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ABSTRACT

The ‘classical’ m odel fo r  regional metamorphism presupposes elevated  
temperatures and pressures due to deep burial and deformation/tectonic  
fo rces over large areas over millions o f  years  — an apparently insurm ount
able problem  fo r  the creationist framework. Furthermore, zones o f  index 
m inerals are said to represent differences in temperatures and pressures, 
and therefore mineral reactions, across the regionally metam orphosed ter
rain. However, evidence is now m ounting that such mineral reactions do 
not occur and diffusion is severely limited. Furthermore, rather than tem 
peratures and pressures being the key factors, compositional variations 
within and between m etamorphic minerals are shown to reflect pa tterns o f  
original sedimentation.

The metasedimentary sheaths surrounding stratiform sulphide orebodies 
have facilita ted  the study o f  regional metamorphic processes on a much  
sm aller scale. Such orebodies were produced by hydrothermal waters d is
gorging both sulphides and a variety o f  other minerals and chem icals onto  
the sea-floor, where they have been superim posed on ‘norm al’ marine sed i
mentation. Rapid fluctuations have resulted in zones o f  different clay and  
related m inerals o f  varying compositions being found  at scales o f  centim e
tres and metres. When subsequently metamorphosed, these pa tterns o f  
sedim entation are reflected in zones identical to the ‘classica l’ zones o f  
regional metamorphism, and y e t minerals are together in the same assem 
blage that would normally be regarded as having form ed under vastly d if
feren t temperature and pressure conditions. Thus it is shown that these 
m etam orphic minerals have been prim arily  form ed from precursor m iner
als and materials by in situ transformation, and at only moderate tem pera
tures and pressures or less. Indeed, several ‘rem arkable’ exam ples o f  p re 
cursor m inerals/materials having survived the supposed highest grades o f  
m etam orphism  over presum ed millions o f  years are adequate testim ony  
against the ‘classical’ m odel o f  regional metamorphism.

This leads to a proposal fo r  a creationist explanation o f  regional m eta 
morphism. Two major events within the creationist fram ew ork o f  earth  
history are capable o f  producing regionally metamorphosed terrains —  
the tectonism, catastrophic erosion and sedimentation during the fo rm a 
tion o f  dry land on D ay Three o f  Creation Week, and the catastrophic ero
sion and sedimentation, deep burial and rapid deformation/tectonics d ur
ing the Flood. Catastrophic sedimentation linked to increased volcanic 
activity and release o f  hydrothermal waters during the Flood particularly  
w ould have aided the production o f  zones o f  sediments o f  differing clay 
and related minerals, while catastrophic burial and higher heat flow  from  
that volcanism and hydrothermal activity would have aided the transfor
m ation o f  these precursor materials to produce the resultant index m ineral 
( ‘g ra d e ’) zones across these m etamorphic terrains.



INTRODUCTION

One of the seemingly most potent, oft-repeated objec
tions to the young-earth Creation-Flood model of earth 
history is the supposed processes of metamorphism and 
the formation of metamorphic rocks. There are two major 
types of metamorphism —  contact and regional. Contact 
metamorphism is basically the baking of rocks around an 
intruding and cooling magma and thus only involves el
evated temperatures. Creationists must here not only ex
plain how the surrounding sediments could have been meta
morphosed rapidly, but how the magma cooled quickly 
enough within their young-earth time framework.

However, it is not in the formation of contact meta
morphic rocks that the most common metamorphism ob
jections to the Creation-Flood model occur. Regional meta
morphic rocks are believed to have been subjected to high 
pressures as well as high temperatures. This, in addition 
to the fact that they are always found over areas of hun
dreds of square kilometres, has led geologists to believe 
that regional metamorphism occurs when the parent rocks 
are buried to great depths. Consequently, at current rates 
of sedimentation the burial process itself would take many 
millions of years, but creationists can counter that prob
lem by pointing to the increased rate of sedimentation to 
catastrophic levels during the Flood, when deep burial is 
envisaged to have been accomplished in only a matter of 
days or months. However, as pointed out by W ise,1 the 
biggest problem lies again in the heat presumed to have 
been involved. Rapid burial beneath many kilometres of 
sediments would have produced virtually instantaneous 
pressure increases, but once again the evolutionist would 
argue that it takes too much time to heat the sediment. He 
would argue that it takes many millions of years to heat up 
sediments buried 20 kilometres beneath the earth’s sur
face.

These problems and objections are not minor, nor can 
they simply be ignored. As Young has stated:

‘M uch o f  the ea rth ’s surface is im mediately under
lain by vast tracts o f  crystalline metamorphic rock. 
M uch o f  the exposed rock o f  the eastern two-thirds 
o f Canada consists o f  m etamorphic rocks. The Blue 
Ridge M ountains o f  the southern Appalachians, the 
southern Piedmont, virtually all o f  New England, New  
York’s M anhattan Island, and nearly the entire area 
between Philadelphia and Washington D.C., consist 
o f  m etam orphic rock. So do large areas o f  the m oun
ta inous w estern  p a r ts  o f  the U nited  S ta tes  and  
Canada. M etam orphic rocks also are widely exposed  
in other p a rts  o f  the world such as Australia, Scandi
navia, Siberia, and India.’2
Young goes on to say that a great many of these crys

talline metamorphic rocks are believed to be Precambrian 
in age, and so suggests that creationists might be tempted 
then to relegate such rocks to the activity of Creation Week. 
However, even if  some metamorphic activity could be rel

egated to the Creation Week (for example, during Day 
Three), there is still evidence that many regionally meta
morphosed rocks had to have been, according to the Crea
tion-Flood model, formed during the Flood year and sub
sequently.

Young points to the metamorphic terrain of the New 
England, USA, and quite rightly states that despite many 
of these rocks having been very severely heated and de
formed, it is evident that they were chiefly of sedimentary 
and volcanic character prior to their metamorphism. Fur
thermore, the original sedimentary character of many of 
these rocks is, apart from  d ifferences from  various 
compositional, textural and structural characteristics, firmly 
established by the discovery in places of several fossils 
(even if somewhat deformed) within these metamorphic 
rocks.3,4 Thus, on the basis of these contained fossils, 
creationists would argue that the sediments from which 
these metamorphic rocks developed w ere deposited dur
ing the Flood year. Young also points out that in southern 
New England the metamorphic rocks are unconformably 
overlain by unmetamorphosed fossiliferous sedimentary 
rocks, and so therefore Flood geologists are faced with the 
necessity of concluding that the metamorphic rocks of New 
England metamorphosed during the time-span of less than 
one year.

Furthermore, quantification of what is involved seem
ingly adds to the problem. Since it has been possible to 
experimentally determine the range of stability of almost 
all important metamorphic minerals in terms of pressure 
and temperature, and the pressure and temperature at which 
many important metamorphic mineral reactions may oc
cur, it can be concluded that the mineral assemblages of 
these New England rocks indicate that many of the pre
cursor sedimentary and volcanic rocks must have been 
subjected to temperatures approaching 600°C and pres
sures of 5 kilobars.5 Such conditions are interpreted as 
implying that the sediments were buried under a load of 
rock 16– 19 kilometres thick. Thus Young insists that Flood 
geologists are obliged to explain in term s of their model 
for earth history how it would have been possible in less 
than one year for the precursor sediments of these New 
England metamorphic rocks to have been deposited, then 
progressively buried to a depth of between 16 and 19 kilo
metres as they were first converted to sedimentary rocks. 
They subsequently, according to Young, had to be pro
gressively m etamorphosed as the tem peratures rose to 
around 600°C, and then uplifted and eroded to eventually 
be exposed as metamorphic rocks at the earth ’s surface 
today!

METAMORPHIC ZONES AND FACIES

Like other terrains of regionally metamorphosed rocks in 
other parts of the world, the New England (USA) area has 
been carefully mapped and the rocks divided into meta
morphic zones and facies according to their contents (see



Figure 1. P alaeozo ic  reg iona l m etam orphism  in N ew  E ngland and  ad jacent areas. Precam brian rocks in eastern N ew  E ngland and  o f the N ew  York 
C ity  a rea a re  no t shown.



PELITIC ROCKS MAFIC ROCKS CALC-SILICATE ROCKS

Biotite zone Greenschist facies Talc, phlogopite

Garnet zone Epidote amphibolite facies Tremolite, actinolite, epidote, zoisite

Staurolite zone
Amphibolite facies

Diopside

Sillimanite zone Grossularite, scapolite

Sillim anite-K fe ldspar zone Hornblende-pyroxene granulite facies Forsterite

Table 1. A pprox im a te  corre la tion o f m inera l zones in pe litic  rocks, as shown in F igure 1, with characteristic m ine ra l facies deve loped in associa ted
m afic  rocks an d  w ith inde x  m inerals found in calc-s ilicate rocks.

Figure 1 and Table l ) .6 As already indicated, conventional 
uniformitarian thinking like that of Young envisages that 
in regions such as the New England sedimentary strata 
must have been subjected to elevated temperatures and 
pressures due to deep burial and deformation/tectonic forces 
over millions of years, and that the resultant mineralogical 
and textural formations are due to mineral reactions in the 
original sediments during those prevailing temperature- 
pressure conditions. Thus the mapped zones of strata, as 
in Figure 1, contain mineral assemblages that are believed 
to be diagnostic and confined to each zone respectively. It 
is assumed that these mineral assemblages reflect the meta
morphic transformation conditions specific to each zone, 
so that by traversing across these metamorphic zones, from 
the chlorite zone to the sillimanite-K feldspar zone, higher 
metamorphic grades are progressively encountered, from 
low to high grade respectively. In the case of the New 
England area the original sedimentary strata were not just 
pelitic rocks, but included mafic igneous rocks, and car
bonate units that had been metamorphosed into calc-sili
cates. Thus while the metamorphic zones are often more 
easily mapped in the field within the pelitic rocks, there is 
believed to be an approximate correlation with character
istic mineral facies developed in the associated mafic rocks 
and with index minerals found in the calc-silicates, as 
shown in Table 1.

The lines that separate the different metamorphic zones, 
as depicted in Figure 1, are called isograds, and are de
fined as the line along which the index mineral or mineral 
pair characteristic o f the next metamorphic zone first ap
pears in rocks of similar composition. Such first appear
ances are believed to be dependent not only on externally 
imposed conditions of temperature, pressure, and the ac
tivities of components that have comparatively free mo
bility, such as water, but also on the original bulk compo
sitions of the rocks. These isograds, o f course, are ideally 
drawn on maps so as to minimise the effects of variations 
in initial bulk compositions which invariably occur due to 
the fact that these metamorphic zones and facies cross the

boundaries between different original strata —  for exam
ple, pelitic sedimentary rocks, with interbedded mafic ig
neous rocks and carbonates. It is envisaged that the m in
eral assemblages in these zones and facies are the result of 
mineral reactions, whereby the temperature and pressure 
conditions, along with active components like water, have 
induced the minerals in the original rocks to react and form 
new minerals. Thus, for example, it is envisaged that at 
the boundary between the biotite and garnet zones in typi
cal pelitic rocks is the first appearance of the completed 
reaction:

chlorite + muscovite + quartz →
garnet + biotite + water.

O f course, such reactions will vary according to which 
minerals are available to react with one another in the origi
nal rocks, so for example, if the rock contained more alu
minium the resultant reaction might be:

chloritoid + chlorite + quartz →  garnet + water.

Considerable effort has therefore been expended to elu
cidate all possible reactions between minerals in the a l
most limitless potential variations in original bulk compo
sitions.

Historically, the concept of metamorphic zones and 
facies was developed by Barrow as a result of his geologi
cal mapping of the metamorphic rocks and the mineral 
zones in them in the Scottish Highlands (see Figure 2).7–9 
Barrow ’s mineralogical zones, which he ascribed to the 
effect of systematically increasing temperature on the sedi
mentary rocks of the area he described, laid the founda
tion for, and formed the basis of, the concept of progres
sive regional metamorphism as we know it today. The 
terrain with which Barrow happened to be involved was 
restricted almost entirely to commonly-occurring silicate 
rocks —  primarily greywackes and subordinate pelites. 
Barrow was not concerned with metamorphic assemblages



Figure 2. S im plified  reg iona l representation o f  the m etam orphic zones o f the Gram pian Caledonides, Scotland.

associated with metal ores of any kind, for he appears quite 
simply not to have encountered them. Had he encountered 
them he may have come to rather different conclusions with 
respect to the processes of regional metamorphism. It is 
now known that many ores are metamorphosed, and such 
ores and their environments yield clues to a better under
standing of metamorphism in general, an understanding 
that may help to resolve some of the perceived conflicts 
between the current uniformitarian view of regional meta

morphism and the young-earth Creation-Flood model.
Although there have been some doubts expressed, it 

appears to be widely accepted amongst geologists that the 
achievement of chemical equilibrium in regional meta
morphism is the rule rather than the exception. M etamor
phic petrology today is based on the assumption that chemi
cal equilibrium is virtually always attained and hence that 
mineral assemblages can be evaluated in the context of 
the Phase Rule. It appears to be generally accepted that



diffusion occurs over distances large enough to permit min
eral reactions to occur through large volumes of rock, and 
that w ith rise in temperature and pressure, such reactions 
occur in progressive fashion so that any particular set of 
pressure-temperature conditions comes to manifest itself 
through the development, in rocks of like chemical com
position, of a particular set of metamorphic minerals. In 
this way grades of metamorphism and metamorphic gradi
ents and zones are identified, and metamorphic rocks of 
different compositions are linked through the facies prin
ciple.

CURRENT INHERENT DIFFICULTIES

This view of metamorphism is now so well established 
that it constitutes an essentially unquestioned basis for some 
very highly refined studies of relationships between min
eral chemistry and metamorphic grade. These include stud
ies of trace element abundances in individual minerals, 
trace  elem ent partition ing  betw een  m ineral species, 
fractionation of stable isotopes, and related fields of in
vestigation.

However, there are some reasons to doubt whether the 
basic assumptions are as sound as they have been thought 
to be. M ore precise studies, on the scale of the micro
scope and particularly of the electron microprobe, are be
ginning to place severe limits on the distances involved in 
metamorphic diffusion. This is critical, because limits on 
diffusion set limits to the extent to which minerals may 
react, and this in turn limits the extent to which the meta
morphic system can approach equilibrium.

W riting in the same year as B arrow ’s epic work, 
H arker10 set severe limits to the scale on which metamor
phic diffusion might take place. From his observations of 
the delicate preservation of bedding in some metamor
phosed strata, Harker concluded:–

‘. . . that within the m ass o f  rock undergoing thermal 
metam orphism  any transfer o f  material (other than 
volatile substances) is confined to extremely narrow  
limits, and consequently . . . the m ineral form ed at 
any p o in t depends on the chem ical composition o f  
the rock m ass within a certain very sm all distance 
around that p o in t.’11
In the same year H arker and M arr,12 through their very 

careful consideration of metamorphic phenomena associ
ated with the contact of the Shap Granite, concluded that 
in that case diffusion distances were probably of the order 
of ‘1/20 or 1/25 in ch ’13 (around 1mm).

M ore recently, Turner and Verhoogen14 observed that 
what little evidence there is seems to indicate that meta
morphic diffusion is probably effective at most over dis
tances m easured in centimetres, over times of the order of 
millions of years. However, in the same year Chinner15 
noted:–

‘The confinem ent o f  rocks o f  varying oxidation ratio 
to w ell-defined sedim entary bands suggests that the

differences in oxygen content are o f premetamorphic, 
diagenetic origin . . .’ . 16
In contrast, Carm ichael17 has estimated diffusion lim

its of the order of 0.2mm –4.0mm.
Thus in the century since Barrow ’s and H arker’s early 

work, opinion on diffusion distances, concomitant m ate
rial transfer, and resulting modification of rock composi
tions, has varied widely. M any investigators have assumed 
extensive diffusion and substantial material transfer, though 
careful mass-balance calculations by others have repeat
edly indicated that in at least many cases diffusion dis
tances have been very small. Opinion probably remains 
diverse, though Winkler has encapsulated the view of many 
modern investigators:–

‘There are many indications that rocks constitute a 
“c lo sed ” therm odynam ic system  during the short 
time required fo r  metamorphic crystallization. Trans
p o rt o f  material is generally limited to distances sim i
lar to the size o f  newly form ed crystals. I t  has been 
observed frequently that minute chem ical differences 
o f  form er sediments are preserved during m etam or
phism.
M etamorphism  is essentially an isochem ica l proc
ess .  . . ’ (emphasis his).18
W hether diffusion is in fact restricted to very small 

distances, and what, precisely, these distances are, is a criti
cal matter for regional metamorphic petrogenesis. If, as 
indicated by Harker in 1893 and reiterated by Winkler in 
1979, the chemical components of a metamorphic grain 
now occupying a given small domain are derived directly 
from those chemical components occupying that domain 
immediately prior to the onset of metamorphism, that meta
morphic mineral must represent the in situ  growth and/or 
transformation of a pre-metamorphic material of similar 
overall composition, or it must be one of two or more prod
ucts of the in situ breakdown of pre-metamorphic material 
of appropriate composition.

If this is the case, and it follows not only from the 
considerations of Harker and Winkler, but also from all 
those whose findings have indicated metamorphic mineral 
growth to be isochemical on a fine scale, the implications 
for metamorphic petrogenesis are profound. The develop
ment of metamorphic minerals would stem from simple 
grain growth, ordering of randomly-disposed structures, 
and solid-solid transformations, not from ‘mineral reac
tions’ as these are currently visualised. Such metamor
phic mineral development would be attained on no more, 
and perhaps often less, than a single grain scale, and the 
proposition that groups of minerals, on a thin-section scale, 
commonly represent ‘equilibrium assem blages’ developed 
in accordance with the Phase Rule, would be seriously open 
to question.

For the geologist studying ore deposits this question 
of diffusion distances, and the likelihood that metamor
phic diffusion might induce short-range modification of 
rock compositions, is vital in the detailed consideration of



metamorphic processes. There are some ore deposits that 
form as a primary part of the pelitic rocks in which they 
occur and which, hence, suffer any metamorphism that the 
latter may undergo. One approach to the elucidation of 
the physical and chemical conditions of formation of these 
ores is the consideration of their present chemical compo
sitions. However, such an approach is soundly based only 
if present constitutional features are a close reflection of 
the original ones. This will not be the case if metamor
phism has induced differential movement of components. 
Thus the ore petrologist is obliged to have a vital concern 
with the nature, and particularly the scale, of metamorphic 
diffusion.

Such limitations on the distance of migration of the 
elements in metamorphism impose severe constraints on 
the extent of reaction and the opportunity for equilibration 
of mineral assemblages. Indeed, clear microscopical evi
dence of mineral reaction, as distinct from solid-solid trans
formations, such as the transform ation of andalusite to 
kyanite, is usually very hard to find, even where minerals 
that might be expected to react lie in contact. Where good 
microscopical evidence for a fact or process exists, in 
whatever field of science, it is usual for this to be pre
sented photographically (for example, Vernon19). It there
fore seems significant that of the three great metamorphic 
texts in English of recent years20–22 none shows a single 
photograph illustrating the destruction of one mineral and 
the concomitant development of another. Two other texts 
of a specialist nature on metamorphic textures23 and meta
morphic processes24 also do not have any photographs of 
any mineral transformations, although the former text has 
photographs of textures and some ‘reaction rims and coro
nas’. M ineral aggregates said to indicate particular reac
tions commonly present an equivocal picture, and in most 
cases, the postulated product-reactant grouping does not, 
within that group, yield a balanced chemical equation with 
respect to all elements.25 W hat seems the best evidence, 
that is, two or more ‘products’ habitually replacing what 
could be seen to be formerly juxtaposed ‘reactants’, the 
whole yielding a balanced equation, seems very difficult 
to find.

Quite frequently some minerals present in a rock, for 
example, quartz and muscovite, might have been expected 
to have reacted prior to the achievement of the metamor
phic grade indicated by the presence of an associated min
eral, in this case sillimanite, but there is no unambiguous 
microscopical evidence indicating that they have done so. 
Such difficulties led Carm ichael26 to propose the operation 
of ‘m etasomatic cation-exchange’, though it is difficult to 
see how such a mechanism can be reconciled better than 
any other mechanism with limits set by diffusion. Cer
tainly, evidence o f reaction should be preserved along 
isograds, but even here it seems to elude us. This almost 
general absence of direct evidence of reaction has led some 
observers27–29 to suggest that metamorphic rocks may at
tain their mineral assemblages directly, rather than by a

series of mineral reactions, and hence w ithout passing 
through each successive grade. When viewed in a detached 
way it may be seen that any evidence for mineral reactions 
is really largely circumstantial. On traversing a metamor
phic terrain we find that as one mineral diminishes and 
disappears another appears to take its place, and so it has 
been assumed that there must have been a reaction leading 
to the demise of the first mineral and the generation of the 
second. There are, however, other reasons why one min
eral might give way to another in a spatial sense.

Coupled with doubts concerning the reality of many 
postulated reactions are doubts on equilibrium. The pres
ervation of zoning in garnets, for example, revealed so spec
tacularly in the past 20 years by the electron microprobe, 
has been an indication that, even at high grades of meta
morphism, equilibrium may remain unattained even in a 
single crystal. The significance of this has often been mini
mised on the grounds that diffusion in garnet is probably 
sluggish due to the complex close-packed structure and 
strong bonding of the garnet crystal. However, evidence 
of the preservation of compositional inhomogeneities in 
other minerals, including sulphides30 is now  mounting, in
dicating that compositional equilibrium may not have been 
attained even in the most sensitive crystal structures, and 
even where these are subjected to the highest grades of 
metamorphism.

ORE DEPOSITS IN 
METASEDIMENTARY ROCKS

There are two principle categories of ore deposits in 
sedimentary and metasedimentary rocks: those that, prior 
to any post-depositional deformation, are concordant and 
those that are discordant with respect to the bedding of the 
containing rocks.

The discordant group are those referred to as veins 
that occupy openings, frequently faults, that cut across bed
ding. The materials in the veins have been introduced from 
elsewhere in liquid and gaseous solutions, and they have 
built up by accretion on the walls of the openings con
cerned. Frequently the solutions and gases have not only 
yielded the minerals of the ores, they have also caused 
alteration of the walls of the opening. Such alteration may 
extend some metres into the enclosing rocks and is com
monly referred to as wall-rock alteration, an almost ubiq
uitous accompaniment of vein formation. Common prod
ucts of this alteration are sericite, chlorite, quartz, kaolinite 
and pyrite. In all cases both ore and alteration are the 
products of materials manifestly introduced from elsewhere 
and superimposed on the geological environment of the 
original opening.

The concordant group of deposits are those now usu
ally referred to as ‘conformable’ or ‘stratiform ’ ores. The 
ore minerals, usually sulphides, have the appearance of 
being an integral, and hence normal, component o f the sedi
mentary or metasedimentary rocks in which they occur,



being simply grains within a granular rock. The orebodies 
are usually lens-shaped and grossly elongated, with their 
long dimensions parallel to the stratification of the enclos
ing rocks, and they themselves commonly display good 
internal bedding which may usually be demonstrated to be 
continuous with that of the enclosing pelitic sediment.

In a manner that appears somewhat analogous to the 
wall-rock alteration zones around discordant or vein ores, 
many stratiform  deposits contain, and are immediately 
ensheathed by, m etapelitic rocks displaying distinctive 
metamorphic mineral assemblages. These assemblages are 
sometimes quite complex and exotic and include all of 
se ric ite , ch lo rite , garnet; m etam orphic  pyroxenes, 
amphiboles and olivines; staurolite, sillimanite and most 
of the other well-known metamorphic minerals.

Because the m aterials of discordant/vein ores are so 
demonstrably introduced, and that at some discrete time 
after the formation of the host rocks, it was for a long time 
thought that the materials of the concordant/stratiform ores 
must, simply because they were ores, have likewise been 
introduced. Because they were clearly not formed by the 
filling of openings it was concluded that they formed by a 
process of metasomatic replacement. At the same time 
the rather unusual metamorphic mineral assemblages that 
often occu rred  w ith in  and su rround ing  concordan t/ 
stratiform orebodies were identified also as ‘metasomatic’ 
and equated with the zones of w all-rock alteration so com
monly associated with the discordant/vein ores.

However, it is now generally accepted that most of 
these concordant/stratiform ores have not developed by re
p lacem ent o f p re -ex is tin g , lith ified  sed im entary  or 
metasedimentary rocks, the sulphides of these ores having 
been laid down as fine chemical precipitates as part of the 
original sediments themselves. Indeed, such modern-day 
analogues have been found and observed forming on the 
sea-floor associated with hydrothermal springs.31–36 These 
ores are, as of course they have the appearance of being, 
intrinsic parts of the rocks in which they occur, and they 
have shared the whole of the la tte r’s history.

This being the case, the somewhat unusual metamor
phic mineral assemblages within and surrounding the ores 
can no longer be ascribed to late-stage metasomatic activ
ity associated with ore deposition by hydrothermal replace
ment. They must result from the metamorphism of the 
sedimentary m aterials laid down with, and adjacent to, the 
sulphide precipitates. Thus they are genuine metamorphic 
rocks, even if unusual, and are likely to be just as signifi
cant in the study of metamorphic phenomena as the meta
morphosed pelitic rocks observed by Barrow, Harker and 
their many modern counterparts.37–39

T hese s tra tifo rm  o rebod ies and the ir enclosing  
metapelites often provide very sharp chemical and min
eralogical contrasts down to a very small scale, such con
trasts being commonly preserved in the very ordered form 
of the earlier fine bedding of the sediment concerned. Such 
ores represent high, and usually highly fluctuating, con

centrations of particular elements and minerals set in a 
medium of very much lower concentrations of these ele
ments and minerals. For example, a stratiform orebody 
may contain 15% Pb, whereas the enclosing rocks a few 
centimetres away normally only contain parts per million 
Pb. In the ore Fe may be in excess o f 40%, whereas im
mediately outside the orebody the Fe concentration usu
ally decreases to less than 10%. Expressed mineralogically, 
the orebody contains abundant galena whereas the sur
rounding strata contain none. Similarly, the ore-beds and 
their sheath may contain abundant chlorite, garnet and other 
metamorphic minerals that are absent from, or very much 
less abundant in, the enclosing rocks. In addition to this 
highly localised nature of the metamorphic minerals these 
also occur in a bedded arrangement; that is, metamor
phism of the rock and the development of the metamorphic 
minerals in many cases has not led to the disruption of the 
original bedding or other sedimentary structures. Thus 
these orebodies provide unusually good opportunities for 
studying the incidence of individual metamorphic mineral 
species and of compositional variations in them, and the 
relation of this to the original features of sedimentation. 
As a result they also provide good opportunities for study
ing distances over which concentration equilibria are at
tained, and hence instances over which metamorphic dif
fusion has occurred.

EVIDENCE OF REGIONAL METAMORPHIC 
PROCESSES FROM STRATIFORM ORE 

ENVIRONMENTS 

The Extent of Metamorphic Diffusion
It seems reasonable to expect that the maximum dis

tances of the diffusion would be indicated by the distance 
over which compositional homogeneity is achieved on a 
small scale between, and within, individual crystalline 
grains of an individual mineral species. Stratiform ores 
and their envelopes provide some striking examples of the 
preservation of compositional inhomogeneities over very 
small distances. The following examples occur in assem
blages that include garnet, staurolite and sillimanite, that 
is, ‘high-grade metamorphic’ assemblages in which diffu
sion would be expected to have operated to the maximum 
extent.

Beginning with the relatively gross scale of centime
tres, Stanton and Vaughan40,41 have studied variations in 
garnet compositions associated with the Pegmont orebody 
in north-west Queensland. Close examination of Figure 3 
shows that over a distance of 23cm, between 357.03m and 
357.26m in drill core PD31, substantial variations exist in 
the compositions of garnet grains. Furthermore, at each of 
the three sample points concerned there w as also substan
tial variation in garnet grain compositions within each sin
gle electron microprobe section concerned. Yet garnet is 
not the only mineral to exhibit such short range variations 
of this general kind in this particular orebody. For exam-



ple, FeO/M nO weight percent in manganiferous fayalitic 
olivine was found to vary from 10 to 24 weight percent 
then back to 10 weight percent again over a distance of 
less than a metre.

On a somewhat finer scale Stanton and Williams42 in
vestigated the preservation of garnet compositions as re
lated to bedding in a finely laminated garnet-quartzite (a 
variant of a banded iron formation) from Broken Hill, New 
South Wales. They found significant differences in garnet 
compositions developed and preserved from one thin bed 
to the next on a scale o f 1mm or less. However, system
atic microanalyses showed that whereas garnet composi
tions varied grossly across bedding they were, within the 
high order of accuracy of the analyses, completely uni
form along beds, indicating that the observed finely lay
ered compositional arrangement was a direct reflection of 
original bedding. That is, a chemical sedimentary feature 
of the finest scale had been preserved through a proposed 
period claimed to be at least 1.8 billion years, and through 
a metamorphic episode generally regarded as of very high 
grade.43

On an even finer scale, there is clear evidence of within- 
grain inhomogeneities in some of the minerals associated 
with stratiform ores, the presence of these inhomogeneities 
indicating limits to diffusion within a single crystal grain 
d u rin g  h ig h  g rad e  m etam o rp h ism . For 
example, metamorphism of the Mount Misery stratiform 
orebody near Einasleigh, North Queensland, has produced 
an assemblage which includes andradite, hornblende and 
epidote.44–45 P airs  o f analyses from  single grains of 
andradite (0.05mm apart) and epidote (0.20mm apart) re
veal compositional differences that are substantial. In nei
ther of these or other examples does it appear that these 
differences are due to segregation or exsolution resulting 
from a tendency for the achievement of a lower energy 
state by the gathering of elements into structural domains 
within the crystals. Neither do they represent visible zon
ing. Instead, they appear to be patchy inhomogeneities 
that probably represent earlier individual grains of slightly 
different composition that have amalgamated to become 
one larger grain as a result of grain boundary movement 
during metamorphism.

The m a in te n a n c e  o f such  c le a r  co m p o sitio n a l 
disequilibrium between and within grains of single min
eral species, and the preservation of this disequilibrium on 
such a fine scale through the highest supposed grades of 
metamorphism, seems to indicate that, at least in some 
cases, metamorphic diffusion is limited not only to dis
tances of a fraction of a millimetre but also to distances 
less than the grain sizes of the minerals concerned.

Mineral Reactions
With the development of very extensive assemblages 

of metamorphic minerals within what are relatively very 
small volumes it might be expected that metamorphosed 
stratiform ores and their envelopes would provide, better

perhaps than almost any other metapelitic environment, 
good textural evidence of mineral reactions. This, how
ever, they do not seem to do.

In the ore environs at Broken Hill, New South Wales, 
quartz and muscovite occur together in rocks also contain
ing sillimanite, but the muscovite exhibits its characteris
tic sub-idiomorphic, sharply defined, platy form and shows 
no sign of reacting  w ith the adjacent quartz  to form 
sillimanite and K-feldspar,46 as would normally be expected 
according to the frequently quoted reaction

quartz + muscovite →
K-feldspar + sillim anite + water

Similarly, muscovite-biotite and muscovite-biotite-quartz 
aggregates are common, but show no sign of reaction in 
situ to form garnet (or cordierite) and K-feldspar, although 
they might have been expected to have done so at the grade 
of metamorphism that appears to have been achieved. Simi
larly, in the Mt Misery orebody chlorite, muscovite and 
quartz occur in contact in samples whose apparent high- 
grade nature is indicated by the presence of abundant 
staurolite and sillimanite or kyanite, but in spite of the high 
iron content of the chlorites47 there is no textural evidence 
of the three reacting to produce biotite, or cordierite-biotite, 
which they might be expected to have done given the over
all apparently high-grade assemblages of the rocks con
cerned.

Stanton reported that his examination of many thin sec
tions of rocks from these, and sim ilar metamorphosed 
stratiform ore environments, has failed to yield clear mi
cro-structural evidence of mineral reactions. Indeed, there 
appears to be no unequivocal indication, in the develop
ment of corrosion features, reaction rims or pseudomorphs, 
that minerals that might have been expected to react with 
each other have done so, nor does there seem to be any 
clear micro-structural indication of reactions through which 
the higher grade minerals have formed. Given that some 
stratiform ore zones possess a very wide range of meta
morphic minerals within volumes of a few cubic centime
tres, it might have been expected that evidence of such 
reactions would be found here even if they could be found 
nowhere else. The inference is that metamorphic mineral 
reactions, as these are currently visualised, are unlikely to 
have been a significant factor in the development of these 
particular extensive metamorphic mineral assemblages.

Attainment of Metamorphic Equilibrium
Probably the most basic of all the assumptions in the 

current consensus about metamorphic rocks and metamor
phism is that prograde mineral assemblages as those now 
observed reflect the attainment of chemical equilibrium. 
It seems widely accepted that, because of the supposed 
long periods of presumed millions of years available, lag 
effects were not significant and thus the various mineral 
phases present developed and were preserved in accord



ance with the Phase Rule. On the other hand, because of 
the lack of these presumed long periods of time in the 
young-earth Creation-Flood model we would expect chemi
cal/metamorphic equilibrium not to have been attained. 
Thus it is highly significant that from time to time evi
dence of doubt about the attainment of metamorphic equi
librium has appeared in the literature.

In 1925 Tilley,48 referring to chloritoid-andalusite 
schists o f the Broken Hill area, noted:

‘O ne ro c k  . . . is described as containing in thin slice, 
quartz, m uscovite, biotite, andalusite, sillimanite, 
chloritoid, chlorite, garnet, m agnetite and tourma
line. Such a m ineral association is clearly one in 
which equilibrium is fa r  from  being completely a t
tained, and the associations bear witness to this great 
departure from  equilibrium conditions.’
Atherton,49 in examining variations in garnet, biotite 

and chlorite compositions in medium-grade pelitic rocks 
from the Dalradian, noted:

‘B iotites 1 and 2 from  rocks o f  higher grade have  
very sim ilar M g/M g+Fe values; so do the rocks, but 
the chlorite values are different. The reason fo r  this 
is not clear. However, the host rock chlorite 2 is thinly 
banded  and  ch lorite  tends to be confined to the 
qu a rtzo se  p o rtio n s, in which case the ana lyzed  
chlorite m ay include m aterial from  a sub-system  o f  a 
different com position to the whole.’
Blackburn,50 working on high-grade gneisses from the 

Grenville Province of Ontario (Canada), concluded that 
the volumes over which metamorphic equilibrium was es

tablished in rocks of this kind were lim ited to a few cubic 
centimetres at most, and might be directionally related to 
foliation. Similar estimates, based on the mineral chemis
try of co-existing phases, as well as on the simple co-ex
istence of such phases, have been expressed by many other 
investigators.51–58

An ideal opportunity to further investigate whether 
metamorphic equilibrium has been attained is afforded by 
some of the assemblages that occur within, and immedi
ately adjacent to, some metamorphosed stratiform ores. 
In most cases the ores and their enclosing metasedimentary 
sheaths have been extensively drilled, and continuous, spa
tially well-controlled, samples are thus available for study 
in a highly systematic way.

A  lack of short-range equilibrium between grains of a 
single mineral species during growth is quite spectacularly 
illustrated by the differences in zoning patterns developed 
in garnets, for example, in drill-hole PD 31 from the 
Pegmont ore deposit, Queensland (Figure 3). Vaughan and 
Stanton have examined, using the electron microprobe, the 
patterns of zoning developed in garnets of the several beds 
of garnet quartzite within an iron formation encountered 
in this hole.59 Figure 4 shows the results obtained on eight 
garnets within three beds 15cm and 8cm apart respectively. 
The zoning patterns present a complex picture and are 
widely divergent. There is both ‘norm al’ M n-Fe zonation 
(Mn-enriched, Fe-depleted core relative to the rim) and 
‘reverse’ zonation (Mn-depleted, Fe-enriched core rela
tive to the rim), although Ca also contributes to zoning. 
These zoning patterns vary sharply over short distances,

Figure 3. Variation in d iva len t cation com position o f a lm andine garnets a t eight po in ts ove r a tota l down-core d is tance o f 1.08m in d iam ond drill-hole 
P D  31 through the fringe o f the ore horizon a t Pegmont, Queensland. N ote the g ross variation in ga rne t com position o ve r the 23  cm interval 
from  357.03 m  to 357.26 m. Rows o f filled c irc les a t each depth position indicate variation in com position observed in each indiv idual probe  
section.



Figure 4. Zon ing  pa tte rns  in eight garnets in d iam ond drill-hole PD 31 through the fringe o f the ore horizon a t Pegm ont, Queensland. These garnets 
are in the low er iron formation un it and  the variations observed are over the sm all interval 356.82 m  to 357.44 m  (see Figure 3). Compositional 
variation (y-axis) is expressed in term s o f Fe, Ca, Mn and Mg cation num bers; the x-ax is  indicates the s ize o f the ga rne ts (pm) and the 
re la tive pos itions  o f  the p robe analyses.



GOROB
(Namibia)

GAMSBERG
(South Africa)

BROKEN HILL 
(A-lode)

(Australia)

PEGMONT
(Australia)

EINASLEIGH
(Australia)

GECO
(Canada)

sillimanite
K-feldspar
kyanite
staurolite
cordierite
anthophyllite
almandine
biotite
muscovite
chlorite
prehnite
quartz

sillimanite
K-feldspar
olivine
clinopyroxene
orthopyroxene
pyroxenoids
grunerite
cordierite
almandine
andradite
biotite
zoisite
clinozoisite
muscovite
chlorite
quartz

sillimanite 
K-feldspar 
olivine 
staurolite 
hornblende 
hedenbergite 

and related 
pyroxenoids 

grunerite 
almandine 
biotite 
muscovite 
chlorite 
quartz

sillimanite
andalusite
K-feldspar
staurolite
clinopyroxene
hornblende
grunerite
biotite
muscovite
chlorite
greenalite
quartz

sillimanite
staurolite
andesine
scapolite
clinopyroxene
hornblende
andradite
almandine
actinolite
epidote
biotite
muscovite
chlorite
stilpnomelane
prehnite
laumontite
chamosite
quartz

sillimanite
K-feldspar
staurolite
hornblende
cordierite
gedrite
biotite
muscovite
chlorite
kaolinite
sudoitic

chlorite
quartz

Table 2. S ilica te  m in e ra l assem blages o f  som e exha la tive  s tra tiform  orebod ies and the ir m e tased im en ta ry  sheaths

and therefore if  these zones developed during metamor
phic growth they were apparently not in equilibrium when 
they did so.

The most striking evidence of the apparent lack of 
metamorphic equilibrium is, however, provided by the to
ta l a s se m b la g e s  o f  the o re  zo n es  o f  d ep o sits  in 
metasedimentary rocks. Table 2 gives those associated 
with six such occurrences —  the Gorob orebody in N a
mibia, the Gam sberg deposit in Namaqualand (South A f
rica), the Broken Hill deposit (A-lode) in New South Wales, 
the Pegmont and Einasleigh (M ount Misery deposits) in 
Queensland, and the Geco deposit in Ontario (Canada).60

Each of the metamorphic mineral assemblages in these 
ore zones is extensive, and in most cases they cover the 
whole spectrum of metamorphic index minerals of all the 
presumed zones of progressive regional metamorphism. 
Yet each assemblage is contained within what is, com
pared to the regional scale of the classical metamorphic 
zones, almost an infinitesimally small volume of rock. For 
example, the whole of the Mount Misery assemblage oc
curs in a single diamond drill-hole within a core length of 
20m, and a major portion of the whole assemblage can be 
found within a single thin section.61 The assemblage at 
Gorob is contained within a core length of 3m, and again a 
major part of it can be observed in almost any individual 
thin section. Obviously, not all of the minerals listed in 
Table 2 as occurring in a given ore zone are found in m u
tual contact, though the majority are so found in each case. 
Exhaustive examination of the Gorob metapelites shows,

for exam ple, that quartz, chlorite, m uscovite, biotite, 
almandine, staurolite and kyanite all occur within a single 
homogeneous thin section and in mutual contact. While 
there is certainly a tendency for the various minerals to 
occur as different groupings, that is, different ‘assem 
blages’, from one small metasedimentary unit to the next, 
the propensity for extensive groupings of minerals to oc
cur together is very clear.

SIGNIFICANCE OF THE METAPELITES 
ASSOCIATED WITH STRATIFORM ORES

All of the ores that have just been considered in con
nection with diffusion, reaction and equilibrium have been 
metamorphosed to high grade; all contain abundant gar
net, staurolite, and sillimanite or kyanite. They thus show 
that even at what are currently regarded as high grades of 
metamorphism of pelitic rocks
(1) metamorphic diffusion is, at least in some cases, con

fined to distances of a small fraction of a millimetre,
(2) microscopic evidence of metamorphic reactions is usu

ally poor and ambiguous, or absent, and
(3) the whole spectrum of metamorphic index minerals may 

occur within centimetres of each other, indicating ei
ther that metamorphic mineral equilibrium is not es
tablished even over very small distances, or that some 
factor other than, or additional to, temperature and pres
sure is responsible for the development of these min
erals.



The confinement of metamorphic diffusion to minus
cule distances indicates that the metamorphic minerals now 
occupying a given domain in space must have grown from 
materials that previously occupied that domain, so that what 
is now present in any small segment of a metamorphic rock 
must be a close constitutional (that is, compositional and 
crystal-structural) reflection of what previously occupied 
the space concerned. Furthermore, the co-existence of the 
whole spectrum of metamorphic index minerals in such 
confined spaces indicates that, given a temperature and 
pressure sufficient to induce mineralogical change, there 
is some other factor that is of dominating importance in 
determining what minerals will develop. There seems no 
doubt that this is com position, the constitutions of the 
minute volumes of m aterial from which each metamorphic 
mineral grain develops.

It h a s  o f  c o u rse  lo n g  been  re c o g n ise d  that 
compositional variation is an important factor in the de
velopment of a given metamorphic mineral assemblage. 
Indeed, the development of a particular set of metamor
phic minerals has always been considered as being de
pendent on pressure (P), temperature (T) and composition 
(X). However, it has been thought that by taking a par
ticular group of rocks o f essentially uniform composition, 
such as the ‘argillaceous’ rocks,62–64 the composition X 
could be made essentially a constant; that is, observation 
could be restricted to what was regarded, to a first ap
proximation, as an isochemical system, so that variations 
in mineralogy becam e independent of rock composition 
and could be regarded substantially as indicators of varia
tions in temperature and pressure.

A  careful study of the literature shows, however, that 
this assumption of constancy of composition in argillaceous 
rocks has been an uneasy one. Repeatedly, different in
vestigators have suggested that ‘anom alous’ occurrences 
of index minerals and resulting ‘reversals’ of zones might 
be due to minor vagaries of parent rock composition; that 
the composition of the original argillaceous rocks might 
not have been so constant that the subsequent assemblages 
of metamorphic minerals reflected only variations in tem
perature and pressure. However, these doubts and hesita
tions have generally been stated relatively unobtrusively, 
and so have had no significant effect on m ainstream  
thought.

Now, however, the evidence of the metapelites associ
ated with stratiform ores confirms these doubts, putting 
them instead into a position of primary importance. Whole- 
rock analyses of the different lithological units and bands 
at Gorob, M ount Misery, Broken Hill and Pegmont show 
these to vary in composition from one to another very sub
stantially over very short distances, even though the origi
nal rocks in all cases appear to have been pelitic.65 The 
total volumes of rock concerned have been far too small to 
have sustained differences in temperature, pressure, or par
tial pressures of volatiles, over any significant period of 
time. The huge array of metamorphic minerals displayed

in each case must, therefore, reflect variations in the com
positions of the parent shales. It appears that the sedimen
tary environments of formation of the stratiform ores have 
been such as to induce marked and sudden changes in sedi
ment constitution from one bed to the next, and it is this 
that led to the development of such extensive metamor
phic mineral assemblages in such very small volumes of 
rock.

W hat significance has this to our understanding of 
metamorphic grade and progressive regional metamor
phism? It indicates, as was pointed out by Yoder in 1952,66 
that differences between metamorphic mineral assemblages 
may be, in at least some cases, entirely a result of varia
tions in the bulk compositions of the parent rocks, and need 
not represent variations in temperature and pressure at all. 
It also thus indicates that the metamorphic zones described 
by Barrow and thought by him to reflect changing inten
sity o f thermal metamorphism, could in fact result from 
subtle but systematic compositional changes in the pelitic 
rocks concerned.

Precursors
If, as the evidence from the metamorphic mineral as

semblages associated with stratiform ores suggests, meta
morphic minerals may represent essentially in situ  trans
formations of earlier sedim entary-diagenetic materials, 
what might those precursor materials have been? There 
are a number of possibilities, some of which, particularly 
in the case of some of these simpler ‘low -grade’ metamor
phic minerals, are already well recognised.

The chlorite of many metamorphic rocks may have 
been incorporated in the original sediments as fine chloritic 
detritus, or it may have originated as fine volcanic glass 
that was subsequently converted to montmorillonite and 
then, by iron and magnesium fixation, to chlorite. Sericite 
and muscovite may have been contributed to the original 
sediments as fine illite, or it may represent sea floor and 
diagenetic illitisation of kaolinite and other clay minerals. 
The biotite of metasedimentary rocks may have been de
trital, derived by erosion from granitic and older meta
morphic rocks; or pyroclastic, derived from dacitic and 
related volcanism; or it may be derived by potassium fixa
tion and structural reordering from marine glauconite.67 It 
has already been suggested68–70 that at least many of the 
almandine garnets of metamorphosed sediments may de
rive from marine chamosites, much of the zoning in the 
garnet stemming from the original oolitic structures of the 
chamosites. Although garnet contains a little more silica 
than do most chamosites, dispersed fine chemical silica 
within chamosite grains could readily supply the balance 
(F igure 5 ) .71 Possib le precursors o f  s tau ro lite  (and 
cordierite) are by no means obvious, but marine degrada
tion of, for example, calc-alkaline volcanic hornblendes 
might well yield mixed-layer clay-chlorite minerals simi
lar to some of those noted in volcanic clay deposits of Ja
pan.72 Granules of such materials, with finely admixed



Figure 5. A l2O3-S iO2-M 2+O re la tions in g a rne ts  from Broken H ill and  
M ount M ise ry  (dots) and  in cham osites from M ount M isery  
an d  in the lite ra tu re  (open circles).

chemical silica, as in the case of the cham osites above, in 
turn may be converted during compaction and metamor
phism to cordierite.

The aluminium silicate (Al2SiO5) polymorphs may in 
turn be derived from kaolinite, halloysite and related 
alumino-silicate clays, sometimes in com bination with 
hydrothermal-sedimentary diaspore, boehmite and gibbsite. 
It has previously been suggested73,74 that sillimanite might 
be generated by desilication and dehydration o f kaolinite. 
It is possible, however, that fibrolite, which may in some 
cases be a precursor of sillimanite, is derived preferen
tially from the fibrous or tubular m ember of the kaolinite 
family, halloysite. This clay mineral is generated particu
larly in volcanic areas as the result o f  degradation of 
feldspars by acid (sulphate-bearing) hydrothermal solu
tions75 and has been found in abundance in a number of the 
Japanese volcanic hydrothermal clay deposits. Develop
ment of sillim anite from  halloysite might occur by a 
desilication-dehydration process analogous to that indicated 
for kaolinite, or by the ordering of halloysite with associ
ated gibbsite, or with excess gibbsite in its structure.

In work on minerals present in the metamorphosed ‘al
teration zone’ associated with the Geco orebody (Ontario,

Figure 6. A l2O3-S iO2 w eigh t p e rcen t re la tions in the three classes o f hydrous ‘a lum ino-s ilica te ’ m ateria ls in tim a te ly  associa ted with s illim anite  in the 
Geco M ine, M anitouwadge, Ontario. Points fo r kaolinite, halloysite, pyrophyllite , sillim anite and  m ullite  are inc luded fo r re ference.



Canada), Stanton76 found three materials, whose identities 
were not obvious under the microscope, that commonly 
occurred in association with sillim anite, and electron 
microprobe analyses indicated that these were alumino- 
silicates. The most abundant of these alumino-silicate 
materials associated with the sillimanite occurs as dark, 
extremely fine-grained clots, which give low analytical 
totals (90–98% ) indicative of some water content, and plot 
on an Al2O 3-SiO 2 diagram as shown in Figure 6. A lighter 
coloured, less fine-grained member of the trio gives even 
lower analytical totals and plots very close to the position 
of halloysite.

There seems no likelihood that these materials reflect 
weathering or hydrothermal breakdown of sillimanite to 
clay minerals, since the drill core in which they occur comes 
from deep beneath a heavily glaciated, and little-weath
ered, terrain. Neither is there any evidence of alteration in 
associated sulphide or silicate minerals (such as biotite), 
and the microcrystalline material tends strongly to occur 
at the centres, not the peripheries, of aggregates of clear, 
sharp sillimanite crystals. Similarly, there is no evidence 
o f re trogression  in associa ted  biotite, alm andine and 
s tauro lite . Thus the fact that these m icrocrystalline 
alumino-silicate m aterials plot in an unmistakable trend 
intermediate between halloysite/kaolinite and sillimanite 
seems to give a strong indication that here preserved in an 
incomplete state is evidence of the prograde transforma
tion o f  h a llo y s itic /k ao lin itic  p recu rso r m ateria ls  to 
sillimanite.

On this general basis it may be suggested that the three 
A l2SiO 5 polymorphs, sillimanite, kyanite and andalusite, 
may in some cases each owe their development in meta
morphic rocks to nucleation and growth from a specific 
clay mineral of the kaolinite group, perhaps with additional 
influence imposed by associated aluminium hydroxides —  
gibbsite, boehmite and diaspore. If this were the case, the 
occurrence of particular Al2SiO5 polymorphs would thus 
be substantially a reflection of the compositions and crys
tal structures of precursors, and would have little or no 
pressure-temperature connotation. This does not, however, 
contradict the careful consideration of the problem of the 
A l2SiO5 polymorphs,77,78 or experiments79,80 which may be 
accepted as impeccable. Nevertheless, this evidence does 
strongly suggest that there are alternative ways of gener
ating these minerals, just as there are alternative ways of 
producing many other minerals.

Stanton81 has provided numerous examples of miner
als found in metamorphic rocks that have been, or can be, 
produced from simple or complex precursors of near iden
tical compositions, and even at low temperatures. Conse
quently, the development of a particular metamorphic min
eral assemblage can thus be seen to have devolved from 
constitutional features in the widest sense, that is, not only 
from simple ‘bulk chem istry’, but from this in combina
tion with the detailed features of the precursor crystal struc
ture or mixtures of structures. The nature of such struc

tures, and particularly of the mixed layering of clays —  
chlorites —  Al/Fe oxides/hydroxides —  zeolites, and of 
the admixture of these with amorphous SiO2 and silica/ 
alumina gels, is likely to be just as important as, or even 
more important than, ‘bulk composition’ in the develop
ment of a particular metamorphic mineral.

Possible Reasons for the Extensive 
Assemblages Associated with some 

Stratiform Ores
Having established that metamorphic mineral assem

blages, can be, indeed must be, derived by transformation 
in situ from simple and complex precursors as exempli
fied in the metasedimentary sheaths surrounding stratiform 
sulphide ores, it is now necessary to explain how these 
remarkably extensive metamorphic mineral assemblages 
of the stratiform ore environments develop, and the rea
sons for the great variations in composition of the original 
sediments that these mineral assemblages reflect.

It appears that most stratiform ores are formed by the 
contribution of mineral-bearing hot springs to the sea floor 
in areas of volcanic activity. The waters of such hot springs 
today are, of course, at a relatively high temperature, are 
also slightly acidic, and have a high dissolved solid con
tent and low Eh. As they disgorge onto the sea floor they 
encounter the water of the sea which is cold, slightly alka
line, possesses relatively low dissolved solids, and which 
may or may not have a low Eh (oxidation potential). Added 
to this, the output of the hot springs is likely to be some
what pulsatory, and the motion of the sea water likely to 
vary with variation of the slow bottom currents of the lo
cality concerned, these two factors leading to a fluctuating 
interplay between the warm, acidic and concentrated w a
ters of the hydrothermal regime and the cold, alkaline and 
dilute waters of the normal marine regime. It is this inter
play, the encounter of warm, concentrated hydrothermal 
solutions with cold, dilute sea water, that leads to the pre
cipitation of the ore minerals, and it is its fluctuating na
ture that leads to the development of the bedding of the 
stratiform ores.

However, the contribution of the springs involves more 
than the ore minerals. As well as iron, calcium and other 
metal compounds, it usually includes substantial quanti
ties of silica, alumina, and silica-alumina gels, the basic 
materials of the clay minerals and, through its acidic na
ture, it also involves the variable breakdown of detrital 
feldspars and other minerals to a variety of clays within 
the surrounding sea floor sediments. This activity may 
continue on well after the deposition of the stratiform 
orebody itself, and may thus lead to the accumulation of 
sediments not only of highly varying chemical composi
tion, but also containing a wide variety of clay and associ
ated chemical/detrital minerals.

Thus, sea-floor hydrothermal environments of ore for
mation, involving as they inevitably do, rapid fluctuations 
in the chemical and physical state of the mud-water inter



face, are likely to produce short-range changes of substan
tial chemical and crystal-structural significance in the 
sediments to which they are contributing, particularly to 
rapid variations in clay mineral assemblages, as sediments 
accum ulate. C hanges betw een dom inantly kaolinitic, 
halloysitic, illitic, chamositic, montmorillonitic, chloritic, 
glauconitic and related clay mineral sedimentation, changes 
that usually take place only over substantial distances and 
over substantial stratigraphic intervals in ‘norm al’ marine 
sedimentation, may take place with extreme rapidity, and 
on a very local scale, in the marine-hydrothermal regime. 
Thus if individual metamorphic minerals are essentially 
direct derivatives of specific clay, chlorite, mixed-layer clay 
and mixed-layer clay-chlorite and zeolitic mineral precur
sors, the sea-floor hydrothermal regime may generate over 
very small distances and over minute stratigraphic inter
vals the beginnings of a wide range of metamorphic min
erals, such as is usually observed to develop only over sub
stantial distances and over substantial stratigraphic inter
vals in ‘norm al’ marine pelitic sequences.

Clay Mineral Facies in the 
Marine-Shelf Environment

The small-scale sedimentary environments of stratiform 
ores such as those described thus indicate that the larger- 
scale regional metamorphic zones in pelitic rocks could 
have stemmed in many cases from semi-regional varia
tions in clay and related mineral assemblages consequent 
upon the variations in the nature and conditions of sedi
mentation.

The tendency of the clay and related layered silicate 
minerals to develop zonal patterns of distribution during 
shelf sedimentation is well established. Smoot,82 working 
in the Chester Series of the M ississippian sediments of Il
linois, observed that clay minerals were distributed in a 
regular pattern of essentially concentric zones which de
veloped outwards from what he interpreted as a delta onto 
an open marine shelf. He considered this distribution of 
clay minerals to be essentially a depositional, rather than a 
diagenetic, feature, the coarser kaolinite having settled 
closer ‘in-shore’, whereas the finer material remained sus
pended for some distance ‘out to sea’, thus adsorbing K + 
and being ‘transform ed’ to illite, which settled as sediment 
‘further from the shore’. Thus Millot83 and de Segonzac84 
both supported the suggestion that kaolinite, in tending to 
deposit as larger crystals closer to its interpreted continen
tal source, may be a palaeogeographical indicator of sup
posed old shorelines.

In considering the development of glauconite by the 
marine degradation of detrital biotite, Galliher85 pointed 
out that in the sediments of M onterey Bay, California, 
biotite-rich sandy sediments laid down in near-shore zones 
were facies of glauconite muds deposited further out to sea. 
Similarly, in studying clays being delivered to the present 
Gulf of Mexico, Griffen86 showed that a combination of 
current action and clay particle size led to an ordered dis

tribution of the different clay species, which in turn yielded 
a gradation facies pattern of clay minerals parallel to the 
coastline. Figure 7, which shows the degrees of mixing of 
clay types from several rivers flowing into the G ulf of 
Mexico, illustrates the scale and nature of clay mineral 
zoning in the near-shore, modern sediments o f the Gulf.

The Liassic (Jurassic) chamositic ironstones of Eng
land and Germany have been noted as occurring as a bound
ary facies between sandstone and shales, giving way lat
erally to sandstones on what has been interpreted as the 
shallower margin, and to silty shales towards what has 
been interpreted as deeper water.87 Thus it has been pro
posed that the ironstones developed as a near-shore facies, 
and that they were an accompaniment to pronounced delta 
formation, the chamosite-rich zones representing the pro- 
delta facies. Ellison,88 in his interpretation of the Middle 
Silurian sediments of the eastern USA, suggested that a 
ferruginous facies occurred near-shore between the pre
sumed palaeoshoreline and a carbonate reef facies. This 
ferruginous facies constitutes a clear zonal development 
of iron-rich sediment containing abundant chamosite as 
well as iron oxides. In a detailed study of the clay miner
als of the iron-rich facies, Schoen89 showed that chamosite, 
illite and chlorite were all abundant, the illite being detri
tal, the chlorite diagenetic, and the chamosite a primary, 
syngenetic precipitate. Similarly, Porrenga90 found that 
the iron-rich minerals in the modern sediments of the Niger 
delta of West Africa displayed a clear zoning of goethite, 
chamosite and glauconite parallel to the shoreline. This is 
clearly significant, because it is the ‘clay m inerals’, 
chamosite and glauconite, that are the possible precursors 
to garnet and biotite respectively.

Along the South American shelf receiving sediments 
from the Amazon River, G ibbs91 found a clear zoning of 
clay minerals developed both along and across the shelf, 
which he attributed quite simply to sorting by size. Jeans92 
likewise found distinctive zoning of clay mineral assem
blages amongst the sedimentary megafacies in the Triassic 
Keuper Marl, Tea Green M arl and Rhaetic Sediments in 
England. Two principal assemblages were recognised:-
(1) a detrital assemblage of mica with minor chlorite which 

occurred throughout the sediments investigated; and
(2) a ‘neoform ed’ assem blage of magnesium-rich clay 

minerals with a limited occurrence apparently related 
to certain megafacies cycles that had presumably re
sulted from the interpreted transgression and regres
sion of lighter, normal marine waters over heavier, 
highly saline Mg-rich waters of a restricted hypersaline 
environment.
Thus, whatever the cause —  variation in the nature of 

the source materials being eroded; differential settling due 
to systematic differences in particle size or of flocculation; 
systematic variations in adsorption and ‘neoform ation’, 
sea- floor alteration and agradation; variations in climatic 
conditions and tem peratures during sedimentation; or 
marine transgression or regression —  it is clear that the in



Figure 7. Z o na l pa ttern  o f m ix ing  o f d iffe ren t c lay  types a round portion o f the coast o f  the G u lf o f Mexico. ‘Apalach ico la-type c la y ’ re fers to the c lay  
m ine ra l su ite  con tribu ted  to  the G u lf b y  the Apalach ico la  River, as d is tinc t from  those contributed by  the M ississipp i a n d  M ob ile  Rivers.

cidence of different clay minerals in near-shore, and pre
sumed near-shore, marine sediments commonly acquires 
distinct zoned patterns. The details of these patterns are 
not entirely constant, and there is considerable overlap, 
but there does seem to be a widespread tendency for the 
sediments to develop broad facies patterns not only in the 
size and nature of their coarser components, but also, 
though less obviously, in the nature of the clay minerals 
that these sediments contain.

The facies of clay mineral sedimentation on volcanic 
shelves appear to be poorly studied, but it is envisaged 
that volcanic contributions to adjacent shelf areas may well 
modify and enhance features of clay mineral distribution, 
and hence may have considerable significance in the meta
morphic response of the sediments concerned. In areas of 
sedim entation adjacent to calc-alkaline volcanism  and 
hydrothermal activity, it is likely that kaolinite is joined 
by halloysite and one or more of gibbsite, diaspore and 
boehmite. Considerable hydrothermal iron could also be 
added to the sediments, and this presumably would favour

the generation of chamosite and glauconite in sedimentary 
facies, similar to the pattern found in the Niger delta. Ero
sion of deeply weathered hinterlands, particularly those 
characterised by extensive laterite-bauxite, would also lead 
to the gross contribution of ferriferous and aluminous ma
terial, and the addition of chamositic and glauconitic, and 
iron-rich chlorite, zones to the more common kaolinite-, 
illite-, and smectite-rich clay mineral facies patterns.

Thus with the superimposition of a substantial com
ponent of iron, in somewhat greater-than-usual amounts 
of aluminous matter, on what might be referred to as ‘nor
m al’ patterns of clay mineral sedimentation, we may visu
alise the development of a clay mineral zoning during sedi
mentation such as is depicted in Figure 8(a). It should 
now be recalled that all of these minerals in this pattern 
have been proposed as principle precursor materials of the 
common metamorphic index minerals. Figure 8(b) shows 
the metamorphic mineral zonation that would, if  these pre
cursor-product relationships are valid, derive from the sedi
mentary clay mineral zonation depicted in Figure 8(a). It



Figure 8. (a) Idea lized representation o f a pa ttern o f no tab ly alum inium - and iron-rich c lays and clay-type m aterials th a t m igh t develop in the 
warm waters o f a trop ica l sh e lf to which seaboard calc-a lkaline volcanic and  hydrotherm al activ ity were contributing.
(b), (c) S im ilarly idea lized representation o f metamorphic m ineral zones that m ight result from essentially isochem ical regional metamorphism, 
with concom itan t p recu rso r  →  m etam orphic m ineral transformation, o f the orig inal pa ttern o f detrital, sed im entary a nd  d iagenetic clays, 
as in (a). N ote tha t the orig ina l c lay  m ineral facies boundaries and the ir derived m etam orphic zones cu t across bedding, and  hence would  
be transgressive to la te r fo ld  structures.



should be noted that under such circumstances the given 
mineralogical zone may be confined to a single stratum on 
a local scale, a single stratum may encompass several 
zones, and that mineralogical (metamorphic) zones may 
develop at a high angle to bedding and hence cut across 
later developed fold structures. For the pelitic rocks, on 
this basis, metamorphic facies may reflect sedimentary 
facies, as the latter manifest themselves in subtle varia
tions in clay mineral assemblages.

A CREATIONIST ALTERNATIVE TO THE 
UNIFORMITARIAN INTERPRETATION

As w as noted at the outset, the concept of regional 
metamorphic zones and facies was initially developed by 
Barrow, and later by Kennedy, their interpretation of the 
metamorphic mineral zonation in the Dalradian of the Scot
tish Highlands being depicted in a somewhat simplified 
fashion in Figure 2. It would appear that Barrow was, 
very reasonably, conscious of the intrusive igneous rocks 
that cut the Dalradian rocks further to the north, and inter
preted the somewhat concentric zonation as a thermal ef
fect. However, there were in fact two possible explana
tions, not one, that he could have utilized, namely:-
(1) that the zones reflected increasing grades of metamor

phism of rocks of constant composition, as he con
cluded, or

(2) that they reflected a more or less constant metamor
phism of rocks of systematically, but subtly, changing 
constitution.
W hether Barrow saw only one possibility, or whether 

he saw the two and deliberately chose the first, we shall 
never know.

However, there is now this further evidence provided 
by stratiform ore environments that suggests that the sec
ond alternative merits very serious consideration. In the 
Pegmont deposit (north-west Queensland), for example, 
Stanton and Vaughan93 have presented what seems clear 
evidence that progressive change in metamorphic mineral 
assemblages and metamorphic mineral chemistry are, in 
those instances at least, a direct consequence of sedimen
tary facies. Changes in principal element abundances, as 
revealed in a series of drill-holes, from the centre to the 
edge of the Pegmont Basin represent a pattern of chemical 
sedimentation that must have developed in a shallow de
pression on the sea floor. The original materials of the 
chemical sedim ents were probably iron-rich clays and 
chlorites such as greenalite, minnesotaite and chamosite, 
together with goethite, and minor sulphide increasing in 
abundance towards the centre of the basin. Stanton and 
Vaughan show how this original constitutional pattern has 
given rise to a progressive change in mineralogy from ba
sin centre to basin edge. Proceeding outwards from the 
basin edge, the rocks become quartz-muscovite, quartz- 
muscovite-biotite and quartz-muscovite-biotite-feldspar as
semblages. That is, a ‘high-grade’ assemblage at the ba

sin centre grades out to garnet-biotite quartzite, and even
tually to a ‘quartz-m ica sch is t’ around the periphery. 
‘G rading’ of the metamorphic m ineral assem blages is 
clearly a simple consequence of a pre-existing sedimen
tary facies pattern in this small basin.

Implications — Zones of Precursor Materials
A s has now been  show n, the ev idence  o f some 

stratiform ore environments indicates that, even within a 
restricted and relatively uniform group of rocks such as 
the pelites, there may be sufficient constitutional variation 
to induce the development of a wide range of metamorphic 
minerals, indeed virtually all of the metamorphic minerals 
known, at a given temperature and pressure. This is pre
cisely the conclusion reached by Yoder from experimental 
evidence on the M gO -AI2O3-SiO 2-H2O system.94 Clearly, 
the system investigated by Yoder is very much simpler than 
the natural ones under consideration here, yet Yoder showed 
that at 600°C and 15,000psi it was possible to have as
semblages within that restricted system corresponding to 
every one of the accepted metamorphic facies in stable 
equilibrium. He pointed out that earlier investigators such 
as Eskola95 had based their identification of metamorphic 
zones and facies on the assumption that the rocks they had 
chosen were an isochemical group. However, Yoder noted 
that his experiments showed that changes of a few percent 
in composition (including water) may produce great dif
ferences in mineralogy, and that mineralogical differences 
interpreted by Eskola and others as resulting from changes 
in temperature-pressure conditions might actually be, for 
the most part, results of subtle changes in bulk composi
tion.

Having thus stated explicitly that observed minera
logical differences between rocks of different metamor
phic facies might be ‘the result o f variation in bulk com
position and need not represent variations of pressure and 
tem perature’, it now seems ironic that Yoder should have 
gone on to say, ‘This conclusion, based on experimental 
fact, appears to be a t variance with fie ld  observations’. 
The metapelitic rocks associated with many stratiform ores 
now clearly indicate, as did Yoder’s experiments, that dif
ferences in metamorphic mineral assemblages may be due 
entirely to variation in the constitution of the rocks, and 
need not, and at least in some cases do not, represent vari
ations in pressure and temperature. The ‘field evidence’ 
is there in the metasedimentary sheaths o f stratiform ores. 
Far from being ‘at variance’ with Y oder’s experimental 
results, it appears to confirm them.

Thus the evidence suggests that there may well be an 
alternative, in the general sense, to B arrow ’s interpreta
tion which has become almost unassailable dogma in the 
geological literature. At least in some cases metamorphic 
mineral zones may reflect no more than subtle, but sys
tematic, variations in the clay mineral assemblages of the 
original pelitic sediments, variations consequent upon sedi
mentary facies in turn stem m ing from the filling and



shallowing of sedimentary basins and shelves, and from 
transgression and regression associated with epeirogenic 
changes in shelf and basin depths. Additional factors ef
fecting such clay mineral assemblages may have been the 
contribution of particularly copious quantities of aluminium 
and  iro n  com pounds th ro u g h  n earb y  c a lc -a lk a lin e  
volcanism, and the prevailing climate. Warm waters, as 
in the tropics today for example, may have favoured the 
development of abundant chamosite in the appropriate 
facies, and hence, during subsequent metamorphism, the 
development of a pronounced and extensive garnet zone. 
Indeed, one suspects that it may be the sediments of calc- 
alkaline volcanic shelves developed under warm water (to
day’s tropical) conditions that eventually yield the clear
est metamorphic mineral zonations.

In such a context the broad zoning and separation of 
metamorphic minerals in ‘norm al’ sedimentary sequences, 
as com pared w ith the tiny, ‘com pressed’ sequences of 
stratiform ore environments, has been on a scale large 
enough to be compatible with, and indeed to suggest, that 
the mineralogical changes stem from regional changes in 
temperatures and pressures. However, this breadth of scale 
has probably misled us, and the clue to this possibility that 
we have probably been misled is provided by the stratiform 
ores. This line of thought indicates:–
(1) E arly-developed sedim entary/diagenetic precursor 

materials of the kind postulated may lead to the re
gional development of metamorphic mineral zoning 
mimicking that due to prograde metamorphism.

(2) In some cases an interplay between early, cryptic zon
ing of such sedim entary/diagenetic precursors, and 
later zoning of true prograde metamorphic tempera
ture-pressure conditions may lead to confusing pat
terns of m ineralogical zonation including apparent 
grade reversals.

(3) The ‘patchy’ rather than zonal distribution of the vari
ous metamorphic mineralogies so often found in the 
field, and instances in which patterns of metamorphic 
mineral occurrences appear to bear no relation to ei
ther structural or intrusive features, may be attribut
able to primary precursor patterns rather than to vari
ations in metamorphic grade.
None of the foregoing should be misconstrued to im

ply that prograde metamorphism is not a response to in
creased tem peratures and pressures within a given volume 
of sedimentary and/or other rock strata. That such meta
morphism is indeed a P-T-X response (particularly a tem
perature-composition response) on a regional scale has 
been taken as well established and therefore self-evident. 
However, what has been emphasised is that development 
of metamorphic minerals may result not so much from the 
‘bulk chem istry’ of the parent pelitic material, as from the 
crystal structures and chemical compositions of the innu
merable individual particles of which it is composed. If 
(a) regional metamorphism is substantially a response of 
these pre-existing crystalline particles to a rise in tem pera

tures, (b) the different crystal structures respond at differ
ent temperatures, and (c) such temperatures vary in space 
and time, then it may be expected that the various relevant 
metamorphic daughter products will develop in ordered 
patterns in space and time. That is, regional metamor
phism may proceed to different ‘grades’ that may reveal 
themselves by the areal distribution of different mineral 
assemblages and paragenetic sequences.

At first sight this may appear to be exactly the current 
conventional view of regional metamorphic grade and min
eral zonation. This, however, is not the case, and the prin
ciple involved may be illustrated by a re-examination of 
the Dalradian metamorphic terrain of Scotland (see Fig
ure 2 again) and the regional metam orphic zones there as 
mapped and interpreted by Barrow. Those zones are cur
rently regarded (and have been so regarded for 100 years) 
as reflecting the progressively changing response of pelitic 
rocks of essentially uniform bulk chemical composition to 
a rise in temperature that itself exhibited an ordered in
crease in space. Thus the mineralogical zonation from 
so u th -so u th eas t to n o rth -n o rth w e s t o f ch lo rite - to 
sillimanite-bearing assemblages is interpreted as indicat
ing a general increase in regional metamorphic tempera
tures in a north-northwest direction. However, on the ba
sis of the precursor principle as proposed by Stanton,96,97 
and discussed here, metamorphic temperatures may not 
have been significantly different over the entire terrain af
fected; they may simply have been sufficiently high to 
convert all members of a group of precursor minerals, ar
ranged in zones of premetamorphic origin, to their respec
tive daughter products (see Figure 8 again).

The words ‘sufficiently h igh’ are chosen deliberately. 
It would be very surprising indeed if all precursors con
verted to their relevant metamorphic daughter products at 
similar temperatures. There can be little doubt that the 
various transform ations, as distinct from simple grain 
growth being the mechanism involved, would take place 
at different temperatures. If this were indeed the case, 
then the different grades of metamorphism would be marked 
by the temperatures of precursor transformations rather 
than temperatures of intermineral reactions as convention
ally visualised. Clearly, the interplay between zonal sedi
mentary/diagenetic patterns of precursor occurrence on the 
one hand, and different temperatures (and pressures) of 
transformation of these precursors on the other, may well 
be complex. It is likely, for example, that neoformed 
chlorite will assume a high degree of crystallinity, and illite 
transform  to m uscovite, at low er tem peratu res than 
siliceous chlorites might transform  to alm andine, or 
kaolinite-gibbsite mixed layers re-order to silliminite.98 
However, the place of other potential transformations in 
terms of the ‘standard’ pattern of regional metamorphic 
zonation (chlorite-biotite-garnet-kyanite-sillim anite) is 
quite unknown at this stage. Indeed, temperatures of any 
particular transformation may be influenced substantially 
by kinetic factors, as has already been suggested in the



cases of sillim anite" and cordierite,100 and this, together 
with palaeogeographical factors, might induce reversals 
and other deviations from ‘norm al’ zoning patterns.

Implications — Only Up to Moderate 
Temperatures Required

We noted earlier that Stanton and W illiams101 found 
significant differences in garnet compositions developed 
and preserved from one thin bed to the next on a scale of 
1mm or less in a finely laminated garnet-quartzite in the 
Broken H ill metamorphic terrain, New South Wales. Fur
thermore, w hereas garnet com positions varied grossly 
across bedding, they were completely uniform along beds, 
indicating that the observed finely layered compositional 
arrangement was a direct reflection of original bedding. 
In other words, they maintained that a chemical sedimen
tary feature of the finest scale had been preserved through 
a proposed period claimed to be at least 1.8 billion years, 
including a very high-grade metamorphic episode. How
ever, it strains credulity to suppose that this original pat
tern of chemical sedimentation could have been preserved 
with the ‘utmost delicacy’, through a presumed period of 
1.8 billion years through the claimed high temperatures 
and pressures of very high-grade metamorphism.

W hat is equally amazing is the discovery by Stanton102 
of distinctly hydrous ‘quartz’ in well-bedded quartz-m us
covite-biotite-almandine-spinel rocks also in the Broken 
Hill metamorphic terrain. Stanton comments that it seems 
‘rem arkable’ that this silica could still retain such a nota
bly hydrous nature (7– 10% w ater) after 1.8 billion years 
that included relatively high-grade (that is, high tempera
tures and pressures) metamorphism! He also insists that 
this well-bedded unit in part represents chert that exhibits 
delicately preserved fine bedding in spite of being involved 
in high-grade metamorphism.

So the quartz in this Broken Hill metamorphic rock 
unit was originally chemically-sedimented silica, depos
ited as a product of sea-floor hydrothermal exhalation as 
hydrous silica gel, that with diagenesis and aging dehy
drated and transformed in situ  to quartz —  a metamor
phic mineral. Thus it has not been produced by any meta
morphic reaction, being derived directly from an ancestral 
hydrous form of silica. Even any induced variable grain 
growth and coarsening due to presumed metamorphic heat
ing has in no way obliterated the fine bedding. However, 
this is wishful thinking, that some of this hydrous quartz, 
that is supposed to be transformed in situ to quartz merely 
with the low tem peratures of diagenesis and aging, should 
not only survive intact through a presumed period of 1.8 
billion years, but the high temperatures and pressures of 
high-grade metamorphism. Surely, if this ‘remarkable’ dis
covery proves anything at all, then it is that metamorphic 
quartz has not only been produced by dehydration and 
transformation in situ  o f precursor silica gel and/or chert, 
but that the temperatures, pressures and time-scales pos
tulated are not necessarily required. Indeed, this discov

ery indicates that, since quartz does form from its hydrous 
silica precursor at the low temperatures of diagenesis, these 
claimed high-grade metamorphic rocks may not have suf
fered high temperatures and pressures at all!

Stanton103 has concluded that if the regional metamor
phic silicates do develop principally by transformation and 
grain growth, the problem of the illusive metamorphic re
action in the natural milieu  is resolved. Preservation of 
what appear to be disequilibrium concentration gradients 
and mineral assemblages follows naturally if the materi
als formed at low temperatures and pressures, particularly 
in  w et sed im en tary  and  sed im en ta ry -h y d ro th erm al 
depositional regimes, simply undergo early water loss fol
lowed by in situ solid-solid transformation with rising tem
peratures and pressures. There is no destabilising of large 
chemical domains (‘bulk chem istries’) leading to exten
sive diffusion, no w idespread reaction tending to new 
equilibria among minerals that develop as groups in ac
cordance with the requirements of the Phase Rule. Puz
zled speculation that some metamorphic rocks might a t
tain their mineral assemblages directly rather than through 
a series of mineral reactions, and hence without passing 
through each successive grade, appears to be answered. 
The common lack of evidence that ‘high-grade’ zones have 
passed through all the mineral assemblages of the ‘lower- 
grade’ zones, an inevitable corollary of the ‘progressive’ 
nature of the conventional understanding of metamorphism, 
seems accounted for. The real metamorphic grade indica
tors are then not the hypothetical inter-mineral reactions 
usually postulated, but the relevant precursor transforma
tions, which may be solid-solid or in some cases gel-solid. 
O f course, it would be going too far to maintain that there 
was no such thing as a regional metamorphic mineral re
action, or that regional metamorphic equilibrium was never 
attained. Nevertheless, such phenomena appear not to have 
anything like the dominating importance in regional meta
morphism that is currently assumed, and the role of meta
morphic reactions in generating the bulk of regional meta
morphic mineral m atter is probably, quite contrary to 
present belief, almost negligible.

The other key factor in elucidating regional metamor
phic grades, zones and mineral compositions besides pre
cursor mineral/sediment compositions would thus be the 
temperatures of precursor transformations, rather than the 
temperatures of presumed ‘classical’ metamorphic min
eral reactions. It is therefore highly significant that hy
drous ‘quartz’, which should have been totally dehydrated 
at relatively low temperatures, is still found today with its 
water content in a ‘high-grade’ metamorphic terrain. This 
is not an isolated occurrence. Many such examples indi
cate that such transformations do occur at low to moderate 
temperatures and pressures, and that the time-scales in
volved may not have been as long as suggested. Thus it is 
conceivable that regional metamorphic terrains with their 
zones of ‘classical’ index minerals could have been pro
duced as a result of catastrophic sedimentation, burial and



tectonic activities over short time-scales, the zones only 
being a reflection of variations in original sedimentation, 
as can be demonstrated in continental shelf depositional 
facies today.

Regional Metamorphism Within 
the Creationist Framework

In the creationist framework of earth history there is 
more than one episode capable of producing large regions 
of zoned metamorphic rocks. During the Creation Week it 
is not clear when the first rocks were created and formed, 
although of course the Scriptural record clearly states that 
dry land was formed and covered in soils ready for plants 
to grow in during Day Three. The earth itself was created 
on Day One, but we are only told that it was then covered 
in water. We can only speculate whether there was a rocky 
earth beneath differentiated at that point of time into a core, 
mantle and rocky exterior crust.104 Furthermore, the na
ture of any such early-formed rocky crust would be diffi
cult to decipher from today’s surface exposures, because 
the rocks there have undergone changes due to the cata
strophic events since. Nevertheless, we can clearly infer 
from what we are told in Genesis 1 that the formation of 
the dry land on Day Three must have involved both earth 
movements (tectonism), erosion of the emerging land sur
face due to the re trea tin g  w aters, and deposition  of 
sediments in the developing ocean basins. So at the very 
least there is here sedimentation capable of producing zones 
of sediments with subtle differences in bulk chemistry and 
mineralogy that would be precursors for accompanying or 
subsequent regional metamorphism. It is because tectonism 
accompanied this sedimentation that we cannot preclude 
the possibility that with such earth movements, plus deep 
burial o f some of these sediments, some metamorphism in 
some regions may have accompanied this Day Three re
gression.

O f course, there is no reason to assume that this sedi
mentation did not continue on into, and through, the pre- 
Flood era. Furthermore, any volcanism and tectonism that 
occurred during the Creation Week may also have contin
ued on into the pre-Flood era, but obviously with an inten
sity and frequency subdued enough so as not to generate 
impossible living conditions for the residents of the pre- 
Flood world. Thus the pre-Flood continental shelves and 
ocean basins would have continued to accumulate a vari
ety of sediments w ith zonal patterns of different clay and 
other minerals, perhaps not too dissimilar to those observed 
today and described earlier (for example, see Figure 7). 
There also seems no reason not to suppose that there was 
also sea-floor hydrothermal activity, with hot springs is
suing forth a variety of chemicals to interact with the nor
mal marine sedimentation. After all, the Scriptural record 
does say that at the time the Flood began the fountains of 
the great deep were broken up (Genesis 7:11), which could 
be read to imply that fountains already in existence were 
broken up, to then catastrophically issue forth voluminous

water, dissolved chemicals/minerals, and probably accom
panying molten rock. That these fountains did exist prior 
to the Flood could be inferred from Revelation 14:7, which 
speaks of the Creator Who made the heaven, the earth, the 
sea, and the fountains of waters. Thus in the pre-Flood era 
there is wide scope for the development of sedimentation 
patterns that may have subsequently been metamorphosed, 
due to heat released and burial at the outset o f the Flood 
producing temperatures sufficient to induce precursor trans
formations and regional zones that would mimic conven
tional ‘grades’. Nevertheless, it is suggested that the scope 
for metamorphism itself would have been somewhat lim
ited in the pre-Flood era.

It is, of course, the Flood event itself which provides 
perhaps the greatest scope for regional metamorphism 
within the creationist framework of earth history. With 
water eventually again covering the whole earth, cata
strophic sedimentation occurred as the pre-Flood land sur
face was eroded away. The vast thicknesses of fossil-bear
ing strata are mute testimony to the deep burial of large 
volumes of sediments. The rock record also testifies to 
vast outpourings of lavas, so that volcanism on a global 
sca le  en su red  the re le a se  o f  co p io u s  am oun ts of 
hydrotherm al w aters during  sed im enta tion , and the 
sedim ents would also have included volcanic compo
nents.105 Tidal resonance of the global ocean’s waters 
would have ensured an episodic nature to sedim enta
tion,106,107 and rapid deformation and tectonism would have 
ensured both elevated temperatures and pressures in thick 
sediment piles, as well as the potential for repeated cycles 
of sedimentation, metamorphism, erosion, sedimentation 
and then metamorphism again in regions that overlapped 
as this catastrophic activity shifted geographically.108 Add 
to this the possibility of rapid plate tectonics with thermal 
run-away subduction, rapid rifting, and ‘rapid’ continent- 
continent collisions as per conventional plate tectonics 
minus the evolutionary tim e-scale,109–111 and one has a suf
ficient scenario for the various settings required for re
gional metamorphism. The range of induced pressures 
would have, of course, been short-lived, and the time-scales 
would have only allowed for moderate temperatures to be 
reached. However, as we have seen, the evidence pre
sented now indicates that composition is the primary fac
tor in metamorphism, and that the zoning of index miner
als found across regionally metamorphosed terrains is de
pendent upon the presence and compositions of precursor 
minerals, and the temperatures at which those precursors 
are transformed.

This overall scenario may be somewhat simplistic, but 
it does provide the ‘skeleton’ of a creationist explanation 
for regional metamorphism. As was noted at the outset, 
the biggest problem creationists face with the conventional 
scenario for regional metamorphism is the heat presumed 
to have been involved,112 given that even with rapid burial 
beneath kilometres of sediments time is needed to produce 
that heat within the sediment pile. However, we have now



seen that only moderate temperatures may be needed to 
transform the precursors into the index minerals of the 
zones of regional metamorphism, and such moderate tem
peratures would have conceivably been generated in the 
short time-scale in the Flood event described above, both 
due to the thicknesses of the sediment piles catastrophi
cally accumulated, and due to the increased heat flow from 
the mantle because of rapid plate tectonics.113 This higher 
heat flow during the Flood also would have progressively 
raised ocean w ater temperatures. This has been confirmed 
by oxygen isotope analyses of foraminifera fossilised in 
the lowermost deep-sea sediments in today’s post-Flood 
ocean basins (such fossilised foraminifera building their 
tests in equilibrium with the w aters at the time they lived, 
which would have been at the end of the Flood/beginning 
of the post-Flood era).114 So the waters trapped in the Flood 
sediments would have been warmer than the waters being 
trapped in sediments today, thus giving the buried sediments 
a ‘head start’ in reaching the temperatures required for 
diagenesis, and then the moderate temperatures required 
for regional metamorphism.

This demonstrated necessity for only moderate tem
peratures to transform precursors, even at the highest con
ventional ‘grades’, also alleviates the conventional need, 
raised as an objection against Flood geology by Young,115 
to bury sediments under loads up to 16–19 kms thick to 
produce the presumed high temperatures and high pres
sures conventionally thought necessary for regional meta
morphism. These conventionally postulated overlying 
thicknesses Young also posed as another problem, as they 
need to be then eroded away subsequent to that metamor
phism so that the metamorphosed strata are now exposed 
at the earth ’s surface again. Thus, given the primary im
portance of precursors and zones of different precursors in 
the sediments, it has now been demonstrated that the crea
tionist framework with its short time-scale, and particu
larly the Flood event, appears to be able to cope with the 
moderate temperatures, pressures and depths of burial, plus 
the catastrophic loading and unloading (burial and ero
sion), required for regional metamorphism, and for the dis
tribution of regionally metamorphosed rocks and their con
stituent ‘grade’ zones that we see exposed on the earth’s 
surface today.

Some Remaining Problems to be Solved
It would be m isleading to give the impression that no 

problems remain to be solved. Far from it. While the 
‘skeleton’ of this creationist scenario for regional meta
morphism, based as it is on observational and experimen
tal realities, is both conceivable and feasible, the ‘bones’ 
need ‘fleshing ou t’ and the principles enunciated here need 
to be applied specifically from region to region of meta
morphic rocks across the earth’s surface today, and verti
cally and time-wise down through the rock record.

And some problems about the rocks and minerals them
selves also remain to be resolved. For example, at what

specific temperatures and pressures are the various pre
cursors transformed? Obviously, the answ er to that ques
tion will enable quantification of the temperatures, pres
sures and depths of burial required for regional metamor
phism within the creationist framework. Also, how do 
porphyroblasts develop in the many cases where diffusion 
has been restricted? Are they
(1) products of transformation of large particles, for ex

ample, impure chamosite ooliths and particles in the 
case of garnet,

(2) products of transformation of concretions and related 
p roducts developed  by p o s t-se d im e n ta tio n  and 
diagenetic processes, a derivation that would account 
for many ‘spotty’ porphyroblasts, and porphyroblasts 
that straddle bedding planes, or

(3) products of later inhibition-dependent and orientation- 
dependent coarsening?116

These processes would readily account for porphyroblasts 
of a given mineral in a matrix of its own kind, for exam
ple, quartz porphyroblasts in quartz-rich metapelites, and 
for porphyroblasts that straddle bedding planes. These 
mechanisms would also account for porphyroblasts related 
to, or developed after, tectonic deformation.

Another group of problems lies in relationships be
tween metamorphic minerals and phases of deformation. 
It seems likely that some interpretations of metamorphic 
microstructures may require revision, although there has 
been some recent vigorous discussion on some aspects of 
this issue.117–124 However, it remains to be seen whether or 
not apparent sequences of development of metamorphic 
minerals may be attributed, more simply, to differences in 
their deformational behaviour and in their variable pro
pensity to anneal and to undergo secondary grain growth 
in the metallurgical sense. Thus there is still a lot of work 
for creationists to do in dealing with many of the minera
logical and textural issues in metamorphic petrology from 
the short time-scale perspective, including conventional 
experimental studies on mineral stabilities and reactions. 
Only then will we have developed a comprehensive expla
nation of regional metamorphism within the creationist 
framework for earth history.

CONCLUSIONS

A careful search of the metamorphic petrology litera
ture reveals that in recent years doubts have been expressed 
regarding the basic assumptions of the ‘classical’ or con
ventional explanation for regional metamorphism. Pre
cise microscope and electron microprobe studies now in
dicate that there are severe limits on the distances involved 
in metamorphic diffusion, which in turn imposes severe 
constraints on both the extent of supposed mineral reac
tions and the opportunity for equilibration of mineral as
semblages. Even where different minerals are found side- 
by-side, that conventional wisdom would expect to have 
reacted, no evidence of such mineral reactions can be found.



Furthermore, the preservation of very fine scale zoning 
patterns within single crystals indicates that, even at the 
supposed highest grades of metamorphism, equilibrium has 
not been attained even within single crystals. One is thus 
forced to conclude that the chemical components of a meta
morphic grain now occupying a given small domain are 
derived directly from those chemical components occupy
ing that domain immediately prior to the onset of meta
morphism —  in other words, the metamorphic mineral must 
represent the in situ  growth and/or transformation of a pre- 
metamorphic material o f sim ilar overall composition.

These conclusions are strikingly confirmed by the ar
ray, assemblages and compositions of metamorphic min
erals found w ithin and surrounding stratiform sulphide 
orebodies. Since these ores have now  been demonstrated 
to have formed due to hydrothermal springs on the sea- 
floor, the enclosing rocks with their metamorphic assem
blages must represent original pelitic sediments produced 
in concert with ‘norm al’ marine sedimentation. Studying 
the assemblages of mineral species and their compositional 
variations in these m etasedimentary sheaths shows that 
original sedimentary features even at the finest scale (1mm 
or less) have been preserved through claimed millions of 
years and the supposed highest ‘grades’ of metamorphism. 
Furthermore, there is no clear micro-structural evidence 
of mineral reactions and metamorphic equilibrium has not 
been established. Indeed, the whole spectrum of index 
minerals characteristic of the presumed zones of regional 
metamorphism occurs within centimetres of each other. It 
is thus concluded that the key factor in the development of 
a particular set of metamorphic minerals is the composi
tion, not just the bulk chemistry, of the pelitic rock, and the 
detailed features of precursor materials, their crystal struc
tures and their compositions.

Therefore, these stratiform ores and their metamor
phic assemblages reflect original sedimentation in sea-floor 
hydrothermal environments mixing with ‘norm al’ marine 
sedimentation, the clay and other minerals in the sediments 
being the precursors to the metamorphic assemblages now 
present. Extension of this precursor principle to wider 
zones of sedimentation reveals that both in present-day 
marine shelf environments and in the depositional envi
ronments reflected in a number of ‘ancient’ sedimentary 
basins, there are wide zones of pelitic sediments contain
ing different clay and related mineral assemblages, such 
that if these were metamorphosed they would result in 
metamorphic mineral assemblages that would mimic the 
zones of regional metamorphism with their characteristic 
index minerals.

Furthermore, it has been demonstrated that these trans
formations of precursor minerals/materials into metamor
phic mineral assemblages can occur at low to moderate 
temperatures. Some o f these metamorphic minerals have 
been found w ith remnants of their precursor materials 
alongside, the two coexisting in rocks that are supposed to 
have experienced the highest ‘grade’ of metamorphism.

The most extreme example, the presence of distinctly hy
drous ‘quartz’ in high-grade metamorphic rocks, even af
ter 1.8 billion years and such metamorphism, can only mean 
that temperatures were low to moderate and the time-scale 
was very short. Thus it is feasible to conclude that the 
classical zones of regional metamorphism represent zonal 
patterns of the original sedimentation, and that the precur
sor clay and associated minerals have undergone transfor
mation to metamorphic mineral assemblages at low to mod
erate temperatures and pressures. Furthermore, this im
plies that the depths of burial required were considerably 
less, and consequently the time-scales as well.

Creationists can therefore explain regional metamor
phism within their time framework on the basis of cata
strophic sedimentation, deep burial and rapid deformation/ 
tectonics, with accompanying low to moderate tempera
tures and pressures, particularly during the Flood, but also 
during the tectonism, erosion and sedim entation of the 
emerging land surface on Day Three of the Creation Week. 
Volcanism on a global scale, and thus the release of copi
ous amounts of hydrothermal waters, during sedimenta
tion would have produced zones of different precursor m a
terials, and also provided heat for metamorphism during 
the Flood year. Catastrophic erosion caused by the re
treating Flood waters would also have left previously-bur
ied metamorphic rocks exposed at the earth’s surface to
day.

Thus the major objections raised, on the basis of the 
conventional explanation of regional m etam orphism , 
against the young-earth Creation-Flood model of earth his
tory are answerable, and an alternative creationist expla
nation has been outlined on the basis of observational and 
experimental realities. Further work is, of course, needed 
to quantify the conditions required for precursor transfor
mations, while various mineralogical and textural issues 
in metamorphic petrology, and in microstructural analysis 
of phases of deformation, need to be dealt with to make 
this creationist explanation comprehensive.
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