
kind of zoning and this confirms the writer in hig
interpretation of the zoning at Lyell.

Replacement of Quartzite by Felspar.

At Darwin Spur (Snake Spur, fig. 16¢) and
aeross the main peak of Darwin summit, the
Tubicolar Sandstone is felspathised and barely
distinguishable. On the Spur, however, the formsa-
tion is readily recognizable and there it is horn-
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felsed and bears small pseudomorphs of kaolin and
sericite after felspar (plate B, fig. 4). Exposures
here indicate rather more clearly than at Lyell
that the felspathising front al one time has been
higher than the zones of pyrmsmg and sericitising,
At present the pyrite zone is 300 feet below the
spur ¢f Darwin, and the felspar zone should be
below that again. At Lyell a very large part of the
present sericite chlorite zone was completely fel-
spathised at one stage, and it must be concluded
that in both places there has been some fluctuation
of zones. The pressure sensitive system of veins,
fissures and films which apparently extended along
the length of the range must have fuctuated
v1olenf1y when earth movement occurred, and zones
may have retreated from a high optimum to the
lower level seen at present.

Nature of * Pseude-unconformities ”.

The sharpness of the contacts just discussed is
not constant everywhere between lhe same pairs
of rocks, for irregularity has been caused by the
following factors;——

1. Chemical heterogeneity of the replaced

rocks.

2. Textural heterogeneity of the replaced
rocks.

3. K’ind of material introduced.

4. Gross texture of the formations adjacent to

‘the contact.
5. Level of isograds relative to the contact.
. Concentration of reacting solutions.
The effects of these factors may he illustrated by
descriptions of the following contacts.

o

Haematite Pebbles at Lyell,

Preferential replacement of chemically uniform
quartzite pebbles has already been explained as
largely due to textural differences. The same con-
clusion has already been arrived at by Goodspeed
and Coombs (1937) who have shown how a sheared
rock has been more readily replaced by diorite than
unsheared rocks of the same composition. A sig-
nificant point at Lyell is that individual pebbles
of quartzite which have been completely replaced
by haematite are somebtimes quite isolated among
wholly unaltered pebbles. This must be accepted
as Tact, and it seems that Goodspeed’s conclusions
may be applicable to many kinds of replacement.
It is pertinent to the next section that, despite
earlier views, there are probably no workers who
would today regard the haematite pebbles at Lyell
as derived laterite, and the contact as a true un-
conformity.

“ Derived ” Quariz Porphyry Pebbles.

At Lake Dora the basal beds of the Owen Con-
glomerate contain large quartz porphyry pebbles
similar to the underlying quartz porphyries. These
‘umie lying porphyries have been described as kera-~
es, and the overlying pebbles have been re-
?;y Carey and Banks (1854, 5. 250) as evi-
dence of unconformity. The writer has no objec-
tion in principle fto unconformity at this strati-
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graphic level, and his arguments can readily be in-
terpreted to mean that metamorphic contacts are
h&e?‘v to locate themselves at unconformities. Des-

site this, or even because of this, it is contended
J‘at the evidence of “ derived” pebbles as indi-

cating unmﬂfcxmttv is here negative, for the
pepbles can be explained adequalely within a por-
phyritising hypothesis.

Quartz porphyritising of the Dora Conglomerate
was accomphs,ne{i under conditions involving pre-
f gquartz, so that when guartz porphyri-
nu soluticns came in contact with the base of
the Owen Conglomerate the guariz pebbles of that
formation were not affected; but the same condi-
tions in the same .stra,ta must have caused altera-
tion of any felspathic pebbles to guartz porphyry
just as readily as they did in the Dora formation.
While the abundance of quartz pebbles close to the
contact did not apparently affect the concentration
of silica in solution, nor disturb equilibria, it seems
probable that at higher levels in the formation
concentrations of silica were strong and tempera-
tures were probablv lower. Under these conditions
felspathic rocks were wholly replaced by chalcedonic
or opaline silica.

In the same way as in the porphyry replacements
there is some preferential replacement of certain
rocks by haematite. It has been shown that haema-
tite replacements of quartzite may be very delicately
controlled by the energy state of quartz particles,
and it appears that replacemsnt of other rock
types according to composition may be just as
delicate. Although the haematite zone is well de-
fined, and the position of the zone as a whole is
independent of the composition of the original
rocks, the top of the zone is irregular and the

rder of replacpment of pebbles is often related to
the original composition of the replaced pebbles.
At Red Hills, for example, wherever a slab of
haematitic slate or specular schist occcurs among

uartz pebbles in the sensitized border of the zone,
the writer deduces that there has been a replace-
ment of original slate or chloritic schist and that
individual flakes of chlorite have been replaced by
individual scales of specular haematite (see Part
I, p. 23D).

The contact al South Darwin is similar to that
af Red Hills, for the Darwin granite had an origin
little different from that of the felspar porphyries.
The main differences lie in the extreme narrowness
of zones at Darwin, and in the presence of magne-
tite at the contact. It appears that haematite peb-
bles were reduced to magnetite at relatively high
temperatures, and that this process affected pure
and impure haematite rocks. The result is that
kelow the contact, pebbles of black magnetite or of
greenish black chlorite-magnetite occur instead of
the purple or russel haematitic pebbles that are
typical above the contact. This relationship is
common to contacis of many magnetite haematite
deposits all over the world, and there is nothing re-
markable about it. The phenomenon is, however,
important to this thesis, for it must be explained
why, in an environment of advancing fronts, this
particular occurrence of haematite should have
been left behind to be enveloped by high tempera-
ture zones, and to be altered to magnetite.
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The answer to this problem is best given in terms
of structure (flg. 22d.. The diagram shows
masses which may be of any size from two inches
te a hundred yards or so ac During me
morphism, as temperatures rise and fronts advance,
such blocks may be isolated froin their neighbours
and the advancing fronts pertaining to each block
may also be isolated. With continuing meta-
morphism the frontal minerals of each enclosure
become restricted to smaller and smaller spheres
and finally form concentric or nodular inclusio
This applies to those cases whe
closure was either an angular fre
pebble. Where the original
haematite and were pebbles, as

e the original en-
b or a rounded
les were of
L South Darwin,

there is only a slight Cin size
and the individual! pebbles wntially the
same as they were before metamorphism. This is

essentially Reynold’s (1946) explanation of the
zoning of basic xencliths in granites; and the same
explanation can be applied to the occurrence in
certain neodular porphyries of zoned magnetife
spheroids, e.g., in the Kiruna area (Geiger, 1916,
rp. 704-6) .

On the larger scale (figs. 22 f and 22 ¢y, favour-
able structures, such as the sharp syncline at South
Darwin or the overfold of Mount Sorrell, produce
isolated or nearly isolated masses in which haema-
tite and sulphides may be trapped, and in which
zones might be compacted within a small compass.
Under these circumstances rocks of the haematite
zone may be converted into masses of magnetite
such as occur at Mount Darwin, and thus in s
general sense one might also account for a number
of ore enclosures in granites. For example, the
tourmaline nodules of the Heemskirk granite prob-
ably represent the result of continued restriction
of a volatile front around shale inclusions in the
granite, and the tin pipe at Heemskirk may repre-
sent a large scale structural trap. The localised
abundance of volatiles in these trap structures is
indicated by vughs {(gas filled cavities) which are
sometimes lined with cassiterite, muscovite, and
tourmaline crystals (c.f. the drusy nodules of
Geiger).

So far in this account, the reasons given for the
location of sharp contacts at stratigraphic bound-
aries have heen related to the temperatures and
permeabilities of the rocks concerned, rather than
to their original composition. This has served to
emphasize that on porphyroid metasomatism the
role of diffusion is more important than thin or
local variations in composition in the unmeta-
morphosed strata. Thick sequences of monominer-
alic rock such as quartzite may, however, be im-
portant in controlling the trend of metamorphism.

In a general sense the trend of metamorphic pro-
cesses is to produce a large scale re-distribution of
elements and minerals in the crust, such that an
increased chemical and mechanical stability is
reached, and such that in the ideal instance an
equilibrium is established between pressure and
thermal gradients and rock types. For this reason,
metamorphism only becomes possible when there is
some pre-existing lack of equilibrium in the rocks.
Conversely, if rocks in the crust should have already
been arranged by some curious accident into zones
similar to metamorphic zones there could be no

metamorphism. Such a situation is unlikely to
arise for the principal causes of disequilibrium are
the processes of weathering, sedimentation, and
sedimentary burial; nevertheless, sedimentary pro-
cesses do produce some rocks which ceoincide in
composition with those resulting from metamor-
phism, e.g., guartzites of the Owsn Conglomerate.
1f, during metamorphism it further happens that
such a bed of guartzite coincides in position with a
metamorphic zone of silica precipitation, that bed
must tend to prevent the migration and to stabilise
the position of that zone. This is not an improb-
able situation for if there is an advance of zones
such as has been described for the West Coast
Range, the zone of silicification must tend to be
halted at any thick quartzite bed such as the Owen
Conglomerate, This does not mean that guartzite
may not be altered (alteration has occurred at
Lyell), nor deoes it mean that the zone of silicifica-
tion should always reach up to the conglomerate (it
does not do so in areas of gradational meta-
morphism) ; and it does not mean that thick guart-
zites like the Owen Conglomerate may not be com-
pletely replaced.

It does mean that the thick Owen Conglomerate
presented a barrier to the advance of fronts, and
that this was independent of the physical factors
discussed earlier. The quartzite did not only tend
to halt the zone of silicification but it also seems
to have caused the telescoping of the succeeding
zones. This telescoping and concentration might
aecount in some part for the density of the pyrite
zone below the guartzite contacts, and the diffuse-
ness of pyrite in areas of gradational zoning may
simply reflect the normal system of zoning. The
common abbreviation of zones below quartzites at
many granite contacts throughout the world may be
explained in the same way. The abrupt arrestment
of granitising processes at confacts with gquartz
haematite or quartz magnetite rocks is, perhaps,
most forcibly described by Lamotte (1943, p. 116y,
who relates how fine-grained magnetitic guartzites
have presented a barrier to transport and migma-
tising, and how in no single case has felspathising
been affected across this barrier. Lamotte, as well
as the writer, distinguishes the porphyroid type of
metamorphism from others, and draws attention to
the difference between the contacts of granites
with siliceous and alumino-silicecus rocks.

NATURE OF SOLUTIONS.

The important role of sodic solutions in meta-
somatism has been stressed by many workers in
independent studies of spilitising, granitising and
sulphidising. Some, like Gillwly (1835), relate the
two former processes to a comimon cause, the rising
of sodic solutions along deep seated faults. Others,
like Graton (1940, p. 251) have emphasized the
importance of alkaline solutions in the transport of
sulphides. So far as the state of water solutions is
concerned the writer would agree with Graton that
injection of rocks by steam is unlikely, and that
injection below critical temperatures must be by
superheated water. The behaviour of water at
higher temperatures is, however, very difficult to
gauge. Apart from surface tension effects men-
tioned earlier, it has been shown by Gillingham
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(1948) that water above 400°C, and with free
sodium ions, may dissolve appreciable amounts of
silica.

Given temperatures of this order and sodium-
bearing solutions, there seems to be no difficulty
affecting the theses of intergranular films and of
sodium metasomatism. The source of sodium as
carbonate and silica as proposed by Eskola (loc.
cit.) for the spilite reaction is, however, purely
assumptive and this applies to most hypotheses con-
cerning the origin of soda rich solutions.

There are two possible sources of those solutions,
one by differentiation of sub-crustal basaltic mag-
mas, the other by a regenerative or circulatory
system whereby sodium is buried in the earth and
then released. There is little doubt about the
feasibility of the former process, for the oceanic
volcances do give rise to sodic rock types and re-
lease huge amounts of carbon dioxide. The solu-
tions released are, however, rarely saturated with
silica and when involved in metasomatism appear
to give rise to under-saturated rocks. This is well
understood, and it is possible that such solutions
could be formed at depth and rise along fault
planes. It happens that metasomatism of granitis-
ing or spilitising fype is rarely associated with
undersaturated rocks (the nephelinitising at Hali-
burton is a notable exception) and some source of
silica as well as soda is required to allow of granitis-~
ing.

In a regenerative system these requirements can
be met, and Eskola’s reaction which has been
shown to be reversible (Eskola, see Barth, 1951,
p. 286) provides a possible explanation of such a
system. According to HEskola the calcic plagio-
clases tend to be stable while the sodic varieties
tend to be unstable at high pressures. Although
experiment has so far demonstrated this reaction
only for felspars between albite and andesine, the
principle can be reasonably extrapolated through-
out the full range of plagioclases. It becomes
feasible in this view that normal sediments con-
taining sodic plagioclase or elements in the pro-
portion of that mineral may, on deep burial, react
with lime rich minerals to give rise to anorthite
molecules and ionic solutions of soda and silica.
This scheme fits in with the regenerative system
- already proposed for the origin of the water in-
volved in metamorphism and in the tranport of
heat from depth.

It may be imagined that in the rocks at depth
in the slowly subsiding Zeehan Syncline there was
a vertical column of rocks in which the plagioclases
at different levels were all being altered by pressure
to more calcic types. At all levels, too, silica and
soda were being released and collected in the
efferent system of veins for upward migration.
Such migration probably occurred with each phase
of movement of the major geanticline, and it would
be difficult to separate any one stage (such as the
spilitising of the basalts) from any later phase of
metasomatism. With this mechanism there is not,
as with other devices, any problem of adequacy of
the source in producing the requisite bulk of soda
or silica for metasomatism, for subsidence and deep
seated metamorphism might easily keep pace with
granitising.
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It follows from this argument that at some depth
in the Zeehan Syncline calcic felspars, or magsses
of gabbro or of anorthosite must have been formed
but there is no evidence that these occur. In other
parts of the world where the crust has been deeply
buried there is ample evidence of metasomatic
formation of anorthosites, e.g., in Fennoscandia and
Canada but for the purpose of this account it will
simply be assumed that such anorthitising is pos-
sible and that it may occur in any deeply de-
pressed region.

An important consequence of the aggregation,
transport and dispersion of sodic solutions, is that
this mechanism makes possible the collection and
transport of sulphides and allows their ultimate
deposition in disseminations or veins. Since normal
argillaceous sediments may carry up to 192 grams
of copper per ton (Rankama and Sahama, 1950, p.
700), and normal basalts up to 300 p.p.m. of copper
(Goldschmidt, 1954, p. 179), and since “ copper
among sulphide forming minerals has one of the
highest affinities for sulphur” (Rankamsa and
Sahama, 1950, p. 696) it would be astonishing if
copper were not collected from the geosynelinal
tuffs and basalts of the Zeehan Syncline, and sur-
prising if sulphides were not distributed along the
Lyell Shear.

The connection ketween these deposits and those
of the lopolithic areas of Michigan is now very
clear; the connecting link is simply that in both
areas part of the crust has been deeply depressed.

The processes of continual migration of soda and
sulphides (and of potash) tend to be independent
of zoning and to produce local concentrations, or
zones of restricted extent close to faults like the
Lyell Shear; but in general the principles of zoning
already described still apply.

The final stage of ore genesis at Lyell was re-
lated to the late phase formation of the quartz
porphyries. Late solutions are presumed to have
leached low grade ores at depth and to have pre-
cipitated sulphides at higher levels as pipes and
veins such as occur at North Lyell and Comstock.
Silica carried along in the same solutions, but de-
rived by leaching of silicates, was precipitated as
replacements of the chlorite schists around these
two bodies and deposited as vein fillings with chal- .
copyrite, bornite, and gold in the late and north-
east tensional fault fissures. The details of a simi-
lar late-phase leaching and enrichment of pyritic
ores have been set out more fully than this article
allows by Lacey (1956). The writer’s only comment
here is that Lacey’s account only touches on very
late events which occurred after the formation of
pipes like the Blow or the North Lyell bodies. Apart
from this difference the principle of late leaching
and enrichment is the same.

This account does not aim to discuss ore deposi-
tion further but merely to relate rock and ore
genesis and this aim is now in part satisfied. Of
the other aims listed in the introduction to this
work most have been attempted and partly satis-
fied. Now, at least there is some relation between
sulphides and quartz porphyries, and some connec-
ion between ores and basalt, and between meta-
morphism and structure. Further, there is now
some direct relation between the ores of the West
Coast Range and those of other regions.
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A summary of the account is given in a dia-
grammatic form in fig. 23 which shows on the left-
hand side the zones of rocks and minerals occurring
at different depths and their interpretations in
terms of relative concentrations of eiemema in solu-
tions. There is nce proportionality between curves
for different elements and the Lurves only express
general tendencies. Reading from left to right an
upward slope in any one curve implies that the re-
spective element was being taken into solution and
a downward slope that the element was being prew
ipitated. Thus the front of alu.mnm"-m precipita
tionn coincides with & front of s g and felu
spathising, and the wone of res 50T tion Gf aluming
coincides with the resorpti ;

On the right of agram tr‘e %tri?@ution of
rainerals and elements m Lhe katamorphic phase is
meant to be only suggestive. Thus sulphides, of
copper and iron, are usually precipitated above the
contact and not below, Xaolinization and serici-
tising may extend th: 'ough all the rocks even into
otherwise unaltered sediments (for example, at the
Sandhill, Queenstown), but are most commonly
associated with the felsmr pﬂ*”phv; ies.  Similarly
orthoclase is not resiricted to the zone shown but
may extend in thin stringers high up in unaltered
Devonian sediments (for example, on High Street,
Zeehan). The felspar in all of these cases may be
adularia.

In conclusion the writer would draw atiention to
the findings of Stsiner (1953, p. &) on the results

£ recent boring for steam in the gm» mal dis-

trict of Wairakei, New Zealand. This iz a district
of porphyritic ignimbrite rocks and of regicnal
injection by steam along well marked fault lines.

Steiner demonstrates the existence of zones of
sulphuric acid zmt’ling (at a depth of 190 feet
and temperature of 120°C), argillisation (450 feet,
180°C), zeolitising (600 fe“i;, 166°C), and f
ing (Q%(‘ feet 220°C) . In the outermo
kaolin and precipitation of opa

I

the

ZONE QCoUrs
silica; in

the next montmorillonitic clays and te are pre-
cipitated; in the szeolite zone minor amounts of

quartz and albite form; and in the felspathising
zona adularis crystallises. The citing of these facts

should not be taken to mean that the writer con-
siders that quartz po p‘zvr‘/ is now being formed
immedistely below the bore holes but “Steiner’s
findix undoubtediy provide stimulating food for

further thought.
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PAPERS AND PROCEEDINGS OF THE RoYAL

SoCIETY
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REPLACEMENT OF THE
Frc. 1.—Tubicolar Sandstone, West Lyell. Note chert and
quartzite pebbles, and matrix of chert and quartz grains;

cross mnicols: x 20.

F16. 2.~—Haematised Tubicolar Sandstone, Blow Open Cut. Note
preferential replacement of cherty matrix, chert pebbles,
and quartzite, in that order; crdinary light: x 20.

OWEN
Fics.,

CONGLOMERATE

3, 4, 5 and 6.—Showing

progressive alteration of quart-
zose Owen Conglomerate to sericite schist. Specimens
came from within 27 of the ** contact” at Tharsis hog~
back. White and black lenses represent guartz. The rest
is sericite; eross micols: x 50.
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PLATE

Fia.
Fra,
6.

Fre.

FELSPAR PORFHYROBLASTS
1.—Quartz and orthoclase porphyroblasts in fine horn- Fia.

5.-—Oligoclase with biotite in felspar porphyry near contact,
“elsic base, Lake Dora. Cross nicols: x 50.

R . Lake Dora. Note imply margin of felspar. Cross
2.—Albite in subgreywacke at Lake Julia. Cross nicols: icols: x 50 - PP b ¥

x 50. nicols: x 50.

m?eggi()C]agems?O:]h.O%Fr‘;{hgioon Syenite to show pimply Fi16. 6.—Orthoclase with ? oligoclase in Darwin Granite. (lear
4.—Sericitised felspar in Tubicolar Sandstone, Darwin erystal is guartz. The intense sericitising is typieal

Spur. Cross nicols: x 50. of all rocks. Cross nicols: x 50,
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Fra.

PG,

Fie.

1.-—Quartz

2. —Quartz

from foot wall
disjunctive extinection.

QUARTZ PORPHYROBLASTS

of Murchison Mine to show
Cross nieols: x 50.

crystals from West Queen River porphyry.
The train of inclusions across three erystals shows that
the solid. Cross nicols: x 50.

erystals have grown in

§.~Typical quartz)porphyry from Roaring Meg Creek on

the Queenstown Porphyry body.

4. —Quartz
hornfels.

Cross nicols: x 50.

porphyroblast replacing quartz vein replacing

Tullah Tram.

Cross

nicols: x 50.

FIG. 5.—~Vein quartzite from Mount Bischoff. The porphyro-
blast has grown in the quartzite by absorbing small
crystals. Note margins. Cross nicols: x 50,

Fi¢. 6.~Corroded quartz from Lyell Schist. Cross mnicols:
x 50.

 NoTE—When viewed by means of the universal stage the

pimply structures on quartz ecrystals are seen to extend

through the full thickness of the slide and are three-
dimensional in form.
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Fie.

PAPERS AND PROCEEDINGS OF THE Hovai SoCIETY OF

Rock

1.—Tubicolar Sandstone showing apparent angular grains.
Cross nicols: x 50.

2~—Same field as fig. 1. Original grains are outlined
by haematite and were once subangular or round. Some
grain growth has occurred and the haemautite films have
heen included in the larger crystals. Ordinary light:
x 50,

3.—Quartzite pebbles, West Lyell contact. To show re-
placement of gquartzite by haematite along grain bound-
aries. Ordinary light: x 100.

4.—Quartz crystals. The crystals have not been broken
and dislocated but have been replaced along fine cracks

Mawia, VeLume 81 Prare

TEXTURES

or strain zones. Note, no quartz particles touch other
quartz particles; it is geometrically impossible to fit
the particles to form a simple crystal shape; the even
width of “fractures” suggests there has been removal
of material.  Qrdinary light: x 50,

A.—Typical vesicular basalt, Tullah Track, Rosebery. Larpe
crystal is an augite phenocryst. Clear crystal on mid
le t is a quartz porphyroblast. Three diffuse crystals
along base are sericitised felspar. Vesicle fillings are
quartz and caleite. Cross nicols: x 50.

¥16. 6.—Aplite from granite contact, Murchison River. Cross

nicols: x 50.

o



