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Preface

My interest in pyrometamorphosed rocks began in 1981–82 as a Humboldt Fellow at
the Institute for Mineralogy, Ruhr University, Bochum, Germany, with Professor Werner
Schreyer, where I began a study of basement xenoliths erupted from the Wehr Volcano,
east Eifel. A comprehensive suite of xenoliths had already been obtained by Gerhard
Wörner (now Professor of Geochemistry at Gottingen University) and I was fortunate
to be able to select samples from his collection for further detailed study. The xeno-
liths, mainly mica schists, had all undergone various stages of reaction and fusion.
Because the high temperature reaction products and textures were fine grained they
were difficult to study petrographically and for me they presented an entirely new group
of rocks that I had had almost no experience with. However, by extensive use of the
backscattered electron image technique of the electron microprobe the “wonderful
world” of mineral reaction/melting textures arrested in various stages of up-tempera-
ture transformation by quenching was revealed. Almost every image showed some-
thing new. I had entered the seemingly complex and at times contradictory realm of
disequilibrium where metastable nucleation and crystal growth is the norm.

Pyrometamorphism is a type of thermal metamorphism involving very high tem-
peratures often to the point of causing fusion in suitable lithologies at very low pres-
sures. The high temperatures are provided by flow of mafic magma through conduits,
by way of spontaneous combustion of coal, carbonaceous sediments, oil and gas, and
through the action of lightning strikes. These conditions characterise the sanidinite
facies of contact metamorphism. Although pyrometamorphic effects related to igne-
ous activity are usually restricted to very narrow aureoles and xenoliths and to the
point of impact in lightning strikes, pyrometamorphic rocks may be exposed over a
surface area of hundreds to thousands of square kilometres in the case of combustion
of gently dipping coal seams. In all these instances, temperature gradients are extreme,
varying by several hundred degrees over a few metres or even centimetres. Relatively
short periods of heating create an environment dominated by metastable melting and
rapid mineral reaction rates driven by significant temperature overstepping of equilib-
rium conditions. This results in the formation of a large variety of high temperature
minerals, many of which are metastable, are only found in pyrometamorphic rocks
and are analogous to those crystallising from dry melts in laboratory quenching ex-
periments at atmospheric pressure.

Compared with other types of metamorphic rocks, pyrometamorphic rocks are rare
and volumetrically insignificant. This is probably the main reason why pyrometamor-
phism and sanidinite facies mineral assemblages have received scant attention in many



modern petrology text books despite the fact that there is a considerable literature on
the subject dating back to 1873 when the first buchite was described and named. In
recent years, a number of papers have appeared in international Earth Science journals
detailing field relations, microtextures, mineralogy and geochemistry of pyrometamor-
phic rocks and related phenomena and so it seemed to me that there was a timely need
for a review/synthesis of the subject. This book is the result. It is not a textbook but
essentially a compilation of available data relating to some 76 terrestrial occurrences
of igneous, combustion and lightning strike pyrometamorphism of quartzofeldspathic,
calc-silicate, evaporite and mafic rock/sediment compositions. Examples of anthropo-
genic pyrometamorphism such as brick manufacture, slag production, waste incinera-
tion, drilling and ritual burning are also given for comparison. The last chapter deals
with aspects of high temperature disequilibrium reactions and melting of some com-
mon silicate minerals. My hope is that the book will stimulate further research into
these fascinating rocks to help explain the many unanswered questions relating to
processes and products of metamorphism under very high temperature/low pressure
conditions.

Freiburg, September 2005 Rodney Grapes
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Chapter 1

Introduction

Pyrometamorphism, from the Greek pyr/pyro = fire, meta = change; morph = shape or
form, is a term first used by Brauns (1912a,b) to describe high temperature changes
which take place at the immediate contacts of magma and country rock with or with-
out interchanges of material. The term was applied to schist xenoliths in trachyte and
phonolite magma of the Eifel area, Germany, that had undergone melting and elemen-
tal exchange (e.g. Na2O) with the magma to form rocks consisting mainly of alkali
feldspar (sanidine, anorthoclase), cordierite, spinel, corundum, biotite, sillimanite and
(relic) almandine garnet ± andalusite. Brauns (1912a,b) considered the essential indi-
cators of pyrometamorphism to be the presence of glass with the implication that
temperatures were high enough to induce melting, pyrogenic minerals (i.e. crystal-
lised from an anhydrous melt), replacement of hydrous minerals by anhydrous ones,
the preservation of crystal habits of reacted minerals and of rock textures.

Tyrrell (1926) defined pyrometamorphism as pertaining to the “effects of the high-
est degree of heat possible without actual fusion” [authors italics] and considered that
the term could be usefully extended to “all products of the action of very high mag-
matic temperatures, whether aided or not by the chemical action of magmatic sub-
stances”. He regarded pyrometamorphic effects as “… conterminous with, and hardly
distinguishable from, those due to assimilation and hybridization”. Tyrrell’s defini-
tion thus fails to include the presence of glass or fused rocks (buchites, see below) that
are amongst the most typical products of pyrometamorphism.

A further term, caustic (= corrosion) metamorphism was introduced by Milch (1922)
to describe the indurating, burning and fritting effects produced in country rocks by
lavas and minor intrusions. It was replaced by Tyrrell (1926) with what he felt to be the
more appropriate optalic metamorphism (Greek optaleos = baked [as bricks]) to de-
scribe such effects: “… optalic effects are produced by evanescent hot contacts at which
heat is rapidly dissipated. The elimination of water and other volatile constituents, the
bleaching of carbonaceous rocks by the burning off of carbon, the reddening of iron-
bearing rocks by the oxidation of iron, induration, peripheral fusion of grains (fritting);
in short, analogous kinds of alteration to those produced artificially in brick and coarse
earthenware manufacture, are the most notable effects of this phase of metamorphism.
Argillaceous rocks are often indurated with the production of an excessively hard
material called hornstone, lydian-stone, or porcellanite. Some hornstones and novaculite
are due to this action on siliceous clays and shales. The coking of coal seams by igneous
intrusions, and the columnar structures induced both in coals and in some sandstones,
are also to be regarded as the effects of optalic metamorphism”. The term is now ob-



2 Chapter 1  ·  Introduction

solete and the effects of combustion of coal and other organic matter, can be included
under pyrometamorphism.

Pyrometamorphic rocks are thus extensively documented in relation to xenoliths in
basic lavas and shallow intrusions, in narrow aureoles immediately adjacent basaltic
necks and shallow intrusions, and as fragments in tuffs and volcanic breccias (Fyfe
et al. 1959; Turner 1948, 1968). Most of the standard metamorphic petrology textbooks
do not include the products of combustion of coal seams/organic-rich sediments, or
lightning strikes, as pyrometamorphic products. The Subcommission on the System-
atics of Metamorphic Rocks (SCMR) of the International Union of Geological Sciences
(IUGS) (Smulikowski et al. 1997) refers to these variants of contact metamorphism as
burning metamorphism (although the term combustion metamorphism is also in use)
and lightning metamorphism.

In contrast to the localised (contact) occurrence of pyrometamorphism associated
with igneous rocks and particularly so in the case of lightning strikes, it is important
to note that pyrometamorphic products of burning coal seams and carbonaceous sedi-
ments can be of regional extent, e.g. outcropping over an area of some 200 000 square
kilometers in the western United States. However, the process involves steep tempera-
ture gradients to produce burnt to completely melted rocks over a restricted interval
of anything from a few centimeters to a few meters at or near the Earth’s surface.

1.1
Terms

There are a number of rock terms commonly used in association with the phenom-
enon of pyrometamorphism, e.g. buchite, porcellanite, sanidinite, emery, paralava,
clinker, fulgurite, together with the more general terms, vitrified or fused and burnt
rocks. These can be characterised, together with related and mostly outdated terms,
as follows:

■ Buchite – A partly to almost completely vitrified rock resulting from intense con-
tact metamorphism. Pyrometamorphic xenoliths and contact aureole rocks described
as altered (verändert) or glassy (verglast) sandstone (buchites) associated with
basaltic rocks were first described from a number of localities throughout Germany
(e.g. Zirkel 1872, 1891; Mohl 1873, 1874; Lemberg 1883; Hussak 1883; Prohaska 1885;
Rinne 1895). The term buchite appears to have been coined by Mohl (1873) presum-
ably after the German geologist, Leopold von Buch (Tomkeieff 1940), to describe
fused rock (geglühte Sandstein) in contact with basalt and replaced the term basalt-
jasper (Fig. 1.1). Although initially applied to partially melted sandstone (Lemberg
1883; Morosevicz 1898; Bücking 1900; Harker 1904), buchite was later used to de-
scribe fused pelitic rocks (Flett 1911; Thomas 1922; Jugovics 1933). The rarely used
term, para-obsidian describes a nearly holohyaline buchite containing a few microlites
of phases such as mullite and tridymite.

■ Porcellanite – A light coloured, very fine grained, completely recrystallised pyro-
metamorphosed clay, marl, shale or bauxitic lithomarge. Originally named from a
naturally baked clay considered to be a variety of jasper (Werner 1789) which led
to the adoption of the now obsolete term porcelain-jasper.
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■ Sanidinite – Sanidinite was proposed (Nose 1808) as a term for igneous rocks and
segregations/inclusions therein consisting mainly of sanidine or anorthoclase (e.g.
nosean sanidinite, hauyne sanidinite [gleesite], aegirine-augite sanidinite [para-
fenite], scapolite sanidinite [hüttenbergite]). The term is now mainly restricted to
pyrometamorphic rocks (xenoliths) with a sanidine-syenite composition, but con-
sisting of sanidine/anorthoclase, biotite, cordierite, orthopyroxene, sillimanite/
mullite, spinel, corundum, ilmenite, Ti-magnetite (i.e. biotite sanidinite [laachite]
of Brauns 1912a; Kalb 1935, 1936; Frechen 1947).

■ Emery – A dark, hard, dense granular rock consisting mainly of corundum, spinel,
magnetite and/or ilmenite-hematite (sometimes including pseudobrookite, mullite,

Fig. 1.1. Sketch of thin section of a tridymite-cordierite-clinopyroxene-spinel buchite from Otzberg,
Germany (Fig. IV of Mohl 1873). This is the first rock to be termed buchite. The letters refer to: a = relic
and cracked quartz overgrown by and with inclusions of tridymite; b = feathery-like/dendritic ?pyrox-
ene (centre of diagram); c = needles of clinopyroxene; d = small vesicles with dark rims and centres;
e = trichites of magnetite; f = rhombic and hexagonal crystals of cordierite (mistakenly identified as
nepheline); g = glass surrounding cordierite; h = spinel; i = zoned pores filled with goethite; k = brown-
coloured glass matrix

1.1  ·  Terms
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cordierite, sanidine) formed by high (near basaltic magma) temperature metamor-
phism of laterite (ferriginous bauxite), aluminous (pelitic) sediment, or as an alu-
minous residue (restite) resulting from removal of a “granitic” melt fraction from
pelitic-psammitic rocks.

■ Paralava – A name given to vesicular, aphanitic, fused shale and sandstone that re-
sembles artificial slag or basalt in physical appearance, produced by the combustion
of coal seams. Originally termed “para lavas” by Fermor (Hayden 1918) from obser-
vations in the Bokaro Coalfield, India, after previously regarding them as basaltic
lava from their highly vesicular, ropy structure (Fermor 1914). The analogous term
parabasalt has been adopted in Russian literature (e.g. Sharygin et al. 1999) to de-
scribe glassy and holocrystalline rocks that contain olivine, ortho/clinopyroxene,
calcic plagioclase, Fe-Al spinels, ± leucite, resulting from melting by spontaneous
combustion in waste heaps of the Chelyabinsk coal basin.

■ Clinker – hard rock resembling burnt paving-brick (klinkaerd) used in Holland, that
rings when struck with a hammer. Gresley (1883) defines clinker as coal altered by
an igneous intrusion, but it is now applied to sedimentary rocks that have been
baked and/or partially melted by the combustion of coal seams or bituminous sedi-
ments. In the United States, the term was first applied to hard red rocks overlying
burnt coal seams in Eastern Montana by Prince Alexander Maximilian in 1833, be-
cause of their strong resemblance to the waste products of European brick kilns,
and when struck, emitted a clear sound “like that of the best Dutch clinkers” (Sigsby
1966). Glassy clinkers (sometimes referred to as scoria) are effectively buchites.

■ Fulgurite – (Latin fulgur = lightning). An irregular, glassy, often tabular or rod-like
structure produced by the fusion of loose sediment, but also solid rock, by light-
ning.

1.2
Sanidinite Facies

As mentioned above, sanidinite is a term synonomous with pyrometamorphism and
was first used by Brauns (1912a,b) to describe sanidine-rich xenoliths in volcanic rocks.
The term was adopted by Eskola (1920; 1939, pp. 347–349) as his highest temperature,
lowest pressure metamorphic facies (sanidinite facies) characterised by the occur-
rence of sanidine (typically with a high Na-content) and pigeonite (clinohypersthene).
Compositions and notations of sanidinite facies minerals used throughout the text
are listed in alphabetical order in Table 1.1.

In contact aureoles of shallow basaltic intrusions, in sediments overlying burnt coal
seams and in combusted carbonaceous sediments, sanidinite facies rocks represent the
end product of a continuous spectrum of contact metamorphism that occurs over very
short distances ranging from centimeters to tens of meters. The effects of high tem-
perature and chemical disequilibrium caused by incomplete reaction due to rapid
heating and cooling that are indicated by pyrometamorphic mineral assemblages, their
compositions, crystal habit, textures, and preservation of glass, are typically quite dis-
tinctive and do not fit well into other facies of contact metamorphism.

At low pressures (< 2 kb), differentiation of sanidinite facies from pyroxene hornfels
facies rocks can be characterised by the absence of andalusite and pyralspite garnet
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in quartzo-feldspathic rocks (Chapter 3) and grossular in calc-silicate rocks. In silica-
poor calcareous rocks, Turner and Verhoogen (1960) propose that the formation of
monticellite from diopside and forsterite marks the transition from pyroxene hornfels
to sanidinite facies (Chapter 4). In mafic and ultramafic rocks the distinction from
pyroxene hornfels assemblages is difficult. Both may contain olivine, clinopyroxene,
orthopyroxene, spinel, and exhibit a hornfelsic texture, so that the distinction, although
not particularly relevant, might depend on recognition of diagnostic mineral assem-
blages in intercalated metasedimentary rocks (Chapter 5).

Although melting, disordered feldspars, and pigeonite may be stable under granu-
lite facies conditions, they recrystallise, invert and/or unmix during slow cooling (Miya-
shiro 1973), and it is rapid cooling rates as evidenced by finer grain size and a low
pressure geological setting that should also be used to distinguish sanidinite facies
from granulite facies rocks. A case in point is the emery rocks of the Cortland Complex,
USA, that contain a “sanidinite facies” assemblage of sillimanite, spinel, corundum and
Ti-Fe oxides (emeries) and represent extreme metamorphism of quartz-poor rocks
involving partial melting and melt extraction, as evidenced by networks of quartzo-
feldspathic veins. Local silicification reactions in the proximity of these veins has led
to the formation of sapphirine, pyrope-rich garnet, Al-orthopyroxene and cordierite
with increasing silica activity. While thermobarometry indicates formation tempera-
tures at ~1000 °C, a pressure of ~7.5 kb puts these rocks well within the granulite facies
field (Tracy and McLellan 1985).

Occurrences of sanidinite facies rocks are typically insignificant compared with other
facies of metamorphism. They clearly contain unusual and unique mineral composi-
tions and exhibit features of paragenesis that indicate a merging with igneous rocks.
Mineral assemblages developed from fusion of pelitic, psammitic and marl composi-
tions in particular are closely analogous to the products of crystallisation of dry melts
in laboratory quenching experiments at atmospheric pressure (Turner 1948).

As stated above, sanidine often with a considerable Na-component is a key mineral
of Eskola’s definition of sanidinite facies and reflects the continuous solid solution
between K- and Na-feldspars at temperatures > 650 °C. The problem with the term is
that many sanidinite facies rocks, e.g. calc-silicate, basic and ultrabasic lithologies,
with K-absent, Al-Si-poor compositions, and even many buchites derived from fusion
of quartzofeldsapthic rocks, do not contain sanidine. In buchites, the K-feldspar com-
ponent commonly remains dissolved in the melt (glass). In the case of “non-igneous”
sanidinite (as xenoliths), sanidine/anorthoclase form when the melt “modified” by
Na-exchange with surrounding magma (especially trachyte or phonolite) crystallises
during high temperature annealing to enclose typical sanidinite facies minerals such
as Ti-rich biotite, mullite-sillimanite, spinel, corundum, ilmenite, etc.

Nevertheless, despite the above-mentioned problems, the “sanidinite facies” as a facies
of contact metamorphism is still in widespread use and is retained as one of the ten
recommended main metamorphic facies by Smulikowski et al. (1997). Based on T-P
estimates of pyrometamorphosed rock occurrences described later, the sanidinite facies
stability field is shown in Fig. 1.2. The upper pressure limit is somewhat arbitrary, al-
though it can be significantly higher than the ~0.6 kb suggested by Turner and Ver-
hoogen (1960; Fig. 79), and available data indicates lithostatic = vapour pressure con-
ditions of < 3 kb. While maximum temperature conditions resulting from igneous ac-

1.2  ·  Sanidinite Facies
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tivity are defined by wet to dry basic magma liquidus temperatures (e.g. ~1190–1260 °C
at 1 kb), at atmospheric conditions temperatures up to ~1500 °C can result from the
combustion of coal and carbonaceous sediments and are up to 2000 K or greater for
lightning strike pyrometamorphism. Details of mineral reactions, stabilities and fluid
compositions that enable petrogenetic grids to be established for different bulk com-
positions are presented in chapters detailing pyrometamorphic rock occurrences.

1.2  ·  Sanidinite Facies



Chapter 2

Thermal Regimes and Effects

Pyrometamorphism related to intrusion of mafic magma and the burning of organic
material is expected to result in anisotropic thermal expansion and contraction dur-
ing heating and cooling in contact rocks due to reaction and melting of the mineral
phases. Columnar jointing, cracking and dilation are typical of the structures devel-
oped. Temperature variation can be extreme with thermal gradients of several hun-
dred degrees developed over a few meters or even tens of centimeters, particularly in
the case of combustion and lightning strike metamorphism.

2.1
Igneous Pyrometamorphism

2.1.1
Aureoles

Pyrometamorphism affects rock that is in contact with intrusion of typically mafic-
intermediate magmas. Evidence of pyrometamorphosed metasediment, metabasite,
and granitic host rocks intruded by shallow basaltic and andesitic plugs, sills and
dykes has been reported from many localities commonly with the development of
buchites in the case of psammitic-pelitic protoliths. Mineral reconstitution is largely
restricted to within about 0.5 m of the igneous contacts, but is some cases the ther-
mal effects and their resultant structures such as columnar jointing are locally devel-
oped up to 50 m from the contact.

The generation of very high temperatures, sometimes approaching 1200 °C, in con-
tact aureoles results is steep thermal gradients and has been ascribed to flow of magma
through conduits that represent feeders of lava flows, turbulent magma flow (e.g. in
sills), convective circulation in larger magma bodies or relatively short filling times
in the order of < 100 years, geologically ‘instantaneous’ (a few days) intrusion in the
case of smaller bodies, and both convective and conductive heat transfer via water
through the contact rocks. While various temperature profiles constructed normal to
the igneous contacts have been attempted using appropriate mineral equilibria (see
below), estimation of the timing of the pyrometamorphic event is more difficult, al-
though the use of Ar and element diffusion profiles and modeled changes in thermal
profiles with time have been made (e.g. Wartho et al. 2001).

The efficiency of heat transfer of magma through a conduit is critically dependent on
the magma flow regime. Turbulent flow can dramatically increase temperatures in contact
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country rock to approach that of the magma (Huppert and Sparks 1985) resulting in fu-
sion and the development of a wide aureole. Rocks containing substantial modal K-feld-
spar, Na-plagioclase, quartz and muscovite/biotite, e.g. pelite, arkose, granite-granodior-
ite, tend to fuse more readily than refractory lithologies such as quartzite, adjacent turbu-
lent basaltic magma. Turbulence is commonly associated with high flow rate and reduced
viscosity, particularly where the conduit acts as a feeder to lava flows. It may develop around
areas of local irregularities in the wall rock, where there is a marked change in the attitude
or a change in thickness of the intrusive body. In comparison, laminar flow typically re-
sults in chilling and a relatively low contact temperature of perhaps midway between that
of the magma and the mean temperature of the country rock prior to intrusion (e.g. Delaney
and Pollard 1982). Where heat conduction is the only mechanism of energy transport
within the magma and contact rocks, the maximum temperature attained at a contact
is equal to about two-thirds of the solidus temperature of the magma (Jaeger 1968;
p. 520–23). On the other hand, convection in a narrow boundary layer along a vertical
contact will maintain the contact temperature at or even slightly above that of the basaltic
solidus during the early stages of crystallisation (Shaw 1974).

Thermal modeling of the contact rock considering a basaltic sill of half thickness h
emplaced in country rock with the same thermal conductivity, specific heat capacity
and density or thermal diffusivity κ as the magma, and ignoring the latent heat of
magma crystallisation is detailed by Wartho et al. (2001) using three models:

1. Conductive cooling following instantaneous emplacement.
2. Convection driven by heat loss into the roof rocks of the sill while the floor remains

insulated following instantaneous emplacement.
3. The magma/country rock contact is held at a constant temperature as in the case

where prolonged turbulent flow of magma through the sill maintains the magma
emplacement temperature along the contact.

The three models are illustrated in Fig. 2.1 in terms of time-temperature relation-
ships at dimensionless temperatures (T), distances (y) and times (t) from the igneous
contact. Temperature at any position in the country rock at a particular time can be
found in terms of the following dimensionless variables:

■ Dimensionless temperature:

■ Dimensionless distance:

Y = y/h

■ Dimensionless time:

τ = κ t/h2

where Tmag = initial magma temperature and Tcr = initial contact rock temperature.
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Following Jaeger (1964), the temperature-position-time relations for the three
models are:

■ Conductive cooling (θcond) (model 1):

■ Convective cooling above upper contact (θconv) (model 2):

■ Continuous turbulent intrusion (θcont) (model 3):

The models predict, for example, that at the contact (Y = 0), the temperature re-
mains at θ = 1 for as long as the magma is flowing, whereas in the conductive model,

Fig. 2.1.
Temperature-time relation-
ships for three thermal models
at dimensionless distances
(Y = 0, 0.5 and 2) from the
contact of a sill. Short-long
dash line = θcond (model 1);
dashed line = θconv (model 2);
solid line = θcond (model 3),
(after Fig. 1 of Wartho et al.
2001). See text

2.1  ·  Igneous Pyrometamorphism
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θ does not exceed 0.5. In the convective model, θ is initially 1 and then gradually de-
creases until reaching 0.5 at τ ~ 3. At any given time the prolonged turbulent emplace-
ment model gives the highest temperature and the conductive model the lowest tem-
perature. Under conditions of Y = 2 the thermal histories are virtually indistinguish-
able after τ ~ 1. It can also be noted that in all three models heating will be greater
above than below the sill, whereas under conditions of conductive cooling or forced
flow heating will be symmetrical. Wartho et al. (2001) point out that the symmetry of
thermal metamorphism and the maximum temperatures reached at given distances,
especially those near the contact, should be sufficient to constrain the dominant heat
transfer process.

Koritnig (1955) has calculated a number of heating curves over a period of 180 days
in sandstone adjacent the Blaue Kuppe dolerite, Germany, and also heating profiles
developed within 100 cm of the contact over a period of three days (Fig. 2.2). In both
cases a constant temperature of 1200 °C is maintained along the contact implying
magma flow. The curves, for example, show that temperatures of 1000 °C in sandstone
0.5 m from the contact may be reached after ~20 days and after 180 days 2 m from the
contact. After little more than one day, the temperature of sandstone 10 cm from the
contact is 1000 °C. The temperature-distance relations are supported by the abun-
dance of glass (buchite) present in the contact rocks. The calculated temperature curves
ignore the role of the expulsion of intergranular fluid from the sandstone that is ef-
fective in transferring heat.

In Fig. 2.3 thermal profiles away from roughly circular gabbro (~50 m) and peridotite
(200 m) plugs on Rhum, Scotland, are shown together with melt volume generated in
their respective aureole arkose rocks (Holness 1999). The onset of melting occurs at a
distance of ca.15 m from the gabbro but only 6 m away from the peridotite and in both
cases the amount of melt increases abruptly with the beginning of melting, both reach-
ing 75 vol.% within a few metres. Application of a simple, one-dimensional, two-stage
model to both aureoles is made by Holness (1999), assuming:

1. The intrusions are vertical cylinders intruded into country rock with an initial
ambient temperature of 30 °C.

2. 1st stage of thermal history; contact kept at constant temperature to simulate flow
of magma through cylindrical conduits.

3. 2nd stage of thermal history; cooling only that occurs after end of magma flow.
4. Thermal diffusivity of both intrusions and country rock = 10–6 m2 s–1 and heat

capacity = 2.5 J cm–3 K–1.
5. The latent heat of melting of a country rock arkose of 50 wt.% quartz, 25 wt.%

albite, 25 wt.% orthoclase is modeled using expressions of Burnham and Nekvasil
(1986) for latent heats of fusion of end member feldspar components. The latent
heat of fusion of magma can be ignored in view of the fact that the latent heat of
fusion of melting of country rock has no appreciable effect on Tmax curves in Fig. 2.3.

The results of the thermal modeling are that for a peridotite magma temperature of
1000–1200 °C, intruded as a single stage crystal-rich mush, the heating lasted 3–10 years;
for a gabbro magma temperature of 1200–1250 °C a constant contact temperature lasted
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Fig. 2.2. Above: An E-W cross section of the Blaue Kuppe dolerite, near Eschwege, Germany (after
Fig. 5b of Koritnig 1955). Below: a Heating curves for sandstone within 3 m of the dolerite contact
assuming a constant contact temperature of 1200 °C over a period of 180 days; b heating curves for
sandstone within 100 cm of the contact over 3 days assuming a constant contact temperature of 1200 °C
(after Figs. 8 and 9 respectively of Koritnig 1955)

2.1  ·  Igneous Pyrometamorphism
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35–40 years due to magma flow through the conduit. The calculated contact tempera-
tures also predict complete melting of the country rock within 10 m of the gabbro contact
and within a few metres of the peridotite. This is not the case (Fig. 2.3) suggesting that
either melting was inhibited by factors such as kinetics of the melting reactions or
availability of H2O, or the models are unrealistic close to the contacts. Within 10 m of
the gabbro, the model predicts that all melt solidified within 10 years of the onset of the
2nd stage cooling. That cooling to temperatures below the solidus occurred within
ca. 5 years is supported by evidence of destruction of millimetre-scale layers rich in
detrital magnetite in the arkose within 10 m from the gabbro contact. From Stokes’ law,
the velocity at which spherical particles of radius r fall through a liquid of viscosity µ
is given by

Fig. 2.3. Thermal profiles (Tmax) (below) and melt contents (vol.%) (above) for arkosic country rock
surrounding gabbro and peridotite plugs, Mull, Scotland (after Figs. 11 and 6 of Holness 1999, respec-
tively). See text. Errors in temperature due to insufficient experimental data for melting (first appear-
ance of melt), variable bulk Fe content relating to chlorite breakdown reaction, and uncertainly about
kinetics of microcline-sanidine transition. Errors in distance due to exposure and finite sample spac-
ing. Curve A = magma T 1200 °C, contact remains at constant T for 3 yr; curve B = magma T 1000 °C,
contact remains at constant T for 10 yr. Unlabelled two curves fitting gabbro data = magma T 1250 °C,
contact T remains constant for 35 yr, and for magma T 1200 °C, constant contact temperature for 40 yr
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where g = acceleration due to gravity; ∆ρ = difference between density of solid (mag-
netite of 5.3 g cm–2) and liquid (melt of 2.3 g cm–1); melt viscosity (µ) = 106–107 poise.
A magnetite crystal of 0.1 mm diameter will drop by 1 cm in 170–1700 days thus oblit-
erating the fine-scale layering.

2.1.2
Xenoliths

The preservation of pyrometamorphosed suites of xenoliths characterised by differ-
ent mineral assemblages within individual magmatic bodies implies mechanical dis-
integration of various source lithologies of a deeper contact zone. In areas where
igneous contacts are irregular, mechanical erosion of wall rock of suitable composi-
tion may occur leading to concentrations of xenoliths such as observed in thin (up to
6 m wide) basic sheets of the Ross of Mull peninsula, Scotland (e.g. Kille et al. 1986;
Fig. 2 of Holness and Watt 2002), or along the contact of a steeply dipping pipe-like
body such as Blaue Kuppe, Germany (Fig. 2.2). Xenolith population sizes are typically
small, a few centimetres to several tens of centimeters in diameter, although occa-
sional rafts several meters across and length (rarely with outcrop dimensions of sev-
eral hundred meters by several kilometers) also occur. In more homogeneous litholo-
gies such as quartzite and sandstone, the resultant xenoliths tend to be blocky and
are often larger compared with those of rocks that are layered on a scale of a few
millimeters to centimeters, e.g. as in schist. Very large blocks, tens to a hundred meters
or more in diameter, usually of coarsely crystalline rock, e.g. granite or homogeneous
sandstone, are usually found close to their wall rock source.

Once rock temperatures attain values where melting (usually along quartz-feld-
spar contacts) occurs, the rigidity and mechanical integrity of the rock becomes sig-
nificantly reduced and in wall rocks unstable portions tend to be dislodged and en-
trained within the magma (Fig. 2.4). Further disaggregation, for example of mica-
rich and quartz/feldspar-rich parts (greater than a few mm thick) in schist blocks
engulfed in magma, is generally the rule with each part undergoing different paths
and rates of bulk melting and recrystallisation. Partially melted/reconstituted mica-
rich layers tend to form rafts whereas interlayered quartz-feldspar rich layers may
temporarily remain as scattered clots of partially melted (rounded and resorbed) grains
of quartz and sometimes feldspar in a siliceous melt (Fig. 2.5).

Lovering (1938) has calculated that the temperature in the core of a 2 m thick xenolith
of marble heated by conduction would approach that of the surrounding magma within
a few weeks implying that the formation temperature of pyrometamorphic mineral
assemblages in the xenolith can be equal to the magma temperature. An analysis of the
heating and partial melting of a xenolith during cooling of a mafic magma is given in
the schematic diagram shown in Fig. 2.6 after Wyllie (1961). The diagram shows a lag
time between the heating of the xenolith (T1) and formation of melt (t2) at which time
the temperature of the xenolith is increased to T2 with an equilibrium melt for this

2.1  ·  Igneous Pyrometamorphism
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temperature forming at t4. At t4 the temperature of the xenolith has increased to that
of the cooling magma. By t5 both magma and xenolith have cooled to T3. While the
magma cools from T4 to T3, the xenolith continues to melt and reaches its maximum
state of fusion at T3. After t5 magma and melt within the xenolith cool together with
crystallisation of minerals from the melt and with remaining melt quenched at tq.

Because heating times during pyrometamorphism are fast and relatively short, the
rate of crystal nucleation will also lag behind the change in temperature. Peak meta-
morphic temperatures are unlikely to be maintained for very long before cooling
commences (T3 at t5) and as the rate of cooling is significantly less than the rate of

Fig. 2.4.
Schematic diagram showing
formation and evolution of
xenoliths in turbulent basaltic
magma intruding a layered
meta-sandstone–siltstone se-
quence (modified after Fig. 15
of Preston et al. 1999)

Fig. 2.5. Sketches of two partially melted xenoliths occurring in Recent hawaiites from Mt. Etna, Italy
(after Fig. 11 of Michaud 1995). Siliceous parts contain cristobalite, tridymite in alkali-rich acidic
glass. Quartz, zircon, apatite and titanite remain as relics. Peraluminous parts contain cordierite,
spinel, Ca-plagioclase, magnetite-ilmenite and rutile in peraluminous (often K or K + Fe-rich) glass
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heating, most crystallisation will probably occur during the period of cooling under
nearly isothermal conditions as shown and cease with quenching on eruption.

Thermal modeling of a partially melted xenolith of granite in a cooling stock of
trachyandesite and of granite surrounding the plug is analysed by Tommasini and
Davies (1997). Dimensions and thermal conditions for the modeling are:

■ Plug: diameter = 50 m, intrusion temperature = 1100°C, heat of crystallisation =
400 kJ kg–1 (effective thermal diffusivity κ of trachyandesite 9 × 10–7–2.6 × 10–7 m2 s–1).

■ Granite xenolith: width = 4 m; beginning of melting = 850 °C at Pload < 500 bar;
heat of fusion = 300 kJ kg–1 (effective thermal diffusivity κ of granite 1 × 10–6

–4.4 × 10–7 m2 s–1).
■ Country rock granite: maximum temperature = 50 °C at time of intrusion.

Fig. 2.6. Schematic diagram showing relationships between cooling curve of mafic magma, heating
curve of a xenolith, and curve of equilibrium melt formation in xenolith. Horizontal lines between
xenolith heating and melt formation curves represent the time-lag between the two (modified after
Fig. 4 of Wyllie 1961). Additional T-t regions of formation of few and abundant crystal nucleii in the
melt are also shown together with possible quenching on eruption curves. See text

2.1  ·  Igneous Pyrometamorphism
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The resulting temperature-distance-time profiles shown in Fig. 2.7 indicate that the
granite xenolith reaches solidus temperature within ~3 months and attains a maxi-
mum temperature of ~1000 °C after ca. 1.5 years. For melting to occur in the granite
country rock, the initial intrusion temperature of the trachyandesite of 1100 °C would
need to be maintained by a constant flow of magma. The time required to reach the
granite solidus temperature obtained from

where Tmagma remains constant at the contact (xi = 0 m); Ti = country rock tempera-
ture at distance xi from the contact; κ = thermal diffusivity of the granite; t = time
lapsed since intrusion, indicates that after 20 days of continuous flow the tempera-
ture is > 850 °C (~ temperature of biotite melting) 0.5 m from the contact.

2.2
Combustion Pyrometamorphism

Baked and fused rocks developed on various scales resulting from the combustion of
organic and bituminous matter, coal, oil or gas in near-surface sediments are examples
of this type of pyrometamorphism where thermal energy is provided through burn-
ing. Ground magnetic and aeromagnetic surveys across areas of such combustion

Fig. 2.7. Temperature-distance-time profiles of a cooling 50 m diameter trachyandesite plug intruding
granite and containing a 4 m wide block of granite (after Fig. 4 of Tommasini and Davies 1997). See text
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metamorphism indicate high anomalies in the range of several thousands of gammas
(e.g. Cisowski and Fuller 1987). Temperatures attained during burning range from
~400 °C to as high as ~1600 °C resulting in a large variety of pyrometamorphic rock
products, often on the scale of a single outcrop, from thermally altered but unmelted rocks,
termed burnt rocks or clinker, to those that are fused, termed paralava, scoria, or slag.

2.2.1
The Burning Process

The agent of combustion pyrometamorphism is heat created by oxidation of organic
matter and, in many cases associated sulphides (typically pyrite), through access of
atmospheric oxygen into a rock sequence by way of joints, cracks and faults, or due
to exposure by slumping. Heating occurs by way of the low temperature of oxidation
combined with absorption of moisture. Because of its diverse composition and het-
erogeneous nature, oxidation of carbon, such as in coal, is a complex process, but a
simplified exothermic reaction can be expressed as:

C + O2 = CO2 + heat (94 kcal mol–1)

with the rate of reaction doubling for every increase of 10 °C (Speight 1983). Normally
the generated heat is carried away by circulation of air, but where it cannot escape the
temperature of the coal is raised to its “threshold temperature” of somewhere be-
tween 80–120 °C where a steady reaction resulting in the production of gases such as
CO2, CO and H2O occurs. As the temperature continues to rise to somewhere between
230–280 °C, the reaction becomes rapid and strongly exothermic and spontaneous
combustion occurs when the coal reaches its ignition point. While changes in mois-
ture and oxidation can explain most spontaneously-generated heat in coal, there are
several other important contributors to its pyophoricity such as:

■ Rank. As coal rank decreases, the tendency for self-heating increases. Sub-bitumi-
nous coals tend to have a higher percentage of reactive macerals such as vitrinite
and exinite that increase the tendency of coal to self heat.

■ Particle size. There is an inverse relationship between particle size and spontaneous
combustion; the smaller the particle size the greater surface area available on which
oxidation can take place.

■ Pyrite content. The presence of pyrite and marcasite (usually in concentrations
> 2 vol.%) may accelerate spontaneous heating by reaction with oxygen according
to the equation

4FeS2 + 11O2 = 2Fe2O3 + 8SO2 + 6.9 kJ g–1 pyrite

Both pyrite and marcasite swell upon heating. This causes the surrounding coal to
disintegrate resulting in a reduction of the particle size involved in oxidation reactions.

■ Temperature. The higher the temperature, the faster coal reacts with oxygen.
■ Air flow. The flow of air provides the oxygen necessary for oxidation to occur and

at the same time can also remove heat as it is generated.

2.2  ·  Combustion Pyrometamorphism
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■ Geological/environmental factors. Sedimentary rocks which enclose coal seams or
organic matter are poor conductors of heat. Faults and fractures in the rocks allow
the influx of water and oxygen enhancing oxidation and heating. Areas of exten-
sive combustion metamorphism are typically associated with anticlinal or rift struc-
tures where fracturing allows the access of oxygen. Drying and microbial decom-
position of subsurface organic material will also result in heat production to the
point of self ignition.

Coal Seams

The generally applicable nature of the burning process and the structures produced
from the combustion of coal seams is discussed by Sigsby (1966) in relation to burning
lignite seams in North Dakota. In the initial stages when fire spreads laterally along
exposed lignite and back into the outcrop, air supply is unrestricted and provides

Fig. 2.8. Schematic diagrams showing the effects of combustion metamorphism of a lignite seam
with respect to competent overburden (a) and collapsed overburden (b) (after Fig. 2 of Sigsby 1966)
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strongly oxidizing conditions that causes reddening of the roof rocks for a few centi-
meters (Fig. 2.8a). With continued burning, a cavity may form where the lignite is burned
out. If the overburden rocks are relatively thin and incompetent, they will tend to col-
lapse exposing more lignite to the atmosphere (Fig. 2.8b). If the overburden is thicker
and competent, the lignite continues burning inwards extending the cavity but at the
same time the oxygen supply becomes progressively restricted creating more reducing
conditions. Reducing conditions could also be enhanced if partial slumping of the
overburden occurs and this could also extinguish the fire. Increasingly, reduced con-
ditions coupled with conservation of heat by the competent overburden causes partial
distillation of the lignite to form coke and resultant production of CO and H2O which
disassociates allowing the formation of more CO in addition to H2. Along with SO4
from the breakdown of gypsum and pyrite in the lignite, these gases move upward through
cracks and fractures in the roof rocks, transmitting heat by contact and causing the
wall rocks to melt. From the coal itself, combustion produces coal ash, typically a mixture
of the non-combustable products, quartz, feldspar, clays (largely kaolinite), illite, py-
rite and carbonates such as calcite and siderite, that melts from the heat of combustion
to produce a slag or paralava containing new, high temperature minerals and glass.

As excavation continues by burning of the coal, structural resistance of the overbur-
den to collapse by fracturing may be exceeded. When this happens, the fractures pro-
vide rapid access of air leading to a combination of newly supplied oxygen and accu-
mulated combustion gases that provide enough heat to cause further and more exten-
sive fusion (Fig. 2.8b). Some of the melt may flow into the fractures and in combination
with collapsed rock fragments, clog the opening to produce a chimney assemblage and
divert gases into other fractures. With erosion these chimneys remain as remnants of
hard, fused rock masses projecting through partly baked rocks (Fig. 2.9; see also Plate 1A
of Rogers 1917).

Fig. 2.9.
Anatomy of a chimney struc-
ture, an erosion remnant from
burning of a coal seam, con-
sisting of black and vesiculated
paralava containing clasts of
clinker. The coal-ash zone is
composed of glassy, vesicular
paralava (after Fig. 2 of Cosca
et al. 1989)

2.2  ·  Combustion Pyrometamorphism
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Combustion of lignite with a restricted supply of oxygen produces CO and H2O as
the main volatile products. Water quickly disassociates with the oxygen combining with
C to produce more CO and the two combustion gases in combination with SO4 from
gypsum and pyrite in the lignite are strong reducing agents and move upward through
fractures and interstices in the sediments transmitting heat by contact rather than con-
duction. Heat so transmitted may be high enough to melt to sediment close to the gas
vents and rapid heat loss results in a gradation from melted, through fritted to baked
rock (Fig. 2.8b). The gases also tend to cause reduction of hydrous iron oxides to fer-
rous compounds in the melted rock and to magnetite, as the gases tend to loose their
reducing capacity in higher zones. With continued upward migration, H2 and CO oxi-
dize to H2O and CO2 and still retain sufficient heat to cause baking and resultant oxi-
dation of iron compounds to produce the typical reddening effect commonly observed.

Whatever the cause (oxidation on exposure to the atmosphere, lightning, prairie
fire, etc), combustion always starts at the surface, often where exposures are made by
rapidly cutting streams, spreading first along the outcrop and then inwards. As the coal
burns out, the overburden generally collapses to form a breccia or, where there are clay
horizons a crumpling of slumped, coherent strata occurs. Into the outcrop heat tends
to be more strongly conserved causing more intense pyrometamorphism until a point
is reached where the combustion is smothered by a lack of oxygen. Rogers (1917) con-
cludes that in general, where there is a cover of more than 15–30 m, and where the coal
seam is horizontal, burning does not extend more than 60–90 m back from the outcrop.
Field observations indicate that thin seams appear to be less commonly burnt than
thick ones and seams of impure coal burn less commonly than those of cleaner coal.

An interesting example of pyrometamorphic cap rocks resulting from coal fires of
Pliocene–Holocene age are recognised in NW China below river terraces (Zhang et al.
2004) (Fig. 2.10). The burnt rocks are between 100–150 m thick and characterised by
reddish colour, millimeter-sized hexagonal columnar jointing, vesicular glassy rocks
with microflow structure, porcellanitised kaolin, roof collapse and resultant brecciation,
and with the coal layer reduced to an ash layer only a few centimeters thick typically
rich in gypsum. Thermo-magnetic analysis of burnt rock indicates the presence of
trace amounts of metallic iron implying minimum temperatures of 770 °C for the
pyrometamorphism. Exposure of the coal and concomitant spontaneous combustion
appears to be an interglacial phenomenon associated with uplift since the Pliocene
when river downcutting and terrace formation occurred resulting in exposure of the
coal to oxidation and resultant combustion.

Carbonaceous Sediments

For the heating and combustion of carbonaceous sediments, the situation is somewhat
different and a good analysis is provided by Matthews and Bustin (1984) from variably
weathered Cretaceous mudstones in the Smoking Hills area of Canadian Arctic coast
(Fig. 2.11). Perhaps the earliest written report of pyrometamorphism of carbonaceous
sediments in action was when smoke and sulphurous fumes were seen in 1826 issuing
from what has since been termed the Smoking Hills bordering Franklin Bay, Arctic
Inuvik Province of Canada, during the second overland expedition of John Franklin
and John Richardson of 1825–1827. Richardson (1851) records at “at Cape Bathurst (north-
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ern end of Franklin Bay) …, bituminous shale is exposed in may places, and in my visit
there in 1826 was in a state of ignition; and the clays which had been thus exposed to the
heat were baked and vitrified, so that the spot resembled an old brick-field”. The Late
Cretaceous bituminous shale with thin seams of jarosite is still burning although rarely
are temperatures high enough to produce fused and vesicular clinker (Mathews and
Bustin 1984). According to Yorath et al. (1969, 1975), an exposure may be quiescent one
day, and the next it can be extremely hot producing noxious SO4 fumes. Where the
formation is burning or has been burnt, the shales are coloured bright yellow, orange,
maroon and red. The red material consists of earthy hematite and at a number of lo-
calities large crystals of gypsum are scattered over burnt shale outcrops. Early geologi-
cal explorations of British Columbia and the western Northwestern Territories also
record localities of superficial burning (smoking) at sites of hot sulphurous gas emis-
sion, termed bocannes, in certain shales resulting in baking and reddening or bleach-
ing (Crickmay 1967). As at Smoking Hills, extinct bocannes are marked by similarly
coloured rocks but without smoke.

Mathews and Bustin (1984) have determined that the boccanes at Smoking Hills
are fuelled by oxidation of fine grained, framboidal pyrite and/or organic matter
(vitrinite and alginite) and that they are restricted to areas of glacially (?) disturbed
strata and landsliding, e.g. landslide-prone coastal cliffs where currently active boc-
canes are situated (Fig. 2.11), indicating that disruption, rapid exposure, and access to
atmospheric oxygen are required to produce combustion. Here, the mudstones con-
tain between 1–8% carbon consisting of fine detrital vitrinite (humic matter) with a
reflectance of 0.25% corresponding to the coal rank of lignite, probable alginite
(sapropelic matter) and pyrite (between ~4–30%), in part as minute flamboidal ag-
gregates. Calculated calorific values (kJ kg–1) range from 360 to 2430 for carbon and

Fig. 2.11.
Map of the Smoking Hills
area, Canadian Arctic coast,
showing the distribution of
active and extinct bocannes
(after Fig. 1 of Mathews and
Bustin 1984)



27

from 740 to 2100 for pyrite, and measured total unweathered mudstone calorific val-
ues range from 1200 to nearly 4000 kJ kg–1. Compared to the heat capacity of a typical
shale of 0.7–1.025 kJ kg–1 °C–1 (Handbook of Chemistry and Physics 1979), this is enough
energy, given complete combustion at 100% efficiency, to raise the temperature of the
mudstone by several thousand degrees. Exothermic peaks for the devolatilisation of
combustible gases occur between 280–480 °C and if these gases were ignited at their
point of emergence into the atmosphere they would be able to heat a small volume of
the surrounding rock to melting point.

Pyrometamorphism of sediments by burning gas jets is also recorded from Iraq
and Iran. In the Injana area of Iraq, burnt and melted rocks make up a line of remnant
hills situated along a major thrust associated with an anticlinal structure (Fig. 2.12).

Fig. 2.12. Geological map of the Injana area, Iraq, showing structural setting of “burnt hills” (labeled
1–6) that indicate sites of combustion metamorphism (after Fig. 1 of Basi and Jassim 1974). See text

2.2  ·  Combustion Pyrometamorphism
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The hills rise 6 to 14 m from the surrounding plain and are capped by vesicular and
completely crystalline rock that is commonly brecciated. The fused cap rocks are in
abrupt contact with underlying baked and partly crystalline grey to yellowish to red
marls that grade into unaltered rocks at the base of the hills. The sequence can be
interpreted as forming by the action of burning gas seepages along the thrust fault
and the hard, fused nature of the rocks means that they remain as erosion remnants.

Similar baked and fused rocks that occur as conical hills are developed along an
anticlinal axis near the head of the Persian Gulf, Iran (McLintock 1932). The distribu-
tion of fused and brecciated rocks implies a vent-like structure originating from the
explosive escape of gas and oil that became ignited. In this respect, McLintock (1932)
records an instance of the formation of a mud voclano in Trinidad that was accom-
panied by violent eruption of enormous quantities of inflammable gas. This became
ignited by sparks from abrasion of pyrite fragments to produce a ~90 m high flame
that burned for 15 hours.

2.3
Lightning Strike Pyrometamorphism

Fulgurites, caused by lightning-induced melting and chemical reduction, provide the
thermal limit of pyrometamorphism where temperature maxima are shorter and more
extreme by several orders of magnitude than igneous or organic fire-related processes.
Times of lightning-induced melting are on the order of a second with temperatures in
excess of 2000 K. Voltages (and thus EMF’s and chemical potential gradients) are ex-
treme, with peak currents measuring 10 kA and up to 200 kA reached in microseconds
(Unam 1969).

Fulgurite formation is common on the Earth’s surface and there is a voluminous
literature detailing occurrences. They typically consist of glass that often exhibits a
fluidal texture and is seldom devitrified, and are usually tubular with hollow interiors
with fragile, porous exteriors. Mostly, fulgurites are quite small with internal diam-
eters in the mm to cm range. The longest fulgurites occur in unconsolidated material
such as sand and soil and the longest recorded is a little over 4.9 m in length occur-
ring in sandy soil, northern Florida (Fig. 2.13) where there is an average of 10–15 light-
ning strikes per square kilometer/year (Wright 1999). In such cases, the bottom limit
of fulgurite formation is determined by the ground water table or a layer of wet sedi-
ment. As the tubes extend downward from the surface they decrease in diameter and
become branched. Pebbles in the path of the discharge cause deflections. Outward
projections of thread-like fused silica (lechatelierite) occur over short sections, espe-
cially in quartz-rich sand. Terminations of fulgarites vary from glassy, bulbous-like
enlargements to an aggregate of loosely cemented partially fused sand grains.

Each lightning discharge follows the path of least resistance. This may be single or
branching, and is controlled by changes in composition, moisture, compaction and
bedding attitude. The tubular form of fulgurites has been attributed by Petty (1936)
as the result of expansion of moisture present in the sand or soil, expansion of air
along the path of the electrical discharge, or from the mechanical displacement of
sand which is then fused around the resulting hole. Because many fulgurates form in
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Fig. 2.13.
Sketch from a photograph
(Fig. 4 of Wright 1999) of a
~2.9 m long fulgurite formed
in cross-bedded sands, Florida,
USA, where world record ex-
amples over 4.9 m in length
have also been found

2.3  ·  Lightning Strike Pyrometamorphism
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dry sand, expansion of air is probably the main factor of their formation. The amount
of sand that is melted to form the tube will depend on the intensity of the discharge
which, in turn, controls the energy expended in the form of heat. The melted sand
acquires a cylindrical shape as a result of surface tension, the diameter of which is
dependent on the amount of expansion of air and moisture along the discharge path.
If the air/moisture expansion is large in proportion to the amount of sand melted, a
large diameter thin-walled tube is formed.

While fulgurite formation in sand (sand fulgurites) is the most common type re-
ported, clay-soil fulgurites are described from the Eastern Goldfields of Western Aus-
tralia by Gifford (1999). These are different from lightning strikes in sand in that they
cause notable disturbance of the soil such as that illustrated in Fig. 2.14. The point at
which lightning entered the ground is indicated by a 50 cm diameter hole where the
ground surface is considerably disturbed with clods of earth being thrown out onto the
surface including a piece of vesicular fulgurite presumed to have been thrown into the
air at the time of the strike and dropped back on top of the disturbed soil. The ground
surface around the point of the lightning strike forms a low conical mound about 6 m
in diameter that collapsed when walked on. It appears that the energy discharge of the
strike was dispersed due to the electrical current spreading out radially from the point
of impact. The fulgurite formed was small and consisted of a glassy vesicular core
surrounded by baked clay which also had a vesicular structure. The nature and pattern
of ground disturbance suggest that the path taken by the lightning discharge is con-
trolled by moisture content of the clay soil. The most likely interpretation is that the
lighting strike occurred after rain following an extended period of dry weather so that
the soil at depth was dry with a shallow damp surface. This allowed the electrical dis-
charge to radiate out from the point of impact within the shallow and more conductive
damp surface layer of the soil. The discharge caused considerable heating resulting in
the formation of steam and heated gases within the soil that expanded and created the
low conical structure. Also, the radial dispersion of the electrical current reduced the
development of glass and zoned structure in the fulgurite that formed.

Fig. 2.14. Structure resulting from a lightning strike in clay soil at Avoca Downs, Eastern Goldfields
of Western Australia (redrawn after Fig. 1. of Gifford 1999). The sub-surface soil has been expanded
to a maximum of ~50 mm at the centre of the strike. See text



31

In rocks, particularly crystalline ones, the effects are different from sand or clay-
soil fulgurites. In this case, fulgarites take the form of glass-lined holes drilled into
and sometimes through corners of the exposed rock. Millimeter-sized gobules of melt
may be ejected from these holes (e.g. Frenzel and Stahle 1984; Clocchiatti 1990). The
tubes so formed often have a zonal structure on a mm scale, with the inner zone being
iron-rich (Frenzel et al. 1989). In other cases, the path of the discharge is shown by a
black filigrane network of melt threads or films along and over exposed grain bounda-
ries, particularly quartz (e.g. Wimmenauer and Wilmanns 2004) (Fig. 2.15).

2.4
Other Thermal Effects

2.4.1
Columnar Jointing

Perhaps the first description of columnar jointing in sandstones was made by Glen
(1873) on the Island of Butte, Scotland. He considered that the columnar structure
was caused by steam, “or some other highly heated vapour” passing upward through
a vertical fissure and affecting the sandstone for a few metres on either side; “The
columns are all nearly vertical, none being more than 20 degrees from the perpen-
dicular. Their size varies from six or seven inches [15.2–17.8 cm] in diameter down to
half-an-inch [1.3 cm]. Some of the large columns break into smaller ones from expo-
sure to the weather, and others branch into two, forming twin columns. The number
of sides varies from four to eight or ten, six being the most common”, e.g. such as that
shown in Fig. 2.16.

Mohr (1873) provides a detailed description of columnar jointed sandstone in
contact with basalt from localities in Germany:

“The burned sandstones – long known from the Otzberg – are found in cubic meter sized blocks
that are broken into 3 to 8 cm large and 4-, 5- or many fold squared prisms … close to the surface
some blocks are found which fall apart into quite sharp-edged small columns. Blocks of a white to
whitish yellow sandstone which are very soft immediately after being brought above ground, harden
in the air. These blocks are usually covered with a dark, chocolate-brown substance several centi-
metres thick. This material has a curved fractured surface, a nearly waxy lustre, is soft (H = 2)
with a greasy touch, falls apart immediately with a cracking sound when immersed in water, be-
comes hard with transparent edges when heated, and melts on coal to a vesicular greenish-brown

Fig. 2.15.
Example of a fulgurite network
pattern developed on an ex-
posed quartz surface in gra-
nitic rock, Black Forest, Ger-
many (Fig. 12 of Wimmenauer
and Wilmanns 2004). Width of
photo is 2.7 mm

2.4  ·  Other Thermal Effects
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yellow enamel. Microscopically, the grains that fall out of the substance when put into water as
well as fragments of the fused material cannot but be interpreted as light bottle-green relics of
augite full of tiny magnetite crystals. The rather imperceptible transition from this substance into
a slaty friable, brittle basalt is in favour of interpreting the surrounding substance as a bole-like
decomposition product of the basalt. Apart from the jointing no other changes of the sandstone
are obvious. The sandstone consists of an argillaceous-carbonaceous cement and contains abun-
dant quartz pebbles”.

“Sandstone blocks in the basalt separate easily from it … the single small columns exhibit an
extremely thin, whitish rim with a waxy lustre. This rim does not effervesce when treated with
hydrochloric acid but detaches easily as thin films which consist of an aggregate of 0.008 mm
diameter, six-sided, faintly polarising, tiny scales of tridymite within an opal-like substance. The
sandstone is very tenacious and on cleavage planes partly still sandstone-like and spotted with
small humps, partly pervaded by varnish-like shining dark veins, partly completely homogene-
ously aphanitic and black similar to the basalt itself, but always contains white to greyish, up to
1.5 cm diameter quartz pebbles”.

“… One of the best examples of contact effects is displayed at Stoppelberg near Hünfeld. Here,
there is a basalt quarry in the base of which ca. 1 m of red sandstone is exposed overlain by basalt.
Vertical columns in the basalt, somewhat finer and porous/vesicular towards the base (at the con-
tact), are intimately welded with the sandstone. In the sandstone, columnar jointing continues
below the level of the quarry and from the overlying basalt downwards a gradual transition is
observable from buchite to more or less sintered sandstone and horizontally-bedded sandstone.”

Columnar jointing in coarse-grained arkosic sandstone is also reported by Poddar
(1952) cropping out over an area of about 93 m2 near Bhuj, northern India. In this case
the columns are polygonal, have a thickness of ~8–20 cm and a length of 0.3–0.6 m.
Although Poddar considered them to have resulted from contraction after dehydration
due to being heated by basaltic dykes, they are in fact, related to combustion of coal

Fig. 2.16.
Columnar jointed claystone
occurring below a thick basalt
flow, Egerli Dag near Iscehisar
Province, Turkey (collected by
Professor Joerg Keller, IMPG,
Freiburg University, Germany)
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seams. Prismatic columnar jointing caused by combustion of organic matter also oc-
curs in bituminous marly rocks of the Mottled Zone, Hatrurim basin, Israel (see Chap-
ter 4) (Avnimelech 1964). The columns are several centimeters in length, contain high
temperature minerals such as spurrite, and are interpreted as a cooling-contraction
phenomena with the long axes of the columns indicating the direction of the highest
thermal gradient (Burg et al. 1992).

The mechanism of producing columnar jointing in partially melted sediment
(buchite) adjacent an intrusion is described in detail by Solomon and Spry (1964) in
relation to an inclined dolerite pipe at Apsley, Tasmania (Fig. 2.17a). Although the
buchite columns plunge at shallow angles and tend to be radial to a small area around
the centre of the plug, there is a general departure from the expected condition that
they be normal to the igneous contact and there is also local irregularity (Fig. 2.17b).
This is probably related to the form of the plug and associated pattern of heat-
flow combined with variations in the physical properties (particularly permeability)
of the sedimentary layers. The columnar buchites at Apsley contain > 40% glass
(maximum of ~65%) and plunge mainly at low angles in various directions al-
though the plunge is constant for each bed but differ from bed to bed. The columns
are generally hexagonal with curved faces, but pentagonal, quadralateral forms also
occur.

At a maximum melting temperature of the sediments of around 1000 °C at 50 bar
PH2O, the occurrence of buchites up to ~45 m from the southern contact of the dolerite
and within ~5 m on its NE side, indicates a highly asymmetric heat flow regime sug-
gestive of upward and outward transport of heat by steam (convection rather than
conduction) in relation to a steep southward dip of the plug. Under convective condi-
tions, heat-flow would be partly up the buchite zone but largely outward along the
sedimentary layers giving rise to the mainly subhorizontal columns observed. This would
also explain the irregular distribution of the columnar buchites with gas-phase H2O
penetrating further along those beds with higher permeability resulting in an irregu-
lar isotherm pattern within an estimated mass of sandstone converted to buchite of
3 × 1011 g.

The columns range in diameter from 2.5–50 cm and are related to lithological vari-
ation in the sediments (Fig. 2.18). Primary differences in the type of quartz packing,
the composition of other components and their relative proportions and degree of
heterogeneity are important factors controlling the shrinkage behaviour of the rocks.
Furthermore, unlike the development of columnar structures in igneous rocks, in meta-
morphosed sedimentary rocks columnar jointing is related to heating as well as cool-
ing. During heating contraction stresses may be established that can facilitate/accen-
tuate the development of columnar jointing during cooling of the rocks below their
softening point, i.e. numerically about half the melting point. Variable degrees of con-
traction during heating takes place by:

1. Mineral (e.g. clay, mica, chlorite) dehydration resulting in the development of al-
lotropic forms. The proportion of phyllosilicates (mainly clays) is < 15% in the
Apsley sediments and the effects of phyllosilicate contraction would be countered
by the greater percentage of quartz that expands on heating.

2.4  ·  Other Thermal Effects
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Fig. 2.17. a Geological map of the dolerite plug and distribution of columnar buchite at Apsley, Tas-
mania (after Fig. 2 of Spry and Solomon 1964). Letters A–K refer to rock-types in sandstone sequence
shown in (b) and in Fig. 2.6. b Cross section of the dolerite-buchite association at Apsley, Tasmania,
showing inferred buchite column orientation under convection conditions as discussed in text (after
Fig. 8b of Spry and Solomon 1964)
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2. Reaction to anhydrous minerals with greater density, e.g. muscovite, chlorite re-
acting to spinel, mullite, corundum etc.

3. Structural adjustment due to recrystallisation and consequent reduction in pore
space, e.g. the change of sandstone to quartzite results in an increase in specific
gravity from 2.2 (sandstone) to 2.6 (quartzite) and a shrinkage of 18%.

4. Formation of melt which allows repacking and fills pore-spaces. This is probably
the main cause of shrinkage. The increase in specific gravity from ~2.1–2.2 in sand-
stone to 2.2–2.4 in buchites with increasing glass (Fig. 2.19) indicates a decrease in
volume amounting to a shrinkage of 5–10%.

Fig. 2.18. Schematic diagram showing relations between sedimentary succession and distribution, size
(diameter range in cm), and attitude (stereographic projections on a horizontal plane of column-axes)
of buchite columns associated with the dolerite plug at Apsley, Tasmania (after Fig. 13a,b of Spry and
Solomon 1964)

Fig. 2.19.
Plot of bedding width versus
buchite column width and
vol.% glass versus buchite
column width, Apsley, Tasma-
nia. Data from Spry and So-
lomon (1964). See text

2.4  ·  Other Thermal Effects
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Larger columns occur in more massive, thickly bedded sandstones. They also con-
tain more glass (Fig. 2.19) and hence have a greater tensile strength resulting in more
widely spaced fractures. The more glass in a buchite, the less it will contract and frac-
ture for a given temperature change. The smallest columns of ~2.5 cm occur in thinly-
bedded sandstone (Fig. 2.18) and they do not form in beds that contain abundant
mud pellets or in siltstones (porcellanites). It is probable that the mud pellets intro-
duced sufficient irregularity in the tensile stress-pattern developed by shrinkage that
columnar joints could not form. The original shaley nature of the porcellanites and

Fig. 2.20.
Diagrams showing micro-
cracking during pyrometa-
morphism of sediments in
contact with the Traigh
Bhàn na Sgùrra sill, Isle of
Mull, Scotland (see text).
a Psammite, 80 cm from the
contact showing micro-
cracks extending from mus-
covite grains (shaded), part-
ly reacted around margins
to cordierite, into quartz
(white). Cracks have devel-
oped at a high angle to the
foliation indicated by align-
ment of muscovite (drawn
from a CL image Fig. 9 of
Holness and Watt 2002).
b Psammite, 44 cm from the
contact showing a largely
interconnected pattern of
cracks that are melt-filled
and extend outwards along
boundaries of quartz grains
(white) from crystallised
(granophyric) rims (light
grey shading) that surround
partly melted feldspar (dark
grey shading) (after CL im-
age Fig. 13d of Holness and
Watt 2002)
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possibly also closely spaced partings modified the stress-pattern and fracture-growth
inhibiting the development of columns.

2.4.2
Microcracking

Because melting reactions generally involve a positive volume increase at the melting
site, rapid melting causes the development of high melt pressures leading to hydrau-
lic fracturing and migration of melt along these fractures. Several generations of such
microfractures in gneissic psammitic and pelitic rocks within 3.5 m of a 6 m thick
basic sill are described by Holness and Watt (2001). Up temperature (> 600 °C) crack
development is caused by the breakdown of muscovite and melting along quartz-feld-
spar boundaries. The earliest generation of microcracks related to the pyrometamor-
phic event cut across quartz and feldspar crystals but rarely across their respective
boundaries and are thought to be the result of anisotropic thermal expansion asso-
ciated with a contribution from the α–β inversion in quartz which occurs at ~590 °C
at 600 bar.

A second generation of cracking involving the formation of two sets of microcracks
relates to the breakdown of muscovite according to the fluid-absent reaction

muscovite + quartz = biotite + K-feldspar + mullite ± cordierite + melt

This metastable reaction involves an increase in volume of perhaps ~5% to 7% that
causes overpressuring and grain-scale fracturing (Brearley 1986; Connolly et al. 1997;
Rushmer 2001). In the example described, the microcracks radiate away from musco-
vite grains and are melt-filled (Fig. 2.20). They also appear to re-use cracks that ex-
isted in the rocks prior to the pyrometamorphic event. No obvious microcracking is
associated with the fluid-absent, metastable breakdown of biotite, possibly because
this involves a much smaller positive volume change (Rushmer 2001).

The penultimate stage of microcracking occurs with melting at quartz-feldspar
grain boundaries. Cracks form along the grain boundaries and extend into the grains
and outwards across adjacent grains (Fig. 2.20). They are extremely common within
80 cm of the sill contact where temperatures were higher than 900 °C. Despite the
high degree of melt-filled fracture connectivity, there is little evidence of melt segre-
gation presumably because of the static nature of the pyrometamorphic event. The
last stage of cracking occurred during cooling and produced cracks that cut across or
reopen solidified melt-filled fractures. In addition to anisotropic thermal contraction
of the rock, these cracks could have been produced by a reversal of the α–β quartz
inversion at 575 °C.

2.4.3
Dilation

Heating at atmospheric pressure due to combustion of coal seams often results in di-
lation of sediments overlying the burning coal seam. Cavities may remain open and
provide space for vapour phase crystallisation of high (sanidinite facies) and low tem-

2.4  ·  Other Thermal Effects
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perature (hydrous) minerals or become filled by melt. Heating experiments conducted
by Wolf et al. (1987) on siltstone and shale that overlie coal seams in Belgium indicate
the effects of devolatilisation, decarbonation and vitrification on rock dilation between
100–1200 °C related to combustion of the coal. The experiments were conducted at
25 bar with a heating rate of 0.5 °C min–1 and results are shown in Fig. 2.21.

In clay-rich siltstone (Fig. 2.21b), dilation is moderate but constant with increasing
temperature except for an increase at the α–β quartz inversion at 587 °C. Vitrification
at ~900 °C does not change the dilation pattern; surfaces of the heated samples be-
come glassy and degasification channels and vesicles form. Bloating occurs at ~1200 °C
resulting in a marked increase in dilation. In siltstone with a carbonate-matrix, de-
composition of dolomite and siderite results in a marked dilation due to bloating
between 600–900 °C.

In comparison with siltstones, carbonaceous shale exhibits much more dilatory
variation (Fig. 2.21a). Between 100–200 °C, fracturing parallel to cleavage occurs in re-
sponse to dehydration and dehydroxylation of clay minerals. From ~390 °C, coking of
organic matter causes an increase in dilation, particularly where the organic material
is dispersed rather than occurring as coal streaks. Formation of melt above ~850 °C
results in shrinkage that continues up to ~1050 °C and is reversed above 1050–1100 °C
when bloating associated with vesiculation occurs. Wyllie and Tuttle (1961) also report
that half melted shales in their melting experiments are extremely vesicular and have
a frothy, slaggy appearance.

Fig. 2.21.
Dilation curves (warming-up
rate of 0.5 °C min–1) for:
a shale with dispersed organic
matter (solid line); shale with
dispersed organic matter and
with silt and coal streaks par-
allel to the cleavage (thin
dashed line); shale with dis-
persed organic matter and
with silt and coal streaks nor-
mal to the cleavage (thick
dashed line) (after Fig. 2 of
Wolf et al. 1987);
b siltstone with carbonate ma-
trix (dashed line); siltstone
with clay matrix (solid line)
(after Fig. 1 of Wolf et al. 1987).
CO = coking; T = transition
from α–β quartz; BL = bloating
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2.4.4
Preservation of Glass

The terms buchite and paralava imply the presence of glass (quenched melt). While
quenching would occur in partially fused xenoliths on eruption, this is not the case for
slower cooled wall rocks at the contacts of sills, dykes and plugs and for xeno-
liths that they contain. Because rocks are poor conductors of heat, rapid cooling
of melts does not seem possible in these circumstances and so the question of why glass
remains largely undevitrified in many pyrometamorphic rocks needs explanation.

Figure 2.22 shows that above the ‘glass transformation temperature’ (Tg), a tem-
perature dependent on cooling rate over which melt becomes solid (glass) and hence
a temperature range, a supercooled liquid is stable. Below Tg, glass is stable. A melt
cooled to the vicinity of the Tg region will rapidly devitrify to a crystalline aggregate.
If cooling is very rapid (as in quenching) only glass forms. At progressively slower
cooling rates more and more crystal nuclei are able to form as the melt passes through
the Tg range. If sufficiently rapid, only a few crystal nuclei will form and the end
product will be largely glass containing a few crystals. Glass will crystallise only if
held for a certain time above Tg, i.e. the temperature at which viscosity is probably in
the order of 1013 poises. At this viscosity glasses devitrify rapidly, i.e. in 10 to 103 sec-
onds. At a higher viscosity, e.g. 1014 poises, glass could be expected to devitrify in 102

to 104 seconds. Liquids produced by melting of sediments are essentially alkaline
aluminosilicates and would have high viscosity. If this were 1016 poises, then it would
not crystallise if cooled from a high temperature over several months and would remain
glass provided it was not subjected to the influx of water (e.g. Spry and Solomon 1964).
Once formed, the preservation of glass in a contact aureole will also depend on whether
fluid infiltration occurs during cooling.

An instructive case is the glass-rich quartzose metasediments that occur within
0.8 m of the Glenmore dolerite plug, Ardnamurchan, Scotland (Butler 1961; Holness

Fig. 2.22.
Diagram illustrating the effect
of temperature on the enthalpy
(or volume) of a glass-forming
melt (redrawn from Fig. 1.1 of
Shelby 1997). See text

2.4  ·  Other Thermal Effects



et al. 2005). Given that metamorphism occurred at a depth of several hundred meters
(~120 bar) it seems unlikely that the presence of glass was caused by rapid cooling but
rather to the absence of pervasive fluid infiltration which would be expected to have
caused extensive devitrification to a micrographic (granophyric) texture of quartz
and feldspars. At Glenmore, late-stage hydrothermal fluid circulation was channeled
through vein systems. Cooling rate was also important. In the relatively slowly cooled
outer part of the aureole (see Fig. 2.1) the melt crystallised. In the transition zone to
the inner aureole only the quartz component of the melt crystallised, while in the
relatively rapidly cooled inner aureole, i.e. within 0.2 m of the contact, all the melt
solidified to glass. On the basis of a thermal model developed by Holness et al. (2005)
that ignores possible effects from latent heat of crystallisation (see Chapter 3), the
critical cooling rate for glass formation is estimated to have been ca. 8 °C day–1.
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Chapter 3

Quartzofeldspathic Rocks

Pyrometamorphosed quartzofeldspathic rocks (sandstone, shale, claystone) and sedi-
ments (sand-silt, clay, glacial till, diatomaceous earth), their metamorphosed equiva-
lents (phyllite, schist, gneiss), are characterised by the presence of tridymite, mullite/
sillimanite, cordierite, orthopyroxene, clinopyroxene, sanidine, plagioclase (oligoclase–
anorthite), corundum, hercynite-rich spinel, magnetite, ilmenite, hematite, pseudo-
brookite, sulphides and in carbonaceous protoliths, native metals. Ti-rich biotite and
osumilite are less common; sapphirine is rare. These minerals are usually associated
with acidic (granitic) to intermediate (granodioritic) glass that is frequently abundant
enough for the rocks to be termed buchites and paralavas. Partly melted granite-gra-
nodiorite may contain tridymite, Ca-plagioclase, orthopyroxene and magnetite.

Eskola (1939) provides two examples of quartzofeldspathic sanidinite facies min-
eral assemblages in terms of, (a) an ACF diagram for rocks with excess silica (quartz/
tridymite/cristobalite) and sanidine as possible additional phases (Fig. 3.1) and, (b) a
MgO-Al2O3-SiO2 plot (Fig. 3.2), that characterise typical mineral associations found
in psammitic-pelitic rocks:

1. Anorthite-cordierite-mullite
3. Anorthite-clinopyroxene-orthopyroxene
4. Anorthite-cordierite-orthopyroxene
5. Cordierite-orthopyroxene
9. Corundum-mullite-spinel
10. Cordierite-mullite-spinel
11. Cordierite-mullite-tridymite

Silicate and oxide phases in pyrometamorphosed quartzofeldspathic rocks are plot-
ted in terms of mol% SiO2 – (Al,Fe)2O3 – [TiO2 + (Fe,Mg)O] – [CaO + (K,Na)2O] in
Fig. 3.3a. Bulk compositions are confined to the Qz-[Pl,San]-[Co,Hem]-[Rt,Wü]-Di
volume within which detrital and authigenic reactants in quartzofeldspathic protoliths
such as quartz, plagioclase, K-feldspar, kaolinite, illite, muscovite, chlorite, biotite,
anatase, ilmenite, magnetite, hematite and goethite occur (Fig. 3.3b). Accessory detrital
garnet, pyroxenes, amphiboles, epidote, tourmaline etc., may also be present in many
clastic sedimentary protoliths and react during pyrometamorphism. Zircon, apatite,
rutile, spinel and ilmenite are typically unaffected except in cases of lightning strike
metamorphism and in rare cases phosphoritic sediments that originally contained
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fluorapatite have undergone melting during combustion metamorphism. Addition of
CO2 allows for the presence of siderite and calcite, both of which occur in sedimentary
rocks affected by combustion metamorphism and where melting of siderite has pro-
duced magnetite-hematite-sulphide-bearing paralavas.

3.1
Experimental Data and Petrogenetic Grid

The mineral assemblages in buchites and paralavas can be compared with those phases
synthesised in atmospheric pressure experimental systems (Table 3.1) and in particu-
lar the systems SiO2-Al2O3-FeO, SiO2-Al2O3-MgO and SiO2-FeO-MgO (Fig. 3.4). A
pseudo-binary section within the system MgO-Al2O3-SiO2 between metatalc and meta-
kaolin compositions (line A–B in Fig. 3.4) illustrates the compositional limits of tridy-
mite, mullite, cordierite and orthopyroxene formation (i.e. region of crystals + melt)

Fig. 3.1.
ACF diagram with excess sili-
ca after Eskola (1939) showing
mineral compatibility fields 1,
3, 4, 5 in sanidinite facies
quartzofeldspathic rocks

Fig. 3.2.
MgO-Al2O3-SiO2 (mol%) plot
of mineral compatibilities in
sanidinite quartzofeldspathic
rocks. Shaded area = field of
typical quartzofeldspathic
sediment compositions in
terms of quartz, kaolinite/
sericite and chlorite com-
ponents
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Fig. 3.3. Typical sanidinite facies silicate-oxide minerals plotted in terms of mol% SiO2 – (Al,Fe)2O3
– [TiO2 + (Fe,Mg)O] – [CaO + (K,Na)2O] + H2O (a). Protolith minerals are shown in (b). The dotted
plane at 50 mol% SiO2 = ACF plane. The volume that contains bulk quartzofeldspathic compositions
within the tetrahedron is delineated by the shaded planes

3.1  ·  Experimental Data and Petrogenetic Grid
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(Fig. 3.5). Similar sections constructed between metakaolin and compositions along
the MgO-Al2O3 join would include spinel and corundum. Although some 200–300 °C
above the temperatures at which many natural buchites form, the pseudo-binary
section shows that mullite, mullite-tridymite, mullite-cordierite, cordierite, cor-
dierite-tridymite, tridymite and tridymite-orthopyroxene buchites may be produced
at almost the same temperature depending on composition of the sedimentary
protolith. Other relevant phase diagrams are the systems FeO · Fe2O3-Al2O3-SiO2

Fig. 3.4. Composite diagram of the atmospheric pressure systems MgO-Al2O3-SiO2, MgO-FeO-SiO2,
FeO-Al2O3-SiO2 (Keith and Schairer 1952; Bowen and Schairer 1935; Schairer and Yagi 1952, respec-
tively). Tridymite and cordierite fields shaded for clarity

Fig. 3.5.
Crystalline phases + melt typi-
cal of buchites produced from
compositions between meta-
talc (3 MgO · 4SiO2 + SiO2) and
metakaolin (Al2O3 · 2 SiO2)
represented by section line A-B
in Fig. 3.4 (after Fig. 383 in
Levin et al. 1956). Stippled
area = liquid

3.1  ·  Experimental Data and Petrogenetic Grid
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and particularly CaO-Al2O3-SiO2 with addition of MgO (Fig. 3.6a and b, respectively)
that allows for the assemblages, magnetite-corundum-mullite, magnetite-mullite-
tridymite (a) and tridymite-clinopyroxene-anorthite, tridymite-mullite-anorthite,
mullite-corundum-anorthite and spinel-corundum-anorthite (b). Increasing the
MgO content, e.g. to 10 wt.%, in (b) causes an expansion of the pyroxene stability
field relative to wollastonite, although quartzofeldspathic lithologies rarely contain
> 5 wt.% MgO.

With respect to the system FeO-Al2O3-SiO2, the narrow stability field of cordierite
is of interest (Fig. 3.4). Experimental work on this system by Schairer (1942) failed
to synthesis cordierite resulting in Hc-Mul-Td and Hc-Fa-Td ternary invariant points
at 1205 °C and 1073 °C respectively. The later work by Schairer and Yagi (1952) re-
quired seed crystals of cordierite in appropriate quenching run compositions in or-
der to delineate a stability field for cordierite. Also, no clinoferrosilite could be syn-
thesised in this system, although there is a possibility that it might be a stable phase
at subsolidus temperatures. The absence of cordierite and orthopyroxene in many

Fig. 3.6. a The system FeO · Fe2O3-Al2O3-SiO2 after Muan (1956) and tetrahedron showing sanidinite
facies mineral compositions in the system FeO-Fe2O3-Al2O3-SiO2. b Section through the system CaO-
Al2O3-SiO2-MgO at 5 wt.% MgO
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buchites with appropriate bulk compositions could thus reflect nucleation difficulties
in the melt due to the absence of “seeds” resulting from earlier reaction of, for exam-
ple, biotite. With respect to direct crystallisation from buchite melts, the absence of
cordierite and/or orthopyroxene could imply that the phases that are present are meta-
stable.

Low pressure H2O-saturated melting (synthesis) experiments using quartzo-feld-
spathic sedimentary rocks (usually in a powdered state to enhance mineral reactions)
relevant to pyrometamorphic conditions and mineral formation (cordierite, anorthitic
plagioclase, spinel) are reported in studies which define lower limits of melting, min-
eral-in and mineral-out reaction curves. An early study by Wyllie and Tuttle (1959)
involved the melting of five shale compositions at pressures between ~600 bar and
2.8 kb at between 20–30 °C above the wet granite solidus. About 150 °C above the
beginning of melting the shales contained ~50% melt (granodiorite composition)
together with crystals of quartz, cordierite (frequently sector twinned), mullite, ortho-
pyroxene, with anorthite forming from a calcite-bearing shale. In contrast to granitic
liquids that contain many small bubbles when quenched, the half melted shales are
highly vesicular and have a frothy, slaggy appearance not unlike those commonly
produced during combustion metamorphism. Experimental studies of more feld-
spathic (greywacke sandstone–siltstone) compositions by Kifle (1992) using lightly
crushed (rather than powdered) starting material delineate low pressure feldspar-,
muscovite-, biotite-out and cordierite-, osumilite-, and orthopyroxene-in curves.
Relevant data from these studies together with experimentally-determined mineral
stabilities are used to construct a petrogenetic “grid” for high temperature metamor-
phism of quartzofeldspathic compositions that is given in Fig. 3.7. The β-quartz-
tridymite transition is clearly important as it can be used to divide pyrometamor-
phosed (sanidinite facies) rocks into lower and higher temperature types. In lower
temperature partly-fused examples, plagioclase, biotite, muscovite, chlorite etc., show
evidence of melt-producing breakdown reactions; at higher temperatures within the
tridymite stability field, extensive melting occurs, a few primary minerals, e.g. zircon,
apatite, ilmenite, relics of unmelted quartz, remain and new minerals crystallise from
the melt. Pyrometamorphosed partially melted granitoids may also contain tridymite
so that the quartz-tridymite inversion in relation to the melting of quartz, K-feldspar,
albite is of critical importance in evaluating T-P conditions of the melting reactions
that usually also involve breakdown of biotite and, in granodiorite of hornblende
(Figs. 3.37 and 3.38).

It can be noted that in synthesis experiments in silicate systems at atmospheric
pressure, cristobalite often forms and persists metastably in the temperature field of
tridymite, e.g. as observed in some paralavas. In the system FeO-Al2O3-SiO2 (Schairer
and Yagi 1952), tridymite only crystallised readily from appropriate compositions at
temperatures just below liquidus temperatures. In this system, the 1470 °C isotherm
separates the field of tridymite and cristobalite (Fig. 3.4). At lower temperatures, quartz
may appear when the temperature is above the quartz-tridymite inversion tempera-
ture of 867 °C and once formed it can also persist metastably within the tridymite
temperature field. Above 1050 °C, it invariably inverts to cristobalite rather than
tridymite and at 1000 °C metastable quartz and cristobalite occur.

3.1  ·  Experimental Data and Petrogenetic Grid
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3.2
Contact Aureoles and Xenoliths

3.2.1
Metapsammitic-Pelitic Rocks and Schist-Gneiss Equivalents

South Africa

Fusion of flat lying arkosic sediments by the Karroo dolerite, South Africa, is a rela-
tively rare phenomena but two examples have been carefully documented. Ackermann
and Walker (1959) describe pyrometamorphism of a roof pendent associated with a
15 m thick sill exposed in an excavated pit at Baksteen, near Heilbron, Orange Free
State (Fig. 3.8). The weakly metamorphosed sediments are coarse-grained arkose
containing angular-subangular grains of quartz, plagioclase (An25–30) and orthoclase
with modal ratios of quartz45 : total feldspar35 and plagioclase8 : orthoclase27. Detrital
accessories include almandine garnet, with lesser amounts of zircon and ilmenite,
rare titanite, rutile, apatite, green spinel and orthopyroxene. The matrix of the arkose
consists of microcrystalline quartz and goethite. Where the arkose contains flat dis-
coid clay pellets these have been almost completely vitrified to form a black cordier-
ite-spinel buchite. A hybrid or mixed zone is developed between dolerite and arkose
with some parts being definitely igneous with clinopyroxene, Ca-plagioclase (possi-
bly the results of cafemic transfusion) and dark glass, and other parts clearly sedi-
mentary with pale glass containing relic quartz.

Towards the dolerite contact the arkose hardens due to an increase in the amount
of glass which reaches 70% at the dolerite contact so that the rock resembles dark
green pitchstone. Vitrification is accompanied by a series of progressive changes
in the detrital mineral assemblage, glass content and specific gravity (Fig. 3.8) that are
preceded by straining and cracking of quartz, feldspars, garnet and ilmenite. K-feld-
spar is the only detrital phase to be totally resorbed at about 0.6 m from the dolerite
contact. With increasing temperature orthoclase becomes homogenised and inverts to
sanidine which begins to break up along cleavage planes by the invasion of glass. Quartz
and plagioclase decrease towards the dolerite but persist into the hybrid zone (Fig. 3.8).
Microlites of cordierite develop at glass/feldspar contacts and later form within the
feldspar itself. Melt in contact with orthoclase crystallizes (devitrifies) to a K-rich,
sometimes fibrous, mantle and the margins of the grains recrystallise to feldspar
microlites or form isotropic globules. Quartz persists as rounded relics after the
resorption of sanidine. As the amount of glass increases, rock densities increase slightly
(Fig. 3.8) indicating a decrease in volume (see Chapter 2) and needles and plates of
tridymite fringes around quartz become more common. In the hybrid zone close to the
dolerite contact, quartz is rimmed by acicular pyroxene and just prior to complete
resorption, spherical grains develop an undefined isotropic mantle.

The other example of fusion of feldspathic sandstone that forms the roof of a ~17 km
long inclined arcuate sheet of dolerite ranging in thickness from 30 cm up to 100 m is
documented by Ackermann (1983). Buchites are developed within a maximum distance
of 2 m, and more usually < 50 cm, of the dolerite contact and are localised in roof
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Fig. 3.8. Section of dolerite-arkose contact exposed in excavation pit at Baksteen, near Heilbron, South
Africa (redrawn from Fig. 2 of Ackermann and Walker 1959), together with micrometric data for clastic
minerals and glass, and specfic gravity changes with increasing vitrification of arkose towards the dol-
erite contact (redrawn from Fig. 4 of Ackermann and Walker 1959)
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pendants and slabs or lenses of sandstone ranging in size from 60 × 30 cm to 15 × 6 m
within the dolerite (Fig. 3.9).

The fine grained feldspathic sandstone (0.02 to 0.16 mm detrital grain size) con-
sists of up to 48% quartz, 28% feldspars and 44% microcrystalline matrix. Alkali feld-
spar is typically altered to sericite and kaolin, and also makes up a large part of the
matrix. Accessories (< 5%) include magnetite and zircon with lesser amounts of green
spinel, epidote and tourmaline. Fusion has produced buchites with melt contents
ranging from < 45% to completely vitrified and can be characterised as follows:

■ < 45% glass. Turbid, isotropic glass is confined to the microcrystalline groundmass
and altered K-feldspar. In places devitrification has resulted in a fine intergrowth of
quartz and K-feldspar. Quartz grains show various degrees of rounding and embay-

Fig. 3.9. Map, vertical section and modal data plot of an upper sandstone-dolerite contact, Sterkspruit
Valley, South Africa (in part redrawn from Fig. 3 of Ackermann 1983)
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ment in contact with the glass and some have partial fringes of needles of quartz
after tridymite. K-feldspar is also rounded and frittered, whereas the plagioclase is
largely unaffected although may show embayment when in contact with glass. In
buchites with about 35% glass, the glass is clear and may contain spherical globules
(~0.05 mm diameter) that have a lower R.I. (more K-rich) than the host glass. These
may represent completely fused K-feldspar grains. Rectangular or hexagonal
microlites of cordierite are present.

■ 45–60% glass. In these buchites most of the K-feldspar has largely disintegrated as
evidenced by fritting or development of a fingerprint structure caused by melting
(see Chapter 7). Cordierite microlites and quartz paramorphs after tridymite are
abundant. With increasing amounts of glass its colour becomes brown and the
amount of unfused K-feldspar decreases with respect to plagioclase and quartz
which show clear evidence of melting along mutual grain boundaries.

■ 60–80% glass. Petrographic features in these rocks are more varied. Cordierite is
associated with small amounts of remaining frittered K-feldspar. Glass is brown
around Fe-oxides that have sometimes reacted to rutile? and hematite. With a
decreasing amount of clastic grains the glass becomes darker brown and is colour
streaked indicating flow.

■ 80% glass. Arcuate perlitic cracking is typical in buchites with > 80% brown or al-
most colourless glass. No cordierite or tridymite are present. The grain size of well
rounded quartz and feldspar has decreased to ~0.05 mm and both mineral relics
are sparsely distributed throughout the glass. Ellipsoidal nodules up to 50 mm across
are composed of a microfelsitic intergrowth of quartz and feldspar that also occurs
along cracks as a result of devitrification.

Assuming a thickness of 1.37 km of overlying Drakensburg basalts, pyrometamor-
phism of the sandstone at the two localities described above could have occurred at
~400 bar and with the crystallisation of tridymite in the buchites at temperatures
above a minimum of ~950 °C and possibly between ~990–1050 °C in comparison with
solidus temperatures of wet and dry tholeiitic magma (Fig. 3.7).

Apsley

Pyrometamorphism of flat-lying Triassic sandstones by a 60 × 20 m alkali basalt plug
near Apsley, Tasmania, has resulted in their partial vitrification and the development
of columnar jointing that is described in Chapter 2 (Spry and Solomon 1964). Sedi-
ments adjacent to the plug have melted to form buchites (after sandstones) and finely
banded, flinty porcellanites (after fine grained clay-rich sediments). The unmetamor-
phosed sandstone consists of detrital quartz (~10%), feldspars (microcline, oligoclase-
andesine; ~20%), muscovite, chloritised biotite, garnet, tourmaline, rutile, zircon,
magnetite and graphite, in a clay matrix of kaolinite together with halloysite and prob-
able illite and sericite. Clay pellets of chlorite and kaolinite also occur. In the least al-
tered sandstones, the clay matrix and clay pellets are coarsened by recrystallisation
with the formation of sericite.

At an advanced stage of thermal reconstitution (~900 °C), clay pellets have melted
to a pale green glass although the clay matrix in the host sandstone remains unaltered.
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Feldspars are unaffected but incipient melting has occurred in muscovite and biotite
as evidenced by their blurred optical outlines. At higher temperature (~920–950 °C),
the clay matrix is converted to a colourless glass that contains globules of more femic
green glass with sharp contacts indicating immiscibility. Muscovite is replaced by col-
ourless glass containing mullite needles, and biotite is replaced by yellowish glass that
contains lines of Fe-oxide/hercynitic spinel. Feldspar melting is indicated by patches
of clear glass containing mullite. Elsewhere, colourless glass contains variable amounts
of newly-formed cordierite, spinel, mullite, corundum and tridymite. In rocks with up
to 65% glass, quartz shows evidence of significant melting and is fringed with tridymite.
In the system FeO-Al2O3-SiO2 assemblages of corundum-spinel-mullite, spinel-mullite-
cordierite and mullite-cordierite-tridymite form at 1380, 1205 and 1210 °C respectively
(Fig. 3.4, Table 3.1). At 50 bar PH2O (the estimated pressure of pyrometamorphism;
Chapter 2), these temperatures are above the temperature range of the dry basalt liqui-
dus. The occurrence of tridymite indicates a minimum temperature of ~870 °C at 50 bar
and that of mullite coexisting with corundum and without sillimanite at ~945–1000 °C
according to the Co Sil = Mul reaction curves shown in Fig. 3.7, i.e. 330–260 °C lower
than the invariant point relevant assemblages in the oxide system (Fig. 3.4; Table 3.1).

Glenmore

Mineral changes and partial vitrification in schistose arkose and pelite within 1.2 m
of the contact of a dolerite plug at Glenmore, Ardnamurchan, Scotland, are docu-
mented by Butler (1961). The contact dolerite is not chilled against arkose, and the
absence of xenoliths together with a relatively wide thermal aureole for the small
44 × 26 m diameter intrusion suggests that the plug was a feeder to a lava flow(s). The
pyrometamorphosed arkoses are grey, black or greenish-black, hard vitreous-look-
ing rocks with a brittle fracture; an interbedded grey to black pelite within the exam-
ined sequence is tough and splintery.

The following mineral changes are noted towards the dolerite contact:

■ 1.2 m. Detrital micas in arkose and pelite are altered. Muscovite is yellow and turbid;
biotite is largely opaque due to the presence of spinels. K-feldspar (sanidine) forms
a reaction rim between both micas and quartz. Original detrital microcline in the
arkose remains unaffected although some large feldspar grains are granulated.

■ 0.9 m. K-feldspar reaction rims surrounding mica grains in the pelite are more dis-
tinct and basal sections of muscovite contain hexagonally-arranged needles of
mullite. In the arkose, quartz/feldspar grain boundaries are diffuse and in some
cases are lined with glass. Original K-feldspar is converted to sanidine.

■ 0.76 m. Glass forms a distinct rim between quartz and feldspars in the arkose. In the
pelite, sanidine rims around micas are ~0.025 mm wide although the original micas
have disappeared. Although some relic garnet persists in the pelite, most has react-
ed to Fe-oxide and a fine-grained micaceous material that could represent pinitised
cordierite.

■ 0.6 m. Sanidine reaction rims surrounding original micas in the pelite are widened
up to 0.1 mm and exhibit a felsitic texture suggestive of glass devitrification from
which the feldspar has crystallised. The schistose texture of the pelite remains. In
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the arkose, brownish glass lines quartz-feldspar and relic mica grain boundaries.
Edges and cleavage planes of plagioclase grains are altered to a turbid, brown mosaic
producing a typical fingerprint structure indicative of melting (see Chapter 7).

■ 0.4 m. Schistose texture of the pelite is lost. Trains of spinel mark the position of former
biotite grains. Sanidine is abundant as fine laths and skeletal crystals set within de-
vitrified glass that contains rare amygdules of carbonate as in the contact dolerite.

Closer to the contact both arkose and pelite contain abundant glass and have the
black, pitchstone-like appearance typical of buchites. The glass contains dark brown
spinel, ortho- and clinopyroxene, cordierite, inverted tridymite and sanidine. Ortho-
pyroxene is strongly pleochroic and occurs as prismatic crystals sometimes arranged
in fan-shaped sprays of curved needles. Clinopyroxene forms fringes of short pris-
matic crystals around residual quartz. Cordierite exhibits characteristic rectangular
and hexagonal cross sections and is often associated with recrystallised feldspar.
Inverted tridymite forms fringes around quartz relics and is associated with ortho-
pyroxene in glass.

At the contact itself, a 2 cm wide white rock occurs between the dolerite and vit-
rified arkose. It consists of embayed aggregates of quartz and recrystallised feldspar
in a felsitic groundmass that contains crystals of igneous clinopyroxene (sometimes
rimming quartz) and twinned plagioclase suggesting that it is a hybrid product be-
tween the dolerite and arkose. In places the white rock blends into patches of igneous
appearance containing a larger proportion of clinopyroxene and plagioclase. From
this contact rock rheomorphic veins up to 4 mm wide extend up to 20 cm out into the
normal buchite. They consist of a felsitic groundmass containing skeletal K-feldspar,
orthopyroxene needles and embayed quartz grains and aggregates. In one place the
pelitic layer is intruded by a rheomorphic vein derived from enclosing partly fused
arkoses. Here, the vein consists of brown glass containing green orthopyroxene mi-
crolites and relic quartz grains derived from the arkose.

Re-examination of melting in the Glenmore aureole by Holness et al. (2005) allows
construction of a maximum temperature profile with distance from the contact at an
estimated 120 bar PH2O and 1190 °C basalt intrusion temperature (Fig. 3.10). Towards
the contact there is a steady increase in the width of melt rims developed between
quartz and feldspar as well as an increase in the total volume fraction of melt to 60 vol.%
at ~0.28 m from the dolerite contact (Fig. 3.10). At the same time, there is a decrease in
relic feldspar and an overall increase in the amount and size of relic quartz grains and
aggregates. This has the effect of decreasing the melt-producing potential of the rock
because melting occurs along the boundaries between quartz, feldspar and muscovite
as seen by a flattening of the volume % melt curve near the contact and also the inverse
relationship between the volumes of melt and quartz (Fig. 3.10). The thermal model
considered by Holness et al. (2005) and described in Chapter 2 indicates that the magma
conduit (i.e. the plug) may have been active for about one month.

Soay

Fusion of feldspathic sandstone/grit within 60 cm of a small picritic sill and as xeno-
liths within it and another sill was studied by Wyllie (1959, 1961) from the Island of
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Soay, Hebrides, Scotland (Fig. 3.11a). An unmetamorphosed red sandstone from 60 cm
below the igneous contact consists of detrital strained quartz, turbid orthoclase and
microcline containing micro hematite inclusions, a small amount of plagioclase, rare
muscovite that contains magnetite, within a matrix of sericite and silica cement con-
taining disseminated hematite. Progressive alteration/fusion of the sediment occurs
towards the basal contact of the sill and involves the following changes:

■ Reduction in modal quartz, alkali feldspar, and plagioclase due to melting.
■ Loss of the sericite/silica matrix due to melting.
■ A colour change from red to black partly resulting from increasing amount of glass

and partly from reduction of hematite to magnetite.

Fig. 3.10. Thermal profile for the Glenmore aureole, Ardnamurchan, Scotland (after Fig. 10 of Holness
et al. 2005). Below is a plot showing volume % of melt, residual quartz and feldspar with respect to
distance from igneous contact (after Fig. 7 of Holness et al. 2005)
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Fig. 3.11. a Diagrammatic section showing field relations of a ca. 1 m thick picrite sill with basal buchite
and grit xenoliths, Soay, Hebrides, Scotland (redrawn from Fig. 1 of Wyllie 1961). b P-T diagram relevant
to conditions of pyrometamorphism. Field of Td, Pl, Opx, Cd, Mt, albite liquid-in and albite-K-feldspar
liquid-in curves calculated from composition of fused xenolith (sample 129, Table 2 of Wyllie 1961) us-
ing Theriak/Domino software (de Capitani and Brown 1987). The thick horizontal black line indicates
estimated pressure of 420 bar for the pyrometamorphic event



57

■ At 20 cm below the contact and closer, the glass contains abundant new magnetite,
together with orthopyroxene and cordierite. Quartz has fringes of tridymite that
are partially inverted to quartz.

■ Within the sill, xenoliths of grit have rinds of black glass. Detrital feldspar, quartz
and rounded quartzite of the xenoliths occur in a glass matrix that contains mag-
netite. An elongate buchite xenolith occurring above the grit fragments (Fig. 3.11a)
has a pale green colour reflecting the presence of additional (secondary) carbon-
ate, rare aegirine-augite and magnetite. A xenolith in another sill shows evidence
of almost complete fusion with over 90 vol.% glass that contains cordierite, ortho-
pyroxene, inverted tridymite and magnetite.

Wyllie (1961) infers an emplacement temperature of the picrite magma between
1175–1200 °C assuming a depth of intrusion of about 1.7 km (430 bar). The computed
assemblage stability of a buchite composition (sample 129 in Table 1 of Wyllie 1961)
using the Theriac/Domino software of de Capitani and Brown (1987), indicates that
the temperature of the buchites could have as high as 1125 °C, i.e. position of appear-
ance of an albite liquid about 50 °C below the minimum magma temperature, with
cordierite, orthopyroxene, plagioclase, tridymite and magnetite crystallizing on cool-
ing (Fig. 3.12b). The relatively high proportion of inverted tridymite in the buchites
suggests that it continued to form during most of the cooling interval prior to quench-
ing. The inferred maximum temperature of fusion at Soay is 220 °C lower than the
invariant point assemblage cordierite-protoenstatite-tridymite of 1345 °C in the sys-
tem MgO-Al2O3-SiO2 (Fig. 3.4, Table 3.1).

Arran

Another example of the fusion at the contact of a minor intrusion is the buchite as-
sociated with a 1.3–1.6 m thick composite dyke of tholeiite intruding schistose-grit on
the Isle of Arran described by Holgate (1978). The dyke consists of olivine tholeiite
intruded by olivine-free tholeiite. Along part of the contact where the later olivine-
free tholeiite abuts directly against grit, textural and mineralogical modification of
the basalt occur over a width of 5 to 10 mm. This zone is abundantly variolitic and
contains grains of quartz in a matrix of platy labradorite with prisms of orthopyroxene
in place of clinopyroxene. Cordierite euhedra also occur and become more abundant
towards the buchite contact. Coarser grains of quartz may be fringed by fibrous pla-
gioclase and quartz associated with orthopyroxene and an unidentified opaque min-
eral. Interstitial areas are occupied by colourless glass, irregular feldspar-quartz
spherulites, magnetite and pale brown biotite. Plagioclase and orthopyroxene disap-
pear at the buchite contact.

In the buchite itself, the usual light-grey colour of the country rock is darkened by
the presence of blackish glass that increases in abundance towards the dyke over a
distance in excess of 20 cm. The rock is largely composed of a pale brownish glass
(D = 2.36 g cm–3) that contains patches and trains of corroded quartz grains repre-
senting original quartz-rich laminae of the schistose-grit. Granules of magnetite and
occasional abraded zircon remain as relics. Small euhedra of cordierite and hercynite,
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felted patches of mullite (probably after muscovite), and tridymite fringes on quartz
are the newly-formed high temperature phases. Away from the igneous contact, relic
quartz is more abundant, cordierite is smaller, and hercynite occurs as fine grained
wispy patches apparently replacing chlorite.

Investigation of the temperature of fusion of powdered buchite glass with a hot-
stage microscope at atmospheric pressure under reducing conditions indicated in-
cipient fusion (sintering) at 1180 °C and complete fusion at 1250 °C. In this case, fusion
temperatures are consistent with the cordierite-mullite-tridymite and hercynite-
cordierite-mullite invariant point temperatures of 1210 and 1205 °C respectively in the
system FeO-Al2O3-SiO2 (Fig. 3.4; Table 3.1). At the temperature of complete fusion, the
melt has an irregular surface and together with the presence of gas bubbles indicates
a high viscosity. This supports the viscous nature of the melt in the natural buchite
inferred from the presence of localised steakiness and the formation from, and pres-
ervation in the glass of lines of cordierite. In comparison to the Soay example de-
scribed above, the development of the Arran buchite implies comparatively long term
heating indicating that the inner tholeiite was probably a feeder for lava extrusion.

Tieveragh

The pyrometamorphic effects of a plug of olivine dolerite intruding Old Red Sand-
stone at Tieveragh in Co. Antrim, Northern Ireland, were first recognised by Tomkeieff
(1940). Although only small parts of the contact rocks are exposed because of scree
cover, they have been re-examined by Kitchen (1984). The intrusive contact is a com-
plex association of contaminated dolerite and brecciated buchite that has been mobilised
and mixed, as acidic melt (glass), with the basaltic magma. Acid melt has also pen-
etrated outwards from the contact zone into the buchite, causing brecciation and also
occurs as irregular concordant tongues intruding the poorly bedded contact rock.

Buchite compositions reflect initial differences in bulk composition of the Old Red
Sandstone precursor lithologies. Glassy buchites are thought to have developed from
quartz-rich rocks and devitrified or lithic buchites from quartz-poor sediments that
contain abundant feldspathic rock fragments. At one locality, about 10 m from the
contact, glassy buchite consists of alternating 4 cm thick layers of different composi-
tion; one with orthopyroxene, clinopyroxene, plagioclase, skeletal K-feldspar, mag-
netite, ilmenite, hematite in a clear to light-brown, largely devitrified glass (pyroxene
buchite); the other with cordierite (XMg = 0.94), plagioclase, K-feldspar, magnetite,
ilmenite, hematite in abundant colourless glass (cordierite buchite). In both assem-
blages, detrital alkali feldspar has melted to form plagioclase-glass pseudomorphs.

At another locality, pyroxene buchites are interlayerd with mullite buchites as 15 cm
thick bands and are separated from the intrusion by a zone of contaminated dolerite.
The pyroxene buchites are similar to those at the former locality but contain a high
percentage of glass and have only a minor amount of feldspathic rock fragments. Relic
quartz is resorbed and rimmed by pyroxene; K-feldspar is replaced by plagioclase
and glass. Clear to light-brown glass contains microlites of the same minerals as at the
other locality with additional occasional tridymite. In the mullite buchites quartz relics
are surrounded by rims of microlite-free glass whereas detrital K-feldspar is replaced
by dense mats of mullite, forming crudely-radiating aggregates that outline the shape

http://rapidshare.de/files/4615154/ggg05.rar.html
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of the replaced feldspar. Glass forms a little more than 52 vol.% and contains quench
microlites of cordierite (XMg = 0.83), mullite, K-feldspar and opaque oxides.

Chinner and Dixon (1973) report an additional osumilite-bearing buchite from the
Tieveragh aureole. The near K, Mg-end member osumilite contains abundant inclu-
sions of magnetite, hematite and glass, and occurs as masses or trains of euhedral and
anhedral crystals within a colourless glass that also contains inverted high tempera-
ture hexagonal cordierite, Na-rich plagioclase, sanidine and orthopyroxene with in-
verted tridymite needles growing from relic quartz.

Two-pyroxene thermometry for dolerite and pyroxene buchite indicate overlapping
temperatures between ~920–940 °C (Fig. 3.12) suggesting maximum temperatures for
buchite formation were within this range. Temperatures of between 910–740 °C de-
rived from magnetite-ilmenite thermometry in mullite buchites (Fig. 3.12) may partly
reflect the effects subsolidus cooling, although Kitchen (1984) infers that quenching
temperatures of the mullite buchites were between 940–738 °C. The apparent stable
coexistence of Mg-rich osumilite and cordierite in one buchite suggests the reaction

osumilite + vapour = cordierite + K-feldspar + orthopyroxene + liquid + vapour

3.2  ·  Contact Aureoles and Xenoliths

Fig. 3.12. T-P-ƒO2 data relating to pyrometamorphism at Tieveragh, northern Ireland. Data from Kitchen
(1984). See text. The stability fields of osumilite + vapour (stippled) and cordierite-bearing assemblages
are from Olesch and Seifert (1981)
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that is predicted to occur at low PH2O ≤ 200 bar (Olesch and Seifert 1981). This im-
plies a maximum temperature of ca. 870 °C for the coexistence of osumilite and cordi-
erite at Tieveragh, i.e. comparable with the lower temperature of the pyroxene cool-
ing interval in mullite buchites and with the presence of inverted tridymite and hex-
agonal cordierite in the osumilite-bearing buchite (Fig. 3.12). At 200 bar, the tempera-
ture of the basalt solidus ranges from ~1070 °C (dry) to 1000 °C (wet).

It would appear that maximum contact temperatures were maintained over a dis-
tance of at least 10 m from the magma by convective rather than conductive heat trans-
fer, involving the passage of a single or multiple pulses of hot fluid though the country
rock rapidly dissipating heat by condensation, the distance outward from the magma
contact being limited by wall rock permeability and gas pressure. Determinations of
ƒO2-T from coexisting oxides indicate that buchites and dolerites lie along a line be-
tween and parallel to the Ni-NiO and MnO-Mn3O4 buffer curves (Fig. 3.12) suggesting
that oxides in both rocks were in equilibrium and buffered by redox conditions of the
dolerite as a consequence of convective heat transfer.

Mull

One of the classic areas from where pyrometamorphosed metasedimentary rocks have
been described is the Tertiary minor intrusions of the Isle of Mull, Argyllshire, Scot-
land. In the southern part of Mull, high-level inclined basalt sheets of the Loch Scridain
Complex that intrude Palaeogene lavas and underlying Mesozoic sedimentary and
Proterozoic Moine Supergroup metasedimentary rocks, also contain numerous par-
tially melted xenoliths. The type locality of the xenolithic intrusions is a composite
sill at Rudh’a’Chromain that consists of a central acidic unit, 6–9 m thick, bounded
on each side by sheets of tholeiitic basalt (Thomas 1922; Buist 1961) (Fig. 3.13).

Three main types of xenoliths were first described by Thomas (1922): siliceous
buchites characterised by partial fusion of quartz and feldspars, the development of
tridymite fringes around quartz, and may contain cordierite, orthopyroxene and
clinopyroxene in glass; aluminous sillimanite (+ mullite [Cameron 1976]) and cordierite
buchites (Fig. 3.13) with the former having rims of recrystallised, holocrystalline
anorthite-corundum-spinel/cordierite-sillimanite-spinel. The xenoliths have been re-
examined by Preston et al. (1999) who identified:

■ Moine Quartzites (abundant) – unmelted and composed of 100% coarse-grained
(up to 5 mm), strained anhedral interlocking quartz.

■ Moine Quartzo-feldspathic schist (minor) – containing highly corroded quartz, to-
gether with oligoclase and minor K-feldspar. Melting has occurred along quartz/
feldspar grain boundaries as represented by fan spherulites of K-feldspar and de-
vitrified glass. Dark bands (precursor mica-rich layers) consist of hercynite octa-
hedra (1–4 µm) and ilmenite with plates of biotite in a mixture of K-feldspar,
andesine and glass. Former garnet is replaced by aggregates of magnetite-ilmenite
and spinel.

■ Mesozoic Sandstone (common) – extensively corroded quartz with fringes of tabu-
lar, inverted tridymite. Original feldspar and mica are fused to form pools of cryp-
tocrystalline K-feldspar and quartz together with clinopyroxene.
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Pelitic schist protoliths have produced:

■ Cordierite buchites – Black, vitreous xenoliths up to 1 m in length. These consist of
a dense mat of mullite needles (~25 vol.%) and tiny (10–20 µm) crystals of cordier-
ite (~14 vol.%), rare tridymite anhedra and ragged grains of magnetite (<30 µm)
within a clear to red-brown glass.

■ Mullite buchites – dark grey, through lilac to almost white xenoliths with between
~60–75 vol.% glass varying in size from 10 cm across to large rafts several metres in
length. The glass contains a mass of mullite needles, occasionally associated with
sillimanite, small octahedra of magnetite and ilmenite, and rare corundum.

■ Plagioclase-rimmed mullite buchites – many smaller mullite buchite xenoliths (up
to 80 cm diameter) have a thick rim of bytownite-labradorite (often forming
> 80 vol.% of the xenolith) that contains numerous inclusions of mullite together
with lesser amounts of corundum and spinel, the latter increasing in amount to-
wards the basalt contact as found by Thomas (1922) (Fig. 3.14). The plagioclase
rims display a variety of textures that indicate a complex growth history. The inner
part of the rims consist of large plates of plagioclase typically elongated normal to
the buchite core. Closer to the magma contact the plagioclase is finer grained and
forms a mosaic of randomly orientated crystals. Crystals in contact with basalt
have well developed oscillatory zoning and many examples show evidence of
recrystallisation near the basalt contact. Fine grained bytownite rims spinel and
corundum suggesting that it formed by reaction of these minerals and an Ca-Al-

Fig. 3.13. Above: Section of the Rudh’ a’Chromain xenolithic sill, Isle of Mull, Scotland. Section length is
~9 m (redrawn from Fig. 3 of Thomas 1922). Below: Drawings from microphotographs of (a) mullite
buchite with pale-pink mullite needles in clear, pale lavender glass (× 18; Fig. 1, Plate VII of Thomas
1922) and (b) mullite-cordierite buchite consisting of well-formed cordierite (stippled) with mullite
(grey) and spinel (black) in glass. Textures indicate early crystallisation of spinel and mullite followed
by cordierite (× 18, Fig. 2, Plate VII of Thomas 1922). A small amount of sillimanite may also be present
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Fig. 3.14. Sketch of major textural relationships across a plagioclase-rimmed mullite buchite within
basaltic andesite, Isle of Mull, Scotland. Redrawn and slightly simplified from Fig. 5 of Preston et al.
(1999). Below are compositional trends of spinel across the plagioclase rim (same distance scale as
section) (after Fig. 9 of Preston et al. 1999), and a plot of wt.% SiO2 versus MgO in basaltic melt pockets
within the plagioclase rim with compositions becoming more MgO-rich towards the basaltic andesite
(after Fig. 11 of Preston et al. 1999). See text
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rich melt in response to penetration of basaltic melt into the xenolith. “Finger-
print” texture indicates reheating after crystallisation.

Except in one case, the basalt sheets have not contact-metamorphosed the country
rocks. The exception is a relatively thick (2–6 m), flat lying sheet intruding Moine
schist that contains many mullite buchite xenoliths along the upper contact and where
there is no chilled margin developed. Locally, the contact rocks have been pyrometa-
morphosed for up to 40 cm from the basalt contact and Killie et al. (1986) suggest that
such occurrences are an indication of areas where there has been turbulent flow in
the magma conduit.

Mullite-cordierite-tridymite-Fe-oxide and mullite-Fe-oxide-corundum assemblages
in the buchites imply crystallisation temperatures within the range 1205–1210 °C (Fig. 3.4;
Table 3.1). An anorthite-spinel-corundum assemblage forms at between 1400–1500 °C
in the system CaO-Al2O3-SiO2 with 5% MgO (Fig. 3.6). The plagioclase-spinel-corun-
dum rims around mullite buchites have most probably crystallised from a hybrid melt
produced by diffusive interaction between aluminous melt in the xenoliths produced
from muscovite/biotite breakdown and basaltic magma. This hypothesis is suggested by:

1. Mullite included in plagioclase near the mullite buchite but towards the basalt con-
tact it shows evidence of dissolution and finally disappears in plagioclase adjacent
the basalt and basalt melt pockets within the plagioclase rim. If the basalt magma
was saturated with clinopyroxene at the time of crystallisation, the decrease and
eventual disappearance of mullite may indicate the reaction

clinopyroxene + mullite (or Al-rich melt) = plagioclase + spinel

2. Corundum inclusions within mullite-free plagioclase suggests the reaction

mullite (or Al-rich melt) + basaltic melt = corundum + more Si-rich liquid

Bulk compositions of melt pockets within the plagioclase rim become more Si-
rich and Mg-poor towards the buchite (Fig. 3.14) indicating progressive modifica-
tion of the basalt composition, possible as a result of this reaction.

3. Spinel is concentrated towards the basalt contact and also replaces corundum near
basalt. It becomes Al-Mg-poor and Fe-rich towards the basalt (Fig. 3.14) and Preston
et al. (1999) consider that this to be the result of post-crystallisation subsolidus
equilibration rather than an initial crystallisation trend. However, the change in
bulk composition of melt pockets within the plagioclase rims towards the buchite
also implies that the change in spinel compositions may be primary and the result
of diffusive interaction between xenoliths and basalt magma.

Auckland

The pyrometamorphic effects of alkali olivine basalt of the Auckland volcanic field in
northern New Zealand on argillaceous sediment to produce mullite, cordierite and py-
roxene-sanidine buchites are documented by Searle (1962). In one example, a zone of
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yellow-green glass up to 1.3 cm thick is developed between basalt and porcellanite.
Against the chilled basalt, devitrified glass is characterised by a felted mass of plumose
to radiating clusters of sanidine and sulphur-yellow clinopyroxene needles (Fig. 3.15).
The composition of the clinopyroxene is not determined but the distinctive yellow
colour suggests that it may be Fe3+-rich and possibly approaching an essenite compo-
sition. Further from the contact the glass becomes almost colourless with the
clinopyroxene occurring as randomly orientated needles or radiating aggregates and
prisms associated with subordinate sanidine. Near the porcellanite a mullite-cordier-
ite rock is developed that contains relic of quartz and feldspar. The porcellanite itself
is reddish-brown, intensely indurated and brittle exhibiting columnar joining (ca. 1 cm
diameter) and petrographically shows little obvious mineral transformation.

Disco

Unusual buchitic shale xenoliths up to 20 cm in size and containing native iron and
graphite, occur in basalt that forms the lower 6 m of a 40–50 m thick sequence of
andesite lava and breccia at Asuk in northern Disco, central west Greenland (Pederson
1978, 1979). The xenoliths were derived from carbonaceous shales and sandstones
intruded by tholeiitic basalt and show various degrees of melting and reaction with
the magma. The andesitic part of the sequence also contains shale xenoliths that are
mostly strongly modified by reaction with the magma to form plagioclase ± cordierite-
Mg-spinel-corundum-graphite rocks.

One of the buchite shales largely consists of grains of resorbed clastic quartz, spongy
feldspar in an advanced stage of fusion, and zircon in a fine-grained partially melted
matrix. The glassy matrix contains flakes of graphite and diffuse bands of troilite
and native iron that parallel original sedimentary bedding. Troilite often mantles a
core of iron (rarely armalcolite), and grains of iron may contain exsolved cohenite
([Fe,Ni,Co]3C). Aggregates of rutile and Al-armalcolite have replaced clastic ilmenite,
rutile and fine granulated TiO2-pseudomorphs.

Fig. 3.15.
Drawing from microphoto-
graph (× 43 magnification) of
a clinopyroxene-sanidine bu-
chite xenolith in olivine ba-
salt, Auckland volcanic field,
New Zealand (after Fig. 8 of
Searle 1962). Dark stippled
crystals = clinopyroxene; light
stippled area = felted mass of
sanidine
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Cracks in the shale are occupied by colourless glass that contains cordierite, low
Ca-clinopyroxene, plagioclase, ilmenite, rutile and extremely rare armalcolite. Metal
grains consist of troilite and iron that is partly mantled by sulphide that contains
minor exsolved cohenite and rare schreibersite ([Ni,Fe]3P). Patches within the shale
composed of titanite, Ti-diopside, anorthite, and troilite are inferred to have formed
by decarbonisation of carbonate-rich material.

The pyrometamorphic assemblages emphasise the role of carbon reduction in
carbonaceous sediments when heated to basaltic temperatures of 1150–1200 °C at low
pressure. Oxygen fugacities were variable, ranging from slightly above 10–13 (at 1180 °C)
for melt assemblages in cracks to well below 10–13.5 (at 1180 °C) for the formation of
rutile and Al-armalcolite that result from the reaction of clastic Fe-Ti oxides in the
graphite-bearing interior of the shale xenoliths.

Sithean Sluaigh

Pyrometamorphism of greenschist facies pelitic, semipelitic and psammitic phyllites
by a dolerite plug at Sithean Sluaigh, Argyllshire, is described in detail by (Smith 1965,
1969). Texture and composition has been significant during their thermal metamor-
phism, the most important being the relative amounts and arrangement of phyllosili-
cates relative to quartz and albite (both detrital and neometamorphic). Additional
minerals present in the unaltered phyllites include biotite, garnet, epidote. rare micro-
cline, carbonates (calcite, siderite, dolomite), apatite, tourmaline, zircon and rutile. Both
massive layers and interlayered (semi-schist) quartz-plagioclase and muscovite-chlo-
rite-rich rocks occur with every gradation in between. Petrographic evidence of min-
eral breakdown with increasing temperature and coarsening of neometamorphic min-
eral grain size towards the contact is described by Smith (1969) in several sections at
varying distances and localities from the dolerite contact. The mineral replacements
observed are summarised below:

■ Phengitic muscovite initially reacts to a meshwork of fine mullite/sillimanite needles
and glass and at higher temperature to spinel, corundum, cordierite and sanidine.

■ Chlorite reacts to spinel, orthopyroxene, cordierite, sometimes pseudobrookite, with
additional sanidine in chlorite-muscovite intergrowths.

■ Garnet breaks down to orthopyroxene, cordierite and spinels.
■ Diopsidic pyroxene forms by reaction between dolomite and quartz.
■ Melting of quartz-albite-rich layers produces granophyre that contains quartz

paramorphs after tridymite and hopper crystals of sanidine that may act as nuclei
for the development of spherulites where glass is still present.

■ Near the dolerite contact, quartz segregations in the phyllite may be largely con-
verted to cordierite by metasomatic introduction of Al, Fe, Mg (and alkalis) from
adjacent micaceous bands.

■ Ilmenite is replaced by pseudobrookite.

In one area, emery-like rocks have formed within 3 m of the dolerite contact as a
result of melting and desilicification at near magmatic temperature to produce the
following assemblages:
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■ mullite-spinel-corundum
■ corundum-magnetite-spinel-pseudobrookite-sanidine (Fig. 3.16)
■ mullite-spinel-pseudobrookite-(ilmenite-hematite)-glass
■ spinel-calcic plagioclase-(corundum)
■ cordierite-spinel-magnetite-pseudobrookite (black glassy vein)
■ cordierite-spinel-mullite-ilmenite-hematite-devitrified glass

Bulk compositions of emery rocks are plotted in Fig. 3.17 in terms of (Si,Ti)O2-
(Al,Fe3+)2O3-(Fe,Mg,Mn)O and show a good correlation with the predicted high tem-
perature minerals, taking into account the variability of rock oxidation ratios. With

Fig. 3.17.
Emery rocks and mineral
components from the contact
aureole at Sithean Sluaigh,
Argyllshire, Scotland, plotted
in terms of mol% (Si,Ti)O2 –
(Al,Fe)2O3 – (Fe,Mg,Mn)O
(after Fig. 8 of Smith 1965)

Fig. 3.16.
Drawing from a microphoto-
graph (× 45 magnification) of a
corundum-spinel-magnetite-
sanidine rock (emery), Sithean
Sluaigh. Argyllshire, Scotland
(after Fig. A, Plate 6 of Smith
1969). Note the orientation of
corundum that probably re-
flects orientation of original
muscovite in the phyllite
protolith
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decreasing temperature away from the contact, wt.% Fe2O3 in corundum and the
Fe3+/Fe2+ ratio of spinel increase with increasing rock oxidation ratio (Fig. 3.18). A
decrease in wt.% Fe2O3 in corundum 2.7 m away from the igneous contact may indi-
cate that the temperature was too low for oxidation reactions to occur or possibly due
to preferential partitioning of Fe3+ into coexisting pseudobrookite in this rock.

The emery-like rocks represent highly desilicated Al, Fe, Mg residues of melting and
extraction of rheomorphic granophyre as veins from pelitic phyllites. Bands and lenses
of granophyre are also typically highly contorted indicating that the rocks were partly
molten and plastic. The restricted occurrence of the emeries within the contact aureole
could be due to high modal phyllosilicate contents of the emery protolith that resulted in
an increased amount of H2O being available on dehydration to enhance heat conduction.

Bushveld

Symmetrically layered highly aluminous corundum-sillimanite-bearing xenoliths
(66.3 wt% Al2O3; 29.6 wt.% SiO2) occur in anorthosite of the Critical Zone of the
Bushveld Intrusion, South Africa (Willemse and Viljoen 1970, with additional data by

Fig. 3.18.
Plots of bulk rock (emery)
oxidation ratio, spinel Fe3+/Fe2+

and wt.% Fe2O3 in corundum
versus distance from dolerite
contact at Sithean Sluaigh,
Argyllshire, Scotland. Hori-
zontal shaded strips are the
range of rock oxidation ratios
in psammitic and pelitic
aureole rocks (data from
Smith 1965, 1969)
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Cameron (1976). One example (at Thorncliff) is ~0.3 m thick and zoned inwards from
the anorthosite contact as follows:

■ Spinel zone. Pleonaste spinel-plagioclase (An90–55)-sillimanite-sapphirine.
■ Plagioclase-sillimanite-mullite zone. Plagioclase (An90–95 and An75–60)-sillimanite-

mullite.
■ Corundum zone. Corundum with matrix sillimanite-mullite and plagioclase.
■ Main sillimanite-mullite zone. Sillimanite-mullite matrix with corundum and ac-

cessory rutile and sapphirine.

This example is one of the few recorded occurrences of sapphirine in low pressure
metamorphic rocks. In the system MgO-Al2O3-SiO2, a small sapphirine field coexists
with spinel, cordierite and mullite at high temperatures between 1460 °C and 1453 °C
(Fig. 3.4) and in the hydrous system, the reaction

cordierite + corundum = sapphirine + mullite

occurs between ~1270 °C (atmospheric pressure) and 1255 °C (2 kb) (Seifert 1974). Ad-
dition of iron and K2O in the corundum-bearing, quartz-absent KFMASH system
produces a sapphirine-K-feldspar assemblage at 865 °C with the reaction curve con-
verging to an invariant point (“I” in Fig. 3.19) at ~900 °C/1.6 kb were the reaction

Bt + Opx + Cd + Co = Sa + Sil + L

occurs (Kelsey et al. 2005). This suggests that corundum in the main sillimanite-mul-
lite zone of the Bushveld xenolith could be relic due to the reaction Sil + Co = Mul, as
also implied by the bulk rock composition that lies within the sillimanite-mullite-
sapphirine triangle shown in Fig. 3.19. Cordierite does not occur with sapphirine, but
is found in a “mottled” zone associated with spinel that is developed along the contact
with anorthosite and where sapphirine may be replaced by spinel. In another xeno-
lith, cordierite occurs with sillimanite, mullite, spinel ± minor corundum without
sapphirine (Fig. 3.19). Elongated quartz nodules 3 cm or more in length in the spinel
zone extend into and deform the corundum zone and may have formed from silica
produced by the reaction Sill = Mul + SiO2 (Fig. 3.19). Assuming that the formation of
sapphirine occurred via the Cd Co = Spr Mul reaction, minimum P-T conditions of
2.9 kb and 1250 °C are indicated from intersection of the two reaction curves (Fig. 3.19).
The temperature of the Bushveld magmas is estimated at between 1160–1300 °C by
Cawthorn and Walraven (1998).

The marginal zonation of the xenoliths is best explained by diffusive interaction
with the Bushveld magma that involved diffusion of Ca, Mg, Fe, Si and Na into the
xenoliths. For example, the outer spinel zone of the Thorncliffe xenolith is similar to
that developed around mullite xenoliths from Mull (see Fig. 3.14) except for the pres-
ence of sapphirine that may have formed by the reaction

2CaMgSi2O6 + 4Al2SiO5 = 2CaAl2Si2O8 + MgAl2O4 + 0.5Mg2Al4Si2O10 + 3SiO2 + 0.5O2
clinopyroxene sillimanite anorthite spinel sapphirine quartz
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Fig. 3.19. Above: Compatibility relations in terms of mol% (Fe,Mg)O – Al2O3 – SiO2 (total iron as FeO)
of mineral phases and Al-rich xenolith compositions in the marginal part of the Bushveld Intrusion,
South Africa (modified after Fig. 3 of Cameron 1976a). A = sillimanite-mullite-sapphirine-corundum
assemblage; B = cordierite-sillimanite-spinel assemblage with minor mullite and corundum. In both
assemblages corundum may be a relic phase. Below: P-T diagram of mullite, sillimanite, cordierite,
corundum, spinel, sapphirine stabilities relevant to assemblages in Al-xenoliths of the Bushveld Intru-
sion. Lower temperature equilibria involving Ksp are calculated for sapphirine-bearing, silica-under-
saturated metapelitic compositions in the KFMASH system (Kelsey et al. 2005). Higher temperature
reactions involving Co, Sil, Mul, Spr are the same as given in Fig. 3.7. High temperature sapphirine break-
down reaction curves were calculated using the average Bushveld sapphirine composition analysed by
Cameron (Table 3; 1976a) using the Teriak/Domino software of de Capitani and Brown (1987). Dark
grey shaded area = temperature range of Bushveld magmas
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where Ca, Mg and Si components are represented by a clinopyroxene-saturated
Bushveld magma and sillimanite is relic. In the plagioclase-sillimanite and corundum
zones, the presence of more sodic plagioclase, An60–75 in the former and An25–40 in the
later respectively, and zonation from anorthite cores containing sillimanite inclusions
(?original restite association) to more sodic, sillimanite-free rims, reflects the rela-
tively greater diffusion distances of Na and Si into the xenolith. The abundance of
corundum (~50 vol.%) in a predominantly sillimanite matrix in the corundum zone
suggests that these phases may represent the restite assemblage from reaction of an
original muscovite-rich layer in the xenolith.

Skaergaard

Metapelitic country rocks, most likely Precambrian basement pelitic schist/gneiss with
> 20 wt.% Al2O3 (Kays et al. 1981, 1989), have been pyrometamorphosed at ~650 bar
by basaltic magma of the Skaergaard intrusion, Greenland. The xenoliths occur within
the marginal part of the intrusion and range from small rounded examples a few cm
to several decimeters in size to larger ones that are metres to tens of metres in size.
Examples from four localities have been studied in detail by Markl (2005). The xeno-
liths are either layered between blue to purplish-blue cordierite-rich layers to darker
nearly black spinel-rich layers or zoned examples (smaller xenoliths) with cores of
corundum, mullite, sillimanite, spinel and rutile within a plagioclase matrix. Associ-
ated plagioclase-rich schlieren and stringers in the layered xenoliths are considered
to respresent anatectic melts. Textures of the xenoliths are extremely complex be-
cause of variable grain size, the presence of at least two generations of high tempera-
ture mineral assemblages, and diffusive interaction with ferro-basaltic magma and
possibly also a granophyric melt.

In the layered xenoliths, cordierite and spinel are abundant and in places consti-
tute > 80% of the rock. Texturally, two generations of cordierite and spinel occur. Early
cordierite (up to 5 mm) contains needles of mullite and is in apparent equilibrium
with spinel, plagioclase (An90–30), ilmenite, ± corundum, ± rutile. Later cordierite forms
small grains in fine-grained intergrowths with spinel, plagioclase, and minor ilmenite,
K-feldspar and tridymite. Relics of early corundum and mullite remain as strongly
resorbed crystals in plagioclase.

The zoned xenoliths are characterised by cores that consist of euhedral (up to 5 mm)
crystals of corundum, euhedral rutile, abundant mullite and sillimanite needles/blocky
crystals that are sometimes in felted intergrowth with a silica phase ± spinel. Large
crystals of zoned plagioclase (An90–50) form the matrix of all these phases (Fig. 3.20).
At the contact with gabbro, the above assemblage has been modified (Fig. 3.21). A
5 mm–1 cm thick plagioclase (An90–60) rim is developed around the xenoliths that
changes inward to a fine-grained intergrowth of spinel and plagioclase (An30–15)
(~5 mm thick) where spinel replaces partly resorbed mullite of the early assemblage.
Some of the corundum and rutile are also partly replaced by spinel. Thin seams of
plagioclase, ± K-feldspar, ± ?tridymite surrounding corundum, corundum/spinel and
spinel aggregates may represent crystallised melt. Only minor cordierite is present
and is associated with fine-grained later plagioclase.
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Fig. 3.20. Drawing from a thin section photomicrograph of a zoned aluminous xenolith from the Skaer-
gaard Intrusion, Greenland, together with a diagram showing textural relationships in one area of the
thin section (after Fig. 3A of Markl 2005). Spinel grain sizes are indicated in the thin section. The spinel-
plagioclase vein is interpreted to be a late stage melt that entered the xenolith along a crack. See text

Fig. 3.21. Drawing from a thin section photomicrograph of a banded aluminous xenolith from the
Skaergaard Intrusion, Greenland (after Fig. 5B of Markl 2005). See text
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The mineral assemblages in the Skaergaard xenoliths are similar to those developed in
emeries (e.g. Slithean Sluaigh, Bushveld) that involve extreme desilicification (removal of
granitic melt) and diffusive exchange with magma. In the system FeO-Al2O3-SiO2, assem-
blages of mullite-cordierite-hercynite and mullite-corundum-hercynite crystallise at
1205 °C and 1380 °C respectively (Fig. 3.4; Table 3.1) and it would need prohibitively high
temperatures, i.e. higher than that of the Skaergaard magma temperatures of between
1170–1200 °C at atmospheric pressure (Hoover 1977), to melt such mineral assemblages
as proposed by Markl (2005). Although euhedral and occasional skeletal habit of corun-
dum and early spinel, mullite needles in plagioclase, and optically continuous plagioclase
crystals are cited as evidence of crystallisation from a melt, such features are also typi-
cal of restite phases (mullite-sillimanite, corundum, spinels, rutile) formed from melt-
producing breakdown reactions involving biotite, cordierite, sillimanite and garnet that
occur in the metapelitic rocks exposed along the western contact of the Skaergaard
Intrusion. The restite phases may be enclosed by subsequent growth of plagioclase
from associated peraluminous melt compositionally modified by diffusion (e.g. intro-
duction of Ca) from the basaltic magma, with restite crystal coarsening occurring during
high temperature annealing. The plagioclase-rimmed parts of the xenolith in contact
with gabbro shown in Fig. 3.21, and probably the lower part of the xenolith shown in
Fig. 3.20, clearly indicate the effects of diffusive interaction with the Skaergaard magma.

Ngauruhoe

Buchitic xenoliths, a few centimeters to several decimeters diameter described by Steiner
(1958) and Graham et al. (1988) occur in andesite flows and glowing avalanche depos-
its erupted from Mount Ngauruhoe, New Zealand, in 1954. The xenoliths were derived
from schistose greywacke sandstone and argillite basement rocks underlying the cen-
tral North Island volcanic area. Contacts between xenoliths and andesite host are sharp,
although often fragmented, and there is no microscopic evidence of a reaction zone.
Most xenoliths are characterised by fine (mm-scale) layering that reflects original
quartz-plagioclase-rich and quartz-poor (mica-rich) compositions. These layers are
either parallel, contorted and/or discontinuous over a few centimeters, suggestive of
viscous flow in a partially molten state.

The xenoliths contain up to 80% glass with quartz, zircon and apatite remaining as
unmelted relics. Newly-formed phases are dominated by cordierite (mainly in quartz-
poor layers), orthopyroxene (mainly in quartz-rich layers), and spinel (usually associ-
ated with cordierite), which are associated with lesser amounts of Mg-rich ilmenite,
rutile, pyrrhotite and rare V-Cr-Ti spinel. Quartz-carbonate veins in the xenoliths are
converted to quartz, wollastonite and calcic plagioclase. Phase relations from disequi-
librium melting experiments of the basement greywacke (Kifle 1992) suggests a mini-
mum temperature of 750 °C and maximum PH2O of 1.3 kb for fusion of the xenoliths
determined by positions of the biotite-out and cordierite-out curves in Fig. 3.22.

Traigh Bhàn na Sgùrra

Pyrometamorphic changes in garnet-grade pelitic and psammitic gneiss occur within
300 cm of the basal contact of a 6 m thick gabbroic sill at Traigh Bhàn na Sgùrra on
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the Ross of Mull, Scotland (Holness and Watt 2002). Mineralogical changes toward
the gabbro contact are summarised as follows:

■ Psammite
– 300 cm. Muscovite is reacted along cleavage planes and at elongate grain ends

contacting K-feldspar to a submicroscopic intergrowth of biotite, sanidine,
spinel ± corundum ± mullite. The presence of clear feldspar along some quartz-
feldspar contacts indicates the beginning of melting.

– 263 cm. Biotite is reacted to ilmenite (oriented plates at grain margins) and
K-feldspar.

– 173 cm. Reacted muscovite grains in contact with quartz are surrounded by a 10 mi-
cron-thick rim of polycrystalline K-feldspar (Ab37–56 Or61–38 An2–6). Development of
clear, optically continuous cuspate margins on feldspar adjacent quartz and exten-
sions along quartz-quartz boundaries indicate the formation of an initial melt.

– 80 cm. Sites of reacted muscovite are represented by smoothly rounded lozenges
containing clusters of euhedral cordierite grains and fine radiating granophyric
intergrowths rarely associated with biotite.

– 74 cm. Feldspars are surrounded by granophyric rims of ~40 microns thickness.
The granophyric intergrowths contain polycrystalline quartz paramorphs after
tridymite.

■ Pelite
– 120–100 cm. Biotite is reacted to new strongly pleochroic fox-red biotite, together

with K-feldspar, hercynitic spinel and magnetite.
– 90 cm. Muscovite is reacted to mullite and K-feldspar is surrounded by a thick

granophyric rim when in contact with quartz.

Fig. 3.22. Phase relations of disequilibrium melting of a greywacke composition, Taupo Volcanic Zone,
New Zealand (after Fig. 7 of Graham et al. 1988)
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– 60–70 cm. Garnet is partly replaced by an aggregate of euhedral hercynitic spinel,
pyroxene (identified only from shape as it is replaced by chlorite) and quartz,
together with plagioclase (Ab46 An50 Or4), which formed from a melt rather than
as a reaction product of the garnet. The mullite reaction product of former
muscovite begins to be replaced by fine grained aggregates of spinel.

– 57 cm. A marked increase in the amount of melt (identified as fine-grained ag-
gregates of euhedral feldspars [An35–40 or Or60–65] in a granophyric matrix). Relic
plagioclase (An35–55) has a sieve-like appearance due to melting and has over-
growths of Or60–65. Biotite is replaced by elongate aggregates of spinel aligned
parallel to the (001) cleavage associated with ilmenite and magnetite, that are
enclosed by cordierite (pinitised), plagioclase (~Ab56) and K-feldspar.

– 35 cm. Garnet is completely replaced. Relic quartz is enclosed in a matrix of
euhedral to swallow tail feldspar-bearing granophyre. Mullite after muscovite is
replaced by spinel.

– 10 cm. Trails of spinel lose their coherence as a result of movement in the melt
phase that forms ~70% of the rock. Minor polycrystalline aggregates of quartz
remain. Inverted tridymite is rare.

A temperature profile for the lower contact of the gabbro sill is shown in Fig. 3.23
assuming a simple, two-stage thermal model (maintaining magmatic temperature of

Fig. 3.23. Thermal profile (shaded strip) at 600 bar developed at the lower contact of the Traigh Bhán na
Sgúrra gabbro sill, Isle of Mull, Scotland (after Fig. 12 of Holness and Watt 2002). See text. The higher tem-
perature boundary of the thermal profile is for a thermal diffusivity of 10–6 m2 s–1 and for the lower tem-
perature boundary the thermal diffusivity is 6 × 10–7 m2 s–1. Magma temperature is estimated at 1130 °C.
Bulk of the wet melting reaction occurs at between 200–220 cm from the contact. Muscovite-out reac-
tion = metastable melting reaction. Quartz-tridymite inversion temperatures are given for 600 and 400 bar
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Fig. 3.24.
Hypothetical crustal section
for the East Eifel area, Ger-
many, showing the position of
the Wehr phonolite-trachyte
magma chamber within the
upper part of basement schist
indicating a minimum depth
of contact metamorphism of
~5 km (modified from Fig. 13
of Wörner et al. 1982)

1130 °C constant at contact of the sill during which time magma was flowing, followed
by cooling of the sill and country rock) fitted to the maximum temperature profile,
and suggesting that pyrometamorphism occurred over a period of about five months.

Eifel

One of the classic areas from which pyrometamorphosed xenoliths were first described
by Brauns (1912a) is the east Eifel area, Germany. More recent studies by Worner et al.
(1982) and Grapes (1986) concentrate on the latest trachyitic pyroclastic unit of the
Wehr maar-volcano that contains a large number of xenoliths usually a few cm in size
derived from the upper part of amphibolite facies basement schist (Fig. 3.24).

Typical textures of recrystallised mica-rich layers of the schist xenoliths are shown
in Figs. 3.25 and 3.26 and their bulk and respective layer compositions are plotted in
terms of SiO2-Al2O3-(Na,K)2O and SiO2-Al2O3-(Fe,Mg)O in Fig. 3.27. Schist composi-
tions plot within the field of pelitic metamorphic rocks and in comparison with desi-
licated aureole rocks such as at Sithean Sluaigh or aluminous xenoliths in the Skaer-
garrd and Bushveld intrusions, the pelitic xenoliths did not suffer extreme silica-deple-
tion in that primary compositions of the mica-rich layers are chemically unmodified
either by removal of a “granitic” melt or from diffusive interaction with surrounding
magma.

3.2  ·  Contact Aureoles and Xenoliths
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Fig. 3.25. BSE image photograph showing texture of a pyrometamorphosed mica schist xenolith, Wehr
volcano, east Eifel, Germany. The preferred orientation of restite mullite and corundum crystals reflects
original muscovite fabric of the schist. Biotite is a also a restite mineral and is Ti-rich (up to 6 wt.%
TiO2). The feldspar matrix (Fsp) is Ca-plagioclase and K-sanidine

Fig. 3.26. Photomicrographs showing textural detail in reconstituted micaceous layers in pyrometa-
morphosed schist xenoliths, Wehr volcano. East Eifel, Germany. a Large corundum crystal (centre) sepa-
rated from needles and rhombs of mullite-sillimanite within a matrix of K-sanidine. Elongate black
crystals are ilmenite; the others are hercynitic spinel. b Newly-formed skeletal crystals of dark red-
brown Ti-rich biotite associated with needles and rhombs of mullite-sillimanite, hercynitic spinel and
ilmenite (black). The matrix is K-sanidine
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Quartz-plagioclase-rich layers have undergone melting leading to the formation
of siliceous buchites from which new, high temperature phases have crystallised such
as β-quartz, cordierite (XMg = 65), Ca-rich plagioclase, with minor mullite-sillimanite,
magnetite and ilmenite. In contrast, the micaceous layers were reconstituted through
dehydration reactions, melting and crystallisation to a more refractory (restite) as-
semblage of Ca-plagioclase, sanidine (Or61–83 Ab37–16 An1–2), Fe-rich mullite-sillimanite,
Fe-rich corundum, Ti-rich biotite, pleonaste spinel, magnetite, ilmenite, with cordierite
(XMg = 69) typically developed along contacts with largely melted quartz-plagioclase-
rich layers (Fig. 3.28). Melting between quartz, oligoclase, muscovite and biotite led to

Fig. 3.27. Bulk compositions of pyrometamorphosed schist xenoliths, Wehr volcano, East Eifel, Ger-
many, plotted in terms of wt.% SiO2 – Al2O3 – (Fe,Mg)O (a) and SiO2 – Al2O3 – (Na,K)2O (b) and (after Fig. 3
of Grapes 1986). The tie lines join bulk rock (filled squares) to quartz-plagioclase-rich layers/buchite
derivatives (open circles) and mica-rich layers/restite equivalents (filled circles). Grey-shaded field = field
of metamorphic pelitic rocks (Mehnert 1969; Wörner et al. 1982). Inset diagram shows composition
fields of Wehr xenoliths (A, B) and aluminous xenoliths and hornfels (C, D) after Leake and Skirrow
(1960) and Smith (1965, 1969) where A, C = SiO2 – Al2O3 – (Fe,Mg)O; B, D = SiO2 – Al2O3 – (Na,K)2O

3.2  ·  Contact Aureoles and Xenoliths
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the production of peraluminous melts (A/CNK = 1.2–2.1), their compositions depend-
ing on what minerals and their proportions were involved in the melting process.

Breakdown relations of plagioclase, muscovite and biotite that occur in the Eifel
xenoliths and other pyrometamorphosed rocks are described in detail in Chapter 7
and characteristics of the ubiquitous spinels and ilmenite in the xenoliths are described
here. Spinels of the pleonaste-magnetite series occur in all the Eifel xenoliths and have
a wide compositional range within the FeAl2O4-MgAl2O4-Fe3O4 volume depending on
whether they result from muscovite and biotite breakdown reactions or crystallise from
peraluminous melt (Fig. 3.29). Because there are extensive regions of immiscibility
between FeAl2O4 and Fe2TiO4 and MgAl2O4 and Mg2TiO4 at high temperature (Muan
et al. 1972) and between FeAl2O4 and MgAl2O4 below ~800 °C (Turnock and Eugster
1962), the field of stable spinel compositions will be complex. Increasing ƒO2 tends to
stabilise the MgFe3O4 an Fe3O4 components with respect to FeAl2O4. In the Eifel xenoliths,
pleonaste spinels have up to 28 mol% Fe3O4 and magnetite up to ~25 mol% FeAl2O3
that suggests a possible miscibility gap shown in Fig. 3.29.

Redox conditions in the xenoliths derived from coexisting magnetite-ilmenite lie
between the Ni-NiO and Mt-Hm buffer curves and 610–1050 °C (Fig. 3.30) that pre-
sumably reflect temperatures of crystallisation and subsolidus composition adjust-

Fig. 3.28.
Microphotograph (plane pola-
rised light) showing texture of
reconstituted micaceous layer
(right) overgrown by cordierite
along the contact with an adja-
cent largely melted quartz-
plagioclase-rich layer (left).
The reconstituted micaceous
layer consists of an assemblage
of mullite-sillimanite, corun-
dum, Ti-rich biotite, hercynitic
spinel, ilmenite in a sanidine
matrix (see also Figs. 3.25 and
3.36). The schistose metamor-
phic fabric is preserved in the
preferred orientation of the
restite minerals. Black areas
within the glass-rich quartz-
plagioclase layer are holes
caused by vesiculation of the
melt on eruption. Width of
photo = 10 mm
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Fig. 3.29. Compositions of pleonaste spinels and magnetites in pyrometamorphosed xenoliths from
the Wehr volcano, East Eifel, Germany, plotted in terms of a modified (MgCr2O4-FeCr2O4-absent) mul-
ticomponent spinel prism (after Fig. 27 of Grapes 1986). Spinel compositions from Sithean Sluaigh (Smith
1965), Mull (Thomas 1922; Buist 1961; Preston et al. 1999), and Disco (non-Cr2O3-bearing spinels; Pederson
1978) and also plotted

ments and/or oxidation with cooling, i.e. the heating-cooling temperature range of
the contact aureole rocks and xenoliths. Highest temperatures of ~1050 °C are recorded
by oxide pairs in buchitic xenoliths; lowest temperatures of ~620 °C are recorded by
oxide pairs in partially melted xenoliths where compositional profiling indicates
intergrain cation diffusion and oxidation that may be related to dehydroxylation of
associated micas. Core and rim compositions of coexisting magnetite-ilmenite in the
host trachyte give subsolidus T-log ƒO2 quenching values of 781/–13.9 and 743/–14.6
respectively.

Glass within the xenoliths is highly vesicular (Fig. 3.31) reflecting the sensitivity of
H2O-saturated melts to a rapid decrease in confining pressure caused by failure of the
cover rocks overlying the trachyte magma chamber (Fig. 3.24). When this occurred
melts in the variously molten xenoliths became vesiculated by exsolution of H2O re-
sulting in an increase in volume causing fragmentation and disorientation of more
solid, restite micaceous layers. As a result of volume change and PH2O increase during
vapour exsolution both within the xenoliths and magma, the whole mass moved
upward as an entrained fluidised system to be explosively erupted.

3.2  ·  Contact Aureoles and Xenoliths
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Fig. 3.31. BSE image photo showing vesicular glass in a buchitic xenolith from the Wehr volcano, East
Eifel Germany. Black areas = holes resulting from H2O exsolution during eruption. Note the web-like
texture of the glass (Gl) implying expansion and consequent separation of different crystal-melt areas
of the buchite

Fig. 3.30.
T-ƒO2 plot from magnetite-
ilmenite thermometry, py-
rometamorphosed schist xe-
noliths from the Wehr volcano,
East Eifel, Germany (after
Fig. 28 of Grapes 1986). C and
R refer to core and rim values
respectively of ilmenite/mag-
netite microphenocrysts in a
trachyte selvage around one of
the xenoliths. Grey-shaded
field = acid extrusive suites
(Haggerty 1967). See text
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3.2.2
Sanidinite

Eifel

Sanidine-rich xenoliths of different origin were first described in volcanics of the Eifel
area, Germany, by Brauns (1912a,b), and later by Kalb (1935, 1936) and Frechen (1947)
who distinguish sanidine-bearing regional metamorphic rocks from sanidine-rich rocks
of igneous origin. In the former, the sanidine is considered to have resulted from alkali
metasomatism of country rock by phonolite/trachyite magma that has also produced
aegerine-augite, nosean, nepheline, cancrinite, scapolite and hauyne-bearing sanidinites
(fenites) on the one hand, and biotite sanidinite (termed laachite) with relic garnet ± an-
dalusite on the other. In the biotite sanidinites, which preserve regional metamorphic
fabrics and are the type example of sanidinite facies rocks, sanidine typically forms
large crystals that poikilitically enclose minerals such as corundum, mullite-silliman-
ite, Ti-rich biotite, hercynitic spinel and ilmenite (Fig. 3.32) and an evolutionary scheme

Fig. 3.32.
a Photomicrograph of a sani-
dinite, Wehr volcano, East
Eifel, Germany (after Fig. 1B2
of Grapes 1991). White areas =
Na-sanidine. Four crystals of
corundum are indicated.
Black crystals are hercynitic
spinel and ilmenite (elongated
crystals). Note the similarity
with reconstituted micaceous
layers shown in Figs. 3.25, 3.26
and 3.28. b Drawing from
photomicrograph of a partly
recrystallised biotite sani-
dinite xenolith, Laacher See,
East Eifel, Germany (after
Fig. 1A2 of Grapes 1991). Large
plates of Na-sanidine are in
the process of crystallising
from a K-Na-rich peralumi-
nous melt to enclose restite
biotite, hercynitic spinel and
minor corundum
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to illustrate the change from mica schist to sanidinite proposed by Frechen (1947) is
shown in Fig. 3.33.

The “sanidine” in biotite sanidinites from the Eifel that lack relic garnet is a mix-
ture of Na-sanidine, K-albite, ± K-oligoclase as patchy intergrowths, overgrowths/
replacement rims (Fig. 3.34). In terms of wt.% SiO2 – Al2O3 – [(K,Na)2O + CaO] and

Fig. 3.33. Evolutionary flow diagram to illustrate the formation of sanidinite from mica schist during
pyrometamorphism based on evidence in xenoliths from the Laacher See area, Eifel volcanic field, Ger-
many (after Table 2 of Frechen 1947)

Fig. 3.34. An-Ab-Or plot showing the range of feldspar compositions in sanidinite xenoliths, East Eifel
area, Germany (after Fig. 2 of Grapes 1991). The feldspars occur as intergrowths, overgrowths and replace-
ment rims. Compositions within the K-sanidine field are from buchite xenoliths from the Wehr volcano
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SiO2 –Al2O3 – (Fe,Mg)O, bulk compositions of typical sanidinites plot within the field
of mica-rich layers and restitic hornfels of basement schist underlying the Eifel area
(Fig. 3.35). Feldspar + glass-rich parts of two biotite sanidinite xenoliths have compo-
sitions almost identical with those analysed by Brauns (1912b) and also plot within
the composition fields of phonolitic/trachytic pumice from the Eifel area. The alumi-
nous mafic fraction of the xenoliths that is poikilitically enclosed by feldspar consists
of oriented crystals biotite, mullite-sillimanite, corundum, hercynite, ilmenite that re-
flect the metamorphic fabric of the schist protolith as shown in Figs. 3.26 and 3.28,
and compositions are those of desilicated xenoliths and hornfels, i.e. emeries. These
relationships indicate that the aluminous mafic parts of the sanidinite are the high
temperature refractory end product (restite) of the melting of mica-rich layers and
that the feldspar-rich “matrix” represents the peraluminous melt (buchitic stage) of
this melting process (open diamonds in Fig. 3.35) modified by diffusive exchange of
with phonolitic/trachytic magma involving Na, to a lesser extent K, enrichment and
Si-loss concomitant with Al-enrichment of the sanidinite melt (Wörner et al. 1982;

Fig. 3.35. Plots of wt.% SiO2 – Al2O3 – [(Fe,Mg,Mn)O + TiO2] and SiO2 – Al2O3 – [(Na,K)2O + CaO] of two
sanidinite xenoliths, East Eifel volcanic area, Germany (after Fig. 3. of Grapes 1991). Tie lines join bulk
sanidinite composition with respective mafic and felsic + glass components. See text
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Grapes 1986, 1991). Mg/Fe ratios of spinel/biotite pairs indicate a final equilibration
temperature of about 830 °C for the two sanidinites plotted in Fig. 3.35 with a lower
temperature of 750 ± 10 °C at 1 kb from plagioclase-K-feldspar thermometry (Brown
and Parsons 1981) for crystallisation of latest-formed Na-sanidine–K-albite (Fig. 3.32b).

Mt. Amiata

Sanidinite xenoliths described by van Bergen and Barton (1984) occur in K-rich
rhyodacite at Mount Amiata, Central Italy. During pyrometamorphism, regionally
metamorhposed pelitic schist and gneiss have largely recrystallised to form sanidinite
consisting of biotite, spinel, andesine-labradorite, andalusite, sillimanite, corundum,
Fe-Ti oxides and graphite enclosed in Na-sanidine (Or86). There is very little glass
present and regional metamorphic microfoliation is preserved by oriented ilmenite
and flakes of graphite. Many of the xenoliths show millimeter-scale mineralogical
and textural core to rim zoning (Fig. 3.36). The sanidinite cores are enclosed by a
narrow plagioclase-rich zone with subordinate orthopyroxene, biotite and spinel,
surrounded by a brown-vesicular glass zone containing crystals of biotite, plagioclase
and/or orthopyroxene, with a rarely-developed outermost clinopyroxene-rich rim.
These changes are thought to reflect reaction between xenoliths and magma involv-
ing melt separation from the xenoliths (brown glass zone) and diffusive exchange
gradients to form the plagioclase-rich and clinopyroxene zones as illustrated in
Fig. 3.36.

3.2.4
Granitoids

Iceland

A large number of light coloured, dense, sometimes flinty acidic xenoliths, averaging
2–10 cm in diameter within basaltic lava and tephra occur on the island of Surtsey off
the south coast of Iceland, and associated with post-glacial cinder cones (Sigurdsson
1968). Highly vesicular acidic xenoliths are also found and during the eruptions that
formed Surtsey between late 1963 and mid 1967, light, frothy glassy fragments drifted
ashore on its beaches.

The fine grained xenoliths have sharp contacts with the host basalt and lack any
reaction phenomena. Despite evidence that the xenoliths were molten, lobes and folds
intertwining basalt and xenolith suggest immiscibility between the two. Glass is rare
or absent in most of the fine grained xenoliths and they have a sub-spherulitic texture
largely composed of calcic plagioclase (An85–95) associated with aggregates of wedge-
shaped twinned tridymite, and occasional relic quartz grains in optical continuity
with the tridymite. Rare orthopyroxene, cordierite and mullite are also present. Small
patches of brown glass containing scarce pyroxene microlites are thought to repre-
sent areas of former biotite or possibly hornblende. Increasing fusion is accompanied
by increasing vesiculation so that some xenoliths are characterised by abundant ve-
sicular or frothy, almost transparent glass with occasional relic quartz and K-feldspar
preserving a granitic texture.
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Fig. 3.36. Above: Section of a zoned sanidinite xenolith in siliceous lava, Mt. Amiata, central Italy (after
Fig. 1 of van Bergen and Barton 1984). Below: Major oxide variation as a function of SiO2 content from
core to lava-envelope of the sanidinite xenolith (after Fig. 7 of van Bergen and Barton 1984). See text
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Leucocratic xenoliths of 1 to 30 cm diameter also occur in rhyolite erupted in 1875
from the Askja central volcano (Sigurdsson and Sparks 1981). They range from par-
tially fused trondhjemitic, granodiorite to dense, highly siliceous types (quartz trond-
hjemite) and are comparable to those from Surtsey and western Iceland described
above. Primary minerals in the trondhjemite are quartz and normal zoned andesine
(An43–37 to An40–32 and sometimes anorthoclase), with minor amounts of biotite. The
beginning of melting is indicated by the presence of thin films of glass around quartz
in granular aggregates with plagioclase. With more advanced melting the quartz be-
comes scalloped and laths of tridymite occur in the surrounding glass. In extensively
fused xenoliths, tridymite forms the dominant phase. Rims of plagioclase become
granulated with individual granules of An35–37 surrounded by glass to produce a sieve
or characteristic fingerprint texture (see Chapter 7). The granules are optically con-
tinuous and typically preserve the original outline of the plagioclase crystal. Fine-
grained aggregates of magnetite and orthopyroxene (Wo1.3 En75 Fs24) occur after biotite
(see Chapter 7) and extensively fused siliceous xenoliths contain cordierite and mullite.

Plagioclase thermometry for the rhyolite tephra that contains the xenoliths gives
crystallisation temperatures of 1043 to 1091 °C under dry conditions and 990–1010 °C
under PH2O = 0.5 kb. The lower temperature for wet melting is consistent with a mini-
mum temperature derived from intersection of the quartz-tridymite inversion and the
dry Qz Ab Or melting curve at 970 °C/550 bar but would imply overstepping of the wet
melting curve by ~200 °C (Fig. 3.37). A similar temperature overstepping is also indi-

Fig. 3.37.
Phase diagram for
Qz Ab Or ± H2O melting in
relation to the Qz/Td inver-
sion at pressures < 1000 bar
(solidus curves after Tuttle
and Bowen 1958; Shaw 1963).
The Qz/Td inversion occurs at
867 °C at 1 bar and has a slope
of 200 °C kb–1
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cated from experimentally determined biotite-out curves in granodiorite and peralu-
minous granite compositions (Fig. 3.38). With a plagioclase composition of An40 as in
the partly fused Icelandic tronjhemites, melting temperatures would be ~10 °C higher
than for pure albite (e.g. Fig. 6.1 of Johannes and Holz 1996).

Sierra Nevada

At Owens Valley, southern Sierra Nevada, California, a 61 m long by 8 m high expo-
sure of columnar jointed granodiorite has been partially fused by olivine basalt (Knopf
1938). The granodiorite shows evidence of disintegration at the contact with the ba-
salt which contains innumerable feldspar and quartz fragments as well as blocks of
granodiorite. Feldspar xenocrysts are honeycombed with brown glass around their
peripheries, along cleavage planes and as circular patches inside the crystals. Tridymite
is abundant in the surrounding glass.

The granodiorite is principally composed of quartz, plagiolcase (An45), orthoclase
and biotite. In the partially melted rock, biotite is pseudomorphed by a mixture of
magnetite, spinel and newly-formed red biotite, quartz is conspicuously resorbed and
cracked although orthoclase has not been converted to sanidine. The more glass-rich
parts of the granodiorite give it the appearance of a porphyry. The glass is colourless,
has an inferred “silicic rhyolite” composition, and is typically developed along quartz
and K-feldspar contacts. It contains crystals of orthopyroxene that are especially abun-
dant near altered biotite. Perlitic cracking in the glass is common, especially near crys-
tals of unreacted zircon.

Comparison with extrapolated experimental melting data for a granodiorite com-
position in Fig. 3.38a indicates that between 100 and 500 bar, the presence of tridymite
in the more fused granodiorite implies minimum temperatures of between 870–970 °C

Fig. 3.38. Phase diagrams for melting of granodiorite (a) and peraluminous granite (b) compositions
in relation to the Qz/Td inversion at pressures < 1000 bar. In (a), solidus and mineral-out curves with
excess H2O are extrapolated below 1000 bar from experimental data given in Fig. 2 of Piwinskii (1968).
In (b), solidus, mineral-out curves and Cd-in curve with 4 wt.% H2O are from experimental data given
in Fig. 4 of Clemens and Wall (1981). The Cd-in curve is coincidental with the Opx-out curve
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respectively, i.e. ca. 180 °C above the granodiorite solidus at 500 bar. At this pressure
biotite stability is exceeded at ~810 °C and in the Owens Valley granodiorite it has
reacted to form magnetite, orthopyroxene and new biotite (see Chapter 7).

An elliptical (~1.6 km in its longest dimension) plug of andesite containing an “egg-
shaped” inclusion of granodiorite some 12 m wide and 15 m long, occurs near Carlsbad,
San Diego County, California (Larsen and Switzer 1939). In comparison with the
unmelted rock, the granodiorite, with an original mineral composition of quartz,
plagioclase (An34–20), perthite, brown biotite, green hornblende, with accessory mag-
netite, apatite and zircon, shows evidence of extensive fusion. Perthite has completely
melted; biotite and hornblende are replaced by pyroxene and Fe-oxide. Quartz and
plagioclase have undergone partial melting as indicated by quartz having sharp,
embayed boundaries against glass. Brown glass makes up 40-50% of the rock and
contains abundant, needle-like crystals of plagioclase (An15) with a distinctive “swal-
low-tail” habit, pyroxene and very fine magnetite. The pyroxene (identified as augite)
is typically concentrated around resorbed grains of quartz. The absence of tridymite
implies that fusion temperatures were lower than the Owens Valley granodiorite. Com-
plete melting of K-feldspar, reaction of biotite and hornblende, and the presence of
quartz suggests fluid pressures of between 500–700 bar over a temperature range of
~810–840 °C (Fig. 3.38a).

Al-Rawi and Carmichael (1967) document fusion of biotite granite wall rock by a
small Tertiary trachyandesitic plug, Sierra Nevada batholith, some 61 m in diameter
that acted as a feeder to basaltic-andesitic lavas. An extensive amount of black glass
is developed along the andesite-granite contact and the principal constituents of the
granite, –quartz, plagioclase, K-feldspar, biotite, show progressive changes in response
to heating towards the andesite (Fig. 3.39). Biotite changes from greenish-brown to
reddish-brown prior to initial breakdown to fine grained Fe-oxide and then to a fine
intergrowth of Ti-magnetite, orthopyroxene and Na-plagioclase that persists through
the zone a melting, i.e. within 8 m of the andesite contact. The optic axial angles of

Fig. 3.39.
Variation of volume % miner-
als and glass in a partially
fused granite with distance
from a trachyandesite plug,
near Mono Lake, Sierra Ne-
vada batholith, California
(after Fig. 1 of Al-Rawi and
Carmichael 1967)
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both plagioclase and orthoclase (converts to sanidine) decrease towards the contact.
Hornblende is replaced by Fe-oxide, the grain size of which coarsens as the contact is
approached and where it is difficult to distinguish replaced hornblende from biotite.
Titanite becomes rimed by Fe-oxides.

Melting and mobilisation of granite by another small 60 × 40 m diameter trachy-
andestite plug intruding the same Cretaceous granite as that reported by Ali-Rawi and
Carmichael (1967) has also been examined by Kaczor et al. (1988) and Tommasini and
Davies (1997) (Fig. 3.40). Field relations indicate a complex interplay between the in-
trusive and intruded rocks. The partially melted granite consists of numerous inclu-
sions of unmelted granite (1–60 cm diameter), partially melted granite as well as
trachyandesite, suggesting that wall rock fusion occurred at deeper levels. The density
difference between the two rocks resulted in partially melted granite intruding the
trachyandesite after cooling to a point where jointing was developed. Later, the for-
mally mobile, partially melted granite was in turn intruded by trachyandesite.

The unmelted peraluminous granite (alumina saturation index [Al2O3/ (CaO
+ Na2O + K2O)] = 1.02) is coarse grained, consisting of quartz, plagioclase, microcline,
minor biotite, and magnetite, with accessory apatite, allanite and zircon. When par-
tially melted, the granite develops a vitrophyric texture and crystal size decreases as
the volume of glass increases. Relic phases are quartz, plagioclase, sanidine (recrystal-
lised microcline), magnetite, minor ilmenite, apatite and zircon. In one sample with
25% glass, additional newly-formed cordierite, sillimanite and rutile occur. Glass is
intergranular, occurring along fractures and rims inclusions within grains. Where the
amount of glass is small it is typically clear, but with increased melting it becomes
brown. The two types of glass shown in Fig. 3.41 are compositionally different. Overall,
the less siliceous brown glass formed by a higher degree of melting contains less K2O
and more (Ca,Mg,Fe)O and approaches the granite composition as expected. In detail,
however, along contacts with residual minerals the composition of the brown glass is
heterogeneous on a micron scale implying diffusion-controlled dissolution across the
boundary layer at the solid-liquid interface. On devitrification, fan spherulites are
developed in the brown glass. Glass-mineral associations and the dominance of brown
glass with increased fusion, implies that the glasses represent heterogenous melts due
to insufficient time for complete mixing rather than immiscible liquids. On the basis
of Na, K, Rb and Ca, Sr diffusion calculations, Kaczor et al. (1988) suggest that the period
of melting and quenching was between > 1 – < 6 months. The two types of glass in the
partially melted granite contain different forms or associations of quench crystals.
Rectangular or H-shaped hollow microlites are common in the clear glass whereas
microlites together with rod-like to globular crystallites occur in the brown glass.

Glass first appears along quartz–K-feldspar contacts and gradually increases in
amount towards the trachyandesite as shown by Al-Rawi and Carmichael (1967),
becoming brownish in colour due to diffusion of salic components from biotite and
progressively pervades the whole rock as veins and pools. Alkali feldspar appears to
have undergone melting along cleavages and perthite lamellae interfaces that devel-
ops into a typical fingerprint texture through the whole crystal with increasing fu-
sion. The new-high temperature K-feldspar resulting from the melting of sanidine
after microcline is sodic sanidine (Fig. 3.41). Plagioclase remains unaffected until the
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Fig. 3.40. Above: Geologic map showing the relationship between unmelted granite (Rattlesnake Gulch,
Sierra Nevada batholith, California, USA), trachyandesite and partially melted granite (after Fig. 3. of
Kaczor et al. 1988). Below: Xenolith of a partially melted granite xenolith exhibiting strong flow struc-
ture at the trachyandesite contact. The xenolith includes fragments of granite and trachyandesite (after
Fig. 4B of Kaczor et al. 1988). See text
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trachyandesite contact is reached at which point it also becomes “spongy” in appear-
ance indicating melting, with rim compositions becoming notably more Ca-rich (see
Chapter 7) (Fig. 3.41). Anorthoclase is the end product of both plagioclase and sanidine
melting reactions (Fig. 3.41). In contrast, quartz remains clean and has sharp but ir-
regular (resorbed) junctions with the glass. At the trachyandesite contact, dark brown
to black glass forms more than 60% of the rock. It contains microlites of orthopyroxene,
as radiating clusters and as fringes around residual quartz. Fine grained spherulitic
intergrowths of quartz and feldspar form when the glass devitrifies.

Silicate, oxide and apatite geothermometry of the trachyandesite yield tempera-
tures within the range of ~900–1150 °C (Kaczor et al. 1988). Thermal modeling by
Tommasini and Davies (1997) assuming an intrusion temperature of 1100 °C indicates
that the granite xenolith exceeded its solidus within 3 months of trachyandesite in-
trusion and attained a maximum temperature of ~1000 °C after ca. 1.5 years (see
Chapter 2). At this temperature, the absence of tridymite suggests a minimum pres-
sure for pyrometamorphism of ~680 bar (Fig. 3.37).

Fig. 3.41. Mol% Na2O-K2O-(Ca,Mg,Fe)O diagram for granite, relic and new minerals and glass (Rattle-
snake Gulch, Sierra Nevada batholith, California, USA), (after Fig. 1 of Tommasini and Davies 1997). Tie
lines with arrows indicate compositional changes in feldspars with increasing degrees of melting of the
granite. See text

3.2  ·  Contact Aureoles and Xenoliths
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3.3
Combustion Metamorphism

3.3.1
Sandstone, Siltstone, Shale, Diatomite

India

In 1914, Fermor described a “very puzzling series of ‘volcanic rocks’” from the Bokaro
coalfield, Madhya Pradesh, India. The rocks are vesicular, sometimes pumiceous, and
consist of laths of labradorite and skeletal magnetite, but lacking augite, in a black
glassy matrix. Subsequent investigation revealed that the ‘scoriaceous rocks’ are in
fact the products from the burning of coal seams above the water table (Fermor 1918)
and they were later described as ‘para-lavas’ (Hayden 1919; Fermor 1924) consisting of
Fe-cordierite, sillimanite (?mullite), orthopyroxene, plagioclase and spinel in a glassy
matrix.

One burnt section described by Fermor (1918) is associated with a 13 m thick coal
seam. The upper part of the variably burnt seam is marked by some 0.5 m of vesicular
‘semi-coke’ overlain by 1.4 m white coal ash the top of which defines the upper surface
of the coal seam that is overlain by white, bleached and sometimes reddened shale.
Where the seam has been entirely burnt its original thickness is represented by a “few
feet of pumiceous scoria” and the overlying shale has been partially fused with the for-
mation of breccias of porcellanitised shale in a fused shale matrix. Fermor also de-
scribes a 5 cm vein cutting bleached shale, ascribing it to the intrusion of a ‘shale melt’.

Other examples of paralavas occur in the eastern part of the Jharia coalfield in the
Dhanbad district of Bihar State, NE India (Fig. 3.42) where in 1995 some 96 coal fires
were burning at depths between 45–55 m (Saraf et al. 1995). The paralavas are described
by Sen Gupta (1957) as very localised, occurring as small bouldery masses on the hang-
ing-wall sides of coal seams and as more or less continuous exposures immediately
overlying coal seams. The bouldery masses are attributed to fires that began at coal
outcrops and are therefore confined to the surface or to shallow depth; the continuous
paralava exposures formed when coal was ignited after quarries were opened and in
some cases these could be directly correlated with burning seams. In the overlying
sediments, fusion is most marked along bedding planes and joints in shale whereas in
fine-grained sandstone loci of fusion are comparatively uniformly distributed and
appear to be controlled by pore spaces. Larger bodies of paralava occur in fissures
where the shales contain well-developed joints, and especially where two or more joint
planes intersect. Here the paralava exhibits ropy, lobate and tongue-like structures simi-
lar to those in basaltic lava. It occurs as pendants in joint cavities, has a smooth glazed
surface and is hollow being usually very light with a thin glassy skin. Such bodies are
characterised by circular or ellipsoidal vesicles, the elongation of which is mostly aligned
along bedding planes within the shale confirming the direction of flow along such planes.

The glass-rich nature of the paralavas and characteristic igneous textures (vitro-
phyric, hyalopilitic, intersertal), the presence of metastable structures such as spheru-
lites and idiomorphic habit of constituent minerals indicates complete melting and
crystallisation from a molten state. Incompletely fused rocks retain relic minerals such
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Fig. 3.42. Maps of the Jhara coalfield, India, showing areas of coal fires in 1995 (a) (after Fig. 6 of Saraf
et al. 1995) and distribution of paralavas and burning areas associated with paralavas in the eastern
part of the Jhara coalfield (b) (after Fig. 13 of Sen Gupta 1957)

3.3  ·  Combustion Metamorphism
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as quartz, preserve traces of bedding planes. The following paralava types are iden-
tified by Chatterjee and Ray (1946) and Sen Gupta (1957):

■ cordierite-tridymite buchites (vesicular, aphanitic, ash-grey)
■ fayalite-cordierite-tridymite buchites (extremely rare, hard, heavy, aphanitic and jet

black)
■ mullite-tridymite buchites (most common, aphanitic, highly vesicular, ash-grey – lilac

and form the largest paralava bodies)
■ hypersthene-cordierite-tridymite buchites (hard, aphanitic, vesicular resembling ba-

salt, associated with medium-grained sandstones)
■ mullite glass-rich buchites (dark brown – black, resembling obsidian; banded ash-

grey/black; lilac)
■ plagioclase-pyroxene buchites (referred to as para-basalts) (hard, minutely vesicu-

lar, aphanitic, ash-grey to black, hard, occurring as small bouldery masses)

The high temperature hexagonal form of cordierite known as indialite was first de-
scribed from paralavas of the Bokaro coal field, India, by Miyashiro and Iiyama (1954)
and Miyashiro et al. (1955) and growth forms (Fig. 3.43) are discussed by Venkatesh
(1952). These, and many other examples of high temperature cordierites occurring in
pyrometamorphosed rocks have elevated alkali contents (up to 2.74 wt.% K2O and
1.25 wt.% Na2O; e.g. Schreyer et al. 1990; Nzali et al. 1999) that reflects the coupled sub-
stitution (K,Na)+ + (Al,Fe)3+ =� + Si4+.

The tridymite-, Fe-cordierite-, mullite-, fayalite-bearing paralavas of the Jharia coal-
field have bulk compositions with 93 wt.% SiO2, Al2O3, Fe2O3 and FeO (Sen Gupta 1957)
and their crystallisation can be discussed in terms of the system FeO-Al2O3-SiO2. Tex-
tural relations between tridymite, cordierite, mullite and fayalite are shown in Fig. 3.44.
Progressive stages of crystallisation of a tridymite-cordierite-fayalite paralava are il-
lustrated by a, b and c and the bulk composition is represented by point 1 in Fig. 3.45.
Crystallisation begins with tridymite (at ~1450 °C) followed by cooling to 1210 °C where
cotectic precipitation of tridymite and cordierite occur (Fig. 3.44a). Any mullite formed
would have been dissolved at the peritectic point K with simultaneous crystallisation
of cordierite. Cooling continues with coprecipitation of cordierite and tridymite until

Fig. 3.43.
BSE image photo showing the
growth habit of cordierite in
K-rich (~7.5 wt.% K2O) sili-
ceous glass in red clinker in
contact with parabasalt overly-
ing a burning coal seam, Yellow
River, Inner Mongolia, China
(sample collected by Professor
K. Zang, Department of Earth
Sciences, Zhongshan Univer-
sity, Guangzhou, China)
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they are joined by fayalite at the ternary eutectic N at 1083 °C (in Fig. 3.44b). Inclu-
sions of tridymite in fayalite and needles of tridymite in the glass (in Fig. 3.44c) in-
dicate that tridymite continued to form over the entire cooling interval of the buchite.
The bulk composition of a tridymite-mullite-cordierite paralava (point 2 in Fig. 3.45)
plots in the mullite field close to the mullite-tridymite cotectic. Crystallisation begins
with mullite at about 1310 °C (needle-like crystals in Fig. 3.44d) and is joined by
tridymite on the cotectic boundary. Mullite and tridymite continue to crystallise until
the ternary invariant point K when tridymite and mullite react with liquid K to pro-
duce Fe-cordierite. Further cooling results in continued coprecipitation of tridymite-

Fig. 3.44. Textural development in tridymite-cordierite-fayalite paralava (a, b, c) after Fig. 5 of Sen
Gupta (1957), and tridymite-mullite-cordierite paralava (d, e) after Fig. 4 of Sen Gupta (1957). The se-
quence of crystallisation in both examples in discussed in terms of the system FeO-Al2O3-SiO2 in Fig. 3.45.
See text
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cordierite (in Fig. 3.44e) and the rock is quenched at some point along this cotectic
somewhere between 1210 °C and 1083 °C. In both buchites Fe-oxide (magnetite) is an
additional phase, forming 18 modal% in the tridymite-cordierite-fayalite paralava (not
shown in Fig. 3.44a, b and c) and 34 modal% in the tridymite-mullite-cordierite
paralava. It is texturally the earliest phase and is the most common mineral in all the
paralavas. The magnetite may have formed during the heating stage from the break-
down of phyllosilicates or possibly the melting of siderite and persisted to higher
temperatures of paralava formation.

Western United States

“hell with the fires put out” – description of the effects of combustion metamorphism seen in the
badlands of the Little Missouri by General Sully when he crossed it in 1864 (quoted in Allen 1874).

Regional pyrometamorphism of Cretaceous and Tertiary sediments associated with
burning lignitic or sub-bituminous coal seams ranging in thickness from 1–70 m has
affected an enormous area (> 518 000 km2) of the great western coal basins of the United
States, extending from Texas in the south to Canada in the north. The pyrometamorphic
rocks have been described by many writers since the Government-sponsored Great
Plains expedition of Lewis and Clark in 1805–1806, who, while traveling in the bad-
lands of North Dakota along the Missouri River, record the occurrence of clinker, pumice
and paralava and correctly attributed their origin to the action of burning coal. While
navigating the Missouri River William Clark records (March 21, 1805) that they “saw
an emence (sic) of quantity of Pumice Stone on the sides & feet of the hills and emence

Fig. 3.45. Central part of the system FeO-Al2O3-SiO2 after Schairer and Yagi (1952). Bulk paralava com-
positions indicated by 1 (tridymite-cordierite-fayalite) and 2 (tridymite-mullite-cordierite). See text
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(sic) beds of Pumice Stone near the Tops of them, with evident marks of the hills having
once been on fire. I Collecte Somne (sic) of the different sorts i.e. Stone Pumice & a hard
earth, and put them into a furnace, the hard earth melted and glazed the others two and
the hard Clay became pumice Stone glazed”. In his journal entry of 11 April, 1805 he
writes that, “… the hills on either side are from 5 to 7 miles asunder and in maney (sic)
places have been burnt, appearing at a distance of a reddish brown choler (sic), contain-
ing Pumice Stone & lava, some of which rolin (sic) down to the base of the hills.”, and
on the 16 April Merriwether Lewis believed that “… the stratas of coal seam seen in
those hills which causes the fire and burnt appearances frequently met with in this quarter.
Where those burnt appearances are to be seen in the face of the river bluffs, the coal is
seldom seen, and when you meet with it in the neighborhood of the stratas of burnt
earth, the coal appears to be precisely at the same height, and as nearly the same thick-
ness, together with the sand and sulphurous substance which usually accompanies it.”
(Thwaites 1969). In 1839, Nicollet in an account of a journey up the Missouri River,
relates information about dense smoke rising from hills and issuing from crevices that
“is said to last at the same spot for a long time – say two or three years; indicating at
them a large accumulation of combustible materials … these pseudo-volcanic phenom-
ena may be compared with those described as occurring in other parts of the globe, under
the name terraines ardens; although they are not here accompanied by the emission of
flames.” Nicolet was of the opinion that the burning was “evidently due to the decom-
position, by the percolation of atmospheric waters to them, of bed of pyrites, which,
reacting on the combustible materials such as lignites and other substances of vegetable
matter in their vicinity, give rise to spontaneous combustion” (Allen 1874).

Allen (1874) has provided a good description of the effects of the burning of hori-
zontal to gently dipping lignitic coal seams on overlying sediments (mainly quartzose
sandstones and shales) in ‘badlands’ of the upper Missouri of Dakota and Montana.
Where the burnt lignite occurs as a thin layer of “several inches to two feet or more in
thickness” it remains as “ashes and cinders and clinkers”. Clay below the burnt seam
is only slightly discoloured and hardened. The overlying clay-rich sediment is bright
brick red, varying in thickness from a “few feet to twenty or more”, and above this the
strata also show the effects of heating by colour changes. The red layer typically forms
the capping of buttes and mesas and can be traced over large distances. In deeply eroded
areas several such red layers can be seen, each separated by between 15 to 46 m of
unbaked sediment.

Where the burnt lignite is “several feet thick”, the overlying sediments have been
“more or less fused or at least reduced to a plastic condition” as indicated by their
vitreous, porcellanic and vesicular appearance. Highly porous varieties can best be
described as pumice. The associated clinker rocks exhibit a variety of colours from
white, through yellowish-white, yellow, olive, dark brown, purple, all shades of red,
and black and they are often finely banded. In general, red, maroon, pink, orange,
yellow colours indicate oxidising conditions and green, grey and black reducing con-
ditions. Rogers (1917) records that red and bright yellow, green or black mottling in
common in shales whereas sandstones is generally altered to a uniform pinkish-red.
In the generalised sequence described by Allen (1874), the variously coloured clinker
rocks are overlain by between 1.2 and 6 m of baked fissile claystone that resemble
bright red bricks having a metallic resonance. Overlying sandstones are variably baked.

3.3  ·  Combustion Metamorphism
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Allen also describes scattered “jagged, chimney-like mounds” and “narrow walls of
ragged lava-like rock” that appear like volcanic breccia, and were produced by “the
breaking through to the surface of these subterranean fires”. The erosion-resistant
chimneys surmount clinker mesas and bluffs and are typically only a meter or so in
height and diameter but can form masses 3 to 5 m diameter and up to 6 m in height,
the size being proportional to the thickness of the burnt lignite bed below. The rock
forming the chimneys is typically highly vesicular and scoria-like (paralava). Adja-
cent sediments have become fused to a depth of 2.5 to ~8 cm giving the walls of these
chimneys and fissures a glazed surface. The melt has clearly been mobile solidifying
as pendents, flows and rounded, botryoidal masses, resembling “in structure and gen-
eral appearance viscous matter that has been pulled, twisted and folded while in a
plastic state”, and intrudes along cracks in the walls. Many sandstones in contact with
the melt rocks have developed a five or six-sided columnar structure in which the
columns range from 0.3 to 1 m long, caused by the development of a cleavage oblique
to bedding. The areas of fused rock masses present a very broken and chaotic appear-
ance with blocks of “scoriaceous material” that have fallen from the tops of buttes and
ridges, lying in jumbled heaps in the adjoining valleys and also extending for some
distance out onto the plains.

The age of the burning and pyrometamorphism has been determined in the
37 000 km2 Powder River Basin of Wyoming and Montana. Paleomganetic reversal
data (Jones et al. 1984) indicate that some clinkers in the northern part of the basin
formed more than 1.4 Ma ago, the oldest clinker being dated at 2.8 ± 0.6 Ma (Heffern
et al. 1993). Zircon fission track ages from the northeastern part of the basin indicate
that burn zones become older eastwards from 0.08 to 0.77 ± 0.39 Ma (Coates and
Naeser 1984). In Northern Montana Powder River Basin, the clinker (locally up to
60 m in thickness) covers approximately 2700 km2, has an average thickness of
15–25 cm with a volume estimated to be 40–70 km3 (Heffern et al. 1993).

Changes recording a mineralogical, textural and chemical continuum over an in-
terval of 2 m from unaltered shale to paralava of a chimney associated with a burnt
coal seam in the southern part of the Powder River Basin are described in detail by
Clark and Peacor (1992). The horizontal section sampled corresponds to a tempera-
ture range of about 1300 °C. The lowest temperature (i.e. that of burial diagenesis)
shale consists mainly of silt-sized quartz, K-feldspar, together with detrital musco-
vite, biotite, chlorite, kaolinite, and pyrophyllite up to 20 microns in length, within an
illite-smectite matrix. The following changes are observed with increasing tempera-
ture:

1. At low to moderate temperatures, delamination of the phyllosilicate matrix occurs
with dehydroxylation. Dehydroxylation progresses layer-by-layer leaving behind a
mixture of crinkled/rolled parts of layers in enlarged voids. Detrital minerals re-
main unchanged.

2. With increasing temperature, silt-sized grains, especially quartz, contain abundant
cracks due to thermal expansion. Larger detrital phyllosilicate grains show evidence
of delamination. The clay matrix becomes more homogeneous with unresolvable
boundaries. Unoriented grains of mullite up to 0.5 microns in length appear.
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3. At high temperatures of ~1000 oC within 20–30 cm of the paralava, feldspar and
quartz are severely cracked. In the case of quartz, this results from the large volume
change caused by inversion to tridymite/cristobalite. Delamination of large detrital
phyllosilicates is apparent. Large areas of pore space form within the matrix caused
by shrinkage due to dehydroxylation of illite/smectite and contain Fe-oxides. No
melt has formed.

4. At the shale clinker/paralava contact the only remaining detrital grains are cristo-
balite. K-feldspar is absent and has presumably reacted with the clay matrix to form
a homogeneous non-crystalline matrix that contains abundant mullite together with
grains of magnetite-ulvospinel and spinel-magnetite-hercynite. Although expected,
no evidence of melt is found and this maybe due to loss of nearly all H2O by dehy-
droxylation of the clay minerals.

5. The change from unmelted clinker to paralava is relatively sharp. The melt appears
to have been produced along a well-defined interface by reaction of the altered clay
matrix, K-feldspar and silica fluxed with vapour-transported Fe, Mg, Ca and Mn
possibly derived from carbonate-rich iron nodules in the shales.

The paralava at this locality and elsewhere is characterised by a large variety of tex-
tures and minerals (Cosca and Peacor 1987; Foit et al. 1987; Cosca et al. 1988; Cosca
et al.1989) (e.g. Fig. 3.46). Features such as spinifex and hopper crystals, radial clusters
of minerals in glass, and alignment of crystals around vesicles that indicate crystalli-
sation from a melt. Phenocrysts and/quench crystals identified include cristobalite,
tridymite, anorthite, K-feldspar, barian feldspars, nepheline, fayalite, enstatite, clino-
pyroxene (diopside–esseneite), wollastonite, dorrite, andradite, mullite, gehlenite-
akermanite-sodium melilite, Fe-cordierite, apatite, spinel-magnetite-hercynite-ulvo-
spinel, hematite-ilmenite, hematite-magnesioferrite, and pseudobrookite solid solu-
tions, sahamalite and unidentified Cu- and Fe-sulphides. In addition to single crystal
phases, symplectitic intergrowths of spinels and cristobalite are also found. Quartz,
zircon and possibly xenotime remain as unmelted relics.

Fig. 3.46.
Drawing from BSE image pho-
tograph (Fig. 4E of Cosca et al.
1989) showing textural rela-
tions between cristobalite,
mullite, Fe-Ti oxides (black)
and glass in paralava, Powder
River Basin, Wyoming, USA.
The texture indicates early
crystallisation of Fe-Ti oxides
and mullite followed by that of
cristobalite. Shrinkage cracks
occur in the cristobalite
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Mineral assemblages and compositions of the paralavas may be in part controlled
by the composition and partial pressure of gas (dominated by C and O) produced during
combustion of the coal. Paralavas from a single outcrop have markedly different min-
eral assemblages that reflect different oxidation states and often steep gradients in ƒO2,
i.e. within the coal ash layer (see Fig. 2.9), paralava contains an assemblage of Fe3+-rich
clinopyroxene (essenite), melilite, anorthite, magnetite-ülvospinel-hercynite solid so-
lutions and glass; paralava occurring in chimneys above the coal ash zone typically
contains fayalite, tridymite, cordierite, abundant magnetite-ülvo-spinel-hercynite solid
solutions, late hematite and less glass. Figure 3.47 shows log ƒO2-T curves for graphite
stability in relation to the HM and QFM buffers where Ptotal = PCO + PCO2 = 1 bar.
Oxidation conditions near that of the HM buffer are necessary to stabilize Fe3+-rich
clinopyroxene (Cosca and Peacor 1987) in the former assemblage, whereas coexist-
ence of fayalite, tridymite and magnetite in the latter assemblage indicates ƒO2 con-
ditions controlled by the QFM buffer. Gradients in ƒO2 between the two assemblages
thus require variation of several log units at inferred crystallisation temperatures
between 1020–1400 °C. Paralava in equilibrium with graphite, e.g. at the sedimentary-
coal interface, would have formed under significantly lower ƒO2 and with CO as the
dominant gas species.

A sample of slag consisting of a fine grained groundmass of feldspar intergrown
with an undetermined higher birefringent mineral, dusty magnetite and glass and
with laths of anorthite and blebs of ?pyrrhotite, was subjected to incremental heating
each of two days duration in evacuated silica glass tubes by Brady and Gregg (1939).
A small amount of feldspar persisted at 1212 °C and at 1232 °C complete fusion oc-
curred. These temperatures lie within the 1020–1400 °C range of melt temperatures
deduced for the Powder River paralava glass compositions plotted in the system
CaAl2Si2O8-KAlSi3O8-SiO2 (Fig. 3.48), the highest temperatures represented by the
cristobalite-mullite-magnetite buchite shown in Fig. 3.46.

Fig. 3.47.
T-ƒO2 plot showing relation-
ship of quartz-fayalite-mag-
netite (QFM) and hematite-
magnetite (HM) buffer curves,
maximum graphite stability at
1 bar (after Fig. 8 of Cosca
et al. 1989) and the reaction
anorthite + gehlenite + magne-
tite + O2 = essenite + hercynite
determined by Cosca and
Peacor (1987). Vertical grey
strip = estimated temperature
range of paralava formation.
See text
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Spectacular evidence of burning bituminous sediments in southern California has
been noted since the latter part of the eighteenth century and variously described as
‘solfataras’, ‘well-fires’ and ‘volcanoes’ with eruptions of fire, ash and rocks (see ref-
erences in Bentor et al. 1981). An interesting description of the phenomenon is quoted
in Arnold and Anderson (1907) from the vicinity of the so-called “Rincorn Volcano”,
in the oil fields of Santa Barbara County:

“I found hot gases burning from numerous apertures in the shales, accompanied in some cases by
melted bitumen that hardened into concretionary masses upon cooling…Crystals of sulphur had
also formed upon all objects near the issue, and naptha appeared to be present. A few years ago a
tunnel was run into the cliff at its base to a depth of 200 feet in search of oil. At this depth the
workmen were obliged to cease operations in their endeavor to penetrate further on account of the
great heat. Upon entering the tunnel I found the temperature still high but noticed only weak sul-
phurous gases. Near the entrance for 50 or 60 feet the roof and sides were thickly covered with
attenuated colourless crystals of epsomite [MgSO4 · 7H2O] hanging in tufts and masses.”

Most of the combustion localities are associated with bituminous sediments of the
Middle Miocene Monterey Formation (e.g. Bentor and Kastner 1976; Bentor et al. 1981)
which are dominantly mudstone with less common opaline mudstone, siltstone,
diatomite, and rare shale, limestone and dolomite. The organic carbon content of the
Monterey sediments is typically > 10 wt.% and a special feature is the abundance of
F-apatite (phosphorite) which forms up to 16 vol.% of the mudstones.

The pyrometamorphic products range from baked rocks to glassy rocks (buchites)
resembling obsidian, pitchstone or bricks, to recrystallised slag-like silicate and phos-
phate-rich rocks (Bentor et al.1981). Characteristic features are:

1. Glassy rocks are either; dense, sometimes slightly vesicular, black, dark grey, deep
brown, red-brown or orange-red in colour, with a concoidal to hackley fracture
and have a vitreous or waxy to resinous luster; or brick-red coloured, hard, dull
and porous resembling unglazed pottery. The ‘glasses’ and ‘bricks’ form rootless,
irregular pods and as larger masses form networks of veins, centimeters to deci-

Fig. 3.48.
Normative compositions of
paralava glass (filled circles),
Powder River Basin, Wyoming,
USA, plotted in the system
CaAl2Si2O8-KAlSi3O8-SiO2 of
Schairer and Bowen (1947)
(after Fig. 6 of Cosca et al. 1989)
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meters thick and tens to hundreds of meters in length. The glass-rich rocks exhibit
both chilled margins and contact-metamorphose the rocks they intrude.

2. Vesicular scoriaceous slag forms the most abundant pyrometamorphic rock type
and ranges in colour from black, brown and violet in more siliceous types to shades
of olive-green in less siliceous varieties. These rocks are devoid of glass and have a
holocrystalline texture made up of tiny crystals ranging in size from < 1 to a few
tens of microns. The slag occurs as isolated ‘specks’ barely 1 cm diameter in unmelted
rocks, as banded rocks which mimic the original mudstone laminae in which
millimetre to centimeter-thick bands of recrystallised melt alternate with thinner
bands of unmelted rocks, as recrystallised phosphatic layers, and as ‘chimnies’ a few
meters across to ‘stocks’ that may have an outcrop area of > 1 km2. In both these
intrusive bodies the slag is frequently brecciated and contains xenoliths of country
rock exhibiting all stages of fusion.

Non-hydroxyl-bearing high temperature minerals have crystallised from the vari-
ous melt compositions derived from fusion of minerals in the mudstones, i.e. domi-
nantly clay minerals (mainly sericite, illite, chlorite) with detrital quartz (opal in
diatomites), plagioclase (An35–65), K-feldspar, apatite and authigenic carbonate (mainly
calcite) (Bentor et al. 1981). In the glassy rocks, α-cristobalite, tridymite, Na-plagi-
oclase, anorthoclase, sanidine, cordierite, hematite, pyrite, magnetite and rare corun-
dum, garnet and wollastonite, have been identified in the buchites. Additional high
temperature phases such as Al-rich augite, pigeonitic pyroxene, plagioclase (An58–75),
gehlenite, mullite, spinel, and fluorite occur in the crystalline slag-like rocks. Second-
ary minerals lining vesicles and filling amygdules include plagioclase (An36–49), gyp-
sum, calcite, aragonite, zeolites (analcite, phillispsite, harmotome, possible clinoptilolite
and gmelinite), pyrite, goethite, and rare alunite, chlorite, illite and Na-jarosite.

The glasses are compositionally variable, often flow banded and typically contain
lenticular-prismatic, more rarely triangular or forked shards. These may exhibit flow
alignment, infrequently in the form of whirlpools, or have blurred boundaries due to
welding so that they assume a felt-like appearance. The structureless glass ‘matrix’
contains abundant microscopic crystals of hematite, pyrite and magnetite that impart
a black to dark brown colouration. Glass shards are conspicuously devoid of opaques.
Vesicular phosphate-rich segregations thought to result from the melting of F-apatite
and now crystallised to essentially isotropic apatite occur as ‘droplets’ in vesicular re-
crystallised silica-rich melt rocks. They are questionably inferred to represent immis-
cible phosphate melts formed at an unsubstantiated temperature of at least 1650 °C.
From the evidence presented, however, they could also be recrystallised (annealed)
sedimentary phosphorite that has not necessarily undergone melting at such a high
temperature.

Canada

Pyrometamorphism related to burnt Early Tertiary coal measures in the Hat Creek
area, British Columbia, has been described by Church et al. (1979). Evidence of burn-
ing is shown by the presence of yellow and red partly fused shales referred to as boccane-
buchites above the Hat Creek Coal Formation. A trench excavated for bulk sampling of
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the coal encountered deformed layered clinker-like material that proved to be con-
tinuous with bedding planes in adjacent coal. Drilling established that the burnt zone
averages 25 m in thickness and extends over an area of some 3.5 km2 beneath glacial
sediments. From one locality, the fused residue of burnt coal has the appearance of a
volcanic agglomerate consisting of welded scoriaceous clasts composed of microlites
of anorthite, cordierite, tridymite, cristobalite, hematite and glass. Coal near the com-
bustion zone has taken on a waxy luster, a hard clean surface and a conchoidal fracture
not typical of the unaffected low rank coal. It has a reflectance value (Romax) of 0.42%
compared with 0.36% away from the combustion area.

The field relations, and progress, mechanics and products of combustion of an
actively burning 35–50°-dipping thick coal seam in the Aldrich Creek area, southeast-
ern British Columbia, have been described by Bustin and Mathews (1982). The burnt
area is marked by a line of reddened, partly fused sandstones and at one end of which
active burning, as evidenced by up to 1 m high flaming gas, from three vents in the
sandstone roof of the coal seam was observed between August 1979 and February
1981. Combustion evidently began in 1936 from a forest fire and from reports, air photos
and site inspection, the progressive advance of the coal fire is shown to have been at
a uniform rate of about 13.5 m yr–1. The advance zone of combustion is marked by the
development of sulphur-lined open cracks at the ground surface through which water
vapour and other gases are emitted. Within the zone of active combustion, most vola-
tile elements are driven off, mix with air and burn en-route to the surface. These flam-
ing vents may develop locally along earlier cracks or at larger openings caused by
collapse of roof rocks. Behind the combustion zone are abandoned vents, some of
which serve as air intakes. The vitrified walls of these vents indicate that very high
temperatures were attained and in one of the flaming vents, temperatures in excess of
1000 °C were measured.

The stratigraphy in the vicinity of the burning coal seam (Fig. 3.49) shows that it is
up to 6 m thick, overlain by thin siltstone followed by alternating fine grained sand-
stone and siltstone containing detrital quartz and carbonate (calcite, dolomite) in a
dominantly kaolinite-illite matrix. Within the burned area the upper 2–3 m of the coal
has been consumed leaving a 5–60 cm thick layer of residual ash that is separated from
the underlying unburnt coal by 10–50 cm of natural coke. Sediments overlying the coal
have been baked, discoloured and locally melted. In response to the combustion, the
overlying sediments have become fractured and have locally collapsed to form a welded
breccia. Several pyrometamorphic zones can be distinguished; a near surface fused,
scoriaceous zone developed within a few centimeters of the active or former vents; a
zone marked by the breakdown of carbonate (temperatures possibly > 350 °C) where
the rocks have been fissured and blistered but not fused; a zone of discolouration where
carbonate is stable. Glass of the fused rocks contains crystals of cristobalite, tridymite,
diopside, anorthite, an anorthite-sanidine eutectic mixture, and magnetite. Some of
the fused rocks are parabasalts with diopsidic pyroxene, anorthitic plagioclase, mag-
netite and glass (Fig. 3.50). Fusion experiments of the roof rocks indicate temperatures
must have reached values of between 1150 °C (Si-poor sediments) and 1200 °C. These
temperatures are almost the same as those of an anorthite-diopside-tridymite assem-
blage in the system CaO-Al2O3-SiO2 with 5% (Fig. 3.6) and 10% MgO, i.e. at 1260 and
1175 °C respectively.

3.3  ·  Combustion Metamorphism
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Fig. 3.49.
Stratigraphic section through
burnt coal measures at
Aldrich Creek, Upper Elk
River valley, Canadian Rocky
Mountains (after Fig. 4a of
Bustin and Mathews 1982)

Fig. 3.50.
Drawing from scanning elec-
tron photomicrograph (Fig. 6a
of Bustin and Mathews 1982)
showing texture between diop-
sidic augite, Ca-plagioclase
and magnetite (black) in para-
basalt, Aldrich Creek, Upper
Elk River valley, Canadian
Rocky Mountains
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With respect to the coal, the unheated part below the coke consists predominately
of vitrinite, with minor semi-fusinite and inertinite and a vitrinite reflectance (Romax)
of ~0.96%. The burned coal immediately below the ash has a Romax of 7.04%, whereas
the coal directly underlying the coke has a Romax of 1.07% and shows no evidence of
devolatilation or heating except for the slightly higher reflectance than that of the
unheated coal and the presence of highly reflecting oxidation rims on some grains.
These data indicate that very little heat is carried downward by conduction. Rather,
heat is carried forward of the combustion zone and upward by convecting gas, there-
by coking the coal, baking and locally melting the roof rocks. Bustin and Mathews
(1982) calculate that the coal, with a mean heat content of ~32 500 kJ kg–1 could yield
32 × 1012 J yr–1 at an average rate of 1000 kW, and that with an advance of the burning
front by 1 m (a 4 week period) some 2.5 × 1012 J would be released with the baking of
1750 t of rock. Given an average temperature rise of 500 °C in this process, and a heat
capacity of ~106 J kg–1 of the roof rocks, the baking would absorb 1.3 × 1012 J, or about
half the energy available to be released later with cooling to ambient temperature.

Australia

At Ravensworth, New South Wales, a number of small outcrops of black, vesicular slag-
like rock are mapped as volcanic necks or minor intrusions within freshwater shales
and sandstone containing thin sideritic bands of the Main Permian Coal Basin. The
slag-like rocks do not extend to any great depth and appear to lie along a single hori-
zon (Whitworth 1958). Various sized pieces of hardened shale occur within the slag
and give the appearance of a volcanic agglomerate, and the slag also intrudes the sur-
rounding sediments, often forming thin stringers along cracks in the shales. The sand-
stone shows signs of being heated and ranges from slightly baked, through partially
fused to completely melted over a distance as little as a few centimeters. The buchitic
sandstones occur as roughly circular grey vesicular masses up to 15 m in diameter and
traces of bedding can be seen even where fusion is highly advanced. Shale and sand-
stone above areas of fused rock are hardened and exhibit a pale pink to terracotta-red
colour, such material being much more abundant in areal extent than the fused mate-
rial. The slag outcrops therefore most probably mark the sites of chimneys/fissures
though which “flames and hot gases escaped from an underlying fire and about which
intense heating was localized” (Whitworth 1958). Dark coloured basic shale-derived?
slag was apparently less viscous than more siliceous fused sandstone as it intrudes the
latter as thin (mm to cm wide) veins (Hensen and Gray 1979).

Dark brown glass in the fused sandstones contains quartz (inverted from tridymite),
unspecified pyroxene, bytownite, cordierite, possibly mullite, and magnetite. Finely
crystalline (glass-poor) Fe-rich slag is largely composed of pale green pyroxene, most
probably the clinohypersthene reported by Hensen and Gray (1979), together with
magnetite, small amounts of cordierite and andesine, so that it closely resembles a
basalt. Whitworth (1958) considers that bands of siderite and pyrite occurring near the
tops of coal seams in the area, and which are a constant source of danger because of
oxidation causing mine fires, are the source compositions of these Fe-rich slags. Fused
arenite contains orthopyroxene together with tridymite, cordierite and rare bytownite
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with colourless to pink glass. A thin black vein intruding the arenite contains clinohy-
persthene, bytownite, cordierite, and spinel in brown glass.

Heating samples of sandstone and shale from the vicinity of the slag occurrences
in a muffle furnace shows that they remain virtually unchanged at 1100 °C. The first
signs of softening occur at 1250 °C, marked softening takes place at temperatures higher
than 1350 °C, and the rocks become completely fused at ~1370 °C. The heated samples
all assume a pale pink or red colouration as a result of oxidation of Fe-oxides present.

At Burning Mountain, Wingen, New South Wales, described by Rattigan (1967), the
surface above the burnt zone is characterised by subsidence features such as normal
faulting resulting in graben formation, open gash-like fissures, and small areas of breccia
(Fig. 3.51). The area of burning is a highly fissured zone heated to red and white heat
over an area of about 100 m2 from which aqueous fumes have deposited sinter consist-
ing of mainly β-quartz and α-Fe2O3 encrusted with sulphur. In burnt-out areas highly
refractory kaolitinitc claystones underlying the burnt coal seam have been little af-
fected except for a narrow selvage of mullite rock. Those overlying the coal are exten-
sively altered to an assemblage of mullite-sillimanite-tridymite-cristobalite forming a
dense, cream or mauve coloured porcellanite. These rocks suggest formation tempera-
tures of > 1050 °C in comparison with the thermal breakdown of kaolinite. Studies by
Brindley and Nakahira (1959a,b,c), Comer (1960, 1961) Segnit and Anderson (1971) show
that kaolinite undergoes a series of transformations with increasing temperature fol-
lowing the loss of structural H2O to form metakaolin at ~500 °C according to the re-
action

Al4Si4O10(OH)8 = Al4Si4O14 + 4H2O
kaolinite metakaolin

Condensation of the metakaolin layers occurs to form a well-ordered Al-Si spinel-type
phase between 925–950 °C according to the reaction

Al4Si4O14 = Al4Si3O12 + SiO2
metakaolin spinel silica

Fig. 3.51.
Cross section 0.6 km north of
Burning Mountain, Wingen,
New South Wales, Australia
(after Fig. 1 of Rattigan (1967)
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that transforms through a probable 1 : 1-type mullite phase and cristobalite at between
~1050–1100 °C, and to 3 : 2 mullite and cristobalite at higher temperatures according
to the reaction

1.5 Al4Si3O12 + SiO2 = 3Al2O3 : 2SiO2 + 3.5SiO2
spinel silica  mullite cristobalite

At Wingen, no lower temperature zones containing metakaolin or the spinel-like phase
have been recognised.

The thermal effects are not uniformaly distributed in the section above the burn-
ing coal seam. Zones of intense alteration extend outwards from the roof of the seam
and probably coincide with zones of permeability through which burning gases es-
caped to produce fused chimneys. Around these, less refractory sandstones have been
altered and sintered and completely fused to mauve-coloured tridymite-cristobalite-
orthopyroxene buchites suggesting a maximum possible crystallisation temperature
of 1470 °C according to the system MgO-Al2O3-SiO2 (Fig. 3.4; Table 3.1). Claystones
have been partly converted to a vitrified rock with no mineral structures recognis-
able on X-ray diffractograms and deformed pellets in these rocks appear to have been
heated to softening point.

Pyrometamorphism of the ferriginous zone of the laterite cap that forms Wingen
Ridge (Fig. 3.51) has produced a sintered, vesicular black rock composed of hematite-
tridymite-andalusite with microlites of sillimanite and mullite occurring within the
andalusite. The coexistence of andalusite with hematite in the ferriginous zone sug-
gests that it may be saturated with Fe3+. Transition elements such as Fe3+ in andalusite
are known to have the potential to shift the And = Sil boundary to higher tempera-
tures, i.e. by 50–100 °C (e.g. Kerrick and Spear 1988; Pattison 1992, 2001) so that
andalusite could form in the tridymite field at temperatures > 864 °C. It is clear from
the Wingen example that the andalusite is metastable and is decomposing to mullite
and sillimanite.

New Zealand

An unusual occurrence of pyrometamorphism thought to have been caused by igni-
tion of a hydrocarbon gas seepage is described by Tulloch and Campbell (1993) from
Tertiary sandstones overthrust by a nappe adjacent to the Alpine Fault in the Glenroy
Valley area, SE Nelson, South Island of New Zealand. Isolated occurrences of vesicular
fused rock occur within calcareous silt and muddy sandstone close to the top of a
complex shear zone (Fig. 3.52). The paralava constitutes up to 80% of some outcrops,
coats exposed edges of sandstone inclusions and in places forms vertical stalactites. It
consists of acicular clinoenstatite and labradorite, radiating sheaths of cristobalite and
tridymite, minor magnetite and hematite, within a semi-opaque brownish glass con-
taining abundant fine grained disseminated rutile. Rounded grains of relic quartz are
mantled and veined by cristobalite and tridymite. Buchitic sandstone fragments within
the paralava up to 10 mm across consist of subequal amounts of corroded quartz,
tridymite, cristobalite and patches of pale brown glass together with minor mullite,
rutile, hematite and possible Al-ilmenite. As the stable coexistence of tridymite and
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Fig. 3.53. Stratigraphic section through part of the burnt coal-bearing sediments of the Kenderlyk
Depression, Eastern Kazakhstan, Russia (redrawn from Fig. 2 of Kalugin et al. 1991)

Fig. 3.52. Cross section of the buchite locality at Glenroy Valley, SE Nelson, South Island of New
Zealand (redrawn and simplified after Fig. 2 of Tulloch and Campbell 1993)
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cristobalite implies a temperature of 1470 °C at atmospheric pressure (Fig. 3.4), it is
likely that the cristobalite is metastable.

The close association of the paralava/buchite with a major thrust zone suggests a
possible causal relationship. Overpressuring and shear heating could have generated
hydrocarbons within the thrust zone that migrated up dip to accumulate in pockets
and fractures. Breaching of the shear zone by erosion may have created gas seepages
that were ignited by natural forest fire or by lightning. The steeply dipping margins
between the paralava containing inclusions of partly fused glass-coated sediment and
adjacent largely unaltered sandstone, suggests that the occurrence represents a rela-
tively short-lived explosive vent-like feature.

Russia and Central Asia Republics

One of the largest industrial coal basins of Russia, the Carbonifierous-Jurassic Kuz-
netskiy coal basin in southern Siberia, is characterised by the presence of annealed
and melted shales and sandstones that occur as erosion-resistant hills and ridges be-
tween 50–100 m high extending over an area of about 45 km2 in the Kuzbass district
(Yavorsky and Radugina 1932; Belikov 1933). In some places the coal seams have been
completely burnt out to the extent of 1–3 km. In other places, combustion has pro-
duced caves in otherwise unburnt coal. Up to 100 m thickness of pyrometamorphic
rocks are exposed and consist of baked and reddened oil shales, clinker, vesicular
slag and melt rocks. Melting of siderite-rich or possibly brown-iron ore material and
ferriferous sandstone, has resulted in the formation of magnetite together with smaller
amounts of cordierite, fayalite, diopside-hedenbergite, mullite, bytownite and tridymite
with rare spinel in a brown glass, and of hematite that is sometimes graphically
intergrown with fayalite. Some ferriferous rocks are reported to consist of 40% mag-
netite and 50% hematite. Argillaceous buchites consist of mullite, tridymite, cordier-
ite, calcic-plagioclase, spinel and glass.

In the Permian-Triassic coal-bearing sediments of the Kenderlyk Depression, East-
ern Kazakhstan, two burnt horizons, 1.5 and 2.8 km length and up to 70 m in thickness
have been traced to a depth of 300 m (Kalugin et al. 1991). The stratigraphic section is
shown in Fig. 3.53 together with details of the burnt rocks. Pyrometamorphic products
consist of unusual vesicular “iron ore” paralavas, slags and breccias formed from the
mutual fusion of sandstone-siltstone and siderite. The paralava contains an assem-
blage of fayalite, Al-enstatite-hypersthene, augite-fassaite, Al-clinoenstatite-clinoferro-
silite, salite-augite, ferrohedenbergite, anorthite-bytownite, K-feldspar, cordierite, tri-
dymite, apatite, spinels (Ti-magnetite, hercynite, magnetite, magnesioferrite), hematite,
ilmenite, Fe-hydroxides and pyrrhotite. They are inferred to be the result of selective
melting of carbonate-bearing argillaceous sediments and siderite under reduced gas
conditions at between 1000–1200 °C. The melt rocks contain clinkers consisting of
amorphous, glazed sandstones and siltstones. Lower temperature rocks consist of an-
nealed pink, yellow, brown and cream-coloured siltstones and sandstones which con-
tain dark concentrations up to a few meters in diameter consisting of hematite formed
by partial melting of siderite, although the primary detrital texture of the rocks is still
preserved.

3.3  ·  Combustion Metamorphism
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One of the most interesting and historically significant examples of coal/lignite
combustion pyrometamorphism occurs in the mountainous Yagnob River valley in
central Tadjiikistan, and is known as “Ravat’s fire” (e.g. Ermakov 1935; Novilov 1989,
1993; Novikov and Suprychev 1986; Belakvski 1990). Burning coking coal and lignite
seams, 0.5–3.5 m in thickness, occur within a steeply dipping, folded and faulted se-
quence of Jurassic oil shales, multicoloured claystones, arkosic sandstone, siltstone, grit,
oolitic limestone and brown iron ore. The area of burning is situated along a thrust and
the present day fire covers some 25 m2 about 1100 m above the Yagnob River as indi-
cated by the presence of some 200 hot gas jets (40–590 °C). Over the last 300 years the
burning front has progressed along strike for between 3.5–5 km to produce ash and
coke associated with rose and red coloured clinkers annealed up to “brick-making”
conditions.

The pyrometamorphic rocks are yet to be fully investigated by modern petrologi-
cal methods and published descriptions relate to sulphate, chloride and nitrate min-
eralisation associated with the fumerolic activity. Of interest are the low temperature
minerals that consist of sulphur (up to 590 °C), chalcanthite (CuSO4 · 5H2O; 170–320 °C),
melanterite (FeSO4 · 7H2O; 200–320 °C), alunogen (Al2(SO4)3 · 17H2O) associated with
sulphuric acid, millosevichite ((Fe,Al)2[SO4]3; < 200 °C), mascagnite ((NH4)2SO4)
associated with salammoniac, sulphur and alunogen, halotrichite-pickeringite
((Fe,Mg)Al2[SO4]4 · 22H2O), tschermigite (NH4Al[SO4]2 · 12H2O; 40–60 °C), kremersite
((NH4,K)2Fe3+Cl5 · H2O), and nitrammite (NH4NO3) as fine grained impurities in

Fig. 3.54. Location map of the Lac Faguibine and Daouna areas, west of Timbuktu, Mali, showing areas
of reddened diatomite and subsurface fires (after Fig. 1 of Svensen et al. 2003). Also shown is a section
from a trench dug through lacustrine sediments into the heat front at Haribibi. The section contains a
combusting organic-rich layer (with 8 wt.% organic C). The high temperatures reflect an increased
combustion rate due to direct supply of oxygen to the peat on exposure causing the fire to evolve from
smoldering to open flames (after Fig. 3 of Svensen et al. 2003). See text
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salammoniac. Located near to the Great Silk Road, Ravat’s fire has been mined for
salammoniac (NH4Cl; < 300 °C) and alum (Al2(SO4)(OH)4 · 7 H2O) for at least
2000 years.

Unpublished results on two samples of paralava containing fragments of clinker
obtained from the Fersman Mineralogical Museum, Moscow, have been supplied by Dr.
E. Sokol (United Institute of Geology, Geophysics and Mineralogy, Novosibirsk). The
paralava is unusual in that it is plagioclase-free (see also Cosca et al. 1989). It is char-
acterised by quench textures between fayalitic olivine, Fe-cordierite, Ti-magnetite and
tridymite in a matrix of K-Al high silica glass. Clinker fragments are intensively fused
and melted to K-Al high silica glass that contains cordierite, mullite and tridymite.
With reference to the system FeO-Al2O3-SiO2 (Fig. 3.4; Table 3.1), the two mineral as-
semblages imply temperatures of 1210 °C (Cd Mul Td) and 1083 °C (Fa Cd Td).

Several examples of coal-combustion related pyrometamorphism within a vast area
of Jurassic age coal seams associated with sandstone, conglomerate, claystones (some
dominated by kaolin) and siltstone sequences are known from Kirghiza (Dahergaly,
Kok-Moinok, Kok-Yangak, Kyzyl-Kiy and Sulyuktin) and Uzbekistan (Angren) (Zbarskiy
1963). Pyrometamorphic products of extensive burning, in some cases down to depths
exceeding 500 m, include annealed but unmelted siltstones and grits, sandstones and
pelitic rocks transformed to clinkers, and partially melted rocks that indicate tempera-
tures of ~1000–1200 °C.

England

Cretaceous bituminous (oil) shale at Ringstead Bay on the Dorset coast spontaneously
ignited after landsliding occurred in 1826 and continued to burn for several years,
producing “… volumes of dense, suffocating smoke [H2S] which, from its specific grav-
ity, seldom rose high into the air. This was followed by bluish flames, rising at times so
far above the cliff as to be visible from Weymouth [~6.5 km away]. Through the cracks
spread over the surface by the ascending heat the burning substratum beneath was seen.
The fissures and other openings were covered with deposits of sulphur.” (Damon 1884).
Another landslip locality which was burning between November 1973 and February
1974, is described by Cole (1974). Rocks showed evidence of baking and fumeroles were
active from joints and cracks. The absence of kaolinite in the baked shales implies
temperatures in excess of 550 °C. In both cases, combustion is attributed to pyrite oxi-
dation after landsliding occurred.

Mali

In the Timbuktu region of northern Mali, Svensen et al. (2003) describe subsurface
temperatures as high as 765 °C associated with smoke emanating from holes and frac-
tures in an area of several square kilometers and caused by the combustion of or-
ganic material in lacustrine sediments (Fig. 3.54). Numerous thin (2–5 cm) “dikes”
(called daounites) fill fracture networks within diatomatious sediments and have
vitrified walls with the glass containing cristobalite, clinopyroxene and magnetite
(Sauvage and Sauvage 1992). A 2.5 m deep trench excavated into the heat front re-
vealed a burning organic-rich (8 wt.% C) layer at 60 cm depth where temperatures
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reached 830 °C in sediments immediately overlying the burning layer (Fig. 3.54). The
residue of combustion consists of elemental carbon and traces of Fe-oxide and mullite.
Below the combusting layer the temperature is only 40 °C. H2O, CO2 and trace CH4 are
released from the combustion and precipitates of salammoniac (NH4Cl), ammonium
hydrogen sulphate (NaAl(SO4)2(H2O)12), sulfur, amorphous silica and sodium alum
(NaAl(SO4)2(H2O)12) occur at the surface around holes and fractures (fumeroles).

Svensen et al. (2003) propose that initiation and evolution of the subsurface com-
bustion is the result of lowering of water level in the lake, followed by lowering of the
water table, drying and microbial decomposition of organic material resulting in heat
accumulation, self ignition and slow combustion resulting in baking, reddening and
localised melting of overlying diatomite concomitant with formation of surface col-
lapse features. Occurrences of red diatomite of shallow lake deposits throughout the
Trans-Saharan region suggests that the current burning phenomena is the latest mani-
festation of a history of subsurface combustion extending back until at least the
Pleistocene.

3.4
Lightning Strike Metamorphism

Winans Lake

One of the most detailed studies of lightning-induced terrestrial pyrometamorphism
is the study made by Essene and Fisher (1986) on a glassy fulgarite that extends for
30 m along a morainal ridge in southeastern Michigan (Fig. 3.55). The fulgurite con-
sists of several masses, the largest of which has a maximum diameter of 0.3 m and a
length of 5 m, and the fulgurite bodies extend laterally rather than vertically com-
prising a branching system of subcylindrical structures.

The occurrence is characterised by containing micrometer- to centimetre-sized
metallic globules showing diverse intergrowths of metals (Fe, Si), silicides (FeSi, Fe3Si7,
FeTiSi2), and phosphides (TiP, Fe3P) which have unmixed from a vesicular silica-rich
melt. The glass also contains relic crystals of resorbed quartz, zircon that is partly
decomposed to ZrO2 and SiO2, and graphite presumably originating from reduction of
organic matter in the soil. Thermodynamic calculations indicate that temperatures of
melting were in excess of 2000 K with reducing conditions approaching those of the
SiO2-Si buffer. The decomposition of zircon indicates temperatures in excess of 1950 K.

Fig. 3.55. The Winans Lake fulgurite formed along a morainal ridge in southeastern Michigan, USA.
Fulgurite development is concentrated in three separate loci with continuity between the loci indicated
by charred soil and vegetation (redrawn from Fig. 1 of Essene and Fisher 1986)



113

Several reduction mechanisms are proposed to explain the formation of the metal
globules in the Winans Lake fulgurite:

1. Oxidation of carbon caused smelting of fine grained moraine material to form
metallic liquids by reduction of silicates, a process similar to that of iron-refining.

2. Degassing of oxygen or formation of nitrous oxide gases could have enhanced the reduc-
tion process. Nitrous oxides which form in milliseconds from air at high temperatures
(> 5000 K) during the passage of lightning may scavenge oxygen from the fulgurite.

3. Vapourisation of oxygen during boiling (as evidenced by the vesicular nature of the
glass) may have involved the flow of electrons through the melt causing local reduc-
tion and nearby loss of oxygen as in electrolysis.

3.5
Vapour Phase Crystallisation

Eifel

Hexagonal crystals of cordierite (indialite) with between 0.55–0.96% K2O occur in vugs
within metapelitic xenoliths in volcanic rocks of the Eifel area, Germany (Hentschal
1977; Schreyer et al. 1990). In one case (Bellerberg), cordierite is associated with tridym-
ite, sanidine, osumilite, biotite, and topaz; in another (Herchenberg) with cristobalite,
mullite, pseudobrookite and hematite. The additional osumilite group phases, roedderite
((Na,K)2Mg5Si12O30) and eifelite (KNa3Mg4Si12O30) have also been found. Hentschel et al.
(1980) describe the first terrestrial occurrence of Na/Mg and Fe/Mg varieties of
roedderite that forms euhedral yellow and reddish-brown crystals in melt-coated gas-
expansion cavities within pyrometamorphosed sillimanite-quartz gneiss xenoliths
(containing tridymite, sanidine, spinel, ortho- and clinopyroxene, hematite) in tephritic
lava of the Bellerberg volcano. Colourless, to faint yellow and green idiomorphic eifelite,
also occurring in vesicles in gneiss xenoliths from the same locality, is associated with
tridymite, pyroxene, amphibole, pseudobrookite and hematite (Abraham et al. 1983).
The occurrence of both minerals implies precipitation from highly alkaline, Mg-Si-
rich but Al-poor gas phases that are probably related to the well-known alkali metaso-
matic sanidinite xenoliths, often containing aegirine, described from the Eifel area (see
above section on sanidinite).

Vico Volcanic Complex

Sanidine-rich xenoliths (+ minor phlogopite, oxides) possibly derived from the py-
rometamorphosed envelope of a shallow magma body of the Vico Volcanic Complex
(Latium, Italy) contain vugs with intimately intergrown light blue flattened hexa-
gonal prisms of osumilite and semiradial aggregates of acicular pseudobrookite (with
3.9–4.4% V2O5) (Parodi et al. 1989). The vug walls are lined with sanidine, titanite and
hematite. Fluids causing high temperature oxidation of titanomagnetite to hematite-
pseudobrookite in the host xenoliths were also responsible for the formation of
osumilite-pseudobrookite in the vugs under ƒO2 conditions > MH buffer at tempera-
tures between 720–850 °C and pressures < 800 bar.

3.5  ·  Vapour Phase Crystallisation



Chapter 4

Calc-Silicates and Evaporates

4.1
Calc-Silicates

Siliceous carbonate rocks can be divided into protoliths that contain variable propor-
tions of mainly dolomite, calcite and quartz that produce high temperature meta-
morphic assemblages of Ca-silicates, Ca- + CaMg-silicates and CaMg- + Mg-silicates
with increasing amounts of primary dolomite. The relationship between Ca-, CaMg-
silicates, carbonates, lime and bulk siliceous carbonate compositions is shown in terms

Fig. 4.1. Siliceous carbonate bulk rock nomenclature and sanidinite facies mineral compositions in
terms of mol% CaO-MgO-SiO2-CO2. Carbonate nomenclature is adapted from Pettijohn (1949)
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of mol% CaO – MgO – SiO2 – CO2 in Fig. 4.1. Most primary bulk compositions plot in
the area below ~20 mol% SiO2 and those that plot on the Mg-rich side of the diop-
side-dolomite tie line may indicate contamination from mafic magma during meta-
morphism. Addition of Al2O3, iron and alkalis, either from accessory (detrital and
authigenic) K-feldspar, albite, micas/chlorite, clays and Fe-oxides/siderite or by diffu-
sive interaction with mafic magma, gives rise to marly carbonate, marl, clayey marl
compositions and with high temperature metamorphism, Ca-Al-Fe-Mg silicates, ox-
ides (Fig. 4.2) and K-Na-bearing phases such as kalsilite, leucite and possibly phlogo-
pite and nepheline. The common occurrence of accessory perovskite and sulphides
in high temperature siliceous marly carbonate assemblages implies a rutile/ilmenite
and sulphate source respectively and/or contamination from mafic magma. In many
of the examples given below heterogeneous protoliths with variable amounts of argilla-
ceous and carbonate components (often present as fine interlayering) are typical and
give rise to the juxtiposition of different sanidinite facies mineral assemblages formed
at the same T-P but different XCO2.

In the system SiO2-CaO-MgO-CO2, pyrometamorphism of siliceous carbonates con-
taining quartz, dolomite and calcite involves reactions (7) to (13) of Bowen’s (1940)
H2O-absent decarbonation series with addition of rankinite and tilleyite (Tilley 1951;
Table 4.1) resulting in the formation of sanidinite facies dolomite + quartz-absent as-
semblages (12) to (26) as depicted in Fig. 4.3a and b (Turner 1948; Fyfe et al. 1958; Turner
and Verhoogen 1960). Additional decarbonation steps producing larnite and lime (Weeks
1956; Table 4.1) are not represented.
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Fig. 4.2. Mineral compositions in siliceous carbonate and marly carbonate rocks plotted in terms of
mol% CaO – (Mg,Fe)O – (Al,Fe)2O3 – SiO2 – CO2. Dashed lines represent solid solution between åkerman-
ite-gehlenite and diopside-fassaite. Spinel and magnetite (not shown) plot at 50(Mg,Fe)O : 50(Al,Fe)2O3.
Nomenclature of the carbonate-clay (metakaolinite) composition plane (below and grey shaded area in
tetrahedron) is adapted from Pettijohn (1949). The sillimanite-orthopyroxene-wollastonite plane
(hatched) at 50 mol% SiO2 = ACF projection plane. Siliceous carbonate and marly carbonate bulk com-
positions plot below this plane, mostly within the anorthite-wollastonite-calcite-diopside volume

4.1  ·  Calc-Silicates
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Assemblages

12. Wollastonite-diopside-quartz
13. Diopside-wollastonite-melilite
14. Diopside-monticellite-melilite

are stable at all temperatures (represented in both Fig. 4.3a,b). The remainder have
been divided into two subfacies (Fyfe et al. 1958; Reverdatto 1965):

Fig. 4.3.
Monticellite-melilite subfa-
cies (a) and larnite-merwin-
ite-spurrite subfacies (b) min-
eral assemblage fields (num-
bered 12 to 26) in terms of
mol% CaO – MgO – SiO2 – CO2.
See text
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a lower temperature – monticellite-melilite subfacies
15. Wollastonite-melilite-calcite
16. Melilite-monticellite-calcite
17. Monticellite-forsterite-calcite
18. Forsterite-periclase-calcite

b higher temperature – larnite-merwinite-spurrite or spurrite-merwinite subfacies
19. Wollastonite-rankinite-melilite
20. Rankinite-melilite-larnite
21. Melilite-larnite-merwinite
22. Melilite-merwinite-monticellite
23. Larnite-merwinite-spurrite
24. Merwinite-spurrite-calcite
25. Merwinite-monticellite-calcite
26. Monticellite-periclase-calcite

Simple high temperature marly carbonate compositions can be represented in terms
of ACF parameters by the assemblage

anorthite–wollastonite (pseudowollastonite)–diopside-hedenbergite

(Fig. 4.4). Additional silica-undersaturated phases are represented by projection of
gehlenite-åkermanite, fassaite, and grossular-andradite as shown in Fig. 4.2. Univariant
mineral assemblages relevant to fusion of marl compositions synthesised in experi-
mental oxide and mineral systems at atmospheric pressure are listed in Table 4.2.

4.1.1
CO2-H2O in Fluid Phase

The temperature of decarbonation reactions in siliceous carbonates will depend on
the ratio of CO2 and H2O in the fluid phase. In the presence of an H2O vapour phase,
decarbonation can occur at considerably lower temperatures as illustrated by the re-
action

åkermanite + calcite = merwinite + CO2

that is important during metamorphism of dolomitic limestone–calcic dolomite com-
positions. Experimental determination of this reaction has been made by Shmulovich
(1969), Bulatov (1974), Zhou and Hsu (1992) and calculated by Walter (1963), Joesten
(1976), Zharikov et al. (1977) and Sharp et al. (1986), and some of these data are shown
in Fig. 4.5a and b in terms of T-P and T-XCO2 respectively. In Fig. 4.5a, for example at
500 bar (Pfluid = PCO2), there is a maximum temperature difference of ~60 °C be-
tween the reaction curves and at 150 bar the difference is reduced to ~30 °C. At 500 bar
the reaction temperature of curve 3 is lowered by nearly 200 °C though reduction of
XCO2 in the fluid phase from unity to 0.1. In Fig. 4.5b, the reaction curve is displaced
to lower temperatures and higher XCO2 if Pfluid is lowered from 1000 to 500 bar. The
merwinite-producing reaction thus highlights the difficulty in constraining natural

4.1  ·  Calc-Silicates
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Fig. 4.4.
ACF plot of minerals typi-
cally present in metamor-
phosed marly carbonates.
Compositions plot within the
An – (Di,Hd) – (Wo,Pwo) vol-
ume and are projected from
below the ACF plane (Fig. 4.2).
Thick lines indicate extent of
possible solid solution
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divariant assemblages in terms of temperature and fluid composition without an
independent pressure estimate or without location of univariant assemblages.

As decomposition and dehydroxylation of H2O-bearing minerals, e.g. clays, mus-
covite, chlorite, occur at much lower temperatures that those reached during pyrometa-
morphism, it would be expected that the CO2-content of a fluid phase would increase
with increasing temperature in carbonate rocks (e.g. Fyfe et al. 1978; Roedder 1984).
Although the absence of hydrous phases in textural equilibrium with calc-silicate and
CO2-bearing phases does not necessarily mean that H2O was absent from the fluid
phase during high temperature metamorphism, the almost exclusive presence of CO2-
bearing minerals such as calcite, spurrite and tilleyite in sanidinite facies siliceous
carbonates implies that the fluid phase during pyrometamorphism was probably CO2-
rich, in most cases with XCO2 near unity, and also that temperatures were too high to
stabilise any hydrous phase. In the case of igneous pyrometamorphism, as H2O is
significantly more soluble in mafic magma than CO2 (e.g. Burnham 1979), it will tend
to diffuse from country rock and xenoliths undergoing heating into the magma thereby

Fig. 4.5.
Experimentally- and thermo-
dynamically-derived stability
curves of the akermanite +
calcite = merwinite + CO2 reac-
tion in terms of Ptotal =
Pfluid = PCO2-T (a) and
XCO2-T at Pfluid = 1 kb (b).
In (a), curves 1 (Joesten 1976),
2 (Zharikov et al. 1977),
3 (Sharp et al. 1986) represent
conditions where XCO2 in the
fluid phase = 1.0. Curve 3 is
progressively displaced to
lower temperatures at 0.5 and
0.1 XCO2 (labelled dashed
curve 3) (data from Tracy and
Frost 1991), and similarly for
curve 2 at 0.3 XCO2 (labelled
thin solid curve 2) (Zharikov
et al. 1977). In (b), numbered
curves are: 2 (Zarikov et al.
1977); 3 (Sharp et al. 1986);
4 (Shmulovich 1969); 5 (Walter
1963). The reaction curve for
500 bar is from Fig. 5 of Tracy
and Frost (1991)
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enriching the remaining fluid in CO2. In the absence of an independent estimate of
lithostatic pressure at the time of metamorphism, one is usually forced to assume that
Pload = Pfluid = PCO2. The assumption may be justified by the fact that during peak
temperatures of metamorphism, influx of H2O into xenoliths or near contact rocks is
unlikely because partial fluid pressures created by decarbonation reactions equalise
the total pressure of the system and the partial pressure of the fluid phase within the
magma is usually much lower. Furthermore, rapid heating and concomitant degassing
during decarbonation leads to a volume loss. Provided that volume loss occurs simul-
taneously with compaction, magmatic H2O-rich fluids will be inhibited from invad-
ing the rocks. Nevertheless, in several cases, e.g. Crestmore, California (Burnham 1959),
hydrous silicates such as talc, brucite, tremolite, serpentinite, xanthophyllite, and
F-bearing hydrosilicates such as clinohumite, cuspidine, vesuvianite occur in pyrometa-
morphosed calc-silicate rocks. This suggests that wallrock/xenolith compaction prob-
ably lagged behind volatile loss allowing an influx of H2O, F and Cl-rich fluids leading
to rehydration and metasomatism during cooling or perhaps reheating to lower tem-
peratures by subsequent intrusion. Similarly, cooling of carbonate rocks that have
undergone combustion metamorphism induces cracking allowing the influx of H2O
(containing some CO2 and SO3) resulting in the formation of retrograde assemblages
of hydrous silicates, hydroxides, carbonates and sulphates. The end result is that the
many metamorphosed calc-silicate rocks are complex high-variance disequilibrium
assemblages comprising relic (high temperature, CO2-rich) and later (lower tempera-
ture H2O-rich) phases.

4.1.2
T-P-XCO2 Relations

Siliceous Limestone

Silicate minerals within the system CaO-SiO2-CO2, wollastonite, pseudowollastonite,
larnite, tilleyite, spurrite, more rarely rankinite and very rare hatrurite, are diagnos-
tic of sanidinite facies metamorphism of siliceous limestone lithologies. Larnite is ac-
tually the β-polymorph of the high temperature form α ′-Ca2SiO4 which inverts to
larnite, the other being calcio-olivine (γ-Ca2SiO4). Phase relations of these Ca-sili-
cates are well known from many studies (e.g. Rankin and Wright 1915; Tuttle and Harker
1957; Harker 1959; Zharikov and Shmulovich 1969; Joesten 1974; Treiman and Essene
1983) and P-T-XCO2 stability relations pertinent to sanidinite facies reactions are shown
in Fig. 4.6a and b. The vapour-absent reactions

spurrite + wollastonite = rankinite + tilleyite (> 920 °C)

spurrite + rankinite = larnite + tilleyite (> 1020 °C)

wollastonite = pseudowollastonite (> 1125 °C)

larnite + lime = hatrurite (> 1250 °C)
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Fig. 4.6. Calculated equilibria in the system CaO-SiO2-CO2. a T-Ptotal = PCO2 (after Figs. 8, 9 of Treiman
and Essene 1983). The Rn = Ln Wo reaction curve labelled “J” is from Joesten (1974). Quartz-tridymite-
cristobalite inversion curves and field of dry basalt liquidi (shaded strip) are included for reference.
b Isobaric T-XCO2 equilibria at Ptotal = 1000 bar (heavy lines; after Fig. 10 of Treiman and Essene 1983)
and at Ptotal = 300 bar (thin lines; after Joesten 1974)
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(Fig. 4.6a) are not affected by the ratio of CO2 : H2O in the fluid phase and provide the
most reliable temperature indicators of high temperature metamorphic conditions.

Under isothermal-isobaric conditions stability fields of the calc-silicates are con-
trolled by the chemical potentials of SiO2 and CO2 as shown in Fig. 4.7 where each
phase represents a variance of four and each reaction line is trivariant. Equilibria in-
volving larnite-rankinite and rankinite-wollastonite fix the value of µSiO2 while µCO2
may vary independently. Similarly, µCO2 is fixed by tilleyite-spurrite over a range of
µSiO2. All other two phase assemblages are stable over a range of µSiO2 and µCO2
values, although they both must lie on a trivariant surface.

At the highest temperatures of pyrometamorphism, liquidus relationships in the
systems CaO-MgO-CO2-H2O (Wyllie 1965) and CaO-SiO2-CO2-H2O (Wyllie and Haas
1966), indicate that melting of calcite according to the reaction

calcite = liquid + CO2

should be possible although indisputable textural evidence from nature has not been
reported (for a possible exception see Schulling 1961). Where the vapour phase is almost

Fig. 4.7. Schematic isothermal-isobaric chemical potential diagram (µSiO2-µCO2) for the system
CaO-SiO2-CO2 showing calc-silicate stability fields (after Fig. 7 of Joesten 1974)
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pure H2O, at 1 kb the melting temperature of calcite is 650 °C, whereas if the vapour
phase is pure CO2 calcite melts at just over 1300 °C (Wyllie and Tuttle 1960).

The highest temperature decarbonation reaction without melting that could result
from pyrometamorphism is the reaction

calcite = lime + CO2

that occurs between 900 and 1250 °C at 1 and 40 bar PCO2 respectively (Treiman and
Essene 1983). Natural examples of this reaction are rare but have been recorded by in
limestone xenoliths in tephritic lava from the Eifel (Ettringer Bellerberg) (Brauns 1922)
and Vesuvius (Zambonini 1935, p. 66).

Fig. 4.8. P-T diagram at XCO2 = 1 showing the Cc Åk = Mw CO2 reaction in comparison to calc-silicate
decarbonation reactions (after Fig. 2 of Joesten 1976). Dashed lines numbered with Åk mol fraction in
melilite indicate shift of the Cc Åk = Mw CO2 reaction to lower P/higher T with decreasing Åk component

4.1  ·  Calc-Silicates
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Siliceous Magnesian Limestone – Dolomite

These compositions (Fig. 4.1), are characterised by:

1. Occurrence of the Mg-Ca silicates, melilite, merwinite, rarely bredigite with calc-
silicates in magnesian limestone-dolomitic limestone protoliths. Where there is suf-
ficient alumina and iron, e.g. at carbonate-calcite-free shale contacts of banded
sequences, gehlenitic melilite, fassaitic pyroxene, Ca-rich plagioclase, granditic gar-
net and spinel occur. Fe3+-bearing peraluminous examples are characterised by
the oxides mayenite and brownmillerite.

2. Åkermanite, merwinite, diopside, monticellite, forsterite, ± periclase typically with-
out calc-silicates are diagnostic of siliceous calcitic dolomite and dolomite protoliths.
Addition of alumina and in some cases alkalis results in the formation of spinel,
phlogopite, kalsilite, and K-feldspar.

Of critical importance in less magnesian rocks is the decarbonation reaction,
Mel Cc = Mw CO2. In addition to the effect of fluid composition mentioned above, the
position of this reaction curve is also affected by the Åk-content of melilite as shown
in Fig. 4.8 in relation to stabilities of Ca-silicates. For more magnesian rocks, high tem-
perature reaction curves involving calcite, åkermanite, merwinite, monticellite, diopside,
forsterite and periclase are shown in Fig. 4.9a and b in terms of T-P (Pfluid = PCO2)
and XCO2-T respectively.

Marl

T-P conditions of metamorphism of marls are represented by the mineral stability
curves in Fig. 4.10a with upper limits of sanidinite facies metamorphism defined by
the melting reactions

An Wo/Pwo Qtz/Td V = L

An Wo/Pwo Ge V = L

that at low pressures intersect the field of dry basalt liquidi between ~1175–1250 °C.
Reactions involving An, Ge, Wo, Gr and Cc in terms of XCO2-T at 500 and 1000 bar are
given in Fig. 4.10b and show that decarbonation reaction curves shift to higher T and
lower XCO2 at lower pressure with an upper limit of grossular stability given by the
invariant point at ~900 °C/0.65XCO2 at 500 bar. Where appropriate, these data can be
used in combination with Ca-silicate, CaMg- and Mg-silicate stability curves shown in
Figs. 4.6, 4.8, 4.9 to better constrain conditions of metamorphism. Temperatures high
enough to partially melt marly carbonate rocks are attained during combustion meta-
morphism and some invariant assemblages produced in ternary oxide and mineral
systems at atmospheric pressure are listed in Table 4.2. As bulk marl (CO2-, SO3- and
H2O-free) compositions are typically > 96 wt.% SiO2, Al2O3, Fe2O3 (as total iron), MgO,
CaO, they can be approximated by grossular-rich portions of the grossularite-pyrope
and grossularite-andradite joins in the systems CaO-MgO-Al2O3-SiO2 (Chinner and
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Fig. 4.9. Calculated equilibria in the system CaO-MgO-SiO2-CO2. a T-Ptotal = PCO2 (after Fig. 9 of Wall-
mach et al. 1989). Dashed reaction curves from Fig. 4 of Sharp et al. (1986) are included for comparison
and are displaced to lower T and higher P with respect to those calculated by Wallmach et al. (1989).
Shaded strip = dry basalt liquidi. b Isobaric T-XCO2 equilibria at Pfluid = 1000 bar. Solid curves after
Fig. 3 of Sharp et al. (1986). Dashed curves after Pertsev (1977) and reproduced in Fig. 6 of Tracy and
Frost (1991)
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Fig. 4.10. Phase equilibria relevant to mineral stabilities in marly carbonates. a Data for reactions in
the system CaO-Al2O3-SiO2-H2O (after Fig. 16 of Huckenholz et al. 1975). Woss = Hdss reaction from
Lindsley et al. (1969); Gtss = Woss + Fasss reaction from Huckenholz et al. (1974). Shaded strip = dry ba-
salt liquidi. b T-XCO2 diagram at 500 bar (dashed curves) and 1000 bar (solid curves) for the system
CaO-Al2O3-SiO2-H2O-CO2 after Figs. 10 and 11 respectively of Tracy and Frost (1991)

Schairer 1962) and CaO-Al2O3-Fe2O3-SiO2 (Huckenholz et al. 1974) shown in Fig. 4.11.
In the MgO-bearing system, the garnet join cuts two relevant subsolidus tetrahedra,
An-Di-Åk-Wo and An-Åk-Ge-Wo that include pseudowollastonite at temperatures
above the wollastonite-pseudowollastonite inversion at 1125 °C (Fig. 4.11). Within the
compositional range Gr100 and Gr82Py18, the subsolidus assemblage Wo-Mel-An occurs
with an invariant point assemblage Pwo-Wo-Mel-An-L located at ~1205 °C. The com-
position of melilite ranges from Åk75Ge25 at Gr82Py18 to Ge100 at Gr100. Investigation of
this system by Yang et al. (1972), indicates addition of Al-diopside to the assemblage
near 1200 °C on the join åkermanite-anorthite-forsterite. In the system CaO-Al2O3-
Fe2O3-SiO2, compositions between Gr87–54 produce the assemblage Pwo/Wo-An-Mel(Ge-
Fe-Gess)-Fasss at temperatures > 1135 ± 10 °C and with liquid over a narrow tempera-
ture interval between 1203–1208 ± 3 °C. In compositions > Gr87 over this temperature
range fassaitic pyroxene is not stable (Fig. 4.11).
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Fig. 4.11. Temperature versus composition plot showing mineral-liquid relationships at atmospheric
pressure along part joins grossular-andradite (Huckenholz et al. 1974) and grossular-pyrope (Chinner
and Schairer 1969) (below) in the systems CaO-Al2O3-Fe2O3-SiO2 and CaO-MgO-Al2O3-SiO2 (above)

4.1.3
Contact Aureoles and Xenoliths

4.1.3.1
Siliceous Limestone

Scawt Hill
Flint nodules in chalk pyrometamorphosed to larnite-spurrite-bearing rocks by dol-
erite at Scawt Hill, Northern Ireland, are surrounded by thin reaction zones of wol-

4.1  ·  Calc-Silicates
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lastonite separated from larnite by a film of rankinite (Tilley and Harwood 1931; Tilley
1942) that reflects a decrease in µSiO2 potential between wollastonite-larnite by way
of the CO2-independent reactions

3wollastonite = rankinite + SiO2

3 larnite + SiO2 = 2rankinite

(Fig. 4.7). Comparison between Scawt Hill and a similar dolerite at Carneal that in-
trudes Tertiary basaltic lavas overlying the same Cretaceous chalk and flint indicates
a lithostatic pressure of ~200 bar (Sabine 1975). Provided Pload = Pfluid during meta-
morphism, the reactions

rankinite + spurrite = larnite + CO2

rankinite + CO2 = spurrite + wollastonite

indicate an intersection temperature of 980 °C from metastable extension of the lat-
ter reaction through invariant point (I) in Fig. 4.6a. This is consistent with experi-
mental data of Zharikov and Schmulovich (1969) that indicates minimum tempera-
tures of 950°C and 1025 °C at which [Rn Ln] and [Rn Wo] occur at 100 and 300 bar
PCO2, respectively (Fig. 4.12).

Fig. 4.12. T versus CaO-CaSiO3 mineral stability diagrams at 100 and 300 bar PCO2 in the high tem-
perature part of the system CaO-SiO2-CO2 (after Fig. 9 of Zharikov and Shmulovich 1969)
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Christmas Mountains
Metamorphism of nodular chert within limestone to produce sharply-bounded con-
centrically zoned wollastonite, rankinite, spurrite, tilleyite and calcite bodies within
60 m of a gabbro, Christmas Mountains, Texas, is described in detail by Joesten (1974).
The minerals form a series of sharply-bounded, concentric monomineralic and two-
phase shells which record a step-wise decrease in SiO2 from the nodule core to its
rim. Minerals and decarbonation reactions within the nodule rims vary with distance
and decreasing temperature from the gabbro contact (Fig. 4.13):

■ 0–5 m calcite – spurrite – rankinite – wollastonite
(Sp 4Wo = 3Rn CO2; Ty = Sp CO2)

■ 5–16 m calcite – tilleyite – spurrite – rankinite – wollastonite
(Ty = Sp CO2; Ty 4Wo = 3Rn 2CO2)

■ 16–31 m calcite – tilleyite – wollastonite
(3Cc 2Wo = Ty CO2)

■ 31–60 m calcite – wollastonite
(Cc Qz = Wo CO2)

■ > 60 m calcite – quartz

The absence of larnite in the assemblages indicates that the temperature of the re-
action

Fig. 4.13. Gradients of maximum temperatures attained in the Christmas Mountains contact aureole
determined from positions of reactions divariant in P-T-XCO2. Horizontal bars = uncertainly in loca-
tion of reaction from sample spacing. Inset diagram shows position of reactions in terms of T-XCO2
at 300 bar within the shaded area between XCO2 = 0.6 to 1.0 (after Figs. 4 and 5 of Joesten 1974)
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spurrite + rankinite = 4larnite + CO2

was not exceeded.
Idealised composition-distance profiles across chert and calc-silicate nodules with

increasing temperature in the contact aureole are shown in Fig. 4.14. Heating of a chert
nodule (quartz-calcite in a) to a temperature within the range bounded by reactions

Fig. 4.14.
Composition (mol% SiO2)
versus distance profiles across
monominerallic zones for nod-
ules within the contact aureole
of the Christmas Mountains
gabbro, Texas. The schematic
zoned nodule shown is located
within 6–16 m of the igneous
contact. Closer to the contact,
tilleyite is replaced by spurrite.
Arrows in composition-dis-
tance profiles indicate direc-
tion of movement of boundary
of each growing zone within
the range of its T-XCO2 sta-
bility field, i.e. T increasing
from (a) to (d); XCO2 = 0.6–1.0;
P = 300 bar (Fig. 4.13). Dashed
line indicates initial position of
the calcite-quartz interface of
chert nodule
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calcite + quartz = wollastonite + CO2

3calcite + 2wollastonite = tilleyite + CO2

produces a thin zone of wollastonite at the quartz-calcite interface (b) that will grow
at the expense of both quartz and calcite until quartz is used up. At a higher tempera-
ture within the range bounded by reactions

3calcite + 2wollastonite = tilleyite + CO2

tilleyite + 4 wollastonite = 3rankinite + 2CO2

a tilleyite zone grows at the expense of both calcite and wollastonite (c). The wollas-
tonite zone continues to grow only at the contact with quartz. In d the compositional
gradient across the nodule is the result of heating to a temperature within the field
bounded by reactions

tilleyite + 4 wollastonite = 3rankinite + 2CO2

tilleyite = spurrite + CO2

resulting in the growth of rankinite at the expense of tilleyite and wollastonite. De-
carbonation of tilleyite to from spurrite does not affect the shape of the composi-
tional gradient for SiO2 and does not alter the direction of movement of the zone
boundaries.

The relative growth rates of each calc-silicate zone depends on the relative diffusion
rates of CaO (from calcite) and SiO2 (from quartz). Thus, widening of the tilleyite zone
will occur by reaction of transported SiO2 with calcite only if the flux of SiO2 through
tilleyite is > 0.6 times that through rankinite. The radial symmetry of the distribution
of mineral assemblages in the nodules, transport of CaO and SiO2 in opposite direc-
tions, compatibility of minerals in adjacent zones, and continuity of the chemical
potentials across zone boundaries imply that the mineral zoning resulted from diffu-
sion with gradients in the chemical potentials across the monominerallic zones being
the driving force for diffusion and element mobility. Prograde mineral reactions that
define the zone boundaries involve release of CO2 which would be expected to diffuse
radially outward under the externally generated pressure gradient, mixing with and
displacing any water in the vicinity of the reacting nodules to produce a localised CO2-
saturated environment. If the coexistence of tilleyite and rankinite in nodules within
15 m of the igneous contact represents stable equilibrium then the projected position
of invariant point (I) limits fluid compositions to those with XCO2 > 0.6 (Fig. 4.13). This
precludes the possibility that heat was convectively transferred by a H2O-rich mag-
matic fluid outward into the aureole. In the presence of a CO2-rich fluid and a
stratigraphically determined lithostatic pressure of 325 bar, the unusually high tem-
peratures of between 875–1025 °C attained within 32 m of the igneous contact are at-
tributed to conduction as the dominant energy transport mechanism. This could have
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resulted from the emplacement of a 200 m thick sheet of convecting mafic magma
along the contact between marble and a partly crystallised 1400 m diameter cylindri-
cal stock of gabbro/syenite.

Tokatoka
Monominerallic patches and bands of rankinite (as large plates up to 8 mm long and
partly altered to kilchoanite), fine grained larnite, spurrite with ubiquitous grossular,
accessory gehlenite and Fe-oxide occur in siliceous limestone in contact with dykes
of basalt and andesite from Tokatoka, North Island of New Zealand (Mason 1957; Black
1969; Baker and Black 1980). The coexistence of the larnite, spurrite, rankinite, and
the absence of tilleyite implies metamorphic conditions equating with the reaction

spurrite + rankinite = larnite + CO2

that occurs at temperatures between ~900–1045 °C with Ptotal = PCO2 < 480 bar
(Fig. 4.6a). However, the different grain size and separate occurrence of rankinite with
respect to larnite and spurrite may indicate that the three Ca-silicates formed under
localised conditions of different XCO2. For example, at 300 bar (Fig. 4.6b), larnite is
stabilised with respect to spurrite and rankinite between XCO2 0.8 and 0.2 over the
temperature range 1000–900 °C respectively. Spurrite is stabilised with respect to til-
leyite at XCO2 < 0.8/960 °C. In the absence of spurrite, rankinite is stable at tempera-
tures < 920 °C/XCO2 < 0.6 and on cooling below 725 °C inverts to kilchoanite (Speak-
man et al. 1967). The presence of grossular indicates a maximum T of ~900 °C and
XCO2 of 0.6 at 500 bar as above this temperature it breaks down to An Wo Ge (Fig. 4.10b).

4.1.3.2
Dolomitic Limestone – Calcitic Dolomite with Al-Fe-K

Kilchoan
Agrell (1965) describes pyrometamorphosed nodular or concretionary dolomitic lime-
stone-calcitic dolomite occurring in a ca. 61 m wide screen between two gabbroic ring
dykes at Kilchoan, Scotland. The limestone has undergone two episodes of metamor-
phism; one characterised by high fluid CO2 : H2O and a subsequent event characterised
by a high H2O : CO2 ratio. Bands up to 1.8 m thick show a complex series of mineral
assemblages that probably reflect variations in the initial composition of the limestone
rather than to compositional modification due to diffusive interaction with mafic
magma. The highest temperature decarbonation mineral associations are:

a åkermanite + rankinite + wollastonite
b åkermanite + rankinite + spurrite
c åkermanite + larnite + spurrite
d åkermanite + merwinite + larnite + spurrite
e åkermanite + merwinite + monticellite

as depicted in Fig. 4.15 and reflect variation from Si-rich (Åk Ra Wo) to more Mg-rich
(Åk Me Mc) bulk compositions across the bands, and from the coexisting Ca-silicates,
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decreasing µSiO2 and µCO2 (Fig. 4.7) from a to e. In Fig. 4.16 at Ptotal = PCO2, mineral
assemblages of the bands are consistent with T-P conditions below a maximum of
~1050 °C and 48 bar defined by invariant point (II). Optical data by Agrell (1967) indi-
cates a melilite composition of Åk65Ge45 and he infers a Pfluid = Pload for metamor-
phism of ~345 bar. This data gives a temperature of ~1020 °C from intersection of the
Åk60 Cc = Mw CO2 (extrapolated) and Rn Sp = Ln CO2 reaction curves (Fig. 4.16). The
high temperature assemblages at Kilchoan were superimposed by OH and F-bearing
minerals such as rustumite, kilchoanite, vesuvianite and cuspidine (with additional
recrystallisation of wollastonite, grossular and spurrite), when the rocks were re-meta-
morphosed at lower temperatures (i.e.< ~750 °C) by an intrusion of quartz gabbro.

Fig. 4.15. Variation of mineral assemblages (a–e) in terms of CaO-MgO-SiO2 (mol%) occurring within
individual bands in pyrometamorphosed limestone, Kilchoan, Scotland. Bulk compositions are con-
fined to somewhere within the shaded areas defined by mineral tie lines. Dashed line indicates possibil-
ity of spurrite being present in the assemblage Ln Åk Mw

Fig. 4.16.
Åk100 Cc = Mw CO2 and
Rn Sp = Ln CO2 reaction
curves relevant to metamor-
phic conditions at Kilchoan,
Scotland, and possibly also
Marble Canyon, Texas. Solid
curves after Sharp et al. (1986)
and Treiman and Essene (1983);
dashed curves after Joesten
(1974) with curves labelled 0.5
and 0.7 = Åk50 and Åk70 re-
spectively (Joesten 1976)
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Marble Canyon
A rare example of three α-Ca2SiO5 polymorphs (α ′-Ca2SiO5 [high temperature un-
named polymorph], larnite [β-Ca2SiO5] and calcio-olivine [γ-Ca2SiO5]) coexisting with
spurrite, rankinite, merwinite and melilite of unspecified composition occurs at Marble
Canyon, Texas (Bridge 1966). The Ca- and Ca-Mg silicates occur in localised zones in
dolomitic to nearly pure calcium limestone with interlayered cherty horizons near the
contact of syenite-monzonite-gabbro. Textural relationships show that the dicalcium
silicate may occur in myrmekitic intergrowth with merwinite, rankinite and melilite,
and that it cuts across the grain boundaries of these minerals (Fig. 4.17) suggesting
that it may have formed by the reactions

spurrite + rankinite = 4 “larnite” + CO2

merwinite + rankinite = 2α ′-Ca2SiO5 + åkermanite

Although the α ′-form polymorph is termed ”bredigite” by Bridge (1966) (after the
high temperature Ca2SiO5 polymorph erroneously reported as bredigite from Scawt
Hill by Tilley and Vincent 1948), electron microprobe analyses indicates that it does not
contain MgO. Therefore, the Marble Canyon locality is one of few natural occurrences
of the high temperature α ′-Ca2SiO5 polymorph despite the fact that transformation of
α ′ → β-Ca2SiO5 is rapid, with only the β and γ-forms occurring at atmospheric pres-
sure and temperature. In the Marble Canyon rocks the only untransformed crystals of
α ′-Ca2SiO5 and larnite are those enclosed by other minerals. Cleavages are well de-
fined and may be occupied by calci-olivine as the transformation phase (Fig. 4.17). As
at Kilchoan, the larnite, merwinite, melilite, rankinite, spurrite assemblage indicates
maximum temperatures at XCO2 = 1.0 of less (and probably significantly less) than
invariant point II in Fig. 4.16 depending on the Åk component of the melilite.

Re-examination of sanidinite facies assemblages in the Marble Canyon rocks by
Anovitz et al. (1991) suggests a contact temperature of 750 ± 50 °C at 370 bar, the rocks
equilibrating with H2O-rich fluids and with most or all of the initial carbonate being

Fig. 4.17.
Textural relationship between
α ′- (unnamed), β- (larnite),
and γ-Ca2SiO4 (calcio-olivine),
melilite, spurrite in contact
metamorphosed marble,
Marble Canyon, Texas
Cleavage intersects at 60° in
α ′-Ca2SiO4 (after Fig. 1 of
Bridge 1966; scale not given in
original diagram)
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removed. Larnite is not reported and the critical mineral assemblage at the contact is
Mel-Mw-Rn-Sp. Assuming an H2O-rich fluid, this assemblage would lie on the
2Åk Sp = 2Mw Rn CO2 reaction curve at a temperature above the kilchoanite-rankinite
inversion of ~750 °C at XCO2 between ~0.06/~750 °C and 0.09/~800 °C (Fig. 4.18).
Addition of larnite to the above assemblage implies that XCO2 could have been < 0.02
over this temperature range. Although the possibility of significant interaction between
the rocks and aqueous fluids in the aureole is implied by stable isotope data, this could
reflect some retrogression at lower temperature because values of < 0.02 XCO2 sug-
gested by Anovitz et al. (1992) seem unrealistic for the metamorphism of carbonate
rocks as pointed out by Tracy and Frost (1991).

Fig. 4.18.
T-XCO2 plot showing solid-
solid and decarbonation reac-
tion curves at low XCO2 (< 0.1)
and 500 bar (Ptotal) for a near
contact assemblage of Mel-
Mw-Rn-Sp at Marble Canyon,
Texas. Kil = kilchoanite
(β-Ca3Si2O7) (after Pertsev
1977; reproduced as Fig. 5 of
Tracy and Frost 1991). The grey
shaded area = possible T-XCO2
conditions of metamorphism.
See text
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Scawt Hill
At Scawt Hill (see above), chalk within 0.6 m of a dolerite contact is metamorphosed
to calcite-bearing assemblages of:

■ spurrite
■ larnite ± spurrite
■ spurrite-larnite-gehlenitic melilite
■ spurrite-gehlenitic melilite-merwinite-Fe-Mg spinel ± larnite

with accessory perovskite and magnetite (Fig. 4.19) (Tilley 1929; Tilley and Harwood
1931; Tilley and Alderman 1934). As the chalk is almost pure CaCO3, the mineral assem-
blages indicate metasomatic addition of Si, Al, Fe, Mg and Ti from the mafic magma.
The first two assemblages are the least affected by metasomatism and imply condi-
tions of low µSiO2 and µCO2 that precluded the formation of tilleyite (Fig. 4.7). At
200 bar, intersection of the Sp Rn = Ln CO2 and Åk50 Ge50 Cc = Mw CO2 reaction curves

Fig. 4.19. Microtextures of Scawt Hill contact aureole siliceous carbonate rocks. a Spurrite-larnite rock.
Porphyroblasts of spurrite enclosing grains of larnite and surrounded by fine grained larnite-spinel
(× 21). b Spurrite-merwinite rock. Large tabular crystals of merwinite within a fine matrix of spurrite
with both minerals enclosing small grains of larnite (× 21). c Larnite-spurrite rock. Large porphyroblast
of spurrite enclosing grains of larnite and surrounded by fine grained larnite (× 21). d Gehlenitic melilite-
merwinite-spinel-calcite rock. Large tabular crystals of melilite and merwinite within a matrix of cal-
cite. Dark grains are spinel and some perovskite (× 21). Reproduced with the kind permission of the
Mineralogical Society of Great Britain & Ireland
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implies a temperature of ~975 °C (Fig. 4.16) in accordance with the Scawt Hill meta-
morphic temperature range given above.

Siberian Traps
A number of examples of calc-silicate rocks variously described as marls, marly lime-
stones, limestone with interbedded dolomite, dolomitised limestone and thin discon-
tinuous bands of chert nodules are pyrometamorphosed by dolerite of the Siberian
Traps to form wollastonite, spurrite, tilleyite, merwinite, melilite and rare tridymite
(Reverdatto 1970).

Chalcedony-carbonate concretions ranging from 1 to 10 cm in length and enclosed
in marl within a sequence of banded limestone are largely converted to fine-grained
wollastonite as at Scawt Hill, and sometimes to tridymite where wollastonite replace-
ment is incomplete. The concretions are surrounded by an 0.3–0.8 cm thick rim of
radially-arranged spurrite that is typically replaced by tilleyite near the wollastonite
core. The outer part of the spurrite rim is associated with a fine aggregate of merwi-
nite together with åkermanite and some pyrrhotite that is in contact with the sur-
rounding marble (Fig. 4.20a). Patches thought to represent more argillaceous areas
(bands, lenticles, nodules and veinlets) have central parts of merwinite containing
numerous grains of åkermanitic melilite. Spurrite (partly replaced by tilleyite) with
minor melilite occur in peripheral parts.

At another locality, marly limestone within 0.5 m of a dolerite contact is composed
of < 1 cm thick linearly oriented stringers, bands and lenses of spurrite and gehlenitic
melilite (up to 35 modal %) with calcite and accessory pyrrhotite. The melilite is com-
monly concentrated in the central parts of the segregations and spurrite confined to
the margins, a distribution that reflects original compositional differences in the lime-
stone.

Stratigraphic relations at the time of magma intrusion suggest a lithostatic pressure
of 200–220 bar. At Ptotal = PCO2, metamorphic temperatures are constrained to within
the range 950–970 °C by the coexistence of åkermanite, merwinite (with merwinite re-
placing åkermanite) and replacement of spurrite by tilleyite according to the reaction

spurrite + CO2 = tilleyite

with the Åk component of melilite > Åk70 (Fig. 4.8). The tilleyite-forming reaction
was facilitated by an increase CO2 in the fluid phase, probably during microfracturing
along grain boundaries with cooling (Fig. 4.20b).

Carneal
At Carneal, Co. Antrim, Northern Ireland, a 150 m diameter dolerite plug contains
blocks of dense dark grey pyrometamorphosed chalk from Cretaceous rocks under-
lying basalt (Sabine 1975; Sabine et al. 1985). The xenoliths are both mineralogically
variable and texturally complex. “Normal parts” consist of a fine-grained, equigranular
aggregate of mainly larnite and spinel. Subsequent reaction has resulted in replace-
ment of spinel by magnetite accompanied by the formation of aggregates of bredigite
and gehlenite (94 mol% Ge–Fe-Ge), the bredigite possibly after larnite and/or mer-
winite according to reactions

4.1  ·  Calc-Silicates
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merwinite + 2larnite = bredigite

4 larnite + åkermanite = bredigite + rankinite

merwinite + rankinite = bredigite + åkermanite

(Essene 1980). Figure 4.21 shows relationships of primary and secondary assemblages
at Carneal in terms of CaO-(Al,Fe)2O3-(Mg,Fe)O-SiO2. The diagram highlights the wide
range of compositions in which bredigite-gehlenite-magnetite is stable in contrast to
the restricted stability of larnite in relatively low Al and Mg compositions. More mag-
nesian bulk compositions contain the assemblage merwinite-spinel-bredigite. Spurrite
is locally abundant, occurring as porphyroblasts that enclose and replace larnite, spinel,

Fig. 4.20.
Contact metamorphism of
calc-silicates, Siberian Traps.
a Wollastonite (Wo) replace-
ment of a chert nodule sur-
rounded by concentric zones
of spurrite-tilleyite (Sp Ty)
and merwinite-melilite
(Mw Mel). Retrograde cuspi-
dine occurs as veins and re-
places Sp and Ty; grossular-
andradite locally replaces Sp,
Ty, cuspidine etc. (after Fig. 2
of Reverdatto 1970).
b Reaction rims of tilleyite
(Ty) around spurrite (Sp) in a
calcite (Cc) matrix (× 26) (af-
ter Fig. 1 of Reverdatto 1970).
See text
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bredigite and gehlenite, and as veins indicating that it formed during later addition of
a CO2-rich fluid. A small amount of calcite is present together with perovskite.

The larnite-spinel association, the absence of rankinite and retrograde formation of
spurrite implies a minimum temperature of 975 °C where Ptotal = PCO2, i.e. the reac-
tion, Sp Rn = Ln CO2 (Fig. 4.6a) at a lithostatic pressure of 200 bar deduced by Sabine
(1975), and a merwinite-producing reaction from melilite with a composition of ~Åk70
(Fig. 4.16) in the more Mg-rich protoliths. An upper limit of pyrometamorphism is
given by the vapour-absent reaction

spurrite = larnite + calcite

that occurs at 1080 °C (Fig. 4.6b), in which case merwinite would have formed from
gehlenite-rich melilite with a mole fraction of Åk < 0.3 (Fig. 4.16). The temperature
range is consistent with the stability range of bredigite between 979–1372 °C (Schlaudt
and Roy 1966; Lin and Foster 1975; although see Essene 1980).

Fig. 4.21. Phase relationships of sanidinite facies mineral assemblages (A, B, C) in terms of mol%
CaO-(Mg,Fe)O – (Al,Fe)2O3 – SiO2 at Carneal, Northern Ireland. See text

4.1  ·  Calc-Silicates
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Muck
The contact zone of a large olivine dolerite dyke intruding limestone on the Island of
Muck, Scotland, is documented by Tilley (1947) and characterised by gehlenite-bear-
ing sanidinite facies assemblages of:

a gehlenite-wollastonite-calcite
b gehlenite-monticellite-calcite-spinel
c gehlenite-spurrite-calcite-spinel
d gehlenite-monticellite-merwinite-calcite
e gehlenite-tilleyite-calcite-(spurrite)
f gehlenite-larnite-rankinite (highest temperature assemblage)

(Fig. 4.22) with the assemblage

monticellite-periclase (altered to brucite)-spinel-calcite

forming from interbanded dolomite. Under conditions of XCO2 = 1.0, intersection of
the vapour-absent reaction

spurrite + rankinite = larnite + tilleyite

with the decarbonation reactions

rankinite + spurrite = larnite + CO2

tilleyite + rankinite = larnite + CO2

tilleyite = larnite + calcite + CO2

at invariant point II (Fig. 4.6a) gives T-P conditions of 1040 °C and 430 bar. These val-
ues are compatible with the formation of merwinite and of monticellite + periclase
from forsterite + calcite in the interbanded dolomitic compositions (Fig. 4.9a).

Christmas Mountains
Melilite, merwinite and sometimes bredigite in marble within 1.5 m of the gabbro
contact and developed around marble xenoliths in the gabbro at Christmas Moun-
tains, Texas, documented by Joesten (1976) is a further example that probably involved
diffusive exchange of Ca, Fe, Mg, Al and Si between magma and carbonate wallrock.
A generalised sequence of prograde mineral zones is:

■ vesuvianite + wollastonite
■ melilite + wollastonite
■ melilite + rankinite + spurrite ± wollastonite
■ melilite + spurrite
■ melilite + spurrite + calcite ± merwinite
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that is graphically depicted in Fig. 4.23. Ti-Zr andradite, perovskite and magnetite are
accessory phases. Retrograde monticellite is also sometimes present and larnite coex-
isting with melilite, bredigite, ± rankinite, ± spurrite occurs in septum between the
two gabbros.

At 1.4 m from the contact, the assemblage spurrite-calcite-melilite-merwinite, with
merwinite occurring as inclusions in melilite, suggests that the Cc Åk = Mw CO2 re-
action has occurred. Melilite and merwinite are not Mg-end member compositions;
melilite has the composition Åk30 FeÅk8 Ge62 and merwinite has Mg/(Mg + Fe) = 0.9.
With reference to Fig. 4.16, at the inferred lithostatic pressure during metamorphism
of 350 bar and XCO2 = 1.0 (see above section on chert nodules), merwinite is stable
relative to calcite + melilite (Åk30) at ~1060 °C but according to Joetsen this decreases
by 25 °C from the effect of Fe-substitution in merwinite resulting in a temperature
that coincides with the Sp Rn = Ln CO2 reaction curve at this pressure.

Flekkeren
A ~500 × 100 m finely layered shale-limestone xenolith within a shallow-level
(P = 700–1000 bar) larvakite, Flekkeren, southern Oslo Rift, Norway, contains a peak
metamorphic assemblage of calcite, wollastonite, melilite (Åk100–Åk55Ge45), fassaitic
pyroxene, Ti-grossular, phlogopite, kalsilite, nepheline, perovskite, cuspidine, bagh-
dadite (Ca3ZrSi2O8), Th and LREE-rich silicate apatites, pyrrhotite, ± alabandite (MnS),
± graphite (Jamtveit et al. 1997).

In terms of KAlO2-CaO-MgO-SiO2-H2O-CO2-H-C-O, the observed mineral assem-
blage Cc-Wo-Ph-Cpx-Åk-Ks corresponds to equilibration near the isobaric invariant
points (IA) and (IB) in Fig. 4.24 at ~870 °C/XCO2 = 0.38 and ~840 °C/XCO2 = 0.42 at
1000 bar respectively. A pressure reduction to 700 bar results in a lowering of T by
~25 °C and a small increase (0.03) in XCO2 for the end member system. During cooling
to ~700 °C the xenolith was invaded by H2O-rich fluids resulting in the formation of
monticellite, tilleyite, vesuvianite, granditic garnet, diopside, ± hillbrandite (Ca2SiO3(OH)2).
Further retrogressive phases such as sodalite (veinlets), K-feldspar replacement of

Fig. 4.23.
Prograde sanidinite facies
mineral assemblages (four-
phase volumes) in the Christ-
mas Mountain aureole, Texas,
plotted in terms of mol% cat-
ion Ca-(Fe,Mg)-Al-Si with
melilite composition pro-
jected from Al onto the
Ca-(Fe,Mg)-Si face (after
Fig. 1 of Joesten 1976)
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kalsilite and wollastonite resulted from infiltration of Na-rich brines at ~550 °C, with
a final assemblage of zeolites, scawite [(Ca7Si6(CO3)O18 · 2H2O], hydrogrossular and
giuseppetite [Na,K,Ca)7–8(Si,Al)12O24(SO4,Cl)1–2] forming at lower temperatures.

It is considered that rapid heating caused fluid pressure (CO2 or CH4-dominant
fluid) in the xenolith to increase through devolatilisation reactions to attain or pos-
sibly exceed that in the surrounding partly crystallised intrusion preventing major
fluid infiltration into the xenolith. Volatile loss, possibly in excess of 10% of the initial
volume depending on the carbonate-silicate ratio, caused a reduction in the solid
volume of the xenolith. Volume loss was probably not accompanied by simultaneous
compaction, which may have been a relatively slow process at the time scale of heat-
ing, so that the increased permeability of the xenolith allowed an influx of C-poor,
H2O-dominated fluid from the magma resulting in the observed initial stage perva-
sive retrograde mineral replacement.

Santorini
A small xenolith in dacite of Santorini volcano, Cyclades, Greece, consists of a central
(primary) assemblage of coarse melilite (cores of Ge82 to rims of Ge50), wollastonite
and Ti-magnetite, that is replaced near pores and margins by intergrowths of fine
fibrous melilite (~Ge64)-wollastonite-Ti-andradite (Nicholls 1971). Oxygen fugacity-
T °C conditions of metamorphism in relation to the reaction

6andradite = 4magnetite + 18wollastonite + O2

(Gustafson 1974) and the dacite magma are shown in Fig. 4.25. The diagram indicates
a temperature range of 800–900 °C at 1 bar for the primary and secondary assemblages

Fig. 4.24. T-XCO2 diagram calculated for the systems KAlO2-CaO-MgO-SiO2-H2O-CO2 (solid lines) and
KAlO2-CaO-MgO-SiO2-C-O-H (graphite saturation) (dashed lines) at Ptotal = 1000 bar (after Figs. 7a
and 8 of Jamtveit et al. 1997). High temperature reaction products occur to the right of the equality sign.
See text
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of the xenolith with a maximum upper limit of ƒO2 defined by the breakdown of pure
CO2 to CO and O at Pfluid = PCO2 at 1 atm. The diagram also demonstrates that it would
be possible for the two assemblages to have formed by a relatively small change in T,
ƒO2 or both, causing the Adr = Wo Mt curve to be crossed. At 500 bar, maximum T for
the formation of gehlenite + wollastonite is ~900 °C at XCO2 = 0.65 (Fig. 4.10a).

La Soufrière
A fist-size calc-silicate nodule described by Devine and Sigurdsson (1980) in a pyro-
clastic flow of the 1902 eruption from La Soufrière volcano, St. Vincent, lesser Antilles,
has an assemblage of fassaitic pyroxene–grandite garnet–wollastonite ± anorthite
± secondary calcite with modal percentages of Fas (73.6%), Gt (23.7%), Wo (2.2%), An
(0.5%), Cc (0.1%). The bulk composition of the xenolith (assumed to have been a cal-
careous sediment) has high Al2O3 (18.5 wt.%) and FeO (as total iron = 7.9 wt.%). The
modal composition and the fact that wollastonite and anorthite occur as inclusions
in garnet and pyroxene indicates that the equilibrium high temperature assemblage
in the xenolith is fassaite (Fas50) + grandite (Gr78 Adr22). This suggests the possibility
of an earlier Fas-rich pyroxene coexisting with wollastonite that reacted to form
grandite + less Fas-rich pyroxene as shown by the tie line relationships in Fig. 4.26.
Experimental data of Huckenholz et al. (1974) demonstrates that the grossular con-
tent of grandite in fassaitess-bearing assemblages increases with decreasing tempera-

Fig. 4.25.
ƒO2–T conditions of high tem-
perature primary (Mel Wo Ti-
Mt; dark shaded area) and
secondary (Mel Wo Ti-Adr;
stippled area) assemblages in a
xenolith within dacite, San-
torini, Italy. WM (wustite-mag-
netite), QFM (quartz-fayalite-
magnetite), NNO (nickel-nickel
oxide) buffer curves at 1 bar.
The 6Adr = 4Mt 18 Wo O2 re-
action is extrapolated from
Gustafson (1968). Curve
CO2 = ƒO2-T relationship for
pure CO2 at 1 atm (after Fig. 3
of Nicholls 1971). See text
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ture at constant pressure and bulk composition. At the same time, the CaFe3
2
+SiO6

component in fassaite increases as evident in the chemographic relationship depicted
in the inset diagram in Fig. 4.26. For the reaction

wollastonite + fassaitess = granditess

the formation of grandite on the join fassaite-wollastonite causes the fassaitess–wollas-
tonite tie line to be intersected by that of fassaitess–grandite (Fig. 4.26). At atmospheric
pressure, this reaction occurs at 935 ± 20 °C with an increase of ~70–80 °C kb–1. A T-X
section of the grossular-andradite join in the system CaO-Al2O3-Fe2O3-SiO2 (Huckenholz
et al. 1974, Fig. 6) indicates a garnet-fassaite-wollastonite stability field between 935 and
1140 °C. Over a pressure range of 500–1000 bar, the reaction garnetss = wollastonitess
+ fassaitess occurs between ~950–1000 °C (Fig. 4.10a).

Fig. 4.26. The inferred reaction Wo Fasss = Gtss in a calcareous xenolith, La Soufrière volcano, St. Vincent,
lesser Antilles, shown in terms of the mol% diopside-fassaitess-wollastonite plane (inset diagram) in
which Cpxss + Wo (dashed line) reacts to form a more less Fas-rich Cpxss + grandite in the bulk compo-
sition shown (derived from Fig. 20 of Huckenholz et al. 1974). See text

4.1  ·  Calc-Silicates
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Eifel
“Limestone” blocks in leucite tephrite near Mayen, Eifel volcanic area, Germany, de-
scribed by Hentschel (1964) and Jasmund and Hentschel (1964), contain assemblages
of brownmillerite + mayenite, ± larnite, ± calcite and of wollastonite + gehlenite, to-
gether with accessory spinel and pyrrhotite. The largest xenoliths are composition-
ally heterogeneous with darker brown and green parts rich in brownmillerite and
mayenite. Except for the wollastonite-gehlenite xenolith, compositions plot within the
larnite and lime fields in the system CaO-Al2O3-SiO2 (mostly on the CaO-rich side of
the larnite-mayenite join) and include the composition field of Portland cement
(Fig. 4.27). According to Fig. 4.6b, the coexistence of larnite + calcite in one sample,
together with the occurrence of wollastonite rather than pseudowollastonite in an-
other, indicates a minimum temperature of 1060 °C, XCO2 < 0.55 at Ptotal = 1000 bar.

4.1.3.3
Siliceous Dolomite

Bushveld
Siliceous dolomite xenoliths in the Marginal and Critical zones of the Bushveld Intru-
sion, South Africa, contain mineral assemblages that indicate extreme temperature
conditions of igneous pyrometamorphism (Willemse and Bensch 1964; Wallmach et al.
1989). In the gabbro-norite Marginal Zone, high grade paragenesis in the xenoliths
are:

1. calcite – åkermanite – monticellite
2. calcite – forsterite – monticellite
3. åkermanite – diopside – monticellite
4. diopside – forsterite – monticellite

as shown in Fig. 4.28a. The first two assemblages have coarse polygonal textures and
indicate peak metamorphic conditions. The latter two assemblages are retrograde (con-
nected by dashed lines in Fig. 4.28a) and are characterised by sympletitic texture and
are assumed to have derived from an åkermanite + forsterite assemblage that no longer
exists. Associated minerals are melilite with accessory spinel, kalsilite, Ba-rich phlogo-
pite, wollastonite and apatite. Mineral assemblages in less siliceous more magnesian
xenoliths of the feldspathic pyroxenite Critical Zone are:

5. calcite – periclase – monticellite
6. merwinite – åkermanite – monticellite
7. forsterite – periclase – monticellite

as depicted in Fig. 4.28b. Spinel is accessory and periclase is mostly altered to brucite.
With XCO2 of unity, there is an overlap pressure of ~1.0–1.6 kb between the two

highest temperature decarbonation reaction curves pertinent to the Marginal and
Critical zone xenoliths (Fig. 4.28c) within the temperature interval 1160–1300 °C (tem-
perature of the Bushveld magma given by Cawthorn and Walraven 1998). In the
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Fig. 4.27. Larnite-mayenite-brownmillerite-gehlenite-wollastonite–bearing xenoliths in tephrite lava,
Ettringer Bellerberg, Eifel, Germany plotted in terms of CaO-(Al,Fe)2O3-SiO2 (-CO2)

Marginal Zone xenoliths, textural relations indicate prograde decarbonation mineral
reactions textures beginning with

calcite + diopside = åkermanite + CO2

as indicated by åkermanite enclosing calcite in the absence of diopside (consumed).
Marginal depletion of Al and enrichment of Mg in the melilite indicates increasing
temperature. Assemblages 1 and 2 above indicate the next and highest temperature
reaction attained is

calcite + forsterite + åkermanite = 3monticellite + CO2

with monticellite containing exsolution lamellae of forsterite. Because of the Al-con-
tent (gehlenite-component) of the åkermanite reactant (minimum α(Åk) = 0.75), the
reaction is shifted towards higher temperatures as shown in Fig. 4.28c. The gehlenite-
component of åkermanite probably accounts for the formation of additional spinel.
The absence of merwinite indicates that the higher temperature reaction

4.1  ·  Calc-Silicates
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Fig. 4.28. Sanidinite facies siliceous dolomite xenolith assemblages in (a) (Marginal Zone) and (b) (Critical
Zone) of the Bushveld Intrusion, South Africa. Solid lines connect minerals formed during prograde and
retrograde metamorphism. Minerals connected by dashed lines do not coexist in the xenoliths. Numbers
refer to assemblages listed in text (after Fig. 2 of Wallmach et al. 1989). c P-T diagram at XCO2 = 1 showing
calculated high temperature mineral reactions in siliceous dolomite xenoliths. Arrows indicate shift of
Cc Fo Åk = 3Mc CO2 and Cc Åk = Mw CO2 reactions curves where the activity of åkermanite = 0.75. Hori-
zontal dashed lines separated by double arrow = range of P of high temperature metamorphism from
overlap of Cc Åk = Mw CO2 and Cc Fo = Mc Pe CO2 reactions in relation to range of Bushveld magma
temperature (dark shaded strip). Upper and lower light grey shaded areas = P-T conditions under which
the Marginal and Critical Zone magma intruded respectively (after Fig. 9 of Wallmach et al. 1989). See text
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calcite + åkermanite = merwinite + CO2

was not crossed. Again, this reaction is shifted to higher temperatures as a result of Al
substitution in åkermanite (Fig. 4.28c).

During cooling of the Marginal Zone xenoliths, retrograde reactions did not reverse
the above decarbonation reactions due to insufficient CO2. The most widespread reac-
tion is

2åkermanite + forsterite = 3monticellite + diopside

that produced a second generation of monticellite without forsterite exsolution as
symplectitc intergrowths of åkermanite – diopside – monticellite and diopside –
forsterite – monticellite depending on the original bulk composition of the xenolith.

In the Critical Zone xenoliths with merwinite and periclase, the merwinite-pro-
ducing reaction above and the reaction

calcite + forsterite = monticellite + periclase + CO2

were intersected. Because monticellite rather than merwinite + periclase occurs in all
the observed stable mineral associations (5, 6, 7) and with calcite in one (5) (Fig. 4.28b),
temperatures were not high enough to intersect the reaction

calcite + 2monticellite = merwinite + periclase + CO2

(Fig. 4.28c).
The presence of an unusual dehydroxylated Ba-rich phlogopite (up to 15 wt.% BaO)

as inclusions within åkermanite and monticellite and in symplectic intergrowths with
åkermanite, diopside, monticellite and forsterite, implies very high temperatures of
formation that may be due to the stabilising effect of high Ba. At temperatures of
~900–1000 °C at P < 1 kb, phlogopite decomposes according to the reaction,

2phlogopite = kalsilite + leucite + 3forsterite + H2O

(Yoder and Eugster 1955) (Fig. 4.28C). In the xenoliths, the presence of diopside and
absence of leucite may reflect the relatively low temperature retrograde reaction

2wollastonite + leucite + forsterite = 2diopside + kalsilite

(< 600 °C up to 2 kb; Wallmach et al. 1989), evidence of which is provided from a lo-
calised association of phlogopite (with < 9 wt.% BaO), kalsilite, forsterite, clinopy-
roxene and wollastonite in the outermost part of one xenolith.

Brome Mountain
An unusual sanidinite facies kalsilite-bearing impure dolomite xenolith in alkaline
gabbro is described from Brome Mountain, Quebec, by Philpotts et al. (1967). The xe-
nolith crops out over an area of ~900 m2 and is characterised by 1–5 cm thick alter-
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nating buff and dark rusty (weathered) coloured layers. The rock contains melilite
(Åk100–Åk50Ge50) which varies in composition from one bed to another with monti-
cellite concentrated in the rusty-weathered layers and other layers rich in diopsidic
pyroxene. Kalsilite is abundant in the melilite and diopside-rich layers where it forms
intergrowths with both minerals. It does not occur with monticellite. Accessories in-
clude spinel and calcite.

Philpotts et al. (1967) suggest that the kalsilite formed from original feldspar ac-
cording to the reaction

dolomite + K-feldspar = diopside + kalsilite + 2CO2

although other probable reactions involve phlogopite together with calcite and wol-
lastonite such as

phlogopite + wollastonite + calcite = kalsilite + åkermanite

phlogopite + wollastonite = kalsilite + diopside + åkermanite

In terms of T-XCO2 at 1000 bar (Fig. 4.24), maximum temperatures of the above two
reactions are ~880 °C/XCO2 = 0.5 and ~910 °C/XCO2 = 0.05. Both reactions, together with
the reaction Di Cc = Åk, form the invariant point (1A) located at ~870 °C/XCO2 = 0.38.

Kiglapait
High temperature metamorphism of quartz-bearing dolomite xenoliths within troctolite
of the Kiglapait layered mafic intrusion, Labrador, is described by Owens (2000). The
xenoliths are massive to foliated and range in size from 30 × 50 cm up to 1 m across. In
terms of CaO-(Mg,Fe)O-SiO2, compositions plot within the diopside-forsterite-åker-
manite volume with one on the monticellite-forsterite tie line (Fig. 4.29). The presence

Fig. 4.29.
Bulk compositions of siliceous
dolomite xenoliths in the
Kiglapait Intrusion, Labrador
in terms of mol% CaO –
(Mg,Fe)O – SiO2(-CO2). Tie
lines connect coexisting miner-
als in the xenoliths. Dashed tie
line indicates the presence of
all four phases in one xenolith
(after Fig. 7 of Owens 2000)
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of significant amounts of Al2O3 (6.2–10.2 wt.%) in addition to Fe2O3 (0.5–2.6 wt.%) and
FeO (3.1–5.2 wt.%) in the bulk compositions and the development of 1–2 cm thick re-
action zone of clinopyroxenite around the xenoliths imply diffusive exchange with the
mafic magma.

The xenoliths are characterised by complex symplectitic intergrowths of monticellite,
diopside (with a significant fassaite component), forsterite (Fo82–87), in one case åker-
manite, together with spinel, trace magnetite and rare perovskite, and thus represent
the monticellite-melilite subfacies of the sanidinite facies. Several reactions relevant to
paragenesis of the xenoliths, namely

diopside + 3monticellite = 2åkermanite + forsterite

diopside + calcite = åkermanite + CO2

diopside + forsterite + 2calcite = 3monticellite + 2CO2

åkermanite + forsterite + calcite = 3monticellite + CO2

are shown in Fig. 4.30. The first of these reactions is independent of fluid composi-
tion and its intersection with the other reactions implies a minimum temperature of
~875 °C near 400 bar implying XCO2 in the fluid phase of ~0.4 (Fig. 4.9b).

Ioko-Dovyren
Abundant pyrometamorphosed dolomitic xenoliths ranging in size from a few cen-
timeters to 20 m in basal dunite of the Ioko-Dovyren Intrusion (a ~26 km × 3.5 km
differentiated ultramafic-mafic ?lopolith), north Baikal region, Russia (Wenzel et al.
2001, Wenzel et al. 2002). The unmetamorphosed dolomitic sediments near the mar-
gins of the intrusion consist of > 87% dolomite with minor calcite (< 5%), detrital
quartz and unspecified sheet silicates. Two types of pyrometamorphically-related
mineral associations occur:

1. Concentrically zoned coarse-grained (> 0.8 mm) aggregates of brucite pseudomor-
phs after periclase, with interstitial forsterite + Cr-poor spinel rimmed by fine grained
olivine + Cr-richer spinel (Fig. 4.31).

2. Schlieren of fine-grained (< 0.2 mm) forsterite + Cr-bearing spinel ± monticellite
locally intergrown with sub-microscopic diopsidic pyroxene.

No calcite is present except as late stage crosscutting veins. Pentlandite rimmed by
chalcopyrite occurs in some of the olivine + spinel associations.

With a magma temperature of at least 1260 °C and an overburden Pfluid = Psolid
of < 1 kb, appropriate mineral reactions above the reaction brucite = periclase + H2O
at 600 °C in the system CaO-MgO-SiO2-CO2-H2O are shown in Fig. 4.31. Rapid heat-
ing of the xenoliths resulted in the reaction

dolomite = periclase + calcite + CO2

4.1  ·  Calc-Silicates
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at temperatures of between 620 °C and 820 °C depending on X(CO2/H2O) of the fluid
phase. Interstitial olivine + spinel (Fig. 4.32a) probably reflects the final product of
up-temperature reactions of dolomite with quartz to form forsterite + calcite at
> 570 °C with accessory Mg-Fe-bearing phyllosilicates contributing to the production
of pleonaste spinel. As the xenoliths no longer contain calcite, Wenzel et al. (2001, 2002)
assume that it has melted, possibly at near magmatic temperatures and relatively high
fluid XCO2, and the melt progressively extracted together with alkalis and CO2 lead-
ing to a ~70% reduction in the volume of the xenoliths (Fig. 4.31).

The olivine + spinel rims around the xenoliths (Fig. 4.32b) are inferred to reflect
the redox conditions of a CO2-rich and consequently highly oxidizing (ƒO2 > HM
buffer) fluid, developed in the immediate vicinity of the xenoliths that favoured crys-
tallisation of Ca-bearing forsterite and Cr-depleted spinel from the surrounding
magma. Patches of monticellite and diopside in forsterite-spinel schlieren without
periclase implies Si diffusion (to form diopside) into the margins of what are presum-
ably almost completely assimilated dolomitic xenoliths. At ~1230 °C, periclase formed
from dolomite in mafic magma begins to melt (data quoted in Wenzel et al. 2002).

Fig. 4.30. P-T diagram of relevant reactions in siliceous dolomite xenoliths, Kiglapait Intrusion, Labra-
dor. High temperature reaction products are to the right of the equalising symbol (after Fig. 8b of Owens
2000). See text. Inset diagram shows a symplectic intergrowth of monticellite, forsterite (with black
spinel inclusions) and diopside. The texture is inferred to indicate either the retrograde reaction,
Åk Fo = Di Mc (Åk consumed) or the reaction Di Fo Cc = Mc CO2 (calcite consumed). See text. Horizon-
tal dimension = 2.6 mm (after Fig. 2b of Owens 2000)
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Fig. 4.31. Above: Model for metamorphism of dolomitic xenoliths in mafic magma of the Ioko-Dovyren
Intrusion, North Baikal region, Russia (after Fig. 5 of Wenzel et al. 2001). Below: T-XCO2 diagram at
1000 bar for high temperature reactions in the system MgO-CaO-SiO2-H2O-CO2 assuming excess cal-
cite. Ioko-Dovyen magma temperature is indicated by horizontal shaded strip (after Fig. 11 of Wenzel
et al. 2002). See text

Fig. 4.32. Textures of siliceous dolomite xenoliths in dunite, Ioko-Dovyren Intrusion, North Baikal re-
gion, Russia. a Periclase (altered to brucite)-rich core with interstitial olivine and spinel (black). b Olivine-
spinel rim on (a) and as isolated schlieren (after Figs. 3a,b of Wenzel et al. 2001)
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4.1.4
Combustion Pyrometamorphism

4.1.4.1
Marly Compositions

Mottled Zone
The “Mottled Zone” complex resulting from pyrometamorphism caused by the com-
bustion of organic matter (up to 25%) in bituminous calcareous sediments, crops out
over a large area in Israel and Jordan (Fig. 4.33). In the Hatrurim Basin adjacent to
the Dead Sea, an ~80 m thick Late Cretaceous–Tertiary chalk and marl-dominated
sequence, together with sandstone and chert clasts in overlying Neogene conglomer-
ate, has been converted into calc-silicate and calc-aluminate assemblages (e.g. Burg
et al. 1991) (Fig. 4.34) according to the overall generalised reaction

CaCO3 + “shale” = Ca-Al-silicates + CO2 + H2O

(Fig. 4.35) at temperatures typically ranging from > 520 to > 800 °C, but locally attain-
ing > 1000 °C (Gross et al. 1967; Kolodny et al. 1971; Kolodny and Gross 1974; Gross 1977;
Matthews and Kolodny 1978; Matthews and Gross 1980). High altitude aeromagnetic
surveys over the large (~50 km2) burn area in the basin indicate a substantial anomaly
that coincides with the thickest sequences of burnt rocks. Fission track dating indi-
cates a 13.6 ± 2.0 Ma for the combustion event (Kolodny et al. 1971) although subse-
quent 40Ar/39Ar dating of high grade K-rich (> 0.8 wt.% K) samples yielded ages in the
range of 2.3 to 4 Ma, with one age at ~16 Ma (Gur et al. 1995) suggesting that combus-
tion occurred at different times at different localities following exposure of the bitu-
minous sediments by unroofing.

The metamorphosed rocks are essentially fine grained with mosaic, granoblastic
and poikiloblastic textures but have highly variable mineral associations. Some 125 pro-

Fig. 4.33.
Map showing distribution of
burnt rocks in Israel and Jor-
dan. The Hatrurim Basin is the
locality of the well-known
“Mottled Zone” of combustion
metamorphism
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Fig. 4.34. Generalised section through the Mottled Zone of the Hatrurim Basin, Israel, showing the
relationship between bituminous protolith rocks and metamorphosed equivalents. Relics of unmeta-
morphosed protoliths occur throughout the metamorphosed sequence (after Fig. 2 of Gur et al. 1995)

grade and retrograde minerals have been identified, ten of which are new, or known
only as synthetic products (Gross 1977). With respect to high temperature pyrometa-
morphic minerals, spurrite and larnite, less commonly rankinite and wollastonite have
formed from siliceous limestone. Melilite (mainly gehlenite–Fe-gehlenite with rare
åkermanite), anorthite, grossular-andradite, clinopyroxene (diopside-hedenbergite
series, Al-rich fassaite, rare aegirine-augite), accessory merwinite (in melilite-rich rock)
and perovskite are developed in marl (Fig. 4.36). Rare monticellite occurs with calcite,
spurrite, larnite, melilite, ranknite, brownmillerite in marly dolomitic rocks. Peralumi-
nous silica-deficient compositions contain abundant brownmillerite and mayenite
(Fig. 4.37). Other sanidinite facies minerals include calcium-dialuminate, the or-
thorhombic form of calcium disilicate (α ′-Ca2SiO4) in a “pseudoconglomerate” with
rankinite, melilite, andradite and perovskite; grossite with larnite, mayenite and
brownmillerite; nagelschmidtite associated with gehlenite, rankinite, perovskite, Ti-
andradite and magnetite in the lower part of the Hatrurim section and forming up to
30% of the rock. Nagelschmidtite (with 2.67–8.27 wt.% P2O5; Gross 1977), which had
previously only been reported from slag (Segnit 1950), together with pseudowollastonite
(+ Ti-andradite, gehlenite, ± rankinite, larnite) and hatrurite (+ larnite, mayenite,
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Fig. 4.35. Bulk rock composition fields and mineral compositions from the Mottled Zone, Hatrurim
Basin, Israel, plotted in terms of (Ca,Mg)O-(Al,Fe)2O3-SiO2(+ P2O5). Arrowed line from shale to lime-
stone (calcite) protolith reflects the generalised metamorphic reaction, CaCO3 + “shale” = Ca-Al-sili-
cates + CO2 + H2O. Composition fields enclose rock analyses corrected for carbonate content by sub-
tracting and amount of CaO equivalent to CO2 (after Fig. 3 of Matthews and Gross 1980)

Fig. 4.36.
Gehlenite prisms (stippled)
with anhedral larnite and in-
terstitial andradite, Mottled
Zone, Israel (drawn from ordi-
nary light microphotograph
Fig. 2, Plate XVII of Gross 1977)
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brownmillerite) indicate extreme temperature conditions of > 1125 °C (Fig. 4.6a). The
transition from areas of high temperature recrystallisation to unmetamorphosed rock
occurs over a few meters to a few tens of meters and indicates the presence of “hot
spots” during the burning process. Highest metamorphic grade occurs nearest the
surface (Fig. 4.38) reflecting the abundance of air-supplying joints and the ease at which
CO2 could escape from areas undergoing decarbonation reactions.

Different oxidation regimes dominate the upper and lower parts of the burnt se-
quence. Hematite-magnetite are widespread in the upper part where there was a ad-
equate supply of oxygen for burning and CO2 and H2O were the dominant gas species.
At deeper levels (> 30 m) where more reducing conditions (gas species dominantly
CH4, H2, CO) prevailed, magnetite, ulvospinel, titanomagneite, magnesioferrite, the Fe2+-
bearing minerals, hercynite, hedenbergite, vesuvianite, and greigite (Fe3S4) (in spurrite
marble) were stabilised. The boundary between oxidised and reduced assemblages is
characteristically sharp, occurring over an interval of only a few centimeters. Below
~80 m depth the sediments are non-metamorphosed, indicating that there was not
enough oxygen for burning to occur.

Fig. 4.37.
Larnite-brownmillerite rock,
Mottled Zone, Israel (drawn
from reflected light section
Fig. 4, Plate XIII of Gross 1977)

Fig. 4.38. Cross section of the Hatrurim Basin, Israel (after Fig. 7 of Burg et al. 1992)
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Temperatures generated in the Hatrurim Basin organic sediments were not high
enough to cause melting due to the strongly endothermic nature of decarbonation/
dehydration reactions involved. Assuming an approximate ratio of organic carbon
(20% of the rocks) to calcite = 1, Matthews and Gross (1977) show that 20% of the heat
produced by burning would be used up in driving a decarbonation reaction such as
calcite + quartz = wollastonite + CO2. In rocks with lower organic carbon content, most
of the heat budget would be used in decarbonation reactions. Nevertheless, some high
grade assemblages are coarse grained and even pegmatitic suggesting recrystallisation
in the presence of an H2O-rich fluid phase. For example, in pseudowollastonite–
gehlenite-rich rocks, Ti-rich andradite may form skeletal and dendritic interfingering
textures (Fig. 4.39) suggesting a “plasticity” that may indicate partial melting or rap-
idly cooled sinter.

Low temperature (< 250 °C) hydration and recarbonation has resulted in the devel-
opment a highly varied retrograde mineral assemblage (see Gross 1977) of carbonates
(e.g. calcite, aragonite, siderite, vaterite, dolomite, hydromagnesite, hydrotalcite), hy-
droxides (e.g. gibbsite, bayerite, boehmite, brucite, portlandite), sulphates (e.g. anhydrite,
barite, gypsum, and where S is involved, ettringite), calc-silicate hydrates (e.g. zeolites,
hydrogarnet, xonolite, foshagite, hillbrandite, tobermorite-group minerals), phyllosili-
cates (e.g. serpentinite, apophyllite, pyophyllite, biotite, xanthophyllite, chlorite, illite,
smectites) etc. Veins and fissures containing volkonskoite, chromatite and bentorite
attest to the mobility of Cr.

Iran
Calcareous (marl) pyrometamorphic rocks associated with the combustion of hydro-
carbons are known from several localities in SE Iran and are documented by McLintock
(1932). One location is a small conical hill (Tul-I-Marmar) some 76 m high composed
of gently-dipping green and red marls. On the western side of the hill is a brecciated
mass crosscutting the sediments and consisting of angular blocks in a matrix of porous

Fig. 4.39.
Andradite inclusions (dark
shading) in gehlenite (Mel)
with laths of pseudowollasto-
nite, Mottled Zone, Israel
(drawn from ordinary light
photomicrograph Fig. 5,
Plate XIV of Gross 1977)
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reddish-pink gypsum. The blocks consist of country rock marls, “hard, clinkery black
limestone, red sandstone and grit” and slag-like rocks that are sometimes coarsely
crystalline. Traced eastwards over the crest of the hill the breccia contains greater
amounts of shattered red marl in the gypsum matrix and grades into hardened co-
herent country rock. Around the base of the hill are undisturbed and unaltered mud-
stones. The field evidence indicates a vent-like structure resulting from explosive
escape of oil or gas that became ignited causing fusion of the country rock.

A few kilometers SE of this occurrence there is another small mass of “greenish,
vesicular crystalline rock” enclosed within red and yellow, slightly brecciated marls
into which it appears to grade. The ‘crystalline rock’ extends downwards with baked
marl underlain by black, bituminous-stained limestone containing bitumen-lined joints.
The largest joint extends upwards to an area of intense pyrometamorphism thought to
have been caused by the combustion of oil or gas. Other rocks in the vicinity exhibiting
jointing, reddening and hardening are ascribed to the same cause.

At two other localities (Zoh-i-Hait and Tang-i-Gogird), spontaneous combustion
was in progress (in 1932) with the formation of H2S, SO2 and S. The area was covered
with partially burnt bituminous matter and a dark-brown powdery ash. Associated
limestone and marl are baked sometimes to the point where fusion and recrystallisation
has occurred to produce coarsely crystalline rocks. Oxidation of the H2S has given
rise to sulphates that form a grey, powdery gypsum-rich clay containing some AlSO4
known as sour gypsum. At another locality (Masjid-I-Sulaiman), fused and fine grained
partly recrystallised marls have been produced by jets of burning oil and gas playing
on the surface.

Textures of the fused and recrystallised marls vary from very fine-grained, greenish
flinty types to coarse grained (2–3 mm length crystals) varieties. The common occur-
rence of vesicles sometimes lined with calcite or gypsum/anhydrite, give many of the
rocks a pumice-like appearance. In weakly altered marls, the only apparent changes
are recrystallisation of calcite and the presence of clots and stringers of greenish-yel-
low pyroxene (possibly a fassaitic variety). A more advanced stage of fusion and re-
crystallisation results in the formation of a highly vesicular rock composed of clinopy-
roxene (diopside, aegirine, aegirine-augite and/or possible hedenbergite and fassaitic
varieties), wollastonite (more rarely pseudowollastonite), bytownite, melilite (colour-
less and brown varieties), rare leucite and glass. Relic grains of quartz show no evi-
dence of inversion to tridymite or cristobalite. An ACF diagram (Fig. 4.40) shows that
the fused marls plot within the wollastonite-anorthite-diopside subvolume as expected.

Combustion temperatures were clearly high enough locally to cause melting of the
marls. Reference to Fig. 4.11 indicates that at ~1208 °C liquids in equilibrium with
gehlenitess, anorthite, fassaitess, pseudowollastonite occur in compositions between
Gr61–86 along the grossularite–andradite join. In examples without clinopyroxene, a
similar temperature is indicated for liquids in equilibrium with melilite (up to Ge25 Åk75),
pseudowollastonite, wollastonite, anorthite in compositions between Gr98–85 along the
grossularite–pyrope join. The occurrence of both wollastonite and pseudowollastonite
in some samples with textural evidence of the former replacing the latter indicate a
crystallisation temperature near the wollastonite-pseudowollastonite transition of
1125 °C at atmospheric pressure.

4.1  ·  Calc-Silicates
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Central Appennines
Wollastonite and melilitie-bearing paralavas described by Melluso et al. (2003) from
two sites in the Central Apennines, Italy, are associated with lignite-rich marls and
appear to represent areas of organic combustion at temperatures well above 1000 °C.
One body (Colle Fabbri) has an outcrop width of ~10 m and is both vertically and
horizontally zoned from:

1. A central (2 m) light grey, medium grained, holocrystalline core facies containing
abundant idiomorphic wollastonite and minor plagioclase (An98–72) typically en-
closed within melilite, accessory Ti-magnetite, leucite, clinopyroxene, perovskite and
rare Ti–Al-rich garnet.

2. An inner fine grained, holocrystalline facies (0.5 m) composed of wollastonite (1.6%
FeO), plagioclase (An95–83) and opaques (Ti-magnetite, pyrite, pyrrhotite).

3. A fine grained, hypocrystalline, poikilitic spotted facies (0.5 m) with needles of
plagioclase and wollastonite included within fassaitic pyroxene, sometimes arranged
in ovoid knots to give a spotted appearance, with interstitial brown and green glass.

4. A marginal facies similar to the spotted facies (0.7 m) but with calcite-filled ocelli
and a few samples containing minor hyalophane. Some wollastonite analysed is

Fig. 4.40. ACF diagram of mostly pyrometamorphosed marl compositions from Iran, Iraq and Central
Apennines, Italy. Filled circles = Iran; filled diamonds = Iraq; stipped area = field of basaltic-andesitic rocks
from Fig. 4–7 of Winkler (1979). Central Apennines; filled squares = core facies + Ricetto slag (labeled R);
open squares = inner facies; open circles = spotted facies; grey-filled circles = border facies. See text
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Fe-rich (12.5 wt.% FeO) and could be Ca-bustimite, otherwise it contains between
0.9–2.1 wt.% FeO. Near the sedimentary host rocks the facies is strongly heteroge-
neous and is a mixture of glassy fragments, scoriaceous pockets, both with quartz
relics, baked shale and marl country rock. Glass compositions are rhyolitic–dacitic
(65–75 wt.% SiO2; 6–9 wt.% K2O).

The other outcrop (Ricetto; also described by Capitanio et al. 2004) is ~10 m long
and 25 cm thick and is a very hard, black vitreous slag with small spherical vesicles at
the top and having a transitional contact with siliciclastic sandstone country rock. The
slag contains microphenocrysts (skeletal, dendritic to spinifex crystals) of wollastonite,
plagioclase (An55.3 Ab11.9 Or32.8), melilite (av. Åk48 Ge37 Na-Mel15), fassaite pyroxene, apa-
tite and titanomagnetite with grains of relic quartz, plagioclase, K-feldspar, epidote,
zircon and ilmenite-rutile in a SiO2-poor (43–45 wt.%), CaO-rich (21–22 wt.%), K2O
(3–4 wt.%) glassy groundmass. Partially melted microxenoliths of the country rock are
also present.

A plot of the Colle Fabbri and Ricetto compositions projected from plagioclase onto
the larnite-forsterite-silica pseudoternary of Pan and Longhi (1990) (Fig. 4.41), indi-
cates that the melilite-bearing samples fall within the anorthite + melilite liquidus field,
the inner facies rocks plot close to the ternary eutectics with wollastonite, clinopyrox-
ene, anorthite, and the spotted facies samples plot within the anorthite-diopside liquidus
field. The quartz-normative border facies rocks (abundant high Si-glass) plot within
the silica-rich part of the diagram. Similar relations are shown in the ACF plot (Fig. 4.40).
Although crystallisation temperatures must have been less that that of the wollastonite-
pseudowollastonite transition at 1125 °C at atmospheric pressure, liquids in equilib-
rium with anorthite-gehlenite-pseudowollastonite-fassaite occur on the grossu larite-
andradite join between Gr61–86 at ~1208 °C (Fig. 4.11), similar to those inferred for the
Iranian rocks.

Iraq
In the Injana area some 140 km NE of Baghdad, baked and fused calcareous sediments
crop out as six prominent hills or knolls representing erosion remnants 6 to 14 m high
(Basi and Jassim 1974) (Fig. 2.12). The hills are composed of steeply dipping interbedded
grey calcareous sandstone and marl that become yellowish to reddish due to baking
and recrystallisation in the middle to upper parts of the hills and are in sharp contact
with black and red vesicular rocks sometimes exhibiting a ropy structure and breccia
that caps their summits. Baking has caused the normally friable calcareous sandstones
to become hard by recrystallisation of calcite grains and cement. Quartz grains are
fractured and optically strained and partial fusion is indicated by the presence of
colourless and brown glass. Partially melted marl is harder and red to brown in colour.
The cap rocks are largely holocrystalline and vesicular with an ophitic to spherulitic
texture consisting of colourless diopside, yellowish-green pyroxene (tentatively iden-
tified as aegirine-augite but possibly a fassaitic variety), and labradorite (An79). Wol-
lastonite has not been identified. Partially melted quartz and polycrystalline silica
remain as relics. Calcite and gypsum occur in vesicles. In terms of ACF parameters,
bulk compositions plot within the anorthite–diopside-orthopyroxene subvolume and
within the field of basaltic-andesitic rocks (Fig. 4.40).

4.1  ·  Calc-Silicates
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Continuously burning hydrocarbon seeps in the form of small pits define a linea-
ment along which the six hills are situated and probably defines a major reverse fault
up which gases are ascending. It is evident that the gas seeps have been burning for a
considerable time and that the hills are the erosion remnants of products from an earlier
combustion. Fusion may have been repeated at some localities from evidence of blocks
of fused rock becoming imbedded in molten material (as indicated by its ropy struc-
ture) produced by a later pyrometamorphic event. The naturally fused rocks are simi-
lar to building bricks formed from the same marls, where yellow to brown bricks are
produced at a low heating stage, and black vesicular bricks (parabasalt) containing
well developed crystals of clinopyroxene and calcic plagioclase are formed at a higher
heating stage. In the brick-making process, fusion begins at between 1050–1100 °C.

Fig. 4.41. Plot of Central Apennine melilite- and wollastonite-bearing paralava compositions (oxygen
units) projected from anorthite in a larnite-forsterite-silica liquidus diagram (Ne/(Ne + CA) = 0) of Pan
and Longhi (1990). Filled squares = core facies + Ricetto slag (labeled R); open squares = inner facies;
open circles = spotted facies; grey-filled circles = border facies (after Fig. 6b of Melluso et al. 2003). See text
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Czech Republic
Ca-Fe–rich buchites (with up to 32.1 wt.% CaO and 32.4 wt.% Fe2O3) are described from
the North-Bohemian brown coal field, Czech Republic, by Zacek et al. (2005). They are
considered to be pyrometamorphosed carbonate-rich loessic sediment containing sid-
erite nodules and mixed with residual coal ash derived from former chimneys filled
with fused sandy gravel that contained the loess, and slag. The buchites are best de-
scribed as melilities. They are dominated by melilite (Ge21–93 Fe-Ge0–34 Åk1–49 Fe-Åk0–25)
and Na-melilite up to 15%, fassaitic clinopyroxene (Ti-rich essenite), anorthite, pleonaste
spinels, magnesioferrite, hematite, perovskite, calcium ferrite, srebrodolskite and barium
hexaferrite (BaFe3+

12O19). The last three phases are associated with ferrigehlenite-rich
melilite but not with essenite.

Mineral assemblages of the buchites imply temperatures within the range 980–1150 °C
and high oxidation conditions between those of the QFM and HM buffers as indicated
from the stability of essenite according to the reaction

6An 6Ge 7Mt O2 = 18Ess 3Hc

(Cosca and Peacor 1987) (see Fig. 3.47).

Australia
The Leigh Creek Coalfield, South Australia, provides unusual examples of fused coal
ash resembling clinker or slag resulting from the burning of sub-bituminous coal
(Baker 1953). The clinkers have the composition of marls with wt.% 18.4–32.2% SiO2,
19.7–25.5% Al2O3; 4.3–21.3% Fe2O3; 0.8–5.9% FeO; 3.9–5.0% MgO; 21.2–24.7% CaO. They
are fine grained, vesicular to scoriaceous ranging in colour from black through dark
grey, greenish grey to yellowish-grey. Although largely holocrystalline they can con-
tain small amounts of glass, are variably magnetic and have densities ranging from
3.14 to 2.62. Some of the clinker occurs as surface outcrops, but most was formed under
an overburden of Triassic sediments and occurs down to 13.3 m below the surface
where it lies beneath baked and brecciated shale.

The mineralogy of the clinker is highly variable. Parts are rich in magnetite to-
gether with hematite, pyrrhotite, pyrite, chalcopyrite and native iron which demon-
strates that the burning of coal can readily create reducing conditions analogous to
the process of iron smelting. In other parts, the opaque minerals are variably associ-
ated with gehlenite, titanaugite, fassaite, albite, Ca-rich plagioclase, hercynitic spinel,
perovskite, biotite, quartz and apatite. Greenish to yellow coloured clinker is essen-
tially a fassaite-gehlenite-spinel assemblage with only minor iron sulphides and ox-
ides. Gas cavities in the clinkers contain hematite, “limonite”, calcite, cryptocrystal-
line and opaline silica, and occasionally gypsum. All these mineral assemblages re-
flect significant variations in ƒO2 similar to those of the Powder River Basin paralavas
described in Chapter 3.

The fusibility of the Leigh Creek sub-bituminous coal ash to form slag occurs be-
tween 1250 °C to 1290 °C. Initial deformation in a reducing atmosphere occurs at 1210 °C
with “blobbing” at 1295 °C. Under oxidizing conditions, initial deformation and blobbing
takes place at 1300 °C.

4.1  ·  Calc-Silicates
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Evaporates

Irkutsk

A rare example of the pyrometamorphism of evaporate deposits has been reported by
Pavlov (1970) from Irkutsk where a sequence of salt, carbonate and sulphate-carbonate
rocks have been intruded by dolerite. The halite is very pure with less than 1% anhy-
drite, dolomite, quartz and/or opaques. Two drill holes indicate that between 2000 to
2756 m depth one (upper) dolerite has intruded massive halite and another (lower
dolerite) intrudes the contact between halite and a parting of carbonate-sulphate.

Within ~10 m of the dolerite, the halite has been recrystallised with some crystals
up to 6 cm in size at the contacts suggesting that with the melting point of halite at
800 °C and a minimum crystallisation temperature of 950 °C for the dolerite, melting
of the halite should have occurred. At the upper contact of the lower intrusion rounded
grains of anhydrite partly rimmed by thin zones of small halite crystals occur within
halite which is itself mantled by anhydrite exhibiting a more characteristic rectangu-
lar habit. Sporadic interstitial grains of sylvite are also present. The halite/anhydrite
textures suggest fusion (rounded grains) of anhydrite in molten halite. With decreas-
ing temperature, crystallisation of small amounts of halite on partly fused anhydrite
occurred followed by crystallisation of anhydrite (rectangular habit). Sylvite crystal-
lised at temperatures below its melting point of 778 °C, the potassium derived from a
small amount (~0.25 wt.% K2O) in the original halite. Near the lower contact of the
dolerite, the dolomitic rock shows a patchy alteration to calcite associated with spinel
and forsterite. Metamorphism of sulphate-carbonate rock has produced an anhydrite,
forsterite (partly serpentinised), spinel assemblage with cubes of periclase that are
partially replaced by brucite, similar to that described above from the Ioko-Dovyren
intrusion.

Martian Meteorite

Evidence of salt-melts from a Martian meteorite (Nakhla) formed by the pyrometa-
morphism of presumed evaporate-like sediments by basaltic magma is described by
Bridges and Grady (1998). The olivine-bearing clinopyroxenite meteorite contains
interstitial areas of halite together with minor chlorapatite, anhydrite, and siderite-
rich carbonate (23.2–87.0 mol% FeCO3). In some places, the salt melt has intruded
cracks extending from the interstitial areas into surrounding olivine and augite. The
halite-dominant assemblage is considered to have crystallised from a trapped immis-
cible ionic melt at temperatures between 800–1000 °C. It is evident that the atmo-
spheric pressure high melting temperature of anhydrite at 1450 °C must have been
lowered in the presence of molten halite.
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Chapter 5

Mafic Rocks

In metabasaltic rocks, the disappearance of pargasitic-rich amphibole and stabilisation
of an anhydrous olivine, diopside-augite, pigeonite, orthopyroxene, plagioclase, Fe-Ti
oxide assemblage is taken to indicate sanidinite facies conditions of metamorphism
(Fig. 5.1). The distinction from a pyroxene-hornfels facies assemblage is shown in Fig. 5.2
and can sometimes also be made on the basis of whether melting has occurred as
evidenced by glass and sanidinite facies minerals in associated rocks such as lithomarge
or siliceous carbonate. Maximum P (~1.2 kb) at ~920 °C for metamorphism not in-
volving melting is defined by intersection of the wet basalt solidi and amphibole-out
curves within the quartz stability field (Fig. 5.1). Although the presence of olivine in
particular, coupled with the absence of amphibole, is indicative of highest tempera-
tures of metamorphism, its occurrence is also controlled by silica content of the mafic
rocks. In silica undersaturated rocks, the breakdown of amphibole to form olivine rather
than quartz is dependent on the edenite (NaAlSi–1) and tschermakite (Al2Mg–1Si–1) con-
tent of the amphibole as both substitutions result in Al-enrichment and Si-depletion
favouring the production of olivine as discussed by Tracy and Frost (1991).

Fig. 5.1. Petrogenetic “grid” for sanidinite facies metamorphism of mafic rocks, i.e. at T > ~900 °C. Cpx-,
Opx-, Ol-in curves and Amp-out curve at ƒO2 defined by the quartz-fayalite-magnetite (QFM) buffer
for a basalt composition (after Spear 1981). Additional symbols are: Amp = calcic (pargasitic) amphib-
ole; Pl = plagioclase
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5.1
Basaltic Rocks

5.1.1
Contact Aureoles

Smartville Complex

Greenschist facies metabasaltic rocks at the contacts of gabbro plutons in the Smartville
Complex, Sierra Nevada, California, appear to be an example where partial melting
has occurred at low pressure (<<3 kb and possibly as low as ~800 bar based on Al-
content of amphibole in associated tonalite and granodiorite; Beard 1990). The highest
temperature metamorphosed mafic rocks lack newly-formed olivine and are charac-
terised by a well-developed hornfelsic texture between clinopyroxene, orthopyroxene,
plagioclase (An50–59), magnetite and ilmenite. Although two pyroxene and oxide ther-
mometry yields temperatures of 705–765 °C and 740–792 °C respectively, the absence
of calcic amphibole implies that temperatures along the pluton contacts were at least
900 °C (Fig. 5.1). Partial melting is suggested by the presence of veins and layers of
“diorite” within the mafic hornfels that have an igneous (hypidiomorphic granular)
texture between orthopyroxene, clinopyroxene, reversed zoned andesine-labradorite,
magnetite, ilmenite and accessory quartz, that suggests the melting reaction

hornblende + plagioclase + quartz
= clinopyroxene + orthopyroxene + ilmenite + magnetite + melt

Fig. 5.2. ACF diagrams illustrating pyroxene hornfels and sanidinite facies assemblages (plotting
below the An-Alm and An-Opx tie lines, respectively) in mafic rocks
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Experimental studies by Beard and Lofgren (1991) on greenschist facies metabasite
from the Smartville complex delineate low pressure (< 2 kb) stability fields for quartz-
absent and quartz-present assemblages of plagioclase-clinopyroxene-orthopyroxene-
Fe-Ti oxides + tonolite melt at between 900 and 1000 °C for H2O-saturated melting
(Fig. 5.3).

Bunowen

Another example that has involved partial melting of basaltic compositions during
pyrometamorphism is documented by Nawaz (1977) in a 35 m wide contact aureole
associated with a tholeiitic dolerite plug near Bunowen, Co. Galway, Ireland. The dol-
erite intrudes mafic (amphibole-chlorite) schist and interlayered quartz-rich gneiss
that are cut by a thin basaltic dyke within 5 m of the dolerite contact. The mafic schists
are composed of variable amounts of quartz, plagioclase, actinolitic hornblende, chlo-
rite, epidote and with a decrease in modal chlorite and amphibole they grade into
quartzofeldspathic gneiss. The pyrometamorphosed mafic rocks contain orthopyroxene,
clinopyroxene, calcic plagioclase and Fe-oxides. Melting has occurred in quartz-rich
areas as indicated by the presence of either a pale brown glass or areas of recrystallised
quartz (inverted tridymite), plagioclase, K-feldspar, orthopyroxene, apatite and opaques.
In associated quartzofeldspathic rocks, an inferred melt is now present as a graphic
intergrowth of inverted quartz, K-feldspar and rare orthopyroxene. Outlines of former
amphibole replaced by granular aggregates of clinopyroxene, and an opaque phase
(presumably magnetite ± ilmenite) are evident in quartz-absent, plagioclase-rich
gneisses. Thermal alteration of the basaltic dyke is indicated by small rounded grains
of orthopyroxene and dusty opaques that replace plagioclase, and in some areas by an
isotropic phase (possibly glass) containing abundant magnetite.

Textural evidence for the former presence of tridymite and the lack of amphibole
implies a minimum temperature of ~980 °C, i.e. at or above the wet basaltic solidus,
and ~100 °C above the amphibole-out curve at ~0.6 kb (Fig. 5.1). The absence of olivine

Fig. 5.3. Experimentally deter-
mined mineral stability fields
of H2O-saturated greenschist
facies mafic rock melting from
the Smartville complex, Cali-
fornia. Dashed line = dehy-
dration melting solidus (modi-
fied after Fig. 3 of Beard and
Lofgren 1991)

5.1  ·  Basaltic Rocks
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and formation of quartz (after tridymite) at this temperature reflects the silica-
oversaturated composition of the mafic rocks coupled with a low edenite-tschermakite
component of the actinolitic hornblende.

Skye

Shallow (~500 bar) contact metamorphism of alkali olivine basalt by the Cuillin gab-
bro, Isle of Skye, Scotland, has resulted in the formation of a ~500 m wide (map dis-
tance) orthopyroxene-olivine zone of granoblastic olivine (Fo75–68), augite, orthopy-
roxene, plagioclase (An59–71), ± biotite, magnetite, ilmenite hornfels without evidence
of melting (Almond 1964; Spear et al. 1987) (Fig. 5.4). These rocks also occur as inclu-
sions in the gabbro. Localised occurrence of the orthopyroxene-olivine zone rocks along
the southern contact of the gabbro may reflect variation in fluid (and therefore heat)
flow or indicate an irregular shape of the intrusion at depth. High temperature meta-
morphism resulted in the formation of two pyroxenes and a significant change in the
relative amounts of pyroxene and olivine, i.e. an average ratio of pyroxene to olivine of
2 : 1 (basalt) to 4 : 1 (hornfels) with orthopyroxene (derived from both olivine and cli-
nopyroxene) accounting for more than 1/3rd the total pyroxene in the hornfels. Two
pyroxene thermometry indicates temperatures of 1000–1030 °C, i.e. just below the dry
basalt solidus at 0.5 kb (Fig. 5.1). This temperature range is also compatible with the
presence of typical pyrometamorphic minerals such as spurrite and rankinite in asso-
ciated calcareous rocks and cordierite, mullite, sanidine, plagioclase and Fe-oxides in
black, vitreous-like layers up to 0.7 cm thick representing metamorphosed laterite
horizons between lava flows.

Skaergaard

In contrast to the ~500 m-wide occurrence of olivine-bearing hornfels associated with
the Cuillin gabbro, Skye, the development of a granoblastic-polygonal assemblage of
olivine, clinopyroxene, orthopyroxene, labradorite, biotite, ilmenite (olivine zone)
occurs within ~10 m or less of the steeply-dipping contact of the Skaergaard gabbro,
Greenland (Manning and Bird 1991; Manning et al, 1993). Two pyroxene thermometry
indicates an average temperature of 888 ± 67 °C for an olivine-bearing sample 3 m
from the contact and temperatures of ~800 °C 240 m from the contact in pyroxene
zone rocks without olivine (Fig. 5.5). At an estimated lithostatic pressure of ~2 kb, the
olivine hornfels represents a zone of partial melting in the mafic rocks (Fig. 5.1).

Thermal modelling by Manning et al. (1993) indicates that the peak metamorphic
profile computed for heterogeneous distribution of a volume-averaged latent heat of
crystallisation between 1150°–1050 °C for the Skaergaard intrusion as a whole (at
∆HxIn = 4184 J kg–1) agrees well with metamorphic temperatures attained in the inner
portion of the pyroxene zone, i.e. within 100 m of the contact during a 10 000 yr pe-
riod, although the ~900 °C average temperature from the olivine zone indicates a steep-
ening of the thermal gradient within 30 m of the contact (Fig. 5.5). This might be a
reflection of a change in permeability, the most important factor controlling heat and
fluid transport in the aureole. Numerical simulations of temperature versus distance



171

Fig. 5.4.
Texture of sanidinite facies
olivine hornfels developed
near contact of the Cuillin
gabbro, Skye (redrawn from
Fig. 3 of Almond 1964). Dark
grains = olivine; stippled
grains = orthopyroxene with
larger grains (probably after
original clinopyroxene) con-
taining magnetite inclusions;
white grains = polygonal mo-
saic of plagioclase; diagonal
stripped pattern = ?retrograde
biotite; black grains = spinel

5.1  ·  Basaltic Rocks

Fig. 5.5. Plot of temperatures derived from coexisting pyroxene thermometry (average and range) ver-
sus distance from contact of Skaergaard gabbro, Greenland (data from Appendix 1 of Manning et al.
1993). Line 1 = simulated 10 000 yr conduction temperature profile for heterogeneous volume-averaged
latent heat of crystallisation distribution in Skaergaard magma chamber. Line 2 = simulated 1000 yr
temperature profile in aureole basalt with a homogeneous permeability of 10–15 m2 for the first 1000 yr
after magma emplacement (from Figs. 6 and 7B respectively of Manning et al. 1993)
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from the contact based on homogeneous permeability by Manning et al. (1993), indi-
cate that peak contact temperatures approaching 900 °C could have been attained in
the first 1000 years after emplacement (assumed instantaneous) for a basalt perme-
ability of 10–15 m2 and with a hydrothermal system dominated by advective heat trans-
port. In pyroxene zone rocks between ~30–100 m from the contact, agreement be-
tween predicted and calculated peak temperatures (Fig. 5.5) equates to a lower per-
meability of 10–16 m2 and a system dominated by conductive heat transport. This change
probably relates to increasing enhancement of vertical conductivity and volume of
the pore network (net-like vein swarms) towards the contact resulting in greater fluid
flow and heat transport during prograde metamorphism (Manning and Bird 1991).

5.1.2
Amygdules and Mesostasis

Metamorphism of clay mesostasis/replacement and zeolite-bearing amygdules in ba-
saltic rocks begins when complete dehydroxylation of smectites (e.g. montmorillonite,
saponite, nontronite) occurs at ~750 °C and zeolites at temperatures of ~450 °C or lower.
An abundance of Ca and alkalis in zeolites and Fe3+, Mg, Al in smectites would be
expected to produce minerals such as Ca-silicates, Na-pyroxene, melilite in addition to
orthopyroxene, clinopyroxene, olivine, plagioclase, Fe-oxides and melts different in
composition than that produced by reaction and fusion of the surrounding basalt.

‘S Airde Beinn

Metamorphism without melting of zeolite and calcite-filled amygdules in basalt in-
truded by a dolerite plug at ‘S Airde Beinn, northern Mull, Scotland, is described by
Cann (1965). With increasing temperature, the sequence of neometamorphic Fe-Mg
silicates in basalt and amygdules within about 10 m of the dolerite contact is ortho-
pyroxene followed by clinopyroxene and then olivine.

Unmetamorphosed amygdules consist of:

1. Thompsonite (Na4Ca8[Al20Si20O89] · 24H2O), natrolite (Na16[Al16Si24O80] · 16H2O)
and analcite (Na[AlSi2O6] · H2O) that occur in varying proportions, sometimes with
a rim of chlorophaeite (essentially a mixture of chlorite, smectite, goethite and
calcite) separating the zeolites from basalt.

2. Dominantly gyrolite (NaCa16[AlSi23O60](OH)5 · 15H2O) with smaller amounts of
thompsonite, analcite and natrolite.

3. Dominantly calcite.

At the lowest temperature, (orthopyroxene-forming stage; maximum oxidation of
the basalt), thompsonite, natrolite and analcime amygdules have reacted to form felsic
varieties dominated by plagioclase in which chlorophaeite may be converted to
orthopyroxene, and mafic varieties with little feldspar containing orthopyroxene (re-
places primary olivine), Fe-oxide and brown hornblende that may, in part have re-
sulted in an infilling of the amygdules, i.e. radial arrangement of orthopyroxene crys-
tals growing inwards from the amygdule walls suggests a vapour phase origin, rather
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than replacement. At higher grades, orthopyroxene is replaced by clinopyroxene and
finally by olivine. Similar meta-amygdules consisting principally of plagioclase, pale
green clinopyroxene, orthopyroxene, and sometimes with olivine and Fe-oxides are
documented by Almond (1964) within olivine-pyroxene hornfels along the contact of
the Cuillin Gabbro described above.

In the gyrolite-bearing amygdules, the formation of wollastonite at an early stage
persists to the highest metamorphic grade accompanied by an increase in grain size,
where it is sometimes replaced by melilite and rarely monticellite. The low grade ap-
pearance of wollastonite is accompanied by the formation of a thin rim of aegirine-
augite around the inside of the amygdule that is in turn, surrounded by chlorophaeite.
At higher temperature, reaction of chlorophaeite to orthopyroxene results in zonation
of the aegirine-augite to augite towards the orthopyroxene. The characteristic sequence
between basalt and amygdule involves Ca � Na,Fe exchange and is

basalt → augite-rich basalt
→ augite ± plagioclase grading to aegirine-augite ± plagioclase
→ wollastonite ± aegirine-augite ± plagioclase

At the highest grade of metamorphism, outer parts of the aegirine-augite in contact
with the basalt react under reduced conditions to form a vermicular intergrowth of
augite, Fe-oxide and plagioclase so that the basalt-amygdule sequence is

basalt → augite + Fe-oxide + plagioclase → vermicular replacement
→ aegirine-augite → wollastonite ± aegirine-augite

In calcite-dominated amygdules, lowest grade indicators of metamorphism are rare ex-
amples of wollastonite + calcite. Within ~1.8 m of the dolerite plug contact the basalt con-
tains large amygdules up to 76 mm across that contain a outward zoned assemblage of

larnite → rankinite → wollastonite → wollastonite ± melilite
→ melilite ± Fe-oxide rimmed by perovskite
→ rim of aegirine-augite with large plagioclase crystals associated

with apatite and titanite at corners → augite-rich basalt

(Fig. 5.6). The above sequence represents progressive decarbonation under low PCO2
(precluding the formation of spurrite and tilleyite), with silica diffusion into the
amygdule from the surrounding basalt, outward diffusion of Ca leading to the devel-
opment of augite-rich basalt around the amygdules, and inward diffusion of Mg and
Al to form melilite. The melilite with its Fe-oxide/perovskite inclusions could also
represent replaced areas of basalt that were closest to the centre of the amygdules.

The occurrence of larnite, rankinite and wollastonite provides the best indicator of
high temperature metamorphism of the amygdules by way of the reactions

3larnite + SiO2 = 2rankinite

rankinite + SiO2 = 3wollastonite

5.1  ·  Basaltic Rocks
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with increasing µSiO2 (Fig. 4.8) and with the zonal sequence indicating that a wol-
lastonite + larnite assemblage is not stable. The relevant vapour-absent reaction

rankinite = larnite + wollastonite

calculated by Joesten (1974) has a step negative slope in P-T space and occurs between
~1137–1115 °C at 1 and 780 bar respectively. These temperatures are clearly too high for
the amygdule assemblage as they substantially exceed those of dry basalt solidi (Fig. 5.1)
where extensive melting would be expected. The stability of rankinite is bracketed by
two decarbonation reactions

spurrite + wollastonite = rankinite + CO2

spurrite + rankinite = larnite + CO2

at between 880–970 °C and 100–200 bar PCO2 (Fig. 4.6) This temperature range is
consistent with the highest grade occurrence of melilite and monticellite in gyrolite-
bearing amygdules, and of melilite (åkermanite) with rankinite and wollastonite in
calcite-rich amygdules. It is also compatible with the formation of olivine and ortho-
pyroxene, the absence of amphibole and conditions below the wet basalt solidus at
pressures < 500 bar (Fig. 5.1).

Fig. 5.6.
Sanidinite facies mineralogy
of an original calcite-filled
amygdule in basalt, S’Airde
Beinn, Scotland (redrawn
from Fig. 4 of Cann 1965)
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Scawt Hill

Temperatures high enough to melt amygdule-bearing basalt were attained adjacent a
dolerite intrusion at Scawt Hill, Northern Ireland, and the sequence, composition and
nature of recrystallisation in basalt, mesostasis and amygdules is described by Kitchen
(1985). The unaltered basalt contains partly serpentinised olivine phenocrysts (Fo81–65)
enclosing spinel partly mantled by Ti-magnetite within a groundmass of serpentinised
olivine, magnetite, augite, plagioclase (An76–68) and ilmenite. Mesostasis consists of
saponite-nontronite and unidentified zeolite and 1–5 mm diameter amygdules lined
with saponite-nontronite, calcite and zeolite. Compositions of unaltered and metamor-
phosed basalt and mesostasis are plotted in terms of a CaO-MgO-Al2O3-SiO2 (CMAS)
diagram at 1 kbar in Fig. 5.7 which shows that the mesostasis represents a highly al-
tered residual glass very different in composition from the unaltered and metamor-
phosed basalt.

At 2 m from the contact, the basalt is substantially recrystallised and mesostasis and
amygdules have melted. Olivine is recrystallised to microcrystalline orthopyroxene and
olivine, the later with 1.4 and 1.9 wt.% CaO and Al2O3 respectively, as a result of reac-
tion with the mesostasis melt. Augite has reacted with the mesostasis melt to form low-
Ca augite and pigeonite. Plagioclase is recrystallised to a microcrystalline mosaic.

Melted amygdules (5 – < 1 mm size) are partly recrystallised to pyroxene, plagioclase
and Fe-Ti oxide in a dark brown glass. Pyroxenes show normal zoning and vary from
pigeonite through subcalcic augite to augite (Fig. 5.7) similar to that observed in ex-
perimental studies of basalts involving rapid growth in structurally and composition-
ally complex melts (Walker et al. 1976). Such conditions have led to substitution of Ti
(0.4–0.9 wt.% TiO2) and Al (0.4–4.4 wt.% Al2O3) that is facilitated by high growth rates
and low diffusion rates accompanying rapid cooling of possibly 1–10 °C hr–1 for larger
pyroxenes to perhaps as much as 84 °C hr–1 for Fe-rich skeletal overgrowths (Schiffman
and Lofgren 1981). Plagioclase (An55–36) occurs as multiple generations of euhedral
crystals with skeletal terminations. Fe-Ti oxide forms skeletal crystals with exsolved
lamellae of Ti-magnetite and ilmenite. Glass compositions are rich in SiO2 (~60.7 wt.%)
and K2O (8.7–9.9 wt.%) with CaO (0.7–0.8 wt.%), Na2O (~1.9 wt.%) and (Fe,Mg)O
(5–7 wt.%) and presumably reflect the initial clay : zeolite ratio of the amygdules.

Basalt at the dolerite contact is entirely recrystallised. The groundmass is converted
to a fine grained to microcrystalline aggregate of olivine, orthopyroxene, plagioclase,
magnetite and ilmenite. Irregular streaks and lenses of devitrified basalt melt contain
dendritic olivine, orthopyroxene, skeletal magnetite, ilmenite, pleonaste spinel in a
matrix of cryptocrystalline plagioclase of An70.5–60.7 Ab17.1–20.9 Or12.4–18.4 with signifi-
cant amounts of Fe (1.9–4.0 wt.% Fe2O3) and Mg (0.7–2.0 wt.% MgO). High FeO oc-
curs in plagioclase experimentally grown in basaltic melts and is related to Fe-en-
trapment on crystal interfaces during very fast cooling rates (Schiffman and Lofgren
1981). No amygdules are present. Evidence of plastic deformation suggests the possi-
bility that melted amygdules could have been mobilised and smeared into the sur-
rounding basaltic melt.

Temperatures of pyrometamorphism based on two pyroxene and plagioclase melt
thermometry range from 970–1168 °C consistent with an estimated dolerite solidus of

5.1  ·  Basaltic Rocks
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~936 °C. Temperatures > 1050 °C would be required to intersect the dry basalt solidi,
with the neometamorphic assemblage olivine-orthopyroxene-clinopyroxene-plagi-
oclase-ilmenite forming at minimum temperatures of 860–900 °C for inferred pres-
sures < 500 bar (Fig. 5.1).

Fig. 5.7. Scawt Hill basalt, Northern Ireland. Above: CMAS section at 1 atm projected from olivine (O’Hara
1968) showing compositions of unaltered basalt (open squares in Cpx field), metamorphosed basalts
(solid circles in Opx field), and clay-rich mesostasis (open circles). Below: Pyroxene quadralateral show-
ing range of pyroxene compositions in melted mineral-filled cavities (shaded area) with zonal trends
depicted by arrowed lines (from Figs. 3 and 5 of Kitchen 1985)
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Fig. 5.8. The system SiO2 – FeO – Fe2O3 – Al2O3 (wt.%) showing composition volumes of high and low
Fe2O3: FeO assemblages (shown as tie lines) related to sanidinite facies metamorphism of weathered
mafic rocks characterised below by the presence of quartz, kaolinite/halloysite, goethite, hematite, and
gibbsite/boehmite. Thickened parts of the mullite-hematite and corundum-hematite tie lines indicate
extent of solid solution of Fe3+ in mullite and corundum respectively. Phase equilibria (in air) of the
SiO2-magnetite-corundum plane in the tetrahedron after Muan (1956)
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Fig. 5.9.
Diagrammatic section at
Tievebulliagh, Northern Ire-
land (redrawn from Fig. 1 of
Agrell and Langley 1958). See
text

5.1.3
Weathered Mafic Rocks

Weathering of mafic rocks produces a bol, lithomarge, lateritic lithomarge or Fe-baux-
ite characterised by assemblages of quartz, halloysite, kaolinite, montmorillinite,
gibbsite, hematite, goethite and anatase (e.g. Eyles 1952; Patterson 1955). During sani-
dinite facies metamorphism such rocks would be expected to form cristobalite/tridym-
ite, mullite/sillimanite, corundum, hercynitic spinel, magnetite/ilmenite/hematite and
pseudobrookite. Small amounts of Mg (in montmorillonite and “chlorite”) and Ca (in
carbonate) allow the formation of cordierite and anorthite respectively. The high tem-
perature mineral assemblages are similar to those developed in emery rocks, e.g. Sithean
Sluaigh described in Chapter 3, that result from removal of silica and alkalis as a gra-
nophyric melt phase. In this case, silica and alkalis are variably leached during the pre-
metamorphic laterisation process and like emeries, pyrometamorphic mineral assem-
blages developed from extreme weathering of mafic rocks are closely analogous with
those formed in the system FeO-Fe2O3-Al2O3-SiO2 (Fig. 5.8).

Tievbulliagh

At Tievebulliagh, Northern Ireland, an inclined dolerite plug with a 1.5 m thick basal
layer of picrodolerite has intruded basalts of the Antrim plateau that overlie Old Red
Sandstone (Agrell and Langley 1958) (Fig. 5.9). Basalt and associated bols adjacent to
the plug have been metamorphosed to orthopyroxene, plagioclase, magnetite, ilmenite,
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pseudobrookite and to cordierite, bytownite, magnetite, hematite, pseudobrookite,
tridymite/cristobalite ± mullite assemblages (Figs. 5.10 and 5.11). A small outcrop of
what remains of the eroded dolerite contains a large block of porcellanite (spotted
porcellanite described by Tomkeieff 1940), inferred to represent a metamorphosed
fragment of thoroughly weathered basalt or lateritic lithomarge slumped from an
interbasalt layer (Main Interbasaltic Horizon) where this alteration is commonly ob-
served (Fig. 5.10b). The porcellanite typically shows nodular and irregular banded struc-
tures that consist of various combinations of corundum, hercynite, mullite, tridymite
and/or cristobalite, either with hematite, pseudobrookite, magnetite (oxidised), or with
a less oxidised assemblage of ilmenite, magnetite, ± pyrite and rutile (Fig. 5.11). Near
the dolerite contact, the porcellanite contains cordierite in association with mullite,
hercynite and cristobalite of less oxidised assemblages (dashed tie lines in Fig. 5.8).
White patchy segregations of almost pure mullite, yellow ones rich in corundum, brown
streaks composed mainly of pseudobrookite and black hematite-rich patches, reflect
the heterogeneous nature of the original lithomarge. The oxidised assemblages are
thought to correspond to ferruginous bauxites, the less oxidised assemblages to a
lithomarge in which halloysite, gibbsite and hematite were the original constituents. A
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Fig. 5.10. Textures of pyrometamorphosed olivine basalt, Tievebulliagh, northern Ireland (Fig. 2 of Agrell
and Langely 1958). a Microphenocrysts of olivine with rims and seams of orthopyroxene + magnetite
within a recrystallised groundmass of plagioclase (An64), orthopyroxene and clinopyroxene. b Contact
between metabasalt (lower part) and its weathered equivalent (bole) (upper part) separated by a thin
seam of orthopyroxene. Microphenocrysts of olivine in the basalt are completely replaced by orthopy-
roxene and magnetite and occur in a groundmass of plagioclase (An64), orthopyroxene and magnetite.
The bole consists of cordierite, Fe-oxides, minor plagioclase (An62–68) and orthopyroxene. Reproduced
with the kind permission of the Royal Irish Academy
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Fig. 5.11. Textures of pyrometamorphosed lithomarge and lateritic lithomarge, Tievebulliagh, North-
ern Ireland (Fig. 3 of Agrell and Langely 1958). a Mullite-cristobalite-hematite porcellanite. Patches of
cristobalite-hematite (see inset for detail) probably after olivine, within a groundmass of mullite fibres
associated with cristobalite, hematite and pseudobrookite. Original rock was a lithomarge. b Mullite-
corundum-hematite-pseudobrookite porcellanite (right) passing though a zone rich in pseudobrookite
into mullite-cristobalite-hematite-pseudobrookite porcellanite (left). Inset shows development of mul-
lite needles around a cluster of hematite crystals. Original rock corresponds to the contact between a
lateritic lithomarge and a lithomarge. c Mullite-tridymite-cordierite-magnetite porcellanite. Tridymite
and magnetite are enclosed in xenoblastic cordierite that replaces mullite. The original rock was a
lithomarge at the immediate contact of basalt and has undergone metasomatic exchange involving
introduction of MgO either before or during metamorphism resulting in the formation of cordierite.
Reproduced with the kind permission of the Royal Irish Academy

plot of Al, Fe, Ti, Mg enrichment versus calculated silica loss from an average original
basalt composition (Fig. 5.12) indicates a positive relationship that reflects increasing
intensity of weathering (laterisation) of the basalt protolith.

Maximum temperatures of pyrometamorphism are bounded by the dry basaltic
liquidi at between ~1175–1250 °C that brackets those of invariant assemblages of mul-
lite-tridymite-hercynite at 1205 °C (Schairer 1942) and mullite-cordierite-tridymite and
mullite-cordierite-hercynite at 1210 °C and 1205 °C respectively, in the system FeO-Al2O3-
SiO2 (Schairer and Yagi 1952) (Fig. 3.4; Table 3.1). The occurrence of cristobalite in place
of tridymite highlights its metastability with respect to the ternary system (Fig. 5.8).

Rathlin Island

At Rathlin Island, Co. Antrim, Northern Ireland, intrusion of an olivine dolerite “plug”
has metamorphosed a weathered interbasaltic horizon of probable ferruginous baux-
ite to porcellanite (Dawson 1951). The rock is mottled in various shades of grey and
ranges in colour from black through greyish-purple to lavender. It has a high specific
gravity of 3.3–3.6 and consists of variable amounts of tridymite, aluminous sillimanite
(64–65 wt.% Al2O3), cordierite (XFe73), hercynite and magnetite (Cameron 1976a)
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Fig. 5.12.
Plot of SiO2-loss versus sum of
restite elements in metamor-
phosed basalt and lithomarge,
Tievebulliagh and Rathlin Is,
Northern Ireland (redrawn
from Fig. 4A of Agrell and
Langely 1958; calculated silica-
loss values from Table 3)
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(Fig. 5.12). High TiO2 of 3.40 wt.% in a porcellanite analysis given by Dawson (1951)
implies the presence of pseudobrookite who also records the presence of a small amount
of glass (~5%).

Oregon

Very similar rocks to those at Tievebulliagh and Rathlin Island are found as cobble
float in the west-central Cascades, Oregon (White et al. 1968). The rocks are essentially
black (mullite-sillimanite, cristobalite-rich with hercynitic spinel, magnetite) to light
bluish-grey to white (corundum-rich) porcellanites (Fig. 5.13). They also contain vary-
ing amounts of tridymite, ± pseudobrookite, perovskite and trace quartz. Flow band-
ing and vermicular features reflect original structures of extensively weathered (later-
ised) basalt-andesite protoliths; black cobbles representing ferruginous bauxite and
grey-white cobbles representing kaolinite and/or halloysite-rich lithomarge. Cameron
(1976a) describes one sample with a polygonal structure where polygon cores com-
posed of a fine-grained aggregate of sillimanite, mullite, cristobalite, spinel and
pseudobrookite grade abruptly into a tridymite-hercynite margin. Relic igneous tex-
ture is discernible in the core with the Al-silicates pseudomorphing plagioclase.

Southeastern China

Tridymite (35–45%), hercynite (40–50%), ilmenite (~2%), colourless to pale yellow glass
(10–20%) xenoliths in basalt from the southeast coastal area of China reported by Qi
et al. (1994) and Zhou et al. (2004) are an example of pyrometamorphosed lateritic
paleosols where complete melting appears to have occurred (Fig. 5.13). The tridymite
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Fig. 5.13. (Si,Ti)O2-(Al, Fe)2O3-(Fe, Mg, Mn)O plot of pyrometamorphosed lithomarge-Fe bauxite rocks
(xenoliths [filled circles in shaded area]; porcellanite), glass in xenoliths (compositional range shown
by thick grey line), and unmetamorphosed lithomarge. Arrow from sample 4 (Oregon) indicates prob-
able position shift to mullite-spinel tie line if FeO/Fe2O3 ratio is known

grains contain numerous cracks suggesting transition from cristobalite (or high-tridym-
ite) to low tridymite. Of interest is the wide variation in the glass composition ranging
from 73–35 wt.% SiO2 and 25–59 wt.% Al2O3 (Fig. 5.13) with silica-rich glass occurring near
tridymite and less aluminous glass near hercynite. This variation mimics compositional
profiles typical for quenched margins of actively growing phases. Crystallisation of the
glass would presumably have resulted in assemblages of variable amounts of tridym-
ite, mullite and sillimanite as implied by the chemographic relations shown in Fig. 5.13.
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With reference to the system FeO-Al2O3-SiO2 investigated by Schairer (1942) without
the intervening narrow field of Fe-cordierite determined in the same system by Schairer
and Yagi (1952), metastable co-precipitation of hercynite and tridymite in the xenoliths
could have occurred between 1205 °C (where mullite would form) and 1073 °C (where
fayalite would form) (Fig. 3.4). As shown in Fig. 5.13, xenolith compositions cluster near
Fe-cordierite although no cordierite occurs in the xenoliths. This probably reflects nucle-
ation difficulties without addition of cordierite seeds encountered in experimental work
(Schairer and Yagi 1952), so that co-precipitation of hercynite and tridymite in the xeno-
liths with essentially bulk Fe-cordierite compositions implies metastable crystallisation.

Chondrite-normalised REE patterns of xenoliths and host basalt shown in Fig. 5.14
overlap and exhibit a positive Ce anomaly that is probably related to variable weath-
ering of the soil profile where Ce and other LREE enrichment often occurs in the up-
permost part of paleosols (Pan and Stauffer 2000). The presence of nearly pure her-
cynitic spinel and ilmenite in the xenoliths implies low ƒO2 conditions during py-
rometamorphism, a condition probably caused by organic matter in the paleosol al-
though in amounts unable to facilitate the reduction of CeO2 to Ce3+ at surface con-
ditions giving rise to the positive Ce anomaly recorded in the xenoliths.

5.2
Aluminous Ultramafic Rocks

Examples of pyrometamorphosed aluminous magnesian-rich (ultramafic) rocks are
rare. Except perhaps for the occurrence of cordierite they would be indistinguishable
mineralogically from pyroxene hornfels facies assemblages, highlighting the impor-
tance of their occurrence, i.e. in typically narrow zones adjacent intrusions. Possible
sanidinite facies assemblages for Ca-absent Al-ultramafic compositions (e.g. chloritite
blackwall rocks) in terms of MgO-Al2O3-SiO2 (Fig. 5.15) comprise:

1. Enstatite-tridymite (-cordierite)
2. Forsterite-enstatite (-cordierite)
3. Forsterite-cordierite (-spinel)
4. Forsterite-periclase (-spinel)

Fig. 5.14.
Chondrite-normalised REE
abundance plot of tridymite-
hercynite xenoliths and host
tholeiitic basalt, SE China
(redrawn and combined from
Figs. 5A and B of Zou et al.
2004)

5.2  ·  Aluminous Ultramafic Rocks
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The reaction

anthophyllite = enstatite + quartz + H2O

occurs at ~720–730 °C at < 1 kb (Greenwood 1963) and breakdown of Mg-chlorite
according to the reaction

chlorite = forsterite + cordierite + spinel + H2O

occurs at even lower temperatures (< 700 °C at < 1 kb) (Fawcett and Yoder 1966)
(Fig. 5.16). These reaction temperatures are clearly not high enough for pyrometamor-
phic conditions and merely provide temperature minima for the occurrence of these
assemblages in nature. It would take overstepping of the anthophyllite breakdown re-
action by ~200–270 °C (at 0–1 kb respectively) to form tridymite (Fig. 5.16) and no
natural examples of an enstatite–tridymite association are known. Maximum pressures
in the Fe-free system involving an anhydrous cordierite are limited by the reaction

10enstatite + 2spinel = 5forsterite + cordierite

at ~3 kb (Fig. 5.17) although pressure is lowered by substitution of iron and chromium
in spinel, e.g. XAlspinel of 0.7 = ~1 kb (Frost 1975) and probably also by the H2O con-
tent of natural cordierite resulting in significant restriction of the forsterite-cordier-
ite stability field to the extent where it may not be stable at all (i.e. at XAlspinel ≤ 0.6).

Tari-Misaka Complex

Serpentinised dunite-harzburgite and chromitite of the Tari-Misaka complex, western
Japan, is intruded by granite and converted to assemblages of olivine (Fo92–94), ortho-
pyroxene (En91–95), chrome spinel, and olivine (Fo97), orthopyroxene (En96), cordierite
(XMg – 0.99), Mg-Al spinel (XAl = 1.00) within ~500 m (map distance) of the contact

Fig. 5.15.
SiO2-Al2O3-MgO plot showing
possible sanidinite facies min-
eral assemblage fields (labelled
1 to 4 as detailed in text) in Al-
rich ultramafic compositions
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(Arai 1975). Comparison with experimental data in the system MgO-Al2O3-SiO2-H2O
(Fawcett and Yoder 1966; Seifert 1974) suggests a maximum temperature of ~770 °C at
pressures of ~3 kb consistent with an XAlspinel of 1.0 coexisting with olivine and cordi-
erite (Fig. 5.16). Two pyroxene thermometry from a metagabbro associated with the
ultramafic rocks near the granite contact yields a temperature of 890 °C although, as
pointed out by Arai this seems to be too high for a granitoid magma and may reflect
incomplete recrystallisation of primary pyroxenes.

5.3
Hydrothermally-Altered Andesite

Geothermal systems characterised by near-neutral NaCl or NaCl-HCO3-SO4 waters
typically occur within the central vent region of andesitic volcanoes and give rise to
complex mineral paragenesis when lava rises and pulses of high-temperature volatiles
invade the hydrothermal envelope around these vents. Usually, mineral assemblages
that form when a vent-hosted hydrothermal system is heated to near magmatic tem-
peratures are not preserved because they are destroyed by large eruptions, but rare
fragments from the magma-hydrothermal interface that may be ejected during phrea-
tomagmatic eruptions contain sanidinite facies minerals.

White Island

Xenoliths ejected from the hydrothermal system above a shallow (< 1 km) degassing
magma body below the crater of the White Island andesite volcano, New Zealand,
contain mullite, high-sanidine, tridymite, cristobalite, rare indialite (the high tem-
perature form of cordierite), wollastonite, plagioclase and magnetite-hematite (Wood

Fig. 5.16.
T-P diagram showing reaction
curves for (1) Mg-Fe chlorite
(McOnie et al. 1975), (2) Mg-
chlorite (Fawcett and Yoder
1966), (3) anthophyllite
(Greenwood 1973), and (4) for-
sterite + cordierite formation
with XSpl = 1.0 (Frost 1975).
Positions of reaction 4 at lower
XSpl – Al values (filled circles)
due to Cr-substitution at
730 °C are from Fig. 14 of
Frost (1975) with respective
reaction lines (dashed) as-
sumed parallel to that of
XSpl – Al = 1.0

5.3  ·  Hydrothermally-Altered Andesite
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1994). The altered source rocks are crater lake-bed sediments that contain hydrother-
mal phases such as opaline silica, cristobalite, anhydrite, gypsum, natroalunite, pyrite
and sulphur, with halite and silvite in cavities.

Under conditions of > 800 °C and PH2O < 200 bar, mullite, sanidine and wollastonite
formed by the reactions

Fig. 5.17.
Phase equilibria relating to the
occurrence of tridymite-
acmite (system SiO2-Fe2O3-
Na2O · SiO2 after Bowen et al.
1930), tridymite-wollastonite
(system SiO2-CaO-Na2O after
Morey and Bowen 1925), and
tridymite-albite (system SiO2-
Al2O3-Na2O after Schairer and
Bowen 1947) in pyrometamor-
phic magma bombs, White
Island volcano, New Zealand.
See text
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2natroalunite + 8SiO2 = mullite + 2K-feldspar + 4SO3 + 6H2O

anhydrite + SiO2 = wollastonite + SO3

Quasi-pelitic sediments with natroalunite, kaolinite and pyrophyllite + partly alu-
nitised andesitic glass are possible precursors of indialite that occurs in a partly fused
porcellanite xenolith and in glass of an ejected block.

Wood (1994) and Wood and Brown (1995) describe an unusual example of pyrometa-
morphic magma (paralava) that occurs as bombs erupted with calc-alkaline basaltic
andesite/andesite blocks, lapilli and ash from a ~30 × 50 m vent on White Island. The
paralava consists of a highly peralkaline glass (Na2O + K2O > 10 wt.% with Na2O >> K2O;
molar [Na2O + K2O]/Al2O3 = 1–22) with an average Cl content of 1.23 wt% that con-
tains quench crystals of tridymite (in discrete mm-size aggregates), wollastonite and
green clinopyroxene (inferred to be aegirine-augite or sodic hedenbergite) that may
be locally intergrown. One pumiceous bomb contains mosaics of albite that intermin-
gle with pale brown, less vesicular glass containing wollastonite and green pyroxene.
The typically vesicular, green-black to olivine-green bombs often contain white sili-
ceous ash and lapilli-size clasts and have been erupted in a molten state from small
isolated melt pockets developed along the walls of the vent. Another 15 cm bomb con-
tains a core of grey-black volcaniclastic metasediment surrounded by a zone of olivine-
green weakly vesiculated material transected by expansion cracks. This, in turn, grades
patchily into black, highly vesiculated paralava that contains the common white, silica-
rich lithic clasts.

Likely protolith material of the paralava bombs is considered to be brine-soaked or
halite-cemented crater lake sediments and acid-sulphate hydrothermally altered vent
andesitic breccia and tuff. In some bombs, the aggregates of tridymite may represent
unmelted residues of originally poorly crystalline opaline-silica/cristobalite acid al-
tered material that has converted to tridymite. In the fusion zone, the temperature is
inferred to have been between ~> 830 °C (temperature measured from the mouth of a
fumerole) and 1020 °C (two-pyroxene thermometry from basaltic andesite) with pres-
sures < 50 bar. As most of the glass compositions are silica-saturated, the occurrence
of tridymite on the liquidus is likely. At atmospheric pressure, the inferred temperature
range of fusion is consistent with cotectic formation of tridymite-aegirine between
870–955 °C in the system Fe2O3-SiO2-Na2O · SiO2 (Bowen et al. 1930), a minimum tem-
perature of 1035–1100 °C for tridymite-wollastonite in the system Na2O-CaO-SiO2 (Morey
and Bowen 1925), and of albite-tridymite between 867–1050 °C in the system Na2O-
Al2O3-SiO2 (Schairer and Bowen 1947) (Fig. 5.17). The environment at White Island may
also be conducive to the formation of the compound Na2Ca3Si6O16 synthesised in the
system Na2O-CaO-SiO2 (Fig. 5.17) that has not yet been found in nature.

Chemical heterogeneity of the paralava implies that fusion probably occurred in
small, isolated areas and that the time between onset of melting and eruption was too
short to allow compositional domains in a single pocket of melt to homogenise. Sili-
cate melts that produced the paralava bombs were buffered by immiscible NaCl-satu-
rated aqueous vapour and hydrosaline (NaCl-rich) melt with the high Na2O and Cl of
the melts a consequence of abundant halite in the volcaniclastic precursor rocks. Low

5.3  ·  Hydrothermally-Altered Andesite
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sulphur contents of the paralava in comparison to unmetamorphosed sulphide and
sulphate-bearing volcaniclastics with between 0.7–5.7 wt.% S, imply volatilisation and
near minimum sulphur solubilities in the melts.

5.4
Vapour Phase Crystallisation

Ruapehu

Xenoliths of andesitic volcanic breccia erupted from Mt. Ruapehu, New Zealand,
contain cavities in which SEM and petrographic observation indicates the following
mineral paragenesis:

1. Osumilite + hedenbergite + labradorite, followed by,
2. hexagonal cordierite (0.18 wt.% K2O) + Na-sanidine + low-Al (1.8 wt.% Al2O3)

orthopyroxene + tridymite, and,
3. high-Al (8.7 wt.% Al2O3) orthopyroxene + pseudobrookite (Wood 1994).

Additional phases are titanite and apatite. The sequence of mineral assemblages
implies sanidinite facies prograde and retrograde mineral formation where orthopy-
roxene rather than phlogopite is stable (Fig. 5.18). The early-formed osumilite + heden-
bergite assemblage suggests a very low pressure of ~50 bar from the intersection of the
osumilite + vapour-out curve and the stability curve of hedenbergite solid solution at
~960 °C in the field of tridymite (Fig. 5.18). Formation of the cordierite-bearing assem-
blage could have been facilitated by a small increase in temperature at higher PH2O
(Fig. 5.18) due to solidification and second-stage volatile release from the andesite magma
generating conditions where Ptotal > Pload that resulted in eruption. Latest stage growth
of pseudobrookite (Psb49 composition) in the cavities indicates crystallisation at
≥ 750 °C (Haggerty and Lindsley 1970). For the Ruapehu open vent environment, tem-
peratures of vapour-phase mineralisation are ≤ 1050 °C, Pload of ≤ 80 bar, and a PH2O
of ~20 bar for the vapour-saturated hydrothermal system below the crater lake bed.

Fig. 5.18. Stability fields of osumilite- and cordierite-bearing assemblages (after Olesch and Siefert
1981) together with reaction curve for the inversion wollastonitess to metastable hedenbergitess (after
Lindsley et al. 1969)
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5.5
Lightning Strike Fusion

Adamello

Mountain top exposures of Adamello gabbro, Corone di Blumone, Italy, contain abun-
dant evidence of lightning strike fusion resulting in the formation of glass-lined holes
bored through outcrop edges and corners or shallow pits excavated on planar surfaces.
One such occurrence has been examined where the lightning strike has melted an 0.8 cm
diameter hole now lined by a black, vesicular glass up to 500 µm thick in hornblende
gabbro (Fig. 5.19). The contact between the fused material and host rock is sharp and horn-
blende, plagioclase and magnetite of the gabbro adjacent the glass remain unaltered.
A BSE image (Fig. 5.19) shows that the glass is crowded with dendritic quench crystals
of spinel with the average mol% end member composition, ulvöspinel9.0 hercynite15.6
magnetite15.4 hematite31.2 jacobsite1.0 magnesioferrite24.7 fayalite2.5. The hematite–magne-
sioferrite-rich composition of the quench spinel implies high oxidation conditions of
crystallisation, i.e. > –4log αO2 (Kang et al. 2000). Compositions of the host gabbro and
glass (Fig. 5.20) indicate that the mafic composition of the glass was largely due to melt-
ing of hornblende and magnetite and only minor plagioclase. Deviation of glass compo-
sitions from the mafic-bulk-felsic tie line implies some alkali loss due to volatilisation.

It is interesting to note that the texture and quench mineralogy of the Adamello
fulgarite is very similar to that of ferrospheres produced during industrial pulverised
fuel firing of coal described by Sokol et al. (2000). The ferrospheres (from several up
to 300 microns in diameter) result from the quenching of high-ferrous melt droplets
consisting of dendritic or skeletal ferrispinels and complex ferrite aggregates within
a Si-poor, Ca-Fe rich glass.

5.5  ·  Lightning Strike Fusion

Fig. 5.19. Lightning strike fusion of Adamello hornblende gabbro, Corone di Blumone, Italy, that has
created a glass-lined hole through the rock (left) and BSE image (right) of fusion product of glass
crowded with quench crystals of magnetite
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Frankenstein

Serpentinised peridotite on the mountain ridge of the Frankenstein, near Damstadt,
Germany, has anomalous remnant magnetism and glassy fulgarites produced by light-
ning fusion (Frenzel and Stähle 1982). Compared to the bulk peridotite composition,
the glass is strongly enriched in silica and depleted in MgO and FeO (Fig. 5.20). As
the glass is crystal-free, fusion temperatures must have been > ~1850 °C (melting of
olivine in lherzolite at low pressure inferred from the experimental data of Ito and
Kennedy 1967), and clearly well above boiling points of the component minerals (oli-
vine [Fo75–80], diopside, brown hornblende, chrysotile, chlorite, tremolite, Fe-Ti ox-
ides, spinel, pyrite) resulting in loss of elements more volatile than silica. Strike tem-
peratures of 15 000–30 000°K are suggested by Frenzel and Stähle (1982). Although
not related to fusion of ultramafic rocks in particular, the resultant highly siliceous
glass is similar to moldavites.

Fig. 5.20.
Plot of bulk rock compo-
sition, mafic and felsic frac-
tions of Adamello gabbro and
bulk rock composition of
Darmstadt serpentinised
peridotite in terms of wt.%
Al2O3 – [SiO2,(Na,K)2O] –
[(Fe,Mg,Mn,Ca)O,TiO2] show-
ing relationship of glass com-
position fields (shaded) pro-
duced by lightning strike fu-
sion. Darmstadt data from
Frenzel and Stähle (1982)



Chapter 6

Anthropogenic Pyrometamorphism

6.1
Bricks/Ceramics

There is a close relationship between pyrometamorphism and brick/ceramic produc-
tion in the sense that the two processes show a progression towards high temperature
equilibria which is not ultimately attained and produce similar high temperature min-
eral assemblages (Fig. 6.1). In both cases, phase assemblages that persist after cooling
are metastable although they indicate how far this progression has gone. Fired com-
plex brick/ceramic bodies resemble buchites (both contain glass, new and residual
minerals) and high temperature bloating of some ceramics is similar to the vesicular-
ity commonly observed in buchites and paralavas. The most important differences
between bricks/ceramics and pyrometamorphosed argillaceous and marl rocks is the
fabric that is controlled by grain size and mineralogical heterogeneity. This affects
variations in thermal conditions and heat transport. Fabrics of fired ceramic material
are typically uniform in terms of grain size and random distribution of grains com-
pared with argillaceous rocks in which there is usually a preferred orientation of clay
minerals and detrital phyllosilicates. Bulk density and porosity are also very different.

Mineral and textural changes in non-carbonate- and carbonate-bearing mixtures
of clay minerals, illite, muscovite, quartz and feldspar used in the manufacture of bricks
and ceramics during firing at atmospheric pressure has been the subject of a number
of studies, some of which are detailed below. These studies provide valuable evidence
of temperatures, mineral reactions and textural transformations that must be closely
analogous to those taking place during pyrometamorphism of clay-rich sediments
and marls where only the end products are commonly preserved.

Non-carbonate Mixtures

Various mixtures of quartz together with kaolinite and muscovite fired for 2 hour
periods at temperatures between 1000–1300 °C were performed by Brindley and
Maroney (1960). New minerals produced are mullite, cristobalite, with minor corun-
dum (in mica-rich mixtures only) and a poorly-crystallised spinel-type phase (only
within the 1000–1100 °C temperature range), together with melt. In comparison with
the system K2O-Al2O3-SiO2 of Schairer and Bowen (1947), there is a close approach to
equilibrium in the highest temperature samples fired at 1300 °C as illustrated in Fig. 6.2.

The results imply that mullite buchites (mullite + glass) may form from sediments
with a mica (illite/muscovite)/kaolinite ratio > 40/25 (at 35% quartz). With lower ra-
tios of mica/kaolinite, mullite-tridymite buchites are produced. In quartz-poor (15%)
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compositions, mullite buchites would form by an increase in modal kaolinite, i.e. mica/
kaolinite ratios < 40/45 (Fig. 6.2). “Impurities” such as Fe2O3 (2.04–4.70 wt.%), MgO
(0.69 wt.%), TiO2 (0.65 wt.%), CaO (0.50 wt.%) and Na2O (0.80 wt.%) in the mica start-
ing material of Brindley and Maroney (1960) appear to have little effect on the phase
relations, with Fe3+, Ti4+ and minor Mg entering the mullite (also corundum) struc-
ture, and Na, Ca, K partitioned into the melt because no sanidine was produced. Water
disappears at temperatures above 1000 °C and therefore plays no part in the reaction.
In Fig. 6.2, inverse discrepancies between liquid/residue and silica curves determined
from the phase diagram and the experimental data result from the persistence of quartz
reactant in the latter and also possibly because of an underestimation of the amount
of cristobalite, i.e. by less than 50%, due to disordering which reduces X-ray intensity
and thus the computed modal amount.

Fig. 6.2. Part of the system K2O-Al2O3-SiO2 (after Schairer and Bowen 1947) showing relationship of
kaolinite-muscovite-quartz mixtures along line A–B in the inset diagram depicting relations between
fired samples (2 h at 1300 °C) of mixtures that initially contained 35% quartz. Solid lines are calculated
from the equilibrium phase diagram and dashed lines are derived from experimental data of Brindley
and Maroney (1960). See text

6.1  ·  Bricks/Ceramics
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An example of changes in an industrial kaolin, mica, quartz red clay with firing
between 750–1250 °C based on XRD and microscopic observation is shown in Fig. 6.3
(Cole and Segnit 1963) together with the starting composition in terms Á KF param-
eters. The following changes are observed with increasing temperature:

■ 750 °C. The main clay mineral is brownish mica (Fe-rich) that is mixed with pale
yellow patches of metakaolin. A strong red colour is developed.

■ 950 °C. Mica anhydride is darker in colour than the starting mica and has a lower
birefringence indicative of structural breakdown although the micaceous struc-
ture of the sample is still preserved. Former areas of metakaolin are transformed
into amorphous Al-silicate.

■ 1000 °C. Micaceous (celadonitic?) clays with elevated iron content begin to melt.
■ 1050 °C. Clay mica residue is further darkened and is only slightly birefringent. A

small amount of glass is present and feldspars have partially melted. A hard firing-
skin (scratched with difficulty by a steel blade) forms.

■ 1100 °C. Clay mica is decomposed to a dark brown, almost opaque mixture of Fe-
oxide and glass. Feldspars have melted to an acidic glass. The red colour of the sample
is darker.

■ 1150–1200 °C. Abundant glass and Fe-oxides form a network throughout the sample.
At 1200 °C mullite occurs within the glass and within areas of melted feldspar. Quartz

Fig. 6.3. Mineral composition of non-carbonate bearing clay and phases formed on firing to tempera-
tures a little over 1200 °C (after Fig. 2 of Cole and Segnit 1963). Above: Clay starting composition (filled
circle) is plotted in terms of Á FK parameters. Another fired non-carbonate clay starting composition
(open square) discussed by Cultrone et al. (2001) is also plotted. See text
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rarely shows incipient change to cristobalite (as indicated by a weakening of the
XRD pattern). The sample is dark red-brown with spots of hematite.

■ 1250 °C. Magnetite is abundant in the darker brown glassy areas. Mullite occurs as
well-formed crystals in the glass. Quartz grains show resorption at the margins
and are partly converted to cristobalite. Bloating has occurred indicating extensive
melting and the interior of the sample is porous and black.

SEM-EDX analyses of a similar fired clay composed of quartz, feldspar and phyl-
losilicates (smectite, illite/muscovite, kaolinite, paragonite) (Fig. 6.3) used in brick mak-
ing is reported by Cultrone et al. (2001). Destruction of phyllosilicates occurs between
700–900 °C followed by vitrification which is significant at T > 1000 °C. At 700 °C mus-
covite begins to loose K as part of the dehydroxylation process prior to undergoing
a solid-state phase change to mullite + K-feldspar (or melt) between 800–1000 °C (see
Chapter 7) according to the reaction

3KAl2(Si,Al)O10(OH)2 + 2SiO2 = 3KAlSi3O8 + Al6Si2O13 + 3H2O + melt
illite/muscovite quartz sanidine mullite

Mullite first appears at 800 °C and by 1100 °C it is the second most abundant phase
after quartz.

Carbonate-Bearing (Marl) Compositions

The high temperature mineralogy of fired carbonate brick pastes is very similar to
that in pyrometamorphosed marls described in Chapter 4 except that in the fired
samples the temperatures reached are ~75 °C lower than the wollastonite-pseudowol-
lastonite inversion temperature at 1125 °C.

Peters and Iberg (1978) determined mineralogical changes during firing of marl com-
positions with modal mineralogy estimated by XRD of quartz [18–19%], albite [3–12%],
kaolinite [0–17%], illite [21–35%], montmorillonite [0–16%], chlorite [3–12%], mixed-
layer clays [0–14%], calcite [6–25%], dolomite [2–5%]). Newly-formed phases are gehle-
nite (with 15–20 mol% åkermanite), diopside (with < 20 mol% hedenbergite + some
acmite), wollastonite, Ca-rich plagioclase and hexagonal anorthite, sodic sanidine
(K85Na15–K70Na30), small amounts of hematite but no identifiable mullite, and with lime
forming an intermediate phase. It can be noted that the typical pyroxene formed dur-
ing the firing of Ca-silicate compositions is normally fassaite rather than a diopside-
hedenbergite solid solution (Fig. 6.4) as commonly reported in this and other studies
(Dondi et al. 1998). This is consistent with the occurrence of fassaitic pyroxene in py-
rometamorphosed calc-silicate rocks (Chapter 4) and in slags with compositions plot-
ting in the CaO-MgO-Al2O3-SiO2 quaternary system (see below).

Mineralogical changes with increasing temperature in a marl composition are
shown in Fig. 6.5a. Up to 500 °C there are no major mineralogical changes. Between
500–550 °C, kaolinite is destroyed. Dolomite decomposition begins at temperatures
between 500–550 °C and is completed at 650 °C, whereas fine-grained calcite begins
to decompose at 600 °C, accelerates at 650 °C and is complete at 700 °C. With the dis-

6.1  ·  Bricks/Ceramics
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appearance of calcite, crystallisation of lime occurs, reaching a maximum at ~825 °C
before disappearing again between 900–950 °C. The major clay mineral constituents,
illite and montmorillonite, begin to slowly decompose between 650–700 °C, their
amounts rapidly decreasing between 800–850 °C. They disappear completely at 950 °C
at which temperature sanidine appears. Chlorite begins to decompose at ~550 °C and
disappears at 725 °C. At temperatures between 850–900 °C the formation of gehlenite,
clinopyroxene, wollastonite and anorthite coincide with a decrease in quartz and lime.

The above mineral changes with increasing temperature are also accompanied by
dimensional changes in some of the phases as shown in Fig. 6.5b. Above the α–β in-
version in quartz at 575 °C, expansion occurs in calcite-rich marls above 700 °C due
to release of CO2. At temperatures > 820 °C however, there is a notable shrinkage re-
sulting from dehydroxylation and compaction of amorphous decomposition prod-
ucts of illite and montmorillonite. The amount of shrinkage diminishes at tempera-
tures higher than 900 °C when renewed expansion begins due to the formation of a
framework of Ca-silicates which counter the shrinkage produced by amorphous
material. Only after fusion begins at > 1050 °C does shrinkage again occur (Fig. 6.6).

Comparison of starting chemical compositions and those of their respective crys-
talline fractions after firing is shown in Fig. 6.7. As the compositions lie within the
quartz-anorthite-wollastonite/pyroxene stability field, gehlenite is metastable as im-
plied by its transformation to anorthite and wollastonite during the “soaking” period
at 1050 °C (Fig. 6.5) according the reactions

Ca2Al2SiO7 + 2SiO2 = CaSiO3 + CaAl2Si2O8
gehlenite quartz wollastonite anorthite

Ca2Al2SiO7 + 3SiO2 · Al2O3 = 2CaAl2Si2O8
gehlenite amorphous material anorthite

with the åkermanite component in gehlenite and possibly also Fe, Mg in the amor-
phous material contributing to the formation of pyroxene.

Fig. 6.4.
Ceramic clinopyroxene com-
position field in terms of
[4]Al-[6]R3+-[6]R2+ compared
with the composition fields of
natural fassaite and diopside
pyroxenes (after Fig. 4 of
Dondi et al. 1998)
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Fig. 6.5. a Changes in mineral composition during firing of carbonate-rich raw brick material at a heating
rate of 1 °C min–1 and a soaking temperature of 1050 °C (after Fig. 1 of Peters and Iberg 1977). b Dimen-
sional changes on firing of raw brick materials with variable carbonate content. In carbonate-poor
material, shrinkage caused by vitrification passes directly into shrinkage caused by melting (after Fig. 2
of Peters and Iberg 1977)

6.1  ·  Bricks/Ceramics



198 Chapter 6  ·  Anthropogenic Pyrometamorphism

Fig. 6.6. Textural/mineralogical changes in marl brick material with firing between 600–1300 °C (after
Peters and Jenni 1973, p. 56)
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Metastable mineral and textural transformations in a brick paste with additional
calcite and dolomite, fired at temperatures between 700–1100 °C are further detailed
by Cultrone et al. (2001) using optical, XRD, SEM-EDX and EPMA methods. Impor-
tant features of the transformation are as follows:

■ ~700–800 °C. At ~700 °C dolomite starts to decompose according to the reaction

CaMg(CO3)2 = CaO + MgO + 2CO2
dolomite lime periclase

followed at 830–870 °C by calcite decomposition

CaCO3 = CaO + CO2
calcite lime

and leading to cracking of the brick as a result of shrinkage.
■ 800–900 °C. At temperatures > 800 °C, melting begins and calc-silicates appear.

Gehlenite forms at the boundaries between carbonates and dehydroxylated phyl-
losilicates through the reaction

KAl2(Si3Al)O10(OH)2 + 6CaCO3 = 3Ca2Al2SiO7 + 6CO2 + 2H2O + K2O + 3SiO2
illite  calcite   gehlenite

with wollastonite forming by the usual reaction between lime and quartz.
■ 900 °C. At 900 °C clinopyroxene occurs at the interface between dolomite–quartz

according to the reaction

CaMg(CO3)2 + 2SiO2 = CaMgSi2O6 + 2CO2
dolomite quartz diopside

Fig. 6.7.
Compositions of carbonate-
rich tile and brick raw materi-
als (open circles) and crystal-
lised fractions of fired material
(filled circles) in terms of mol%
(Ca,Fe,Mg)O – Al2O3 – SiO2
(after Fig. 3 of Peters and
Iberg 1977)

6.1  ·  Bricks/Ceramics



200 Chapter 6  ·  Anthropogenic Pyrometamorphism

and at the same time anorthite + sanidine form at the expense of illite, calcite and
quartz

KAl2(SiAl)O10(OH)2 + CaCO3 + SiO2 = 2KAlSi3O8 + 2Ca2Al2SiO8 + 2CO2 + H2O
illite calcite sanidine anorthite

■ 1000–1100 °C. There is a significant reduction in the modal amount of gehlenite at
1000 °C that is probably associated with the formation of anorthite and wollastonite
as peak intensities of both minerals increase at 1100 °C, similar to the results of Peters
and Iberg (1977). At temperatures > 1000 °C, dolomite/silicate (i.e. quartz or
phyllosilicate) contacts are commonly lined by wollastonite. The outer parts of the
reaction rims are characterised by a complex texture consisting of the protrusion of
“fingers” of ?siliceous melt within the wollastonite (Fig. 6.8). The formation of this
texture may be the result of partial melting at the carbonate-silicate interface with
viscous flow (mass transport) taking place through the porous clay-quartz matrix.
The thick (up to 250 µm) wollastonite rims the surround former carbonate grains
and the presence of unreacted inclusions such as quartz (Fig. 6.8) reflect high reac-
tion and diffusion transport rates at ~1100 °C.

6.2
Spoil Heaps

Chelyabinsk

A large number of high temperature minerals have formed in an aggressive gaseous
media of O2 from the atmosphere and S, F, Cl within naturally burned coal-bearing
spoil heaps of the Chelyabinsk brown coal basin, South Urals, Russia (Chesnokov and
Shcherbakova 1991; Sokol et al. 1998, 2002a, 2002b; Sharygin et al. 1999). There are
some 50 such pit-heaps located in the vicinity of Chelyabinsk that range from 40 to

Fig. 6.8.
Complex “fingered” texture
developed at the outer contact
of wollastonite reaction rims
around dolomite. See text.
(Drawn from BSE image photo
Fig. 5g of Cultrone et al. 2001)
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70 m in height with volumes reaching 1 000 000 m3 (Fig. 6.9). In addition to coal, the
spoil heaps also contain mudstone, siltstone, sandstone, marl, siderite concretions,
and fragments of petrified wood. Spontaneous combustion of the coal material be-
gan with smoldering, infrequently passing through a phase of flame combustion
generating temperatures of 1000–1200 °C. This process continued over a twenty year
period from 1960 to 1980 and resulted in variable extents of pyrometamorphic alter-
ation to form clinker, including so-called “black blocks” and nodules of cordierite,
and paralava (Fig. 6.10).

High temperature red and cherry-coloured fine grained mudstone clinker is the
main constituent of the heaps and contains cordierite, mullite, tridymite (rare quartz
and α-cristobalite), hematite and magnetite. Lower temperature pink mudstones lack
cordierite and contain quartz, hercynite and mullite, while in the lowest temperature
yellow-coloured examples, primary muscovite is partly altered to mullite.

Grey-violet and grey crystalline cordierite nodules less than 20 cm in size, also re-
ferred to as fluorine-rich (up to 1.6% F) paralava, are associated with the high tempera-
ture clinkers and are commonly developed adjacent channels of hot gas jets (Fig. 6.11).
In addition to minerals in the associated clinker, the nodules also contain anorthite
and sometimes biotite. Walls of gas vesicles in the nodules are covered by small (< 1 mm)
crystals of hematite, magnetite, pseudobrookite, mullite, cordierite, anorthite and biotite,
accessory topaz, apatite and periclase, while surfaces of annealed mudstone fragments
in cavities have crusts of anorthite, wollastonite and esseneite. Intergranular spaces in
the nodules contain fluorite, sellaite (MgF2) or a K-Al acid glass. The cordierite nodules
appear to have resulted from the melting of a mixture of siderite concretions, mudstone
and carbonaceous mudstone (Fig. 6.10) under oxidizing conditions. The annealing
process proceeded with gas-transport reactions as indicated from reaction zones at the
contact of the nodules enclosed in mudstone, the common proximity of the nodules to
gas vents and the abundance of pores and cavities in them.

Black layered and porcellanous burnt mudstone contaminated by “soot” occurring
in “black blocks” contain cordierite, quartz, tridymite, mullite, K-Mg osumilite, peri-

Fig. 6.9. Burnt spoil heaps, Chelyabinsk coal basin, southern Urals, Russia. (Colour photo supplied by
Dr. E.V. Sokol)

6.2  ·  Spoil Heaps
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Fig. 6.10. ACF plot of unburnt calcareous mudstone and mudstone, burnt yellow, pink and red mud-
stone clinker, cordierite nodule, slag after sideritic mudstone, and basaltic paralava from burnt spoil
heaps, Chelyabinsk coal basin, southern Urals, Russia (data from Chesnokov and Scherbakova 1991;
Sokol et al. 1998; Sharygin et al. 1999)

Fig. 6.11.
Red clinker with holes created
by burning gas jets. The walls
of the holes are coated with
glass that contains abundant
quench crystals of cordierite
and fayalite (× 4). Pyrometa-
morphosed spoil material,
Chelyabinsk coal basin, south-
ern Urals, Russia (photo sup-
plied by Dr. E.V. Sokol)
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clase, sanidine, graphite, iron carbides and native iron. On the walls of cracks in frag-
ments of woody coal within the “black blocks”, vapour-phase crystallisation of ortho-
rhombic (svyatoslavite) and hexagonal (dmisteinbergite) forms of CaAl2Si2O8 occur
together with anorthite, troilite, kogenite, chondrodite, norbergite, fluor-phlogopite,
fayalite, titanite, spinel and graphite. Hexagonal anorthite as a high temperature syn-
thetic phase was first reported by Davis and Tuttle (1952) and its occurrence at Chelya-
binsk together with orthorhombic CaAl2Si2O8, appears to be the first recorded natu-
ral occurrence.

An unusual mineral assemblage is found in fragments of pyrometamorphosed pet-
rified wood with the development of nut-like concentrically-zoned aggregates having
a dense anhydrite shell enclosing a friable core (Fig. 6.12). The anhydrite shell contains
apatite, chondrodite, fluorite, forsterite, anorthite and wollastonite. Cores consist of
portlandite (after lime), sometimes with larnite and spurrite in calcitic varieties or
hematite, magnesioferrite and magnetite in sideritic varieties.

Paralava (parabasalt) is only found in the largest of the intensely burning spoil heaps
and results from melting of a finely crushed mixture of mudstone, calcareous claystone,
siderite concretions and carbonaceous matter. Areas of melt generation are associated
with a system of channels that provided passage for incandescent gases. Separate parts
of the melt flowed to the bottom of the spoil heaps and collected in “chambers” to form
massive greenish-grey paralava, up to a few cubic metres in size. This type of paralava
is fine-grained, holocrystalline with a doleritic texture between olivine, clinopyroxene,
anorthite, pleonaste spinel and leucite. Interstices are occupied by fayalite, Ti-magnet-
ite, K-feldspar, pyrrhotite and rarely devitrified opaque glass. Dark brown stalactitic
paralava has formed during the downward flow of iron silicate melt in the spoil heap
and consists of plagioclase, clinopyroxene, spinel, skeletal Fe-olivine and leucite and
devitrified opaque glass with Ti-magnetite, pyrrhotite and kirschsteinite filling inter-
stices. An intricate branch-like arrangement of 2–3 cm thick veins of parabasalt are
related to localisation of numerous gas channels that heated carbonate-clay host rock
to melting point. Interesting reaction minerals have developed between the parabasalt
veins and their wallrocks (Sharygin et al. 1999):

Fig. 6.12.
Cross-section of a concentri-
cally zoned nut-like aggregate
formed during the burning of
petrified wood, pyrometamor-
phosed spoil material, Chelya-
binsk coal basin, southern Urals,
Russia. 1 = friable core of
largely portlandite after lime;
2 = dense anhydrite mantle;
3 = rock fragments; 4 = srebro-
dolskite; 5 = fluorallestadite
(wilkeite; Ca5(SiO4,PO4,SO4)3
(F,OH,Cl)); 6 = spurrite, larnite
etc (after Fig. 7 of Chesnokov
and Tsherbakova 1991; scale not
given in original diagram)

6.2  ·  Spoil Heaps
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1. Reaction with annealed mudstone has formed a chilled zone (to 0.5 cm thick) con-
sisting of cordierite, ilmenite (± rutile) and acidic K-Al glass.

2. Reaction with claystone has produced corundum, cordierite, a silica polymorph
and acidic glass.

3. Mineralogical zoning is well developed at the contact with a fragment of roasted
petrified wood of dolomite-ankerite composition. The core of the fragment con-
sists of fine-grained aggregates of oldhamite, ferropericlase, lime (reacted to port-
landite) and Cl-bearing mayenite. Towards the parabasalt, magnesioferrite, P-bear-
ing larnite and gehlenite occur while at the contact coarse grained low Al-melilite
has formed.

4. Reaction with sideritic material has produced an outward zonation of magnesio-
ferrite + Ca-rich ferrites + periclase, periclase + melilite, and melilite.

Like those from East Kazakhstan (see Chapter 3), the parabasalts are rich in iron
with 11.3–16.9 wt.% FeO. They differ in composition from natural basalts in contain-
ing slightly higher Al2O3 (14.6–18.9 wt.%), and lower MgO (4.6–6.5 wt.%) and Na2O
(0.05–0.33 wt.%). The first melts appear to originate in areas of abundant siderite due
to the low temperature dissociation of Fe(CO)3 with subsequent melting of annealed

Fig. 6.13. Normative anorthite-leucite-silica composition diagram of acidic glasses from veined para-
basalts, pyrometamorphosed spoil material, Chelyabinsk coal basin, southern Urals, Russia (after Fig. 4
of Sharygin et al. 1999)
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pelitic rocks, Ca-Mg and Fe-carbonates with rising temperature. Homogenisation
temperatures of primary inclusions in anorthite, olivine, augite, leucite and apatite in
the veined parabasalt provide minimum temperatures of host mineral formation with:
Al-spinel → anorthite (1250–1125 °C) → Mg-Fe olivine (>> 1140 °C) → augite (1225–1145 °C)
→ leucite (> 1180 °C) → apatite, Ti-magnetite → K-rich anorthite (1125 °C) → fayalite,
kirschsteinite, hedenbergite → K-Ba feldspar (1060 °C). The composition of the para-
basalt melt evolved from Fe-rich basalt (1250–1200 °C) to rhyolite (1100–1000 °C) al-
though in one parabasalt, coexisting basic and acid glass implies immiscibility. In
terms of normative An-Or-silica content, the acid glass compositions indicate tem-
peratures between 1250–1000 °C (Fig. 6.13) and span the temperature range of min-
eral formation given above.

The occurrence of oldhamite, schungite, sulphides (mainly pyrrhotite), native iron,
the common coexistence of fayalite with titanomagnetite, and substitution of P in olivine
and kirschsteinite, indicates that pyrometamorphism occurred under ƒO2 conditions
not exceeding that of the QFM buffer. Although the “black block” mineral assemblages
indicate the most reducing conditions, the initial high porosity of the waste heaps
insured the presence of a S, C and H-containing gas network system and good aeration,
so that the majority of mineral assemblages formed under more oxidizing conditions.
Reaction of F, Cl and S gases in the coal heaps has resulted in many of the OH-bearing
minerals becoming Cl- and F-substituted analogues, e.g. fluor-silicates (humite group
minerals, amphiboles, cuspidine-chlorocuspidine, ellestadite), phosphates (fluorapa-
tite, wagnerite) and fluorborate that are considered to be the products of gas-transport
reactions (Sokol et al. 20012a).

6.3
In-situ Gasification

In-situ gasification, or underground coal gasification (UCG), is an unconventional
technique of coal utilisation associated with large-scale firing of rocks adjacent to a
coal seam to create the simplified basic reaction

coal [macerals + minerals] + oxidant [O2/air] + H2O
= gas [CO2 + CO + H2 + CH4 + N2 …] + ash + heat

Centralia

Pyrometamorphic features and mineralogy in and around an underground gasifier
near Centralia, Washington, USA, have been detailed by Kühnel and Scarlett (1987),
McCarthy et al. (1989) and Kühnel et al. (1993) and are similar to those associated with
the burning of coal seams described in Chapters 2 and 3. A reconstruction of the tem-
perature regime of the gasifier is shown in Fig. 6.14 and mineral transformations on
heating of argillaceous overburden rocks and crystallisation of new minerals from
cooling of gasification residues are summarised in Fig. 6.15. Close to the horizontal in-
jection well, temperatures were high enough to melt the upper part of the steel tubing.

In the upper part of the gasifier, cavities of ~0.5 m size have formed in which sta-
lactites and stalagmites of molten argillaceous rock of the overburden occur. This area

6.3  ·  In-situ Gasification
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represents the upper hot spot in the gasifier. Melt derived from illite-rich clay having
a viscosity at 1400 °C similar to honey has flowed down onto a glowing pile of mullite-
rich ash derived from kaolinitie intercalations in the coal seam resulting in the forma-
tion of a breccia of sintered mullite-rich rocks in a glassy matrix.

At 800 °C droplets of melt begin to form along the grain boundaries of illite and
smectite and with increasing temperature feldspars and quartz begin to melt. When
the temperature exceeds 1200 °C the argillaceous rocks are > 80% melted and they
are completely molten at temperatures above 1350 °C. As cooling in the gasifier is rapid,
much of the melt is preserved as glass and crystalline phases are characterised by
dendritic, skeletal, hollow and needle-like crystals of cristobalite, tridymite, fayalite,
cordierite, mullite, anorthite, corundum, hercynite and magnetite, with droplets of
metallic iron and Fe + FeS microspheres. Gases released from gasification of the coal,
dehydration and dehydroxylation of clays, thermal dissociation of sulphides and car-
bonates are explosively released when fragments or overburden fall into the melt caus-
ing vesiculation, foaming and bloating.

Cracking and fracturing of the heated roof rock of the coal seam caused by an in-
crease in pore pressure created by water released from clay minerals, the orientation of
which controls the orientation of fractures, eventually causes disintegration of the roof
rocks by spalling and collapse into the cavity created by the gasification process to
form a vitrified and sintered rubble pile with associated glassy slag.

Prevailing reducing conditions of the gasifier and the development of local hotspots
causes metallisation (beginning at ~700 °C) of ferruginous phases such as goethite,
hematite, siderite and Fe-bearing silicates such as chlorite, together with the formation
of ferroalloys such as iron silicides. Sulphur generated from thermal dissociation of
sulphides may react with native iron to form troilite that contains exsolved Fe3P (Kühnel
et al. 1993).

Influx of oxygen and steam into the gasifier through fractures during heating and
influx of groundwater during cooling causes hydrothermal alteration of the warm rocks
of the gasifier to form osumilite, hematite, goethite and various salts such as alum and
anhydrite at temperatures < 300 °C (Fig. 6.15).

Thulin

During an underground coal gasification experiment at Thulin, 15 km east of Mons,
Belgium, shale and sandstone within 5 m of the top of the burnt coal seam were py-
rometamorphosed at temperatures ranging from 1083 °C to 1500 °C (Nzali et al. 1999).
Melting/crystallisation produced parabasalt consisting of anorthite, interstitial clinopy-
roxene and magnetite with minor K-feldspar and biotite. Heterogeneous, vesicular
glassy enclaves consist of domains of mullite-sillimanite-spinel-corundum and corun-
dum-anorthite occur within the parabasalt. Textures indicate that sillimanite is replaced
by mullite and mullite is replaced by corundum suggesting the reactions

3sillimanite = mullite + SiO2

mullite = 3corundum + SiO2
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with SiO2 presumably dissolved in the acidic melt and temperatures of between
900–1000 °C. Vesicles (20–100 mm diameter) around which a mineral zonation is
evident occur in micaceous sandstone, with the amount of fusion (glass) increasing
towards the vesicle (Fig. 6.16) implying that it was a burning gas vent. Siderite lenses
elongated parallel to stratification in shale are converted to calcite and andradite
together with wollastonite, monticellite, magnetite, pyrrhotite and chalcopyrite.

6.4
Drilling

California

Fused core ends from well drilling in arkose with fine shale interlayers, California,
described by Bowen and Aurousseau (1923), contain small amounts of tridymite, sil-
limanite (possibly mullite) in glass with fayalite developed near the iron drilling pipe.
Relic grains within the glass are quartz, plagioclase, microcline and unidentified clay
material, together with small metallic fragments from the drill. Experimental determi-
nation of fusion temperatures of core material under reducing conditions found that
slight sintering occurred at 1050 °C and extensive melting occurred at 1100 °C, while at
1150 °C a proportion of glass similar to that in the fused core was produced within
1 hour.

Fig. 6.16.
A melt pocket developed
around a burning gas vent in
micaceous sandstone, under-
ground coal gasifier at Thulin,
Belgium (redrawn from Fig. 3
of Nzali et al. 1999)

6.4  ·  Drilling
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Denmark

Melting of clastic sediment during coring (Lavø-1 well, Denmark) described by Pedersen
et al. (1992), appears to have been caused by restricted circulation of the mud lubricant
with friction induced by rotation heating the sticky silicate mass up to that of partial
melting. The thermally affected rock occurs over a interval of about 30 cm from the
base of the drill hole, of which ~21 cm is glassy. This grades upward into a mylonite in
which siltstone fragments and mineral grains + vitrinite are embedded in a dark matrix
of mylonitised mica-rich silt- or mudstone characterised by the presence of illite and
metakaolinite which disappear within a 5 mm thick zone in contact with the melted
rock. The glassy part of the core is vesicular (vesicles < 0.5 mm) and is characterised
by radial and concentric fissures that formed during thermal contraction. The glassy
portion is fairly homogeneous on a cm-scale and displays flow texture caused by vari-
able amounts of minute opaque and semi-opaque particles. It is widespread in extremely

Fig. 6.17. Primary kaolinite, illite, fused siltstone and glass compositions of partly melted clastic sedi-
ment from the base of the Lavø-1 well, Denmark, plotted in the 50 mol% (Al,Fe)2O3 – (Fe,Mg)O
– [(K,Na)2O + CaO] · (+ H2O) composition plane projected from SiO2 (inset diagram). Kaolinite and
chlorite are projected from above and below the composition plane respectively. All iron in fused rock
and glass is computed as FeO; in illite and metakaolinite as Fe2O3 (analyses from Pedersen et al. 1992).
Shaded area defined by detrital/authigenic assemblage of kaolinite, illite, muscovite, microcline, plagio-
clase, probable chlorite/smectite and quartz in original siltstone from which mullite, cordierite and
glass formed during pyrometamorphism. See text
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fine-grained interstitial areas and is colourless to dark brown with a variable compo-
sition often on the scale of a few microns. Included in the glass are relic grains of quartz,
K-feldspar (transformed microcline), mica, Fe-bearing illite and metakaolinite together
with subordinate zircon, Ti-oxides, vitrinite, and rare chromite and tourmaline. Py-
rometamorphic minerals, identified by XRD, comprise cordierite (indialite) and a very
small amount of mullite.

The chemographic relationship between primary and pyrometamorphic minerals
is shown in Fig. 6.17 terms of a 50 mol% (Al,Fe)2O3 – (Fe,Mg)O – [(K,Na)2O + CaO]
composition plane projected from SiO2. The plot suggests that chlorite and/or smectite
were also part of the primary assemblage although these minerals are not detected by
XRD suggesting that they may have melted, e.g. between ~700–900 °C (Cultrone et al.
2001). Glass compositions indicate that in addition to cordierite and mullite, sanidine
and possibly orthopyroxene may have formed if crystallisation had occurred.

From an Fe3+/Fe2+ ratio of less than 0.02 in the glass determined by Mössbauer-
spectroscopy, the prevailing oxygen fugacity at the time of pyrometamorphism, as-
suming a temperature of 1000–1100 °C, could have been between log ƒO2 = –15.2 to
–13.7, i.e. from slightly below to around that of iron-wüstite buffer conditions, respec-
tively. Very low redox conditions are also reflected in the Fe-Ti oxide compositions
and the presence of troilite. Clastic grains (< 0.01–0.08 mm) comprise rutile and com-
posite Fe-Ti oxides. These are rimmed and replaced by high temperature armalcolite
and pseudobrookite which also occur as spongy aggregates with rutile. Significant
intergrain compositional variation implies different equilibrium domains with dif-
ferent ƒO2, e.g. Fe-poor armalcolite indicates high-temperature reduction caused by
carbon compounds. Globular troilite occurs in the glass and is also associated with
vitrinite, rutile and armalcolite.

Small fragments of metallic iron within the glassy rock derived from the low-alloy
steel drilling bit and tubing have a bainitic structure indicating rapid cooling of be-
tween 10–100 minutes from high temperature from a parent austenite structure devel-
oped when the steel particles were briefly reheated. Vitrinite as 0.005–0.04 mm sized
grains, has a mean reflectance in oil of Ro = 4.89%, and a maximum reflectance of
Rmax = 6.55% indicting that it is meta-anthracite (i.e. > 98% fixed carbon). These high
values contrast with vitrinite values of ~Ro = 0.5% only 50 cm away from the melted
rock and underscore the extremely high thermal gradient.

6.5
Slag

Oil Shale

Slag derived from fused oil shale subjected to a furnace temperature of 760 °C in the
presence of steam is described by Phemister (1942) as consisting of cordierite, calcic
plagioclase (An80–90), anorthite, fayalitic olivine (~Fa75), clinopyroxene (with a yel-
low colour and most probably fassaitic-rich), hercynite and magnetite in colourless
to brown, turbid and opacised glass. The composition of the slag is variable. Parts are
almost holocrystalline whereas other parts are glass-rich. Adjacent the firebrick of
the retort a ~1 mm wide porcellanous zone is developed consisting of plum-coloured

6.5  ·  Slag
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glass containing crystals of bytownite and with cordierite concentrated along the fire-
brick interface and in glass veins extending into the unrecrystallised brick. Similar
cordierite-glass coronas surround fragments of unfused shale in the slag.

Phemister (1942) considers the cordierite-rich areas may have resulted from selec-
tive diffusion of oxides within the heated shale, i.e. diffusion of CaO and FeO into
areas where melting has begun, leaving areas relatively enriched in MgO and Al2O3
that crystallised as a sinter composed of concentrations of cordierite cemented by a
small amount of glass. In this respect it is interesting to note that in the experimental
study of melting of natural shales by Wyllie and Tuttle (1961), cordierite only formed
in bulk compositions with > 1.64 wt.% MgO (19–21 wt.% Al2O3) and anorthite formed
in a shale with high CaO (6.93 wt.%). Chemographic relationships in terms of ACF
parameters of the fused oil shales and those of the shale compositions used in the
melting experiments of Wyllie and Tuttle (1961) are shown in Fig. 6.18.

Blast Furnace Slag

Non-metallic blast furnace slag is developed during iron production where iron ore
or scrap iron is reduced to a molten state by burning coke fuel fluxed with limestone
and/or dolomite. The slag is used as a supplementary additive in cement production.
Slag compositions are essentially Fe-poor marls and can be depicted within the sys-
tem CaO-SiO2-Al2O3-MgO. Pelletised and granulated slags examined by Scott et al.
(1986) are characterised by the crystallisation of melilite (Åk17–73 Ge27–83) or merwin-
ite, with minor amounts of early-formed oldhamite and iron from compositions of
Al2O3 (10.2–17.9 wt.%), CaO (39–41 wt.%), MgO (5–10 wt.%). Glass compositions are
similar to those of the slag material. Whether melilite or merwinite occurs depends
on the CaO content of the slag, i.e. if CaO > 42 wt.% merwinite forms (Fig. 6.19). This
is probably the reason why merwinite is not found in natural pyrometamorphosed
marls which typically have bulk CaO contents < 37 wt.%. Other slags with higher Al2O3

Fig. 6.18.
ACF plot of ash from fused oil
shales (data from Phemister
1942) (filled circles) compared
with shale compositions (filled
squares) used in melting ex-
periments by Wyllie and Tuttle
(1961), the fused products of
which contain newly-formed
mullite, mullite + cordierite or
anorthite + orthopyroxene as
labelled
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Fig. 6.19. Melilite, merwinite and melilite + fassaitic pyroxene-bearing slag compositions plotted in a
section through the system CaO-Al2O3-SiO2-MgO at 10 wt.% MgO (data from Scott et al. 1986, Fig. 4;
and Butler 1977). Composition field of blast furnace slags from Fig. 11.1 of Moranville-Regourd (1998).
Inset shows plot of melilite + fassaite slag in the system CaO-Al2O3-SiO2-MgO at 5% MgO (after Verein
Deutscher Eisenhüttenleute 1995; Fig. 3.324, p. 160)

(21–23 wt.%), less CaO (~33.9 wt.%), and similar MgO (5–6 wt.%) contain fassaitic
pyroxene instead of merwinite, melilite (Åk28–51 Ge43–69 Na-Ge3–6), oldhamite (with up
to 25 wt.% Mn and 8 wt.%. K) and pale yellow silica-poor, Al, Ca, K-rich glass that
represents the residual liquid after crystallisation of melilite and pyroxene with a
composition near a eutectic in the system melilite–anorthite–leucite representing the
final liquidus temperature of the slag (Butler 1977). In Fig. 6.19, the melilite + fassaite
slag compositions (in which fassaite crystallised after melilite) plot on the 1450 °C iso-
therm in the Al-rich part of the melilite field and with falling temperature would be
expected to produce a final liquid on the melilite-diopside cotectic at around 1250 °C.
Additional components, particularly alkalis, in the slag would lower this temperature.

Except for low iron content (maximum of 1.53 wt.% FeO) and the presence of mer-
winite, the silicate composition and mineralogy of the melilite-bearing blast furnace

6.5  ·  Slag
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slags is comparable to marls that have been fused by combustion of organic matter,
e.g. the Si-poor, Ca-rich marl compositions in Iran and the Central Apennines de-
scribed in Chapter 4. To form wollastonite in the slags would require a higher silica
content.

Bog Iron

Iron-rich slag (61–69 wt.% FeO) derived from melting of bog iron from medieval iron-
works near Schieder, Germany, are characterised by fayalite (48–98 vol.%) displaying
spinifex textures, wüstite, native iron and magnetite with accessory hematite, “idding-
site”, vivianite, rutile, chalcopyrite and pyrite (Müller et al. 1988). The bog iron is es-
sentially “limonite” (= goethite) (61.9–66.2 wt.% FeO), together with minor amounts
of detrital quartz, plagioclase, orthoclase, muscovite, hornblende, chlorite, epidote,
zircon and tourmaline. Bulk rock and slag compositions have SiO2, Al2O3, FeO mak-
ing up 98 wt.% of total oxides and in the system FeO-SiO2-Al2O3 plot in the fayalite
field with slag compositions clustering near the fayalite–wüstite cotectic indicating
temperatures of ~1150 °C (Fig. 6.20). Such compositions are extreme but might be
encountered in nature from pyrometamorphism of goethite–hematite-rich bauxite
(lithomarge).

Solid Waste

High temperature processes developed for the treatment of solid waste and its incin-
erated residues result in the formation of glass and crystalline silicates that resemble
natural paralava formed through the action of burning coal seams, oil and gas. One
example from the municipal solid waste incinerator at Basel, Switzerland, has been
investigated by Traber et al. (2002). At kiln temperatures of 1200–1400 °C, waste
samples undergo extensive melting to form a dark, porous slag consisting of anorth-
ite (An90–95 Ab4.3–9.0 Or0.6–1.9), melilite (Ge20–34 Åk33–43 Na-Mel20–27 Fe-Åk4–6 and with the
Zn end member hardystonite varying between 4–6) and a glassy to microcrystalline
interstitial SiO2–Al2O3–CaO-rich phase (Fig. 6.21). Additional minerals are corundum

Fig. 6.20.
Plot of glass compositions in
slag derived from fusion of
bog iron in terms of the system
FeO-Al2O3-SiO2 (Schairer and
Yagi 1952). Data from Müller
et al. (1988)
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and minor (< 1 vol.%) metallic inclusions. The metallic inclusions are preferentially
associated with gas pores and include Fe-P alloy, pure Fe, Al and Si. No sulphides are
present. Relic phases include quartz, calcite and lime.

About 80 wt.% of the bulk slag composition consists of SiO2, Al2O3 and CaO (av.
42.4%; 20.5%; 21.6% respectively, i.e. a marl composition) with Al relatively constant
and the CaO/SiO2 ratio varying from 0.3–0.7. Samples with high CaO/SiO2 (> 0.54) have
undergone extensive melting, crystallisation of anorthite and melilite, and a greater
degree of homogenisation in comparison with those with low ratios (< 0.52) that con-
tain more glass. The glassy varieties are characterised by incipient crystallisation of
plagioclase or of SiO2-rich molten scrap glass. Compositions of the waste product plot
within the primary field of anorthite in the system Al2O3–CaO–SiO2 with 5 wt.% MgO
(Verein Deutscher Eisenhüttenleute 1995, p. 160; Fig. 3.6b) and indicate that crystal-
line/glass-poor samples plot closer to the cotectic line with gehlenitic melilite. Within
the system gehlenite–åkermanite–Na-melilite, melilite compositions indicate tempera-
tures of between ~1400–1350 °C in agreement with those recorded in the kiln (Fig. 6.22).

The solid waste of this study is very heterogeneous in terms of composition and
particle size and with melting resulting a large variety of reactions. Short incineration
time of 30–60 minutes insures disequilibrium reaction products, variable mineral com-
positions, preservation of glass, partial devitrification of glass, locally variable redox
and temperature conditions – all characteristics of the fusion of natural marl and other
protoliths during pyrometamorphism.

6.6
Ritual Burning, Vitrified Forts

Ötz Valley

Partially molten biotite gneiss from a locality in the Ötz Valley, Tyrol, Austria, where
immolation of ritual animal offerings took place between 450–15 BC, is described by
Tropper et al. (2004). The unmelted gneiss consists of quartz, oligoclase, biotite, with
accessory apatite and zircon. Partial melting has caused the formation of foamy patches
of dark glassy material at the surface of the rock and as internal layers. The glassy

Fig. 6.21.
Texture between anorthite
(dark grey), melilite (light
stipple) and glassy to micro-
crystalline interstitial material
(coarse stipple) formed from
melting and cooling of solid
waste, Basel, Switzerland
(drawn from a BSE image
photo Fig. 3 of Taber et al.
2002)

6.6  ·  Ritual Burning, Vitrified Forts
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material consists of a “basaltic” assemblage of olivine (Fo49–71; 0.30–8.9 wt.% P2O5),
augite (XMg 0.35–0.76; 0.6–3.5 wt.% Al2O3), plagioclase (An40–60), Ti-magnetite within
colourless to dark brown glass (wt.% 63.5–69.1% SiO2; 5.0–16.1% FeO; 0.5–6.0% CaO;
1.5–3.4% Na2O; 1.3–5.5% K2O). Near the contact between glass and gneiss whitlockite
[Ca9(Mg,Fe)(PO4)6(PO3OH)] occurs together with olivine, augite, plagioclase and glass.
The occurrence of unusual P-bearing olivine and whitlockite reflects the presence of
animal bone fragments at the burning site.

Melting experiments between 800–1300 °C at 1 bar on slabs of gneiss with interlayers
of animal bone in graphite crucibles resulted in the formation of P-rich olivine, whit-
lockite and plagioclase and indicated that the reaction

biotite + quartz = olivine + Ti-magnetite + K-rich melt

exceeded 1000 °C at ƒO2 conditions near the CCO buffer. Glass compositions indicate
that feldspar and possibly clinozoisite alteration of plagioclase was also involved with
biotite during the melting to produce clinopyroxene and more Ca-rich plagioclase
according to the reactions

biotite + feldspar(1) = olivine + feldspar(2) + K-rich melt

biotite + plagioclase + quartz = clinopyroxene + K-Na-rich melt

biotite + clinozoisite + quartz = anorthite + K-rich melt

the gave rise to the “basaltic” plagioclase, clinopyroxene, olivine, Ti-magnetite, glass
assemblage in the melted areas (see Chapter 7).

Fig. 6.22.
Melilite compositions from
waste slag projected in the
system gehlenite-åkermanite-
Na-melilite (after Fig. 6 of
Taber et al. 2002). See text
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El Gasco

A quartz-rich pumiceous rock that crops out on a hill top near the village of El Gasco, Cá-
ceres, Spain, contains the only known occurrence of ferroan ringwoodite [(Mg,Fe3+)2SiO4]
on Earth (Diaz-Martínez and Ormö 2003). The pumice has resulted from partial melt-
ing of quartzite and in addition to ringwoodite, the silica glass (lechatelierite) contains
hercynite and iron droplets. The occurrence may be compared with process of con-
structing Bronze- and Iron-age vitrified forts in northern and western Europe through
the firing of wood and stone structures where temperatures reached 1235 °C. Metallic
iron spherules and droplets are found in many of these vitrified forts indicating strongly
reducing conditions during melting. Wood casts and silica glaze on the surface of some
of the pumiceous clasts at El Gasco and highly variable phosphorous content that may
be due to melting of apatite, incorporation of wood-ash and addition of bones, strength-
ens the possibility of an origin by anthropogenic burning. The problem is the presence
of the high pressure phase, ringwoodite which forms at ~1200 °C and 60 kb for more
Fe-rich compositions (Agree 1998). Diaz-Martínez and Ormö (2003) explain the oc-
currence as follows. Melting of a chloritic matrix in the quartzite caused localised high
volatile pressures within the closed, confining 3-D quartz framework. With increasing
temperature, and as soon as the discrete internal pressure reached the limit of quartz
tenacity, the framework structure broke and vesicles expanded by a process of hydro-
dynamic cavitation (Spray 1999) releasing the accumulated presssure. Ringwoodite,
hercynite and metallic iron droplets occur within glass adjacent these vesicles. Expan-
sion ended when the pressure equalled the high viscosity of the surrounding clast-rich
glass. The vitrocrystalline rock at El Gasco may thus be an example of short time de-
velopment of high pressures during melting and vapourisation of matrix minerals in
quartzite that resulted in the formation of quench crystals of ringwoodite in glass.
Reducing conditions and high temperatures of the vitrification process may also have
allowed ferroan ringwoodite to form at lower pressure than that under which it nor-
mally forms.

6.7
Artificial Fulgurite

SE Otago

Raeside (1968) describes an interesting example of artificial fulgurites produced by
high voltage electrical discharge in a soil, SE Otago, New Zealand. The slag-like fulgu-
rites were found in a shallow furrow approximately 83 m long in topsoil running
roughly parallel to an 11 000-volt power line that had fallen and discharged into the
soil over period of about 40 minutes. The fused material occurred as irregular tube-
like fragments up to 1 cm diameter and 2 cm long, and irregular, non-tubular frag-
ments up to 9.5 cm long and 7 cm wide. Inner surfaces of the hollow tube-like frag-
ments and concave surfaces of the irregular fragments are coated with glass the colour
of which changes outwards from pale grey, through a brick red partly fused vesicular
layer to an almost black weakly fused vesicular outer layer coated with a loose layer

6.7  ·  Artificial Fulgurite



of charred soil. The vesicular nature of the glass can be attributed to a high soil
moisture content. Quartz, zircon, epidote with minor actinolite and albite along with
an abundance of small opaque inclusions of possible carbon and Fe-oxide occur
throughout the glass.

The soil protolith is developed on loess derived from weathered low grade greywacke
and schist. It is characterised by ~40–45 % each of quartz and albite, with accessory
white mica, chlorite, epidote, rare actinolite, zircon, titanite, Fe-oxide and ~15% clay
content containing numerous “limonite” mottles and soft Fe and Mn concretions. As
quartz within the glass is angular and shows no evidence of fusion, the glass was
probably formed by the melting of albite, mica, chlorite and clay with the humus frac-
tion transformed to carbon. The change from dark grey to the black outer zone of the
fulgurites may reflect stages in the transformation of humus material and hydrated
ferric hydroxides together with localised variation in oxidation conditions.
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Chapter 7

Metastable Mineral Reactions

Metastable melting and high temperature disequilibrium reaction mechanisms are
important processes in pyrometamorphism. Because of kinetic factors such as low
diffusion rates, low fluid pressure and short term heating, reaction textures in py-
rometamorphic rocks do not generally achieve thermodynamic equilibrium and dis-
equilibrium mineral assemblages arrested in various stages of up-temperature reac-
tion are typically preserved. It is only with a coarsening of grain size during anneal-
ing at high temperatures, that thermodynamic equilibrium is approached during py-
rometamorphism. Using light optics, the initial stages of mineral reactions can rarely
be resolved because they occur over very small distances and the reaction products
are typically extremely fine grained. Consequently until the advent of the electron
probe microanalyser (EPMA), scanning electron microscope (SEM) and the trans-
mission electron microscope (TEM), important details of such reactions were essen-
tially unknown until the mid 1980’s and terms such as “amorphous”, “cloudy”, or
“altered”, were commonly used to describe the optically unresolvable nature of fine-
grained reaction assemblages. The advanced techniques have made it relatively easy
to establish fine scale reaction relationships in terms of composition, crystallogra-
phy, and mechanisms of transformation between reactants and products.

In rocks, individual minerals generally do not react as isolated chemical systems
as shown, for example, by possible reactions between a quartz-albite-phengite- chlorite
assemblage in a metasediment undergoing pyrometamorphism (Fig. 7.1). Except per-
haps in the central areas of larger grains, breakdown reactions will involve diffusive
interaction with adjacent minerals by intercrystalline diffusion towards grain bounda-
ries and then across grain boundaries by way of a fluid or melt (Fig. 7.1). Also, grain
boundaries are probably never actually “dry” at the stage when minerals begin to react
in response to increasing temperature. Initial stage dehydroxylation of phyllosilicates
would ensure the presence of water molecules along their grain boundaries as well as
along those of associated anhydrous phases such as quartz and feldspars. Volatiles
such as H2O, CO2 and SO2 released during heating can act as “mineralisers” with cata-
lytic effects and they may modify the path of thermal transformations, change the
temperatures and rates of reactions and even the reaction products themselves.

When mineral reactions occur under conditions where there is a large tempera-
ture overstep of equilibrium conditions, reaction rates can be very fast because ∆Gr
is large. Metastable phases form in place of stable assemblages as predicted by the
Ostwald step rule where mineral transformation occurs via a sequence of steps in-
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volving kinetically more favourable activation energies relative to direct transforma-
tion that involves a large activation energy (Putnis and McConnell 1980) (Fig. 7.2),
and once formed the thermodynamic driving force to produce a stable assemblage is
lowered by a reduction in free energy. Rubie (1998) considers the amount of tempera-
ture overstepping required for nucleation of product phases may differ depending on
the degree of structural (strain and interfacial energies) mismatch between reactant
and product. For the most part, however, nucleation during melting reactions that
typify many pyrometamorphic reactions are expected to require considerable tem-
perature overstepping if several product phases form. For example, experimental work
on the breakdown of muscovite + quartz by Rubie and Brearley (1990) has shown that
the product phases (e.g. mullite, biotite, spinel) form sequentially rather than simul-
taneously and this can have important effects on the kinetics of melting which pro-
ceeds in a series of steps controlled by punctuated supersaturation of required com-
ponents needed to form the successive mineral products. While this is typically the
case for dehydration reactions, minerals such as those crystallising from melts in
buchites require an ordered separation of chemical components by diffusion through
a relatively homogeneous medium (melt) to specific mineral nucleation sites, and such
phases are typically present as quench crystals.

The presence of defects such as cleavage planes and twin boundaries are impor-
tant loci for the commencement of high temperature transformation because such
boundaries provide low activation energy sites for nucleation to occur and pathways
for mass transfer of material to and from the reaction site. In hydrous minerals, such
defect sites might be expected to be characterised by higher water activity than in
more ordered parts of the grain and this also contributes to a lowering of the activa-
tion energy for nucleation.

Pyrometamorphism is often associated with the formation of melt. For this to occur
the temperature must exceed that of mineral solidi by a substantial amount (perhaps
100–200 °C) before melting begins. Once melting starts, then the excess heat (per unit
mass of rock) is available to contribute to the latent heat of melting according to the
equation

Fig. 7.2.
Diagram illustrating the Ost-
wald step rule. Direct transfor-
mation from state 1 to state 4
involves a large activation en-
ergy (∆GI

α) and may be very
sluggish in comparison to
transformation by way of a
sequence of steps, each repre-
sented by metastable phases
and each involving smaller
activation energies that may be
kinetically more favourable
(after Fig. 5.9 of Putnis and
McConnell 1980)

Chapter 7  ·  Metastable Mineral Reactions
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∆q = (T – Ts)Cp

where Ts is the solidus temperature and Cp is the heat capacity of the rock undergo-
ing melting (Rubie and Brearley 1990). In pyrometamorphism, the most important
reactions (except in calc-silicate rocks) are incongruent melting ones as they require
a substantial overstepping of the solidus temperature in order for new although often
metastable crystalline phases to nucleate.

In most cases, steady state conditions of recrystallisation are seldom attained except
perhaps in the formation of some sanidinites (Chapter 3).With a rapid increase in
temperature, the rate of mineral nucleation will lag behind the change in temperature
until maximum temperatures are reached as shown in Fig. 7.3. During pyrometamor-
phism, peak temperatures are also unlikely to be maintained for any substantial time
before cooling commences. As the rate of cooling is generally significantly less than the
rate of heating, except in cases of quenching on eruption, it seems likely that the ma-
jority of nuclei produced will be formed during cooling under a low temperature gra-
dient (Fig. 7.3). Thus the period of time over which effective nucleation can occur will
be a substantial fraction of the total available time for mineral transformation and this
has the effect of preserving various stages of the reaction within individual crystals.

Fig. 7.3. Hypothetical T-t path for a rock undergoing pyrometamorphism. During rapid heating the
thermal stability of a mineral is overstepped until nucleation of reaction phases begins at A. Few nucleii
form with increasing temperature between A and B (thermal maximum) because of the rapid tempera-
ture rise. Most mineral nucleii form during the longer cooling period whilst earlier-formed phases
continue to react and coarsen. Nucleation ceases at C or possibly before if the rock is a xenolith quenched
on eruption (after Fig. 15 of Brearley 1986)
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For example, energetically favourable areas such as grain boundaries, dislocations,
cleavages, twin planes, which begin to react during rising temperature experience a
longer period of time for nucleation than areas where nucleation begins during slower
cooling. These latter nuclei will also tend to decrease rapidly as temperature drops and
the rate of transformation becomes increasingly sluggish.

Nucleation rate changes rapidly as a function of temperature. If the rate of increase
of temperature (dT/dt) is fast then the number of nuclei formed is likely to be limited.
Also, the nucleation rate of each reactant phase in a mineral breakdown will differ
because in each case the free energy involved in forming nuclei will vary for each
phase. In some cases the nucleation of certain phases depends on the prior nucleation
of others in order to create a suitable low energy nucleation site, such as for example,
an interface between two minerals. Once nucleation has occurred, growth will be the
rate-determining step and the overall reaction will be controlled by diffusion of the
slowest element.

In this chapter, up-temperature breakdown products, crystallisation of new prod-
ucts from liquid, and textures of some common rock-forming silicates are described.

7.1
Quartz

In the absence of water and at low pressure, pure silica begins to melt at 1700 °C and
in nature this is only likely to occur during lightning fusion. From the many examples
described above, resorbed quartz grains in partially melted rocks are often surrounded
by clear glass. The glass adjacent melting quartz grains is never 100% SiO2 but con-
tains considerable amounts of Al2O3 and alkalis with totals less than 100% reflecting
the presence of water, indicating that quartz melts in conjunction with feldspar and/
or a phyllosilicate at considerably lower temperatures approaching those of minimum
melt production. Nevertheless, there are many examples (Chapter 3) where melt must
be sufficiently saturated with SiO2 in order for tridymite to nucleate on partly melted
quartz grains. An example of this in a quartz-rich (porcellanite) buchite xenolith in
basalt from the Three Kings islands, New Zealand, is shown in Fig. 7.4 that implies
melting of quartz + Na-K feldspars until the feldspars were completely melted (no
feldspars remain) followed by nucleation of tridymite needles around unmelted quartz
on cooling indicating (at 100 bar) a minimum temperature of ca. 960 °C for both wet
and dry melting, i.e. ~80 °C above the quartz-tridymite inversion (Fig. 7.5). With
quenching on eruption, perlitic cracking developed around the relic quartz grains
presumably due to the inversion from high to low quartz at 573 °C.

7.2
Plagioclase

The beginning of melting of plagioclase feldspar is typically indicated by the develop-
ment of a “fingerprint” texture as described in several examples cited in Chapter 3,
where those parts undergoing fusion consist of a fine intergrowth of feldspar and glass
(e.g. Guppy and Hawkes 1925; McDonald and Katsura 1965; Sigurdsson 1971; Tsuchiyama
and Takahashi 1983). The “finger print” fusion texture has been experimentally pro-

7.2  ·  Plagioclase
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duced by Johannes (1989) using single crystals of plagioclase (~An60) surrounded by
quartz powder + H2O at temperatures between 820–880 °C. Partial melting results in
the development of “fingerprint” reaction zones of different thickness parallel to (001)
and (010) as shown in Fig. 7.5a within which newly-formed An-rich plagioclase (An82–85)
mantles relic “islands” of the original plagioclase. The Or-component in the Ca-rich
plagioclase rims is Or0.6–0.8, significantly less than that of the starting plagioclase with

Fig. 7.4. BSE image photo showing needles of tridymite nucleated on partially melted quartz and oc-
curring within surrounding glass, xenolith in basalt, Three Kings islands, New Zealand. Note the distri-
bution of perlitic cracks developed around the relic quartz grains. Below is a T-P diagram showing wet
and dry feldspar + quartz melting curves (after Tuttle and Bowen 1958; Shaw 1963) in relation to the
quartz-tridymite inversion. See text
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Fig. 7.5.
a Drawing of “fingerprint”
texture developed around the
margin of part of a crystal of
plagioclase (An60) experimen-
tally reacted with quartz (after
Fig. 2 of Johannes 1989).
b Drawing from a BSE image
photo (Fig. 4 of Johannes 1989)
showing the texture of new
high temperature plagioclase
(An86) developed in the mar-
ginal reaction zone parallel to
(010) of the plagioclase crystal
shown in (a). Black = glass

Or1.8–1.9. Contacts between the relic and new plagioclase are sharp (Fig. 7.5b) and dif-
fusion profiles are not developed. This suggests that the plagioclase reaction is prob-
ably surface controlled, with the geometry of the melt corrosion surface shown in
Fig. 7.5b indicating slow internal diffusion of NaSi-CaAl components compared to the
rate of melting. In comparison to K2O in the new Ca-rich plagioclase (0.03–0.22 wt.%),
there is significant enrichment of K2O (up to 2.24 wt.%) in the melt.

The An-content of newly-formed plagioclase increases with time until a stable com-
position is reached depending on temperature. In the example shown in Fig. 7.6a from
a partially melted argillite, this would be achieved after 700 hours. In Fig. 7.6b, newly-
formed plagioclase compositions (in 0.5 and 1.0 kb PH2O runs > 750 hours) are plot-
ted with respect to temperature. Slopes of the solidus curves for partially melted
argillite and greywacke compositions are similar to those of Winker and von Platen
(1961) and Winkler (1979) for plagioclase in experimentally melted amphibolite-grade
greywacke compositions, and are significantly steeper than the 2 kb solidus in the
system Qz-Or-Ab-An-H2O (Johannes 1984). The difference can be ascribed to the

7.2  ·  Plagioclase
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Fig. 7.6. a Compositional changes of plagioclase (Ab97) with time at 750 and 775 °C and 1 kb (unpublished
experimental data of Kifle 1992 using a prehnite-pumpellyite facies argillite starting composition).
b T-An% diagram showing changes in plagioclase compositions coexisting with melt with increasing
temperature at 0.5 and 1.0 kb PH2O in low grade greenschist facies greywacke and argillite bulk composi-
tions (unpublished experimental data of Kifle 1992). Thick grey curve represents change in plagioclase
composition coexisting with cotectic melt in amphibolite grade metagreywacke (Winkler and von Platen
1961; Winkler 1979). Solidus-liquidus curves for plagioclase at 2 kb after Johannes (1984). See text
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Fig. 7.7. BSE image photo showing partially melted (An34) and newly-formed plagioclase (An77) in a
pelitic xenolith, Eifel, Germany. Note the abundance of holes in the reacting plagioclase and the euhedral
habit of newly-formed plagioclase in contact with glass. See text

complex mineralogy of the starting rock compositions (detrital and lower grade green-
schist facies neometamorphic mineral assemblages for the greywacke/argillite exam-
ple) with respect to a synthetic mixture of quartz and feldspars.

Figure 7.7 shows relations between the breakdown of plagioclase (An34.2 Ab64.4 Or1.4)
and formation of new plagioclase (An77.7 Ab21.9 Or0.4) in a pyrometamorphosed
amphibolite xenolith from the Eifel area, Germany. The old plagioclase contains an
unreacted core but for the most part the grain (or more probably grain cluster) is
characterised by a sieve-like texture between relic (darker grey areas), newly-formed
plagioclase (lighter grey areas) and holes that represent vesiculation of melt within
the plagioclase when the xenolith was erupted. The reacted plagioclase is overgrown
by euhedral, homogeneous Ca-plagioclase extending outwards into the surrounding
glass indicating that it has grown from the melt.

From the above experimental and natural data, it can be concluded that the melt-
ing of plagioclase is a solution/reprecipitation process where the original plagioclase
is progressively dissolved and at the same time more Ca-rich plagioclase is formed
with the melt enriched in the Ab (and Or) component(s). Subsequently, new Ca-rich
plagioclase may grow epitactically on the surfaces of both initial and reacted plagi-
oclase by crystallisation from the melt. After cessation of the melting process, plagi-
oclase compositions may become equilibrated by solid state diffusion.

7.3
Muscovite

The beginning of muscovite breakdown without general destruction of the crystal
lattice involves dehydroxylation (e.g. Gaines and Vedder 1964; Guggenheim et al. 1987).
This initially involves the formation of water molecules from structural OH groups,
followed by diffusion through the crystal lattice. The temperature at which dehydroxy-

7.3  ·  Muscovite
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lation begins is largely controlled by grain size, finely divided muscovite beginning to
loose its structural water at temperatures as low as 400 °C. Large well-crystallised
muscovite may be resistant to thermal decomposition at temperatures > 500 °C and
Gaines and Vedder (1964) report that a thin sheet of muscovite heated at 600 °C for
a long enough time shows a loss of OH that is accelerated between 700–800 °C.
Guggenheim et al. (1987) demonstrate the presence of two overlapping, but poorly
defined dehydration peaks at ~550 and 750 °C suggesting that muscovite dehydroxy-
lation occurs over a considerable temperature interval and involves some hydroxyls
being lost before others. Using Pauling bond-strength summation calculations, they
show that the strength of the Al-OH bond is greatly affected by the coordination
number of neighboring polyhedra. When the polyhedra are in octahedral coordina-
tion, OH is lost at lower temperatures than when the polyhedra are in 5-fold coordi-
nation (after dehydroxylation has been initiated).

Dehydroxylation is accompanied by delamination of the muscovite resulting in an
increase in surface area due to a pressure increase caused by the concentration of
water molecules along the K-ion cleavage planes, e.g. Grapes (1986). Sanchez-Navas
and Galindo-Zaldivar (1993) and Sanchez-Navas (1999) demonstrate that during heat-
ing at T > 500 °C, there is a high diffusivity of K along muscovite (001) planes induced
by water adsorbed along the basal planes resulting from dehydroxylation. At 700 °C,
muscovite shows a slight depletion in K2O which becomes more pronounced at 1100 °C
coupled with an increase in CaO and SiO2 and an oxide total of ~100% indicating
complete dehydroxylation (Cultrone et al. 2001). The release of H2O and K2O during
dehydroxylation is clearly an important factor in promoting the melting of psammitic
and pelitic rocks.

High temperature metastable muscovite breakdown reactions recognised in py-
rometamorphosed rocks are

muscovite + quartz = mullite/sillimanite + peraluminous melt

muscovite = corundum/Al-mullite + peraluminous melt

(e.g. Grapes 1986) with the K-feldspar component typically dissolved in the melt. If a
significant phengite component ([Fe,Mg]2+ + Si4+ = 2Al3+) is present in the muscovite
(i.e. > 2 wt.% FeO + MgO), pleonaste spinel and/or biotite are also possible reaction
products, e.g.

phengitic muscovite + quartz (± H2O)
= biotite ± pleonaste ± mullite/sillimanite + K-feldspar/melt

phengitic muscovite = biotite + pleonaste + corundum + K-feldspar/melt

phengitic muscovite = biotite + mullite + K-feldspar + K-feldspar/melt

(e.g. Brearley 1986; Brearley and Ruby 1990). Where biotite and/or spinel do not form,
the sillimanite, mullite, corundum reaction products may be enriched in Fe3+, e.g. up
to 5.0 and 6.8 wt.% Fe2O3 in mullite and corundum respectively indicating oxidizing
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conditions (Grapes 1986). An example of muscovite breakdown in a partially melted
pelitic xenolith from the Eifel area, Germany, is shown in Fig. 7.8a and b in which the
high temperature reaction products are mullite, biotite, hercynitic spinel, sanidine
and peraluminous glass.

Rubie and Brearley (1987) and Brearley and Ruby (1990) studied dry and H2O-added
disequilibrium breakdown of muscovite in contact with quartz using rock cores of
quartz-muscovite schist between 680–775 °C at 1 kb over a period of 5 months. In dry
runs (757 °C; 5 months), larger muscovite grains (> 0.3 mm in length) are replaced by
a fine-grained aggregate of K-feldspar + sillimanite + minor biotite + rare hercynitic
spinel, together with narrow (< 0.1 micron wide) rims of melt along some grain bounda-
ries. Smaller muscovite grains (< 0.3 mm long) are pseudomorphed by an aggregate of
mullite + sillimanite + biotite + melt surrounded by a rim of clear melt. In H2O-added
experiments (757 °C; 5 months), muscovite reacted to mullite (and possibly also
sillimanite) + biotite + melt.

From their isothermal experimental kinetic data at 1 kb, Rubie and Brearley (1987)
construct a schematic time-temperature-transformation (TTT) diagram for the break-
down of muscovite + quartz and muscovite alone in the system K2O-Al2O3-SiO2-H2O
(KASH) involving the equilibrium reactions

muscovite + quartz = K-feldspar + sillimanite + H2O (1)

muscovite = K-feldspar + corundum + H2O (2)

and their higher temperature metastable reaction equivalents where the K-feldspar
and H2O components are dissolved in a peraluminous melt

muscovite + quartz = sillimanite/mullite + melt

muscovite = corundum/Al-mullite + melt

Five possible reaction pathways of muscovite breakdown in the quartz-present sys-
tem at 1 kb and labeled A, B, C, D, E, F are shown in Fig. 7.9:

1. Path A represents conditions close to the equilibrium reaction (1). Provided that
nucleation occurs due to sufficient overstepping of the equilibrium temperature
(555 °C), Ms-Qz will react directly to Ksp-AS over a time interval between the “start”
and “finish” curves that define the Ms-Qz-Ksp-AS field.

2. Path B occurs at a higher temperature than the quartz-absent (in this system meta-
stable) reaction (2) at 610 °C. Before this reaction reaches completion, the “start”
curve of reaction 1 is intersected with nucleation of Ksp-AS. Muscovite disappears
to form the metastable assemblage of Ksp-Co-AS. The final assemblage of Qz-Ksp-
AS thus eventuates after a longer time because of the formation of intermediate
metastable Co.

3. Path C occurs at higher temperatures where muscovite breaks down according to
reaction (2) to produce, first the metastable assemblage Qz-Ksp-Co, then Qz-Ksp-
Co-AS and finally Ksp-AS by way of the reaction, Co + Qz = AS.

7.3  ·  Muscovite
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Fig. 7.8. BSE image photos showing melting reaction between muscovite and quartz in pyrometamor-
phosed pelitic schist xenolith in phonolite, Eifel, Germany. a Texture of partially melted quartz and
muscovite. Holes indicate vesiculation of melt due to volatile loss on eruption. Square denotes enlarged
area shown in (b). b Detail of muscovite breakdown reaction to biotite, hercynite (clustered around
apatite and as overgrowths on ilmenite), mullite (acicular crystals), K-feldspar (sanidine) and melt
(glass). Inclusions of apatite are unreacted and ilmenite contains exsolved rutile
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4. The higher temperature reaction paths D, E and F involve formation of melt and the
number of intermediate metastable assemblage steps increases with increasing tem-
perature overstepping of equilibrium reaction (1).

It is well known that the presence of significant amounts of H2O facilitates faster
reaction rates than when fluid is absent or only present in small amounts. However, the
presence of fluid catalyses metastable reactions including the formation of a melt phase
in accordance with the Ostwald step rule and with reference to the TTT diagram (Fig. 7.9),
significantly increases the time required to form an equilibrium Ksp-AS assemblage.

Fig. 7.9. Schematic Time-Temperature-Transformation (TTT) diagram for the equilibrium reaction
Ms Qz = AS Ksp V (at 555 °C) with excess Qz and PH2O of 1 kb. Five different isothermal reaction
pathways are labelled A–F that occur at temperatures above those of their respective stable (1, 2) and
metastable (3, 4) reactions (dashed lines) as shown in the T-P diagram above. In 757 °C H2O-added
experiments, muscovite reacts along the initial stages of reaction pathway F and a subsequent stage
would involve formation of K-feldspar. It should be noted that only one Al-silicate phase is consid-
ered in the diagram. At 1 kb PH2O, sillimanite and mullite can form above ~680 °C and andalusite is
stable at lower temperatures (after Fig. 11 of Rubie and Brearley 1987). See text

7.3  ·  Muscovite
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7.4
Chlorite

High temperature end products (+ H2O) of the breakdown of chlorite have been de-
termined from many studies as (Fig. 7.10):

1. Forsterite, enstatite, Mg-cordierite, spinel after Mg-rich chlorite (clinochlore) (Yoder
1952; Roy and Roy 1955; Nelson and Roy 1958, Fawcett and Yoder 1966; Chernosky
1974; McOne et al. 1975; Jenkins and Chernosky 1986; Cho and Fawcett 1986; Barlow
et al. 2000).

2. Oliviness, orthopyroxeness, cordieritess, quartz, spinelss, magnetitess, corundum after
Fe-Mg chlorite ± O2 (McOnie et al. 1975; Worden et al. 1987).

3. Fayalite, Fe-cordierite, Fe-gedrite, quartz, mullite, pyrophyllite, corundum, hercy-
nite, magnetite, hematite, after Fe-chlorite (chamosite) (Turnock 1960; James et al.
1976).

Firing of Mg-rich chlorite (clinochlore) (XMg = 0.94) by Barlow et al. (2000) shows
that prior to the metastable formation of olivine, orthopyroxene and spinel at ~867 °C,

Fig. 7.10. Range of chlorite compositions and compositions of possible high temperature breakdown
phases of chlorite projected from H2O in terms of mol% FeO – MgO – Al2O3 – SiO2
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dehydroxylation of first the brucite layers (at ~590 °C) and then the talc layers (com-
plete at ~870 °C) of the chlorite structure occurs (Fig. 7.11). Barlow et al. (2000) suggest
that dehydroxylation of the brucite layers fails to produce a suitable environment for
the formation of new phases, although a long-range ordering is developed caused by
the MgO in the brucite layers being “forced” into a rigid and planar alignment giving
rise to a well-ordered 14 Å spacing. When the talc layers loose water, SiO2 and Al2O3
become available to react with MgO remaining from the brucite layers. Initially, epitaxial
growth of olivine occurs along the {001} planes and as the reaction proceeds with further
disruption of the SiO2-rich tetrahedral layers orthopyroxene forms and may consume
olivine according to the reaction

Mg2SiO4 + 2SiO2 = Mg2Si2O6
forsterite + silica = enstatite

with tetrahedral Al largely used to form spinel (some Al may also enter the orthopy-
roxene). The absence of cordierite in this example may be explained by the lack of
common crystallographic planes within the clinochlore structure along which it could
nucleate.

A TEM and EPMA study of the disequilibrium breakdown of Fe-rich chlorite
(XMg = 0.33) in the contact aureole of the dolerite intrusion at Sithean Sluaigh, Scot-
land, described in Chapter 3 was made by Worden et al. (1987). There is no evidence
that chlorite has undergone melting. Three kinds of reactant intergrowths (individual
phases < 2 microns) in chlorite are identified and can be characterised by the follow-
ing reactions:

Fig. 7.11.
Time-Temperature-Transfor-
mation (TTT) diagram for
clinochlore (after Fig. 2 of
Barlow et al. 2000). See text

7.4  ·  Chlorite
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chlorite = spinel + orthopyroxene + H2O

chlorite + quartz + O2 = magnetite + spinel + orthopyroxene + cordierite + H2O

chlorite + phengite = orthopyroxene + cordierite + spinel + biotite + H2O

The first reaction occurs in the central areas of large chlorite grains (2–3 micron
longest dimension). This is effectively an isochemical environment whereby the reac-
tion site is isolated from surrounding minerals. The reactions involving quartz and
phengite occur at the margins of chlorite grains. The marginal sites are clearly not
isochemical and involve diffusive interaction with the surrounding minerals or with
a melt that is developed along albite-quartz contacts in the sample studied (Fig. 7.1).
In contrast to the internal parts of reacting grains, chlorite is completely consumed
at the marginal reaction sites.

There is no relative orientation of the reactant phases in the chlorite partly due to
distortion of the (001) planes. However, there are the following relationships between
the breakdown products:

[111]spinel //[001]biotite //[010]orthopyroxene

[010]spinel //[010]biotite //[100]orthopyroxene

A modulated structure indicated by TEM and slight asterism shown by the diffrac-
tion pattern indicate that the orthopyroxene is disordered. It contains significant Al2O3
(4–8 wt.%) in accordance with increasing substitution of Al in orthopyroxene with
increasing temperature at low pressure in the orthopyroxene, spinel, forsterite system
(Fujii 1976). The lower XFe ratios of orthopyroxene (0.5), cordierite (0.4–0.5) and biotite
(0.3–0.4) compared to that of the chlorite (~0.6) is balanced by the presence of spinel
in all the reaction assemblages (Fig. 7.1). Worden et al. (1987) infer a temperature of
about 700 °C for the chlorite breakdown reactions.

Laser-heating of chloritised biotite by Viti et al. (2003) shows that at 810 °C spinel,
olivine and amorphous silica begin to crystallize as irregular 10–100 nm size do-
mains. At 940 °C the olivine and spinel form larger grains typically elongated paral-
lel to chlorite/biotite (001) with spinel [111] and olivine (100) parallel to chlorite/bio-
tite [001].

7.5
Biotite

Petrographic observations described in Chapter 3 indicate that with heating biotite
commonly becomes darker in colour and eventually appears black because of the for-
mation of (in the main) Fe-oxide (e.g. Grapes 1986; Brearley 1987a). This is the result
of oxidation of Fe2+ during dehydroxylation by way of a reaction like

Fe2+ + OH– = O2– + Fe3+ + H
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(Addison et al. 1962; Vedder and Wilkins 1969) resulting in the formation of Fe-oxides.
In most biotites, however, some of the iron present is almost certainly present as Fe3+

(as an oxyannite component (K[Fe2+Fe3+
2]AlSi3O12) so that the development of mag-

netite could also occur without any oxidation because of hydrogen loss. Vedder and
Wilkins (1969) find that hydroxyl ions near vacancies in octahedral layers of biotite
sheets are entirely lost at temperatures below 850 °C over periods of < 24 hours. As
with muscovite dehydroxylation, expansion along (0001) planes occurs and potassium
may also be lost, e.g. Grapes (1986).

Melting reactions involving biotite ± quartz ± plagioclase are described by Le Maitre
(1974), Grapes (1986) and Brearley (1987b) as

biotite + quartz = olivine + Ti-magnetite + melt (Fig. 7.12)

biotite + Ab comp. plagioclase ± quartz
= pleonaste + Al-magnetite + Na-sanidine + peraluminous melt

Fe-Mg biotite = Mg-Al biotite + magnetite + pleonaste + K-feldspar/melt + vapour

A further reaction occurring in a quartzofeldspathic xenolith from the Eifel, Ger-
many, and shown in Fig. 7.13 is

biotite + quartz + plagioclase
= orthopyroxene + Ti-Al magnetite ± pleonaste + peraluminous melt

Fig. 7.12.
Drawing from BSE image
photo (Plate 2a of Le Maitre
1974) of olivine (Fo75 ± 5), Ti-
magnetite (black) and glass
after biotite in a granite xeno-
lith in basalt, Mt. Elephant,
Victoria, Australia. Width of
drawing = 60 µm

7.5  ·  Biotite
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Fig. 7.13. BSE image photos of the breakdown of biotite in a partially melted pelitic xenolith, Eifel,
Germany. a Biotite showing initial stage of breakdown to magnetite ± glass along cleavage planes and
internal area of complete melting to orthopyroxene, hercynitic spinel, Ti-Al magnetite and glass. b Biotite
rimmed by glass in contact with quartz and sodic plagioclase with newly formed orthopyroxene and
magnetite in glass adjacent embayed (melted) areas of the biotite
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A balanced isochemical reaction (except for H2) for the reaction involving the
formation of more Mg-rich biotite above is given by Brearley (1987b) as

K1.71(Mg1.79Fe2+
2.93Al0.7Ti0.28)Al2.45Si5.55O20(OH)4

= 0.788K1.73(Mg2.22Fe2.44Ti0.36Al0.64)Al2.26Si5.74)20(OH)4 + 0.34KAlSi3O8
+ 0.26Mg0.15Fe0.85Al2O4 + 0.261Fe3O4 + 0.288H2O + 0.136H2

The reaction assumes that Fe3+ is zero in reactant and product biotite, although
some oxidation undoubtedly occurred through loss of H2 and in producing magnet-
ite (also an Fe3O4 component in pleonaste of 6.6–33.1%). It would be expected that
with increasing temperature the new biotite is more Ti-rich than the reactant biotite
because no rutile is produced in the reaction although a small amount of Ti enters the
spinel (e.g. 0.2–1.9 wt.% TiO2 in pleonaste). Also, as the Ab content of the K-feldspar
ranges up to Ab15, plagioclase may have been involved in the reaction.

Experimentally-induced disequilibrium breakdown of aluminous iron-rich biotite
(XMg = 0.42–0.47, 800 °C, 1 kbar, 2 days to 8 weeks duration) according to the overall
reaction

Al-biotite = Al-orthopyroxene + hercynitic spinel + magnetite + peraluminous melt

is reported by Brearley (1987a). Notable is the considerable variation in the composi-
tions of the spinel and pyroxene reaction products that is dependent on reaction time
and location, i.e. whether they develop along cleavage planes or within ordered bi-
otite. As shown in Fig. 7.14a, compositional ranges of the orthopyroxene reactant
become more restricted with increasing run time and in the case of pleonaste spinel
(Fig. 7.14b), less magnetite-rich. This implies that metastable (and therefore variable)
compositions move towards stable equilibrium compositions as a function of time at
the same temperature. These characteristics and the production of melt rather than
K-feldspar as predicted from a stable breakdown reaction of biotite, underscore the
metastable nature of the reaction.

The experiments show that two different reaction pathways occur within a single
biotite crystal:

1. Along prominent defects such as cleavage planes there is nucleation of abundant
spinel with melt and with the biotite composition becoming less aluminous.

2. In areas of ordered biotite, initial spinel is magnetite-rich and then becomes more
aluminous (higher hercynite and spinel components) which shifts the biotite to a
more Mg-rich, Al-poor composition. A delayed nucleation of orthopyroxene maybe
because of the need to first establish high energy nucleation sites by the formation
of interfaces between spinel and biotite. Orthopyroxene equilibrates to higher Al
and Fe contents with time and the overall reaction can be described as

Mg-poor/Al-rich biotite
= Mg-rich/Al-poor biotite + spinel + orthopyroxene+melt

7.5  ·  Biotite
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7.6
Calcic Amphibole

Thermal decomposition of amphiboles to pyroxenes and silica under non-oxidising
conditions, and to pyroxene, silica and Fe-oxides under oxidising conditions occurs
at temperatures between 700–800 °C (e.g. Ghose and Weidner 1971; Xu et al. 1996). Xu
et al. (1996) show that the breakdown of tremolite is characterised by the formation
of (010) clinopyroxene slabs (18 and 36Å in thickness) along the b axis of the tremo-
lite, the clinopyroxne slab thicknesses corresponding to two or four tremolite chains
along the b axis. Thus, transformation to clinopyroxene involves the breaking of ev-
ery two tremolite chains to form four pyroxene chains. This decomposition occurs by
rearrangement of Si-O tetrahedral and interdiffusion of Ca and Mg atoms within
(100) octahedral bands with diffusion enhanced by H2O released during dehydroxy-
lation of the amphibole.

The breakdown of more complex (hornblende) compositions (av. [K,Na]0.77Ca1.86
[Ti0.14Mg2.89Fe2+

1.09Fe3+
0.62Al0.26][Si6.39Al1.61]O22[OH]2) without melting between

~720–850 °C occurs in arkose within the contact aureole of the Rhum intrusion, Scot-

Fig. 7.14.
Plots of orthopyroxene
(Al versus Mg/Mg + Fe) (a)
(after Fig. 8b of Brearley
1987a) and pleonaste spinel
(FeAl2O4-MgAl2O4-Fe3O4) (b)
(after Fig. 7 of Brearley 1987a).
Composition fields in terms
of experimental run time at
800 °C / 1 kb. Dotted field =
48 h; horizontal-lined field =
161 h; grey-shaded field =
309 h; black field = 1460 h
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land (Holness and Isherwood 2003). The onset of hornblende breakdown is indicated
by the formation of fine grained ilmenite-magnetite along cleavage planes that eventu-
ally develops into a pseudomorphic aggregate of clinopyroxene (Ca46–44 Mg45–36 Fe10–19;
< 1.4 wt.% Al2O3), orthopyroxene (XMg = 68–52), magnetite and biotite, together with
plagioclase (Ab62An35Or3) that may have originally formed an intergrowth with the
amphibole. The amphibole pseudomorphs are typically zoned with a coarse-grained
outer rim of clinopyroxene (developed where amphibole is in contact with plagioclase),
an inner rim of orthopyroxene and a fine-grained central area of pyroxene, plagioclase,
Fe-Ti oxides, ± biotite. With increasing temperature, the grain size of the reaction
minerals becomes coarser and the clinopyroxene rim becomes less prominent. The
proposed overall amphibole breakdown reaction is

hornblende + anorthite ± Fefluid
= clinopyroxene + orthopyroxene + biotite + magnetite

Isocon analysis (after the method of Grant 1986) suggests that Si, Al, Ca, Na, K
remain immobile during the reaction, Fe was either gained (in Fe-poor amphibole) or
lost (in Fe-rich amphibole), and Mg was removed from the core areas of the pseudo-
morphs to form the monomineralic clinopyroxene rims.

A pyrometamorphosed amphibolite xenolith, west Eifel, Germany, provides an ex-
ample where hornblende of unknown composition has been replaced by olivine (in-
stead of orthopyroxene), clinopyroxene, magnetite and an Al-rich mafic melt as shown
in Fig. 7.15. Olivine is Fo69, clinopyroxene is Ca50Fe21Mg29 (6.97 wt.% Al2O3; 0.94 wt.%
TiO2), spinel is Al-Ti magnetite (~ wt.% 4.4 TiO2; 15.3 Al2O3; 5.7 MgO) and the break-
down reaction can be described as

hornblende = clinopyroxene + olivine + Fe-Ti oxide + melt

where the average wt.% melt composition is 43.6% SiO2; 1.2% TiO2; 18.4% Al2O3; 12.1%
FeO; 1.0% MgO; 13.0% CaO; 7.0% Na2O; 1.7% K2O.

Fig. 7.15.
BSE image photo showing a
breakdown assemblage of oliv-
ine, clinopyroxene, magnetite,
glass after hornblende in a
pyrometamorphosed amphi-
bolite xenolith, Eifel, Germany.
The replaced hornblende is in
contact with clinopyroxene
that has reacted along the con-
tact to magnetite and a more
Mg-rich clinopyroxene (darker
grey tone). Black areas = holes
in glass caused by exsolution
of H2O from melt on eruption

7.6  ·  Calcic Amphibole
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7.7
Clinopyroxene

Experimental work using volcanogenic greywacke starting material by Kifle (1992) at
low pressure (PH2O < 1 kb) and temperatures between 775–800 °C, indicates that cli-
nopyroxene (detrital grains of Ca37–43 Mg37–43 Fe14–21; 1.7–3.6 wt.% Al2O3; 0.4–0.7 wt.%
TiO2) reacts to orthopyroxene (XMg = 0.55–0.62) and possibly minor ilmenite in the
presence of a peraluminous melt (Fig. 7.16). As the glass contains a maximum CaO
content of 1.2 wt.%, it is apparent that Ca and excess Si needed to form orthopyrox-
ene from the clinopyroxene is partitioned into the melt resulting in the crystallisa-
tion of new plagioclase (An34–39 Ab59–64 Or2) around the boundary of the relic clinopy-
roxene, i.e.

Ca(Mg,Fe)Si2O6 = (Mg,Fe)SiO3 + [CaO + SiO2]in melt
clinopyroxene  orthopyroxene

At 500 bar/800 °C the reaction is complete after 1450 hours.
Nano-petrographic evidence of high temperature pyroxene transformation with

decreasing pressure in a partially melted microgabbro xenolith (several cubic centim-
eters in size) erupted from the Beaunit maar, Massif Central, France, is described by
Faure et al. (2001). The xenolith consists of fine grained plagioclase, clinopyroxene and
orthopyroxene with abundant interstitial pockets of brown glass and is inferred to
have been derived from the granulitic lower crust (870–970 °C/7–8 kbar). Incorpora-
tion into basaltic magma and subsequent rapid journey to the surface resulted in the
following sequence of reactions involving clinopyroxene as shown in Fig. 7.17:

1. Topotactic transformation of orthopyroxene to clinopyroxene (Cpx A in Fig. 7.22)
with higher Al, Ti than primary clinopyroxene in the gabbro at temperatures
~1200 °C when the xenolith was incorporated into basalt. Calcium for clinopyrox-
ene formation was probably derived from melting of plagioclase.

Fig. 7.16.
Drawing from BSE image photo
(Plate 5.21B of Kifle 1992)
showing the breakdown of
clinopyroxene (augite) in the
presence of melt (Gl = glass)
to orthopyroxene and plagio-
clase (An34–39). The relic pla-
gioclase core has the composi-
tion (An15). Black = ilmenite



241

2. Phase separation in Cpx (A) to form thick (50 nm) lamellae of C2/c high pigeonite
and C2/c augite (Cpx B) during nearly isothermal decompression on ascent.
Exsolution could have occurred over a minimum of 7 hours based on calculation
using a Ca diffusion coefficient of D = 10–15 cm2 s–1 and t = h2/D where h is the dis-
tance (cm) between centres of adjacent lamellae and t is time in seconds.

3. Eutectic melting of pigeonite + augite (Cpx B) to form another, more Mg-rich,
clinopyroxene (Cpx C) + ilmenite due to further isothermal decompression over
a possible period between 30 minutes to 9 hours estimated from the thickness
of melt films that vary between 500 nm to 2 µm.

4. Rapid cooling on eruption of non-melted pyroxene (Cpx B) produced spinoidal
decomposition and martensitic transformation from C2/c high pigeonite to P21/c
low pigeonite.

Although highly sensitive to kinetic factors, calculation of the time required for
each of the above pyroxene transformations gives a minimum residence time of the
xenolith in the basalt of 16 hours, a magma ascent velocity from a depth of 30 km of
1.8 km h–1, and with the two exsolution episodes caused by pressure decrease.

Fig. 7.17. Diagram illustrating clinopyroxene reactions during nearly isothermal decompression of a
gabbro xenolith in basalt, maar de Beaunit, Massif Central, France, together with a schematic isobaric
temperature–composition diagram relevant to the reactions (after Longhi and Bertka 1996) (redrawn
from Figs. 7b and 8 of Faure et al. 2001). See text

7.7  ·  Clinopyroxene
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Switzer and Melson (1969) document the pyrometamorphic breakdown of omphaci-
tic pyroxene that occurs with kyanite in an eclogite xenolith entrained in kimberlite
magma. The replacement assemblage of the omphacite is a submicroscopic mixture of
stellate (quenched) plagioclase, Na-poor clinopyroxene and glass. In comparison with
residual liquid compositions in the system nepheline-diopside-silica (Schairer and Yoder
1967), high normative albite (40%) and nepheline (23%) of the glass would be expected
from incongruent melting of omphacite. Melting experiments using omphacite from
the eclogite at atmospheric pressure by Switzer and Melson (1969) indicate that it begins
to melt at 1030 °C and is completely molten at 1260 °C.

7.8
Al-Silicates

The reaction of andalusite porphyroblasts to corundum and K-feldspar under py-
rometamorphic conditions has been noted by Lacroix (1893) (Fig. 7.18), Brauns (1912a)
and Sassi et al. (2004) implying that andalusite breaks down in the presence of mus-
covite according to the reactions

andalusite = corundum + SiO2

muscovite = corundum + K-feldspar + H2O

Quartz is not found with the corundum + K-feldspar reaction products and silica
is presumed to have been either been removed in an aqueous phase (lower tempera-
ture) or partitioned into melt (higher temperature). The common presence of hercy-
nitic spinel with corundum (Fig. 7.18) suggests that andalusite contains some iron and
that the reaction occurred under reducing conditions. In the pure Al2O3-SiO2 system,
the andalusite breakdown reaction at low pressures (< 1000 bar) occurs at a maxi-
mum temperature and log silica activity of ~700 °C and –0.1 respectively (Fig. 7.19a).

Fig. 7.18.
Breakdown of porphyroblasts
of andalusite (relic core la-
belled ‘A’) to corundum (small
and some large crystals) and
spinel (black) within sanidine.
Interstitial stippled grains =
biotite (Fig. 14 of Lacroix 1893).
No scale given in original. Mi-
caceous schist enclave in bi-
otite trachyte, Cantal, Massif
Central, France
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Fig. 7.19.
T-aSiO2 diagram at 650 bar for
sillimanite-andalusite-corun-
dum equilibria after Fig. 10 of
Markl (2005). Numbers refer to
aAl2SiO5 values. Note that the
added Fe3+-bearing andalusite-
sillimanite transition lies at a
higher temperature than that
of the Fe3+-free transition
(data from Holdaway 1971)

Fig. 7.20. Drawing from a BSE image photo showing the distribution of Al2O3 in a heterogeneous silli-
manite-mullite grain enclosed by sanidine, buchite xenolith, Eifel, Germany (after Fig. 24 of Grapes
1986). Below is a diagram showing possible phase relations between sillimanite and corundum at tem-
peratures < 1100 °C (after Fig. 6 of Cameron 1977). Stable coexisting sillimanite-mullite compositions
from a sillimanite-mullite-corundum-sapphirine xenolith (Bushveld Intrusion, South Africa) described
by Cameron (1977) help delineate a Sil + Mul field

7.8  ·  Al-Silicates
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Fig. 7.21. T-P diagram of phase equilibria in the Al2O3-SiO2 system (after Fig. 13 of Markl 2005). The
shift in the position of reaction curves labelled A and B results from using different values of heat
capacity (cp-function coefficients) in calculating the reactions; A = data set of Robie and Hemingway
(1995); B = modified data set to attain agreement between calculations and natural constraints (see
Markl for details). Andalusite-sillimanite reaction curves after Holdaway (1971) (H) and Richardson
et al. (1969) (R)

Addition of Fe2O3 resulting in andalusite-corundum activities of < 0.9, would increase
the maximum temperature and lower aSiO2 of the reaction.

An example of the apparent transformation of sillimanite to mullite is described
by Grapes (1986) in a buchitic xenolith from the Eifel, Germany. As shown in Fig. 7.20,
the bulk of the grain is sillimanite (~50 mol% SiO2) that contains blebs of mullite
(44 mol% SiO2). Another phase of intermediate composition (45–47 mol% SiO2) oc-
curs mainly with mullite. The texture suggests the possibility that mullite has exsolved
from sillimanite and that the areas of intermediate composition represent a quenched
concentration gradient due to sluggish diffusion of Al and Si between sillimanite and
mullite. The “exsolved” mullite is more Si-rich compared to other homogeneous mullite
grains with ~42 mol% SiO2 in the buchite suggesting that the sluggish nature of the
reaction

sillimanite = mullite + SiO2

(Fig. 7.21) might explain the absence of a silica phase that should have formed if equi-
librium was maintained or that excess silica was removed from the reaction site and
dissolved in the buchite melt. Newly-formed quartz does occur in graphic intergrowth
with cordierite in contact with glass in this xenolith and provides a lower P of ~1.3 kb
and an upper T range of 710–1060 °C for the exsolution of mullite depending on which
data set in Fig. 7.21 is adopted for this reaction. Cameron (1976a) describes an ex-
ample of the reverse reaction – mullite with exsolved sillimanite in a corundum-sil-
limanite-mullite xenolith from the Bushveld Intrusion, South Africa (Chapter 3), that
he attributes to slow cooling (Fig. 7.20).

The above observations are illustrated by a phase diagram at temperatures < 1100 °C
for the system Al2SiO5-Al2O3 (after Cameron 1977) (Fig. 7.20) that indicates a two-
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phase field of sillimanite + mullite between sillimanite and orthorhombic mullitess
below 900 °C within which compositions are probably metastable.

An interesting example of inferred pyrometamorphic breakdown of kyanite in
eclogite xenoliths within kimberlite, Roberts Victor Mine, South Africa referred to
above, is documented by Switzer and Melson (1969). Kyanite is marginally melted
(usually at contacts with garnet) to corundum and mullite with additional sapphirine
in the glass reported by Chinner and Cornell (1974). It is suggested that the melting
of kyanite was caused by a sudden decrease in pressure at high temperature followed
by quenching in the rapidly ascending, expanding gas-rich kimberlite magma.

7.9
Garnet

There are few natural examples of the pyrometamorphic breakdown reaction of gar-
net (see sections on Mull, Sithean Sluaigh, Traigh Bhàn na Sgúrra in Chapter 3) Brauns
(1912a,b) shows examples of euhedral almandine-rich garnet (Alm75) in sanidinite
xenoliths from the Eifel area, Germany, that are surrounded by glass and remain as
stable relics of otherwise completely reconstituted garnet-mica schist (Fig. 7.22a). At
the temperatures of peraluminous melt formation (melting of quartz, Na-plagioclase,
muscovite) in many of the Eifel xenoliths, garnet has evidently adjusted its morphol-
ogy by developing a euhedral habit in contact with melt. In other cases, garnet is par-
tially reacted to magnetite (Fig. 7.22b) and at a more advanced stage of decomposition,
possibly to a fine grained mixture of orthopyroxene, ?clinopyroxene and magnetite.

Fig. 7.22. Photomicrographs of garnet reconstitution and breakdown. a Euhedral garnet surrounded
by glass in a sanidinite xenolith, trachyte, Dachsbusch, Eifel, Germany (× 54, crossed nicols; Plate 9,
Fig. 3 of Brauns 1912a). The sanidinite consists of sanidine, plagioclase, magnetite with minor biotite,
corundum and glass. In this almost completely recrystallised rock, garnet has not melted but may
have adjusted its morphology to a euhedral habit. b Garnets in a fine grained sanidinite xenolith that
have reacted to magnetite around their margins. Associated minerals are sanidine, magnetite, corun-
dum, sillimanite and glass (× 60, plane polarised light. Dachsbusch, Eifel, Germany. Plate 9, Fig. 2 of
Brauns 1912a)

7.9  ·  Garnet
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The expected breakdown reaction of almandine-rich garnet with excess H2O is

almandine + H2O = Fe-cordierite + fayalite + hercynitess + H2O

at between ~800–825 °C/250 bar and 900 °C/2 kb under IQF, IM and IWü oxygen buffer
conditions (Hsu 1968). Under higher oxidation conditions, i.e. QFM buffer, almandine
stability is controlled by the reaction

almandine + H2O = quartz + hercynitess + magnetitess + H2O

at temperatures 100–180 °C lower than the cordierite + fayalite + hercynite-produc-
ing reaction over the same pressure range (Fig. 7.23). With increasing temperature,
the two spinel phases in the latter reaction eventually merge to form a solid solu-
tion at temperatures above about 850 °C (Fig. 7.23). Fayalite and cordierite become
unstable (they are replaced by Fe-oxide) at any temperature when ƒO2 is equal to or
above that of the QFM buffer (Hsu 1968). Oxidising conditions probably account for
the replacement of almandine-rich garnet by magnetite in the Eifel sanidinite shown
in Fig. 7.22B.

Schairer and Yagi (1952) have determined the high temperature metastable break-
down of almandine-rich garnet (Alm91.3–69.6 Py2.4–21.2 Sp1.7–3.5 Gr4.6–5.7) under anhydrous
conditions in a nitrogen atmosphere at atmospheric pressure. Evidence of a reaction
to hercynite, cordierite and fayalite occurred only after heating at 900 °C for two weeks
with melt first appearing at 1090 °C that was accompanied by the disappearance of
cordierite and fayalite. Heating of a more Mg-rich garnet (Alm40 Pyr43 Sp1.4 And2 Gr1.4)
yielded Mg-rich cordierite, spinel and clinopyroxene.

Fig. 7.23.
T-P diagram showing stability
of almandine garnet + excess
H2O in terms of various oxy-
gen buffers; Iron-Wüstite (IW),
Iron-Magnetite (IM), Iron-
Fayalite-Magnetite (IFM) and
Quartz-Fayalite-Magnetite
(QFM). The dashed line (QFM
buffer conditions) indicates
up-temperature, pressure inde-
pendent change (arrow) to
hercynite-magnetite solid
solution (after Figs. 5, 6, 7 of
Hsu 1968)
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7.10
Staurolite

The high temperature breakdown of staurolite to a hercynite-rich assemblage together
with sillimanite or cordierite and quartz has been noted by Aitkin (1978) and Cesare
(1994) and is also illustrated from the breakdown of staurolite porphyroblasts in schist
xenoliths from the Wehr volcano, Eifel, Germany (e.g. Worner et al. 1982; Grapes un-
published data). Evidence of the initial reaction is indicated by the growth of hercyn-
ite along cracks (Fig. 7.24) and replacement is complete when about 95% of former
staurolite consists of green spinel (Hc53–85 Sp8–11) elongated parallel to the original cleav-
age and also occurring as irregular, crosscutting veins (Fig. 7.25a and b). The spinel is
intergrown with small amounts of orthoamphibole (aluminous ferrogedrite with
23 wt.% Al2O3; 30 wt.% FeO; 4 wt.% MgO) and interstitial areas to the spinel are oc-
cupied by a pale yellow glass that contains crystals quartz and aluminium silicate
(43.9–47 mol% SiO2, i.e. a composition intermediate between the most siliceous natu-
ral mullite with 43 mol% SiO2 and the most aluminous natural sillimanite with

Fig. 7.24. BSE image photo showing a staurolite porphyroblast (St) partly reacted to hercynitic spinel
(light grey grains) along cracks and around margins in a partially melted staurolite schist xenolith,
Wehr volcano, Eifel, Germany. The staurolite is in contact with unreacted biotite (Bt) and garnet (Gt)
originally intergrown with quartz (Qz) that is now largely melted. Elongate white crystals are ilmenite.
Note the web-like pattern of glass that has resulted from vesiculation due to volatile loss when the
xenolith was erupted

7.10  ·  Staurolite
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48.6 mol% SiO2 and with 2.41–5.23 wt.% Fe2O3) (Fig. 7.26). The glass is siliceous
(76.9–77.4 wt.% SiO2), has low alkalis (1.4–3.1 wt.%), normative corundum between
8.2 and 9.8%, and molar Al2O3/(CaO + Na2O + K2O) (A/(CNK) = 3.64–5.88, with FeO
of 3.4–4.5 wt.%. The alkali content of the glass is assumed to be derived from melting
of associated muscovite (providing a K-feldsparss component), possibly together with
some K2O derived from biotite dehydroxylation (biotite is oxidised but unmelted) as
there is no plagioclase in the xenolith.

Fig. 7.25. BSE image photos. a Advanced stage of staurolite porphyroblast breakdown to a hercynite-
rich assemblage. Elongate white crystal inclusions are ilmenite. Grains of biotite occur around the mar-
gin of the porphyroblast and are partly reacted to magnetite. b Detail of hercynite replacement. High
temperature silicates and glass occupy the dark areas interstitial to hercynite and are shown in Fig. 7.26

Fig. 7.26.
Drawing from BSE image
photo showing hercynite (Hc)
and interstitial sillimanite
(Sil), gedrite (Gd), quartz (Qz)
reaction products after stau-
rolite in glass (Gl)
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Chemographic relations in terms of mol% FeO – MgO – SiO2 – Al2O3 projected
through H2O (Fig. 7.27) shows that the melt-absent breakdown of Fe-staurolite in the
Wehr xenolith can be represented by two three phase fields of hercynite-gedrite-Al-
silicate and hercynite-Al-silicate-quartz representing the reactions

9H4Fe4Al18Si8O48 + 3.75O2 = 21FeAl2O4 + 3Fe5Al4Si6O2(OH) + 54Al2SiO5 + 16.5H2O
Fe-staurolite hercynite gedrite Al-silicate

H4Fe4Al18Si8O48 = 4FeAl2O4 + 5Al2SiO5 + 3SiO2 + 2H2O
Fe-staurolite hercynite Al-silicate quartz

Under equilibrium conditions, the high temperature stability of staurolite in the
presence of quartz is controlled by the reactions

staurolite + quartz = cordierite + sillimanite

staurolite + quartz = almandine + sillimanite + quartz + H2O

Fig. 7.27. Staurolite breakdown products, hercynite-gedrite-AS and hercynite-AS-Qz and other pos-
sible breakdown phases (cordierite and garnet), plotted in terms of mol% (Fe,Mg)O – Al2O3 – SiO2. Note
that the Al-silicate reaction product after staurolite in the Wehr xenolith has a composition intermedi-
ate between sillimanite and mullite. See text

7.10  ·  Staurolite
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(e.g. Richardson 1968) and in the absence of quartz, by the reactions

staurolite = hercynite + Al2SiO5 + quartz + H2O

staurolite = hercynite + corundum + quartz + H2O

staurolite = hercynite + almandine + sillimanite + H2O

(e.g. Loomis 1972; Atkin 1978; Cesare 1994). In addition to almandine or cordierite, an
Al-member of the anthophyllite-gedrite series is also a possible breakdown product
of staurolite (Richardson 1968; Grieve and Fawcett 1974). In the case of the Wehr stau-
rolite, aluminous Fe-gedrite may have formed instead of almandine + H2O because
of the presence of Mg (~2.2 wt.% MgO) in the reactant staurolite which is preferen-
tially partitioned into orthoamphibole rather than garnet (Greive and Fawcett 1974).

T-P conditions of the staurolite breakdown reaction in the Wehr xenolith can be
evaluated from Fig. 7.28 where the calculated upper stability of a partly unreacted
staurolite composition (Fig. 7.24) would have been overstepped by ~110–120 °C to in-
tersect the disequilibrium breakdown curve of Ms Qz V = AS L within the pressure range
of 1.5–2.2 kb for pyrometamorphism (Grapes 1986) at a minimum temperature of ~700 °C.

7.11
Cordierite

Because cordierite is a diagnostic mineral of pyrometamorphic rocks, particularly in
buchites where it has crystallised from a melt (Chapter 3), it is not generally observed
to have undergone a breakdown reaction involving melting. A rare example of the
pyrometamorphic breakdown of cordierite associated with muscovite in a mica rich-

Fig. 7.28. T-P diagram showing calculated stabilities of staurolite compositions with respect to stable and
metastable Ms + Qz reactions and Fe3+-free, Fe3+-excess curves for the andalusite-sillimanite reaction from
Holdaway (1971). Horizontal grey strip = pressure estimate of pyrometamorphic reaction. See text. Fe-
St = Hc AS Qz V reaction assuming a C-O-H, H2O = 2, graphite-saturated fluid after Cesare (1994). The St-
out curve is derived from a computed assemblage stability diagram of the Wehr staurolite composition
H4(Fe3.06Mn0.11Mg0.91)4.08Al18.64Si7.89O48 using the Domino/Theriac software of de Capitani and Brown (1987)
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xenolith from the Eifel is described by Grapes (2003). Near the edge of the xenolith,
cordierite (XMg ~ 0.72) intergrown with phengitic muscovite has been corroded by
a peraluminous glass that contains newly-formed crystals of sillimanite (mol%
SiO2 = 50.8; 1–2% Fe2O3), biotite (XMg ~ 0.66) and spinel (XMg = 0.35; Hc56.3 Sp37.1 Mt3.4)
(Fig. 7.29) indicating the melting reaction

cordierite + muscovite = spinel + biotite + sillimanite + peraluminous melt

Muscovite grains within the cordierite also show evidence of initial stage reaction
to mullite, spinel and glass along grain boundaries and cleavage planes. Quartz–
oligoclase (An18) contacts in the xenolith are typically lined with melt. Comparison of
Mg/Fe ratios of spinel (0.35) and biotite (1.95) after cordierite with those derived from
experimental disequilibrium melting of biotite extrapolated from Brearley (1987a)
suggests that the outer part of the xenolith where cordierite + muscovite have reacted
could have attained a temperature of ~770 °C.

Except for the formation of hercynitic spinel, the cordierite breakdown reaction is
analogous to the reaction

cordierite + muscovite = biotite + Al-silicate + quartz + H2O

that has a very shallow negative slope in T-P space (Fig. 7.30). The inferred ~770 °C
temperature reached in the xenolith implies that the above reaction must have been

Fig. 7.29.
Drawing from a BSE image
showing biotite (Bt), spinel
(black), sillimanite (elongate
crystals) and glass (Gl) after
cordierite (Cd) and muscovite
(Ms) in the marginal part of a
mica schist xenolith, Wehr
volcano, Eifel, Germany. Small
spinels accompanied by sus-
pected mullite in glass occurs
along cleavage planes of the
muscovite. Dark grey areas are
holes in glass resulting from
H2O loss during eruption of
the xenolith

7.11  ·  Cordierite



significantly overstepped by ~180 °C within the pressure range of 1.5–2.2 kb (Fig. 7.30)
determined for the depth range of the xenolith sampling zone (5–8 km) by the Wehr
magma (Fig. 3.24). The generation of melt rather than quartz as predicted by the equi-
librium reaction indicates that the observed cordierite + muscovite breakdown reac-
tion in the xenolith is metastable, with a melt, the kinetically most favourable phase,
being formed instead of those predicted from thermodynamic considerations, i.e. the
reaction follows Ostwald’s step rule.

The temperature overstepping suggested for the breakdown of cordierite + muscovite
probably occurred with fragmentation and incorporation of the cordierite-bearing schist
into the Wehr trachyte magma causing a further, and presumably rapid increase in
temperature. Cordierite intergrown with muscovite in the central part of the same
xenolith implies that its breakdown in the marginal part of the xenolith was probably
triggered by diffusion of H2O from the magma into the xenolith along schistosity planes.
Water in excess of that available from muscovite and cordierite dehydration would favour
rapid metastable melting reactions rather than the simultaneous nucleation of the
predicted stable assemblage biotite + sillimanite + quartz. On the scale of tens of mi-
crons, it is evident from Fig. 7.25 that the extent of reaction in the cordierite-muscovite
intergrowths is highly variable, exhibiting a kind of textural disequilibrium or hetero-
geneity in that some parts show complete reaction to biotite, Al-silicate, spinel and
melt while other parts show only the initial stages of reaction to melt or melt + spinel.
Thus, areas of extensive reaction may correspond to avenues of H2O infiltration in
contrast to those showing little reaction that represent areas undergoing vapour-ab-
sent melting at the same temperature, i.e. the rates and mechanisms of cordierite + mus-
covite breakdown are greatly affected by the presence of excess H2O.

Fig. 7.30. T-P diagram showing mineral reaction curves relevant to the high temperature breakdown
of cordierite + muscovite (after Fig. 4 of Grapes 2003). Shaded strip = inferred pressure range of py-
rometamorphism. Dashed line = metastable extension of the Cs Ms = Bt AS Qz V reaction determined
by Pattison et al. (2002) with XMgbiotite = 0.7. Fe3+-free and Fe3+-excess curves for andalusite-sillimanite
reaction from Holdaway (1971). Reaction curves An20 Ks Qz V = L and An20 Qz V = L after Johannes and
Holz (1996). Metastable Ms Qz V = AS L curve after Rubie and Brearley (1987). See text
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