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Preface

My interest in pyrometamorphosed rocks began in 1981-1982 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. The xenoliths, mainly mica schists, had all under-
gone various stages of reaction and fusion. Because the high temperature reaction
products and textures were fine grained they were difficult to study petrographi-
cally 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 elec-
tron image technique of the electron microprobe the “wonderful world” of mineral
reaction/melting textures arrested in various stages of up-temperature transforma-
tion by quenching was revealed. Almost every image showed something 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
pressures. 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 igneous activity are usually restricted to very narrow aureoles and xeno-
liths 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 tempera-
ture overstepping of equilibrium 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 experiments at atmospheric pressure.

Compared with other types of metamorphic rocks, pyrometamorphic rocks are
comparatively rare and volumetrically insignificant. This is probably the main
reason why pyrometamorphism and sanidinite facies mineral assemblages have
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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. Since publication of the 1st edition of this book
in 2006, some 28 papers have appeared in international earth science, technol-
ogy and archaeological journals detailing processes, field relations, microtextures,
mineralogy and geochemistry of pyrometamorphic rocks, and related phenomena
such as biomass pyrometamorphism. Information from these articles is reviewed
and synthesized in this 2nd edition which remains as a compendium of avail-
able data relating to some 94 terrestrial occurrences of igneous, combustion and
lightning strike pyrometamorphism of quartzofeldspathic, calc-silicate, evaporate,
mafic rock/sediment compositions (Chaps. 3, 4, and 5), together with examples of
anthropogenic and biomass pyrometamorphism, such as brick manufacture, coal
metamorphism, slag production, surface biomass burning, wast incineration and
drilling (Chap. 6). The last chapter deals with aspects of high temperature dise-
quilibrium reactions and melting of some common silicate, carbonate and sulphide
minerals. My hope is that the book will stimulate further research into these fascinat-
ing rocks and vitrified substances to help explain the many unanswered questions
relating to processes and products of recrystallization and melting/crystallization
under high temperature/low pressure conditions.

Seoul, South Korea Rodney Grapes
July 2010
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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 without 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 elemental exchange (e.g. NayO) with the magma to form rocks consist-
ing mainly of alkali feldspar (sanidine, anorthoclase), cordierite, spinel, corundum,
biotite, sillimanite and (relic) almandine garnet & andalusite. Brauns (1912a, b) con-
sidered the essential indicators of pyrometamorphism to be the presence of glass
with the implication that temperatures were high enough to induce melting, the
formation of pyrogenic minerals (i.e. crystallized from an anhydrous melt), replace-
ment of hydrous minerals by anhydrous ones, the preservation of the crystal habits
of reacted minerals and of rock textures.

Tyrrell (1926) defined pyrometamorphism as pertaining to the “effects of the
highest degree of heat possible without actual fusion” [authors italics] and con-
sidered that the term could be usefully extended to “all products of the action of
very high magmatic temperatures, whether aided or not by the chemical action
of magmatic substances”. He regarded pyrometamorphic effects as “... conter-
minous with, and hardly distinguishable from, those due to assimilation and
hybridization”. Tyrrell’s definition 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 describe such effects: ... optalic effects are produced by evanes-
cent 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, indura-
tion, 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

R. Grapes, Pyrometamorphism, 2nd ed., DOI 10.1007/978-3-642-15588-8_1, 1
© Springer-Verlag Berlin Heidelberg 2011



2 1 Introduction

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

Pyrometamorphic rocks are 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 Systematics of Metamorphic Rocks (SCMR) of the International Union
of Geological Sciences (IUGS) (Callegari and Pertsev 2007, Smulikowski et al.
1997) refers to these variants of contact metamorphism as burning or combustion
metamorphism and lightning metamorphism.

In contrast to the localised (contact) occurrence of pyrometamorphism associ-
ated 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 car-
bonaceous sediments can be of regional extent, e.g. outcropping over an area of
some 200,000 km? in the western United States. However, the combustion process
involves steep temperature 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. Although now generally referred to as combustion meta-
morphism, the phenomenon had been variously termed, firing metamorphism or
burning metamorphism (Naumann 1858), pyromorphism (Lasaulx 1875), pyrogenic
metamorphism (Kawkosky 1886).

In this book, the products of highest temperature igneous, combustion, and
lightning contact metamorphism are regarded as examples or types of pyrometamor-
phism, i.e., metamorphism that occurs at low pressure and very high temperature.

1.1 Rock Terms

There are a number of rock terms commonly used in association with the phe-
nomenon of pyrometamorphism, e.g. hornfels, 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:

Hornfels — An ancient mining term from Saxony, Germany, used to describe a
hard, compact contact metamorphic rock developed at the margin of an igneous
body. The rock has a variable grain size, is composed of silicate + oxide minerals
(usually with no glass) and has a subconchoidal or irregular fracture. A hornfels
developed under pyrometamorphic (i.e. highest temperature) conditions can either
be a completely recrystallized rock or one in which partial melting has occurred,
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and it is typically developed in the innermost part of a contact aureole, or occurs
as xenoliths within an igneous body. Where partial melting has occurred, there is
macroscopic evidence such as the presence of glass or in-situ crystallization of
such melt to produce pegmatite segregations and/or plagioclase-rich leucosomes,
and chemical evidence of melt extraction leaving a silica- and alkali-depleted horn-
fels. In some cases, macro and micro evidence indicates that deformation by flow
has occurred. Compositional types of hornfels are distinguished by using the terms
pelitic hornfels, mafic hornfels, etc., and terms such as emery and porcellanite
described below, can be regarded as varieties of hornfels typically associated with
igneous rocks. Hornfels is also produced during combustion metamorphism, espe-
cially surrounding burning gas vents, where completely recrystallized contact rocks
may be formed.

Emery — A dark, hard, dense granular rock consisting mainly of corundum,
spinel, magnetite and/or ilmenite-hematite (sometimes including pseudobrookite,
mullite, cordierite, sanidine) formed by high (near or within basaltic magma)
temperature metamorphism of laterite (ferriginous bauxite), aluminous (pelitic) sed-
iment, or as an aluminous residue (restite) by removal of a “granitic”” melt fraction
from pelitic-psammitic rocks. Interstitial devitrified glass may be present.

Porcellanite — A light coloured, very fine grained, completely recrystallised
pyrometamorphosed clay, marl, shale or bauxitic lithomarge (e.g. Cordier 1868,
Tomkeieff 1940). Porcellanite was 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 terms porcelain-jasper or porzellanjaspis (Echle 1964, Leonhard
1824) and basaltjaspis (Zirkel 1866).

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
[Parafenite], scapolite sanidinite [Hiittenbergite]). The term is now mainly restricted
to pyrometamorphic rocks (almost exclusively xenoliths) with a sanidine-syenite
composition, but consisting of sanidine/anorthoclase, biotite, cordierite, orthopy-
roxene, sillimanite/mullite, spinel, corundum, ilmenite, Ti-magnetite (i.e. biotite
sanidinite [Laachite] of Brauns 1912a, Frechen 1947, Kalb 1935, 1936). These sani-
dinites were derived by extensive reaction and melting of a micaceous schist/gneiss
protolith that was subsequently recrystallized by high temperature annealing, and
where element diffusion with surrounding magma may have occurred.

Buchite — In contrast to hornfels, buchite is an extensively vitrified rock resulting
from intense contact metamorphism. Pyrometamorphic xenoliths and contact aure-
ole rocks described as altered (verdndert) or glassy (verglast) sandstone (buchites)
associated with basaltic rocks were first described from a number of localities
throughout Germany (e.g. Hussak 1883, Lemberg 1883, Mohl 1873, 1874, Prohaska
1885, Rinne 1895, Zirkel 1872, 1891). The term buchite appears to have been
coined by Mohl (1873) presumably after the German geologist, Leopold von Buch
(Tomkeieff 1940), to describe fused rock (gegliihte Sandstein) in contact with
basalt and replaced the term basalt-jasper (Fig. 1.1). Although initially applied to
partially melted sandstone (Biicking 1900, Harker 1904, Lemberg 1883, Morosevicz
1898), buchite was later used to describe fused pelitic rocks (Flett et al. 1911,
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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 let-
ters refer to: a = relic and cracked quartz overgrown by and with inclusions of tridymite; b =
Feathery-like/dendritic ?pyroxene (centre of diagram); ¢ = Needles of clinopyroxene; d = Small
vesicles with dark rims and centres; e = Trichites of magnetite; f = Rhombic and hexagonal crys-
tals of cordierite (mistakenly identified as nepheline); g = Glass surrounding cordierite; 7 = Spinel;
i = Zoned pores filled with goethite; k = Brown-coloured glass matrix

Granulite
Terranes

Pressure (kb)

700 800 900 1000 1100 1200 1300
Temperature (°C)

600 1400
Fig. 1.2 Petrogenetic grid showing relationship of sanidinite facies rocks (stippled area) to lower
temperature contact metamorphic and high pressure granulite facies rocks. Dark grey shaded
area with horizontal line extensions = P-T estimates of contact aureole rocks associated with
shallow and deep intrusions listed by Barton et al. (1991). Field of granulite terranes delineated
from Harley (1989). Wet/dry basalt solidi/liquidi of various basalt compositions after Yoder and
Tilley (1962). Wet/dry granite solidi from Tuttle and Bowen (1958). Andalusite/sillimanite and
sillimanite/kyanite transition curves from Holdaway (1971) (H) and Richardson et al. (1969)
(R). Quartz/tridymite/cristobalite inversion curves from Kennedy et al. (1962) and Ostrovsky
(1966)
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Jugovics 1933, Thomas 1922). The rarely used term, para-obsidian describes a
nearly holohyaline buchite containing a few microlites of phases such as mullite
and tridymite.

Clinker — A 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 sed-
iments. 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,
because 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.

Paralava — A name given to vesicular, aphanitic, fused shale (sometimes with
siderite, ankerite, calcite), sandstone, and marl that, unlike buchite, resembles
artificial slag or basalt in physical appearance, produced by the combustion of
coal seams. They were originally termed ‘“Para Lavas” by Fermor (Hayden 1918)
from observations in the Bokaro Coalfield, India, after being previously regarded
as basaltic lava from their highly vesicular, ropy structure (Fermor 1914). This
and evidence of flow, e.g. stalactite-like structures, distinguishes paralavas from
buchites. The analogous term parabasalt has been adopted in Russian literature
(e.g. Sharygin et al. 1999) to describe 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. Bulk compositions of these and other paralavas are similar to those of hydrous
and anhydrous basanitic to rhyolitic igneous rocks, and throughout the text paralava
liquidus compositions at 1 bar have been determined from the MELTS programme
of Ghiorso and Sack (1995).

Fulgurite — (Latin fulgur = lightning; Arago 1821). An irregular, glassy, often
tabular or rod-like structure produced by lightning fusion of sand, loose sediment
and also of solid rock. Fulgurites have been described by many different names,
e.g. Blitzrohre (Fiedler 1817, Voigt 1805), Blitzstein (Bruchmann 1806), tubes vit-
reux (Arago 1821), tubes fulminaires, lightning tubes, lightning holes (Beudant and
Hachette 1828; Hitchcock 1861, Merrill 1887, respectively).

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 occurrence of sanidine (typically with a high Na-content) and subcalcic
clinopyroxene (pigeonite). Compositions and notations of sanidinite facies minerals
used throughout the text are listed in alphabetical order in Table 1.1.
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Table 1.1 Pyrometamorphic (sanidinite facies) minerals, composition and notation
Aegirine NaFe?*Si, O Aeg
Akermanite CayMgSir Oy Ak
Andradite CazFe?*,Si3012 Adr
Anorthite CaAl;Siy Og An
Apatite Cas5(POy4)3(OH) Ap
Biotite K(Fe,Mg)3AlSiz019(OH); Bt
Bredigite Ca;Mg(SiO4)4 Br
Brownmillerite Cay(AlLFe*),05 Bm
Calcite CaCOs3 Cc
Chromite (FeMg)Cry04 Cr
Clinoenstatite Mg>Sir0g Cen
Clinoferrosilite Fe;SirOg Cfs
Clinopyroxene (unspecified) (CaMgFeAl);(SiAl);Oq Cpx
Cordierite? (Fe,Mg),Al4Sis013-nH,O Cd
Corundum Al,O3 Co
Cristobalite SiO, Cb
Diopside CaMgSiyOg Di
Dorrite CazMnge3+4Al4Si2020 Dr
Enstatite MgSiO3 En
Esseneite CaFe3* AlSiOg Ess
Fassaite Ca(MgFe3+Al)(SiA12 )O¢ Fas
Fayalite Fe;SiOy Fa
Ferrosilite FeSiO3 Fs
Forsterite Mg>SiO4 Fo
Gehlenite CapAl»SiO7 Ge
Grossite CaAlyO7 Gs
Grossular CazAl»SizOqn Gr
Hatrurite Ca3SiOs Ht
Hematite Fe3*t,04 Hm
Hercynite FeAl,Oy4 Hc
Hedenbergite CaFeSi;Og Hd
Ilmenite FeTiO3 Ilm
Kalsilite KAISiOy4 Ks
Kirschsteinite CaFeSiOy4 Kr
K-feldspar (unspecified) KAISizOg Ksp
Quartz (8) SiO; Qz
Larnite? CaySiOy Ln
Leucite KAISi;Og Lc
Lime CaO Lm
Magnetite FeFe3t,04 Mt
Mayenite CajrAl14033 May
Melilite (solid solution between Ak and Ge) Mel
Merwinite CazMg(SiO4)2 Mw
Monticellite CaMgSiOy Mc
Mullite AlgSiy 013 Mu
Nagelschmidtite Cay(SiOy4)-Caz(POy4)22 Ng
Native iron Fe Fe
Nepheline (NaK)AISiO4 Ne
Oldhamite CaS Oh
Olivine (solid solution between Fa and Fo) Ol
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Table 1.1 (continued)

Orthopyroxene (solid solution between En and Fs) Opx
Osumulite (KNa)(FeMg), (AlFe>*),(SiAl) 12030 Os
Pentlandite (FeNi)9Sg Pn
Periclase MgO Pe
Perovskite CaTiO3 Psk
Pigeonite (low Ca clinopyroxene Pgt
solid solution)

Phlogopite KMg3AlSi3O10(OH), Phl
Protoenstatite MgSiO3 Pen
Pseudobrookite Fe,TiOs Psb
Pseudowollastonite (B-form)© CaSiOs3 Pwo
Pyrrhotite Fe; xS Po
Rankinite Ca3Si Oy Rn
Rutile TiO; Rt
Sanidine (KNa)AISi3Og San
Sapphirine (FeMgAl)4(AlSi)301¢ Spr
Sillimanite Al;SiO5 Sil
Spinel MgAl, 04 Spl
Spurrite CasSip0g(CO3) Sp
Tilleyite Cas5Siz0g(CO3), Ty
Tridymite SiOs Td
Troilite FeS Tro
Ulvospinel Fe,TiOy4 Usp
Wollastonite (c-form) CaSiO3 Wo
Wiistite FeO Wi

All Fe is Fe2* unless otherwise indicated.
4Fe-end member is called sekaninaite.
b/fi—form of ¢-CaySiOy,

€Also referred to as cyclowollastonite.

In contact aureoles of shallow basaltic intrusions, in sediments overlying burnt
coal seams and in combusted carbonaceous sediments, sanidinite facies rocks rep-
resent 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 temperature 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 distinctive and do not fit well into other facies of contact
metamorphism.

At low pressures (<2 kb), differentiation of sanidinite facies from pyroxene horn-
fels facies rocks can be characterised by the absence of andalusite and pyralspite
garnet in quartzo-feldspathic rocks (Chap. 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 (Chap. 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
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that the distinction, although not particularly relevant, might depend on recognition
of diagnostic mineral assemblages in intercalated metasedimentary rocks (Chap. 5).

Although melting, disordered feldspars, and pigeonite may be stable under gran-
ulite facies conditions, they crystallise, invert and/or unmix during slow cooling
(Miyashiro 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 prox-
imity of these veins has led to the formation of sapphirine, pyrope-rich garnet,
Al-orthopyroxene and cordierite with increasing silica activity. While thermobarom-
etry indicates formation temperatures at ~1000°C, a pressure of ~7.5 kb puts these
rocks well within the granulite facies field (Tracy and McLellan 1985).

Although occurrences of sanidinite facies rocks are typically insignificant com-
pared with other facies of metamorphism, they clearly contain unusual and unique
mineral compositions and exhibit features of paragenesis that indicate a merging
with igneous rocks. In buchites and paralavas, crystallization of high-temperature
minerals from a melt (effectively a magma) has occurred. Mineral assemblages
developed from fusion of pelitic, psammitic and marl compositions 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 (e.g. Prevec et al.
2008). 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 quartzofeldspathic rocks, do not
contain sanidine. In buchites, the “K-feldspar component” commonly remains
dissolved in the melt (glass). In the case of “non-igneous” sanidinite (as xeno-
liths), sanidine/anorthoclase form when the melt “modified” by Na-exchange with
surrounding magma (especially trachyte or phonolite) crystallises during high tem-
perature 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 7-P estimates of pyrometamorphosed rock occurrences described later, the
sanidinite facies stability field is shown in Fig. 1.2. The upper pressure limit is some-
what arbitrary, although it can be significantly higher than the ~0.6 kb suggested
by Turner and Verhoogen (1960, Fig. 79), and available data indicates lithostatic
= vapour pressure conditions of <3 kb. While maximum temperature conditions
resulting from igneous activity are defined by wet to dry basic magma liquidus tem-
peratures (e.g. ~1190-1260°C at 1 kb), at atmospheric conditions temperatures up
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to ~1500°C can result from the combustion of coal and carbonaceous sediments and
are >2000°C for lightning-strike pyrometamorphism. Details of mineral reactions,
stabilities and fluid compositions that enable petrogenetic grids to be established for
different bulk compositions are presented in chapters detailing pyrometamorphic
rock occurrences.



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 associated pos-
itive volume changes 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
hundred degrees developed over a few meters or even tens of centimeters, partic-
ularly in the case of combustion, and lightning strike metamorphism where extreme
temperature gradients occur over a few millimeters.

2.1 Igneous Pyrometamorphism

2.1.1 Aureoles

Pyrometmorphism 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 thermal
effects and their resultant structures such as columnar jointing are locally developed
up to 50 m from the contact.

The generation of very high temperatures, sometimes approaching 1200°C, in
contact 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) intru-
sion 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 equi-
libria (see below), estimation of the timing of the pyrometamorphic event is more
difficult, although 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).

R. Grapes, Pyrometamorphism, 2nd ed., DOI 10.1007/978-3-642-15588-8_2, 11
© Springer-Verlag Berlin Heidelberg 2011
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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 country rock to approach that of the magma (Huppert and Sparks 1985)
resulting in fusion and the development of a wide aureole. Rocks containing sub-
stantial modal K-feldspar, Na-plagioclase, quartz and muscovite/biotite, e.g. pelite,
arkose, granite-granodiorite, tend to fuse more readily than refractory lithologies
such as quartzite, adjacent turbulent basaltic magma. Turbulence is commonly asso-
ciated 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 results 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,
pp- 520-523). 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 capac-
ity and density or thermal diffusivity « as the magma, and ignoring the latent heat
of magma crystallization 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 (7, distances (y) and times () 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 =

g — T—Te
Tmag — T
Dimensionless distance =
Y=y/h
Dimensionless time =

T = it/h?
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Fig. 2.1 Temperature-time relationships for three thermal models at dimensionless distances

(Y =0, 0.5 and 2) from the contact of the sill. Short-long dash line = 6 :onq (model 1); dashed line
= Ocony (model 2); Ocona (model 3) (redrawn from Fig. 1 of Wartho et al. 2001). See text

where Tp,g = initial magma temperature and T¢,; = initial contact rock temperature.
Following Jaeger (1964), the temperature-position-time relations for the three
models are;
Conductive cooling (6 ¢ond) (model 1)

Y+2 Y
Qcond =0.5erf Z‘[T — erf m

Convective cooling above upper contact (6¢ony) (model 2)

Y = Y rl/?
Ocony = €Xp §+Z erfc W-FT
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Continuous turbulent intrusion (6¢on¢) (model 3)

Y
ecom = erfc W

The models predict, for example, that at the contact (¥ = 0), the temperature
remains at 6 = 1 for as long as the magma is flowing, whereas in the conductive
model, 6 does not exceed 0.5. In the convective model, 6 is initially 1 and then
gradually decreases until reaching 0.5 at T ~ 3. At any given time the prolonged tur-
bulent emplacement model gives the highest temperature and the conductive model
the lowest temperature. Under conditions of ¥ = 2 the thermal histories are virtually
indistinguishable after t ~ 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 cool-
ing 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 pro-
files developed within 100 cm of the contact over a period of 3 days (Fig. 2.2). In
both cases a constant temperature of 1200°C is maintained along the contact, imply-
ing 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 1 day, the temperature of sandstone 10 cm
from the contact is 1000°C. The temperature-distance relations are supported by the
abundance of glass present in the contact rocks which can be described as buchites.
The calculated temperature curves ignore the role of the expulsion of intergranular
fluid from the sandstone that is effective 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 vol-
ume 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 reaching 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. 1ststage 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 = 107 m?s~! and heat
capacity = 2.5 J cm™ K1,
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Fig. 2.2 An E-W cross section of the Blaue Kuppe dolerite, near Eschwege, Germany (redrawn
from 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 (redrawn from Figs. 8 and 9 respectively, of Koritnig 1955)

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 Tpax
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
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Fig. 2.3 Thermal profiles (Tmax) (below) and melt contents (vol.%) (above) for arkosic country
rock surrounding gabbro and peridotite plugs, Mull, Scotland (redrawn from Figs. 11 and 6, respec-
tively, of Holness 1999). See text. Uncertainly in temperature due to insufficient experimental data
for melting (first appearance of melt), variable bulk Fe content relating to chlorite breakdown reac-
tion, and uncertainly about kinetics of microcline-sanidine transition. Uncertainty in distance due
to exposure and finite sample spacing. Curve A = magma 7 1200°C, contact remains at constant
T for 3 years; curve B = magma 7 1000°C, contact remains at constant 7 for 10 years. Unlabelled
two curves fitting gabbro data = magma 7 1250°C, contact T remains constant for 35 years, and
for magma 7 1200°C, constant contact temperature for 40 years

3-10 years; for a gabbro magma temperature of 1200—1250°C, a constant contact
temperature lasted 35-40 years due to magma flow through the conduit. The calcu-
lated contact temperatures 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 H,O, 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 tem-
peratures below the solidus occurred with ca. 5 years is supported by evidence of
destruction of millimetre-scale layers rich in detrital magnetite in the arkose within
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10 m from the gabbro contact. From Stokes’ law, the velocity at which spherical
particles of radius r fall through a liquid of viscosity p is given by

2gr2 Ap
v =
I
where g = acceleration due to gravity; A, = difference between density of solid
(magnetite of 5.3 gcm‘z) and liquid (melt of 2.3 gcm‘l); melt viscosity (u) = 105-
107 poise. A magnetite crystal of 0.1 mm diameter will drop by 1 cm in 170-1700
days thus obliterating the fine-scale layering.

2.1.2 Xenoliths

The preservation of pyrometamorphosed suites of xenoliths characterised by dif-
ferent mineral assemblages within individual magmatic bodies implies mechanical
disintegration of various source lithologies of a deeper contact zone. In areas where
igneous contacts are irregular, mechanical erosion of wall rock of suitable compo-
sition 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. Killie
et al. 1986; Fig. 2 of Holness and Watt 2001), or along the contact of a steeply dip-
ping 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 diame-
ter, although occasional rafts several meters across and length (rarely with outcrop
dimensions of several hundred meters by several kilometers) also occur. In more
homogeneous lithologies 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-
feldspar contacts) occurs, the rigidity and mechanical integrity of the rock becomes
significantly reduced and in wall rocks unstable portions tend to be dislodged and
entrained 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 sur-
rounding magma within a few weeks implying that the formation temperature of
pyrometamorphic mineral assemblages in the xenolith can be equal to the magma
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Fig. 2.5 Sketches of two partially melted xenoliths occurring in Recent hawaiites from Mt. Etna,
Italy (redrawn from 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

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 (#;) at which time the temperature of the xenolith is
increased to 7, with an equilibrium melt for this temperature forming at #4. At 74 the
temperature of the xenolith has increased to that of the cooling magma. By #5 both
magma and xenolith have cooled to 73. While the magma cooled from T4 to T3, the
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Fig. 2.6 Schematic diagram showing relationships between cooling curve of mafic magma, heat-
ing curve of a xenolith, and curve of equilibrium melt formation in the xenolith. Horizontal
lines between xenolith heating and melt formation curves represent the time-lag between the two
(redrawn and modified from Fig. 4 of Wyllie 1961). Additional 7— regions of formation of few and

abundant crystal nuceli in the melt are also shown together with possible quenching on eruption
trajectories. See text

xenolith continued to melt and reached its maximum state of fusion at T3. After ¢s,
magma and melt within the xenolith cool together with crystallization of minerals
from the melt and with remaining melt quenched at #,.

Because heating times during pyrometamorphism are fast and relatively short,
the rate of crystal nucleation will also lag behind the change in temperature. Peak
metamorphic temperatures are unlikely to be maintained for very long before cool-
ing commences (73 at 75) and as the rate of cooling is significantly less than the rate
of heating, most crystallization 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 crystallisa-

tion = 400 kJ/kg (effective thermal diffusivity « of trachyandesite 9-10~7-2.6-10~7
2.1
m-s ')
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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 (redrawn from Fig. 4 of Tommasini
and Davies 1997). See text

Granite xenolith: Width = 4 m; beginning of melting = 850°C at Pload <500
bars; heat of fusion = 300 kJ/kg (effective thermal diffusivity x of granite 1-1076—
441077 m%s7").

Country rock granite: Maximum temperature = 50°C at time of intrusion.

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 max-
imum 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

Xi
T; = Timagma |:1 — erf(\/ml?)}

where Tinaema Temains constant at the contact (x; = 0 m); 7; = country rock tem-
perature at distance x; from the contact; x = thermal diffusivity of the granite; ¢
= time lapsed since intrusion, indicates that after 20 days of continuous flow the
temperature is >850°C (~ temperature of biotite melting) 0.5 m from the contact.

A final example illustrates temperatures generated in different shaped
metabasaltic xenoliths in basaltic magma (Brandriss et al. 1996). Modeled
temperature-time after stopping profiles are shown in Fig. 2.8 for conductive heating
of a 4 m diameter sphere and a 4 m thick infinite slab with an initial temperature of
400°C, assuming a constant temperature of 1050°C for the magma, and a thermal
diffusivity of 0.005 cm?/s for xenoliths and magma. For the spherical xenolith, the
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Fig. 2.8 Modelled profiles for conductive heating of a spherical xenolith 4 m in diameter (dashed
curves) and a 4 m thick tabular xenolith (solid curves). Numbers on curves = distances (m) from
xenolith-basalt contact (redrawn from Fig. 21 of Brandriss et al. 1996)

centre reaches 1000°C within a few weeks whereas it takes a few months for the
same temperature to be reached in the central part of the tabular xenolith.

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 exam-
ples of this type of pyrometamorphism where thermal energy is provided through
burning. Ground magnetic and aeromagnetic surveys across areas of such com-
bustion 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 possibly as high as ~1600°C resulting in a large variety of
pyrometamorphic rock products, often on the scale of a single outcrop, from ther-
mally altered but unmelted rocks, termed burnt rocks or baked rocks, to those that
are partly fused, termed clinker, or those that are totally melted, termed paralava or
slag, as described in Chap. 1.

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
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and heterogeneous nature, oxidation of carbon, such as in coal, is a complex process,
but a simplified exothermic reaction can be expressed as:

C + 0y = CO, + heat (94 kcal/mol™")

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 tempera-
ture” of somewhere between 80 and 120°C where a steady reaction resulting in
the production of gases such as CO,, CO and H>O occurs. As the temperature
continues to rise to somewhere between 230 and 280°C, the reaction becomes
rapid and strongly exothermic and spontaneous combustion occurs when the coal
reaches its ignition point. While changes in moisture and oxidation can explain most
spontaneously-generated heat in coal, there are several other important contributors
to its pyrophoricity such as:

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

Farticle size. There is an inverse relationship between particle size and sponta-
neous 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

4FeS; + 110, = 2Fe;03 + 850, + 6.9kl/g ™ '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.

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 extensive
combustion metamorphism are typically associated with anticlinal or rift structures
where fracturing allows the access of oxygen. Drying and microbial decomposition
of subsurface organic material will also result in heat production to the point of self
ignition.

2.2.1.1 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) and Heffern and
Coates (2004) in relation to burning lignite seams in North Dakota and high-volatile
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Fig. 2.9 Map showing extent -7 \ <
(5 ha) of an active coal-seam
fire and fissures extending
beneath a hill side (contour
pattern indicated by thin
dashed lines) fronted by a
river (Tongue River), Acme
underground coal mine,
Wyoming, Powder River
Basin, USA. In this case, the
river and tributary streams
shown have exposed the
coal-seam resulting in
oxidation and combustion
(redrawn from Fig. 5 of
Heffern and Coates 2004)
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Fig. 2.10 Cross-section of a burning coal seam progressing beneath a collapsing hillside (redrawn
from Fig. 7 of Heffern and Coates 2004)

sub-bituminous coal in the Powder River basin of Wyoming and Montana, respec-
tively. 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 (Fig. 2.9). In the initial stages when fire spreads
laterally along exposed lignite or coal and back into the outcrop, the overlying rocks
progressively subside into the burned-out void (Fig. 2.10) to form a breccia or, where
there are clay horizons a crumpling of slumped, coherent strata occurs. Rogers
(1917) concluded 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.

Fracturing of the overburden overlying the burning and burnt-out coal seam
allows air to enter and gases to escape allowing the burning to continue. If the
air supply is unrestricted, strongly oxidizing conditions causes reddening of the
roof rocks for a few centimeters. The fire may smolder for long periods, but can
sometimes flare into an inferno producing temperatures high enough to melt rocks.
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The fire will naturally extinguish itself if the overburden is thick and fractures from
collapse fail to reach the surface, or where the fire has burned down to the level
of the water table in the coal. Reduced conditions coupled with conservation of
heat produced by a thicker, more competent overburden causes partial distillation
of the coal to form coke and resultant production of CO and H»O which disasso-
ciates allowing the formation of more CO in addition to H,. Along with SO4 from
the breakdown of gypsum and pyrite in the coal, these gases move upward through
cracks and fractures in the roof rocks, transmitting heat by contact that can cause the
wall rocks to melt. The gases also tend to cause reduction of hydrous iron oxides to
ferrous compounds in the melted rock and to magnetite, as the gases tend to loose
their reducing capacity in higher zones. With continued upward migration, H, and
CO oxidize to H,O and CO; and still retain sufficient heat to cause baking and resul-
tant oxidation of iron compounds to produce the typical reddening effect commonly
observed.

Sedimentary rocks overlying the burning coal seam are thus subjected to a
sequence of changes in time and space. The rocks are first hardened and yellowed
by oxidation of iron present as hematite or Fe-hydroxide. With continued heat-
ing, the yellowish colours change to darker, more intense hues of orange and red
in response to variations in temperature and oxygen supply that affect areas rang-
ing from centimeters to meters in diameter (horizontally and vertically). At higher
temperatures the rocks become sintered and recrystallised to produce a ceramic tex-
ture. Areas subjected to the highest temperatures, e.g. fissures and tabular chimneys
of welded breccias, typically contain black, green and grey clinker and paralava
“cement” (Fig. 2.12) indicating a reducing environment where iron is present as
newly-formed magnetite or even metallic Fe. This paralava melt may flow into the
fractures and in combination with collapsed rock fragments, clog the opening to pro-
duce 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 (Figs. 2.11 and 2.12; see also Plate 1A of Rogers 1917). From the coal
itself, combustion produces coal ash, typically a mixture of the non-combustable
products such as quartz, feldspar, clays (largely kaolinite), illite, pyrite and carbon-
ates such as calcite, ankerite and siderite, that melt from the heat of combustion to
produce “pools” of paralava or slag. Clay within a meter or so of the base burnt coal
seam ash may be fused to form a porcellanite clinker.

The behavior of coal fires is a function of a complex interaction between geome-
chanical effects, overburden permeability and natural convection flow of oxygen and
heat flow. Two-D modeling of the interaction of underground coal fires and their roof
rocks has been made by Wolf and Bruining (2007). An example of a coal fire at a
depth of 40 m associated with subsidence/compaction of the overburden is shown
with respect to temperature distribution and O,-concentration distribution with con-
vection in Fig. 2.13, and could relate to the section shown in Fig. 2.10. The area of
the most intense pyrometamorphism involving melting of sedimentary rocks, coal
ash and char relics is restricted to a very small area at the burning coal face and the
base of active vents/faults where temperatures are > 1100°C (Fig. 2.13). Hot gases
and heat from the burning zone move upward through the overburden creating areas
of baked and melted rock in the wall rocks as described above.
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Fig. 2.11 Anatomy of a chimney structure, an erosion remnant from burning of a coal seam,
consisting of black and vesiculated paralava containing clasts of clinker. The coal-ash zone is
composed of glassy, vesicular paralava (redrawn from Fig. 2 of Cosca et al. 1989)

Fig. 2.12 Photos showing a clinker breccia-filled chimney structure (left) with the white to cream-
coloured clinker breccia cemented by dark grey-black paralava (right), Kuznetsk coal basin, Siberia
(photos by Ella Sokol)
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Fig. 2.13 Diagram showing
modelled temperature and
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An interesting example of pyrometamorphic cap rocks resulting from coal fires
of Pliocene—Holocene age are recognized in NW China below river terraces (Zhang
et al. 2004) (Fig. 2.14). The burnt rocks are between 100 and150 m thick and char-
acterised 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. Thermomagnetic analysis of burnt rock
indicates the presence of trace amounts of metallic iron implying minimum temper-
atures 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.

2.2.1.2 Carbonaceous Sediments

For the heating and combustion of carbonaceous sediments, the situation is some-
what 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. 2.15). Perhaps the earliest written report of pyrometamorphism of
carbonaceous sediments in action at this locality was when smoke and sulphurous
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Fig. 2.14 Section centred on the Toutunhe River terrace sequence, NW China, showing occur-
rences of burnt rocks and a burnt rock profile (redrawn from Figs. 2 and 3 of Zhang et al. 2004).
Several age groupings of combustion are identified: Pliocene-Early Quaternary at 200 m above
present day flood plain; Middle Pleistocene at >90 m; Late Pleistocene at 90-70 m; Holocene;
current burning sites

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 over-
land expedition of John Franklin and John Richardson in 1825-1827. Richardson
(1851) records at “at Cape Bathurst (northern end of Franklin Bay). . ., bituminous
shale is exposed in many places, and in my visit there in 1826 was in a state of igni-
tion; 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 or paralava (Matthews and Bustin
1984). According to Yorath et al. (1969, 1975), an exposure may be quiescent 1 day,
and the next it can be extremely hot producing noxious SO4 fumes. Where the for-
mation 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
localities large crystals of gypsum are scattered over burnt shale outcrops. Early geo-
logical explorations of British Columbia and the western Northwestern Territories
also record localities of superficial burning (smoking) at sites of hot sulphurous gas
emission, termed bocannes, in certain shales resulting in baking and reddening or
bleaching (Crickmay 1967). As at Smoking Hills, extinct bocannes are marked by
similarly coloured rocks but without smoke.

Matthews and Bustin (1984) have determined that the boccanes at Smoking Hills
are fuelled by oxidation of fine grained, framboidal pyrite and/or organic matter (vit-
rinite and alginite) and that they are restricted to areas of glacially (?) disturbed strata
and landsliding (e.g. landslide-prone coastal cliffs where currently active boccanes
are situated) (Fig. 2.15), indicating that disruption, rapid exposure, and access to
atmospheric oxygen are required to produce combustion. Here, the mudstones con-
tain between 1 and 8% carbon consisting of fine detrital vitrinite (humic matter) with
a reflectance of 0.25% corresponding to the coal rank of lignite, probable alginite
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Fig. 2.15 Map of the Smoking Hills area, Canadian Arctic coast, showing the distribution of active
and extinct bocannes (redrawn from Fig. 1 of Matthews and Bustin 1984). See text in Chap. 3

(sapropelic matter) and pyrite (between ~4 and 30%), in part as minute flamboidal
aggregates. Calculated calorific values (kJ/kg~!) range from 360 to 2430 for carbon
and from 740 to 2100 for pyrite, and measured total unweathered mudstone calorific
values range from 1200 to nearly 4000 kJ/kg~!. Compared to the heat capacity
of a typical shale of 0.7-1.025 kJ/kg~'°C~! (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 and 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



2.2 Combustion Pyrometamorphism 29

ce Y e ss s oo s - oo oo 4 [T Sandstone |
SR G s s e g wmtg/s Pliocene

"""""""" {1 Marl

LN w00 ] Upper Fars Fm. | widdle-
COT Ul DL D0 = Middle and lower | Upper
................. Fars Fm. Miocene

N @0 BumtHins

Fig. 2.16 Geological map of the Injana area, Iraq, showing structural setting of “burnt hills”
(labeled 7-6) that indicate sites of combustion metamorphism (redrawn from Fig. 1 of Basi and
Jassim 1974). See text in Chap. 4

hills situated along a major thrust associated with an anticlinal structure (Fig. 2.16).
The hills rise 6-14 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, yellowish to red
marls that grade into unaltered rocks at the base of the hills. The sequence can be
interpreted as having formed 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 distri-
bution 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
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(1932) records an instance of the formation of a mud volcano in Trinidad that was
accompanied by violent eruption of enormous quantities of inflammable gas. This
became ignited by sparks from the abrasion of pyrite fragments to produce a ~90 m
high flame that burned for 15 h.

2.3 Lightning 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. A lightning bolt is typically about 2-5 cm diameter and attains a speed
of 94000 km/s. Times of lightning-induced melting are on the order of a sec-
ond. Although the pressure remains near atmospheric, temperatures are typically
in excess of 2000 K. Voltages (and thus EMF’s and chemical potential gradients)
are extreme, with peak currents measuring 10 kA and up to 200 kA reached in
microseconds (Rakov and Uman 2003, Uman 1969). Therefore, when surface mate-
rial (sediment or rock) is struck by lightning it undergoes a rapid physical, chemical
and morphological change.

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 impacted 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
fulgurites form in 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.

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. Mostly, fulgurites are quite small with
internal diameters in the mm to cm range. The longest fulgurites occur in uncon-
solidated material such as sand and soil and the longest and deepest-penetrating
fulgurite recorded is a little over 4.9 m in length occurring in sandy soil, northern
Florida (Fig. 2.17a) where there is an average of 10-15 lightning strikes/km?/year
(Wright 1999). In such cases, the bottom limit of fulgurite formation is determined
by the ground water table or a layer of wet sediment. As the tubes extend down-
ward 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, especially in quartz-rich
sand. Terminations of fulgurites vary from glassy, bulbous-like enlargements to an



2.3 Lightning Pyrometamorphism 31

Fig. 2.17 (a) Sketch from a . <+ 30m
photograph (redrawn from ‘
Fig. 4 of Wright 1999) of a
~2.9 m long fulgurite (solid
black lines) formed in
cross-bedded sands (bedding
shown by sub-horizontal
dashed lines), Florida, USA,
where examples over 4.9 m in
length have also been found.
(b) The Winans Lake
fulgurite (black) formed
along a morainal ridge in
southeastern Michigan, USA.

Fulgurite development is '*[A
concentrated in three separate f‘
loci with continuity between LA
the loci indicated by charred =
soil and vegetation (redrawn %

from Fig. 1 of Essene and
Fisher 1986). See text in
Chap. 3
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aggregate of loosely cemented partially fused sand grains. Turbulent flow structures
may be present in the fulgurite glass and the presence of gaseous bubbles indi-
cates that boiling and vaporisation are associated with the melting process. In other
cases, the fulgurite may extend along the ground surface, as shown by the 30 m-
long Winans Lake fulgurite, southeastern Michigan, USA (Essene and Fisher 1986)
(Fig. 2.17b), which is probably the longest, laterally-extending fulgurite recorded.
While fulgurite formation in sand (sand fulgurites) is the most common type
reported, clay-soil fulgurites are described from the Eastern Goldfields of Western
Australia by Gifford (1999). These are different from lightning strikes in sand in
that they cause notable disturbance of the clay-rich soil such as that illustrated in
Fig. 2.18. 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.
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Fig. 2.18 Structure resulting from a lightning strike in clay soil at Avoca Downs, Eastern
Goldfields of Western Australia (redrawn from Fig. 1 of Gifford 1999). The sub-surface soil has
been expanded to a maximum of ~50 mm at the centre of the strike

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 was controlled 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 discharge 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. An interesting example of another
soil fulgurite is where lightning was conducted to the ground via an electric pylon
at Torre de Moncorvo, Portugal. The fulgurite consists of a vertical central cylin-
der that narrows downwards from which radially distributed, essentially horizontal
bifurcating branches occur that become smaller in diameter away from the central
vertical tube (Fig. 2.19; Crespo et al. 2009). The horizontal radially-branching struc-
tures represent dispersion of a large part of the lightning energy within an area of
more porous and moist soil near the surface.

In rocks, particularly crystalline ones, the effects are different from sand or clay-
soil fulgurites. In this case, fulgurites take the form of glass-lined holes drilled into
and sometimes through corners of the exposed rock or produce glass-lined grooves
in the rock surface (Fig. 2.20). Millimeter-sized globules of melt may be ejected
from these excavations (e.g. Clocchiatti 1990, Frenzel and Stihle 1984). The fulgu-
rites 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, melt threads or films along and over exposed grain
boundaries, particularly quartz (e.g. Wimmenauer and Wilmanns 2004) (Fig. 2.21).
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Fig. 2.19 Diagram of a branching fulgurite formed in soil at Torre de Moncorvo, Portugal
(redrawn from Fig. 3 of Crespo et al. 2009). See text in Chap. 6

Fig. 2.20 Lightning strike
fulgurites in gabbro,
Adamello, Cornone di
Blumone, Italy, that occur as
(A) a glass-lined hole through
and exiting the rock and (B) a
glass-lined grove excavated in
the surface of the rock. See
text in Chap. 5

Fulgurite glasses are often compositionally inhomogenous. In general, reduction
occurs during lightning strike melting of rocks and sediment by release of excess
oxygen in the vapour, as indicated by the presence of metallic globules (Essene
and Fisher 1986, Pasek and Block 2009), but the degree of reduction can vary
significantly within a single fulgurite glass (e.g. Sheffer et al. 2006). Variations in
mineralogy and composition of the target material will affect the extent of reduction
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Fig. 2.21 Example of a fulgurite network pattern developed on an exposed quartz surface in
granitic rock, Black Forest, Germany (Fig. 12 of Wimmenauer and Wilmanns 2004). Width of
photo is 2.7 mm

by lightning strikes. In areas that experience the highest temperatures, e.g. the centre
of fulgurite tubes, glass is essentially homogeneous and towards the tube edges it
is less homogeneous (less well mixed) on a micron scale and may contain partially
fused and unmelted mineral grains, e.g. Switzer and Melson (1972), Frenzel and
Stidhle (1984). Fulgurite liquids cool isentropically and rapidly quench maintain-
ing high temperature equilibrium pertaining to each micrometer-scale compositional
domain that has been melted with vapour being released into the atmosphere.

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° from the perpendicular.
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 exposure
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. 2.22.

Mohl (1873) provides a detailed description of columnar jointed sandstone in
contact with basalt from localities in Germany.
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Fig. 2.22 Columnar jointed claystone occurring below a thick basalt flow, Egerli Dag, Iscehisar
Province, Turkey (sample supplied by Jorg Keller)

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 blocs 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 centimetres 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, becomes hard with transparent edges when
heated, and melts on coal to a vesicular greenish-brown 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 obvi-
ous. The sandstone consists of an argillaceous-carbonaceous cement and contains abundant
quartz pebbles.
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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 homogeneously 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 Hiinfeld.
Here, there is a basalt quarry in the base of which ca. Im of red sandstone is exposed
overlain by basalt. Vertical columns in the basalt, somewhat finer and porous/vesicular
towards the base (at the contact), are intimately welded with the sandstone. In the sand-
stone, 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 m? 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 com-
bustion of coal seams. Prismatic columnar jointing caused by combustion of organic
matter also occurs in bituminous marly rocks of the Mottled Zone, Hatrurim basin,
Israel (see Chap. 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 the inclined dolerite pipe at Apsley, Tasmania (Fig. 2.23a). 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 con-
dition that they be normal to the igneous contact and there is also local irregularity
(Fig. 2.23b). This is probably related to the form of the plug and associated pattern
of heat-flow combined with variations in the physical properties (particularly perme-
ability) of the sedimentary layers. The columnar buchites at Apsley contain >40%
glass (maximum of ~65%) and plunge mainly at low angles in various directions,
although the plunge is constant for each bed but differ from bed to bed. The columns
are generally hexagonal with curved faces, but pentagonal, quadrilateral forms also
occur.

At a maximum melting temperature of the sediments of around 1000°C at 50
bars PH»O, the occurrence of buchites up to 140 ft from the southern contact of the
dolerite and within a few feet on its NE side, indicates a highly asymmetric heat
flow regime suggestive of upward and outward transport of heat by steam (convec-
tion rather than conduction) in relation to a steep southward dip of the plug. Under
convective conditions, heat-flow would be partly up the buchite zone but largely out-
ward along the sedimentary layers giving rise to the mainly subhorizontal columns
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Fig. 2.23 (a) Geological map of the dolerite plug and distribution of columnar buchite at Apsley,
Tasmania (redrawn from Fig. 2 of Spry and Solomon 1964). Letters A-K refer to rock-types in
sandstone sequence shown in (b) and in Fig. 2.24. (b) Cross section of the dolerite-buchite associa-
tion at Apsley, Tasmania, showing inferred buchite column orientation under convection conditions
as discussed in text (redrawn from Fig. 8b of Spry and Solomon 1964)

observed. This would also explain the irregular distribution of the columnar buchites
with gas-phase H,O penetrating further along those beds with higher permeability
resulting in an irregular isotherm pattern within an estimated mass of sandstone
converted to buchite of 3 x 10!! g.
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Fig. 2.24 Schematic diagram showing relations between sedimentary succession and distribu-
tion, 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 (redrawn
from Fig. 13a, b of Spry and Solomon 1964)

The columns range in diameter from 2.5-50 cm and are clearly related to litho-
logical variation in the sediments (Fig. 2.24). Primary differences in the type of
quartz packing, the composition of other components and their relative propor-
tions and degree of heterogeneity are important factors controlling the shrinkage
behaviour of the rocks. Furthmore, unlike the development of columnar structures
in igneous rocks, in metamorphosed sedimentary rocks columnar jointing is related
to heating as well as cooling. During heating, contraction stresses may be estab-
lished that can facilitate/accentuate 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 contraction during heating takes place by:

1. Mineral (e.g. clay, mica, chlorite) dehydration resulting in the development of
allotropic 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. Reaction to anhydrous minerals with greater density, e.g. muscovite, chlorite
reacting 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%.
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Fig. 2.25 Plot of bedding width verses buchite column width and vol.% glass verses buchite
column width, Apsley, Tasmania (data from Spry and Solomon 1964). See text

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
sandstone to 2.2-2.4 in buchites with increasing glass (Fig. 2.25) indicates a
decrease in volume amounting to a shrinkage of 5-10%.

Larger columns occur in more massive, thickly bedded sandstones. They also
contain more glass (Fig. 2.25), 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 fracture for a given temperature change. The smallest columns of ~2.5 cm occur
in thinly-bedded sandstone (Fig. 2.24) and they do not form in beds that contain
abundant mud pellets or in siltstones (porcellanites). It is probable that the mud
pellets introduced sufficient irregularity in the tensile stress-pattern developed by
shrinkage that columnar joints could not form. The original shaley nature of the
porcellanites and 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 melt-
ing site, rapid melting causes the development of high melt pressures leading to
hydraulic fracturing and migration of melt along these fractures. Several genera-
tions 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-feldspar boundaries. The earliest generation of microcracks related to
the pyrometamorphic event cut across quartz and feldspar crystals but rarely across
their respective boundaries and are thought to be the result of anisotropic thermal
expansion associated with a contribution from the «—f inversion in quartz which
occurs at ~590°C at 600 bars.
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A second generation of cracking involving the formation of two sets of microc-
racks 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 ~5-7% that
causes overpressuring and grain-scale fracturing (Brearley 1986, Connolly et al.
1997, Rushmer 2001). In the example described, the microcracks radiate away
from muscovite grains and are melt-filled (Fig. 2.26). They also appear to re-use
cracks that existed 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).
\ ﬁ Lo
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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. 2.26). 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 seg-
regation 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 a—f quartz
inversion at 575°C.

2.4.3 Dilation

Heating at atmospheric pressure due to combustion of coal seams often results in
dilation of sediments overlying the burning coal seam. Cavities may remain open
and provide space for vapour phase crystallization of high (sanidinite facies) and
low temperature (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 and 1200°C related to combustion of the coal. The exper-
iments were conducted at 25 bars with a heating rate of 0.5°C/min and the results
are shown in Fig. 2.27.

In clay-rich siltstone (Fig. 2.27a), dilation is moderate but constant with increas-
ing temperature except for an increase at the a—pB quartz inversion at 587°C.

Fig. 2.27 Dilation curves
(warming-up rate of
0.5°C/min) for: (a) Shale
with dispersed organic matter
(solid line); Shale with
dispersed organic matter and
with silt and coal streaks
parallel to the cleavage (thin
dashed line); Shale with
dispersed organic matter and
with silt and coal streaks
normal to the cleavage (thick
dashed line) (redrawn from
Fig. 2 of Wolf et al. 1987);
(b) Siltstone with carbonate
matrix (dashed line); siltstone
with clay matrix (solid line)
(redrawn from Fig. 1 of Wolf

Dilation (%)

0 I I I I I
et al. 1987). CO = coking: 200 400 600 800 1000 1200

T = transition from «—f Temperature (°C)

quartz: BL = bloating -1
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Vitrification at ~900°C does not change the dilation pattern; surfaces of the heated
samples become 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, decomposition of dolomite and siderite results in a marked
dilation due to bloating between 600 and 900°C.

In comparison with siltstones, carbonaceous shale exhibits much more dilatory
variation (Fig. 2.27b). Between 100 and 200°C, fracturing parallel to cleav-
age occurs in response to dehydration and dehydroxylation of clay minerals.
From ~390°C, coking of organic matter causes an increase in dilation, particu-
larly 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.

2.4.4 Preservation of Glass and Glass Compositions

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 often remains largely undevitrified in many pyrometamorphic rocks needs
explanation.

Figure 2.28 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 aggre-
gate. 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 10'3 Pa’s. At this viscosity, glasses devitrify rapidly, i.e. in
10-103 s. At a higher viscosity, e.g. 10'# Pa’s, glass could be expected to devitrify in
102-10* s. Liquids produced by melting of sediments are essentially alkaline alumi-
nosilicates and would have high viscosity. If this were 10'® Pa’s, 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,
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Fig. 2.28 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

Holness et al. 2005). Given that metamorphism occurred at a depth of several
hundred meters (~120 bars), 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)

- Combustion metameorphism glasses

I:I Igneous contact metamorphic glasses

Or

| Granite minimum melt compositions

Qtz

Ab

Fig. 2.29 Normative Qtz-Or-Ab and Qtz-Ab-An composition fields of glasses in buchites of
igneous pyrometamorphism and paralava-clinker of combustion pyrometamorphism
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texture of quartz and feldspars. At Glenmore, late-stage hydrothermal fluid circu-
lation 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 crys-
tallised. 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
crystallization (see Chap. 3), the critical cooling rate for glass formation is estimated
to have been ca. 8°C/day.

Glass compositions in buchites and paralavas described in the following chapters
are plotted in Fig. 2.29 in terms of normative quartz (Qtz), albite (Ab), orthoclase
(Or) and anorthite (An) components that typically form > 90% of their composi-
tions. In these pyrometamorphic rocks, especially paralavas, the glass is a residual
phase in that it represents the quenched melt from which high temperature phases
have crystallized. Such glasses tend to be Or- and Qtz-rich. In the early stages of
fusion, such as between quartz, feldspars and muscovite, as seen in some buchites,
many of the lower temperature normative glass compositions are similar to granitic
minimum melts as shown in Fig. 2.29.



Chapter 3
Quartzofeldspathic Rocks

Pyrometamorphosed quartzofeldspathic rocks (sandstone, shale, claystone) and
sediments (sand-silt, clay, glacial till, diatomaceous earth), and their metamor-
phosed equivalents (phyllite, schist, gneiss), are characterised by the presence of
tridymite, mullite/sillimanite, cordierite, orthopyroxene, clinopyroxene, sanidine-
anorthoclase, plagioclase (oligoclase—anorthite), corundum, hercynite-rich spinel,
magnetite, ilmenite, hematite, pseudobrookite, sulphides and in carbonaceous pro-
toliths, native metals. Ti-rich biotite and osumilite are less common; sapphirine
is rare. These minerals are usually associated with acidic (rhyolitic) to intermedi-
ate (dacitic) glass that is frequently abundant enough for the rocks to be termed
buchites and paralavas. Partly melted granite-granodiorite may contain tridymite,
Ca-plagioclase, orthopyroxene and magnetite.

Eskola (1939) provides two examples of quartzofeldspathic sanidinite facies
mineral 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-Al,03-SiO; plot (Fig. 3.2), that characterise typical mineral
associations found in psammitic-pelitic rocks

Anorthite-cordierite-mullite-tridymite
Anorthite-clinopyroxene-orthopyroxene-tridymite
Anorthite-cordierite-orthopyroxene-tridymite
Cordierite-orthopyroxene-tridymite
Corundum-mullite-spinel
Cordierite-mullite-spinel
Cordierite-mullite-tridymite.

NNk RN

Silicate and oxide phases in pyrometamorphosed quartzofeldspathic rocks are
plotted in terms of mol% SiO, — (Al Fe),03 — [(Fe,Mg)O + TiO;] — [CaO +
(K,Na),O] in Fig. 3.3a. Bulk compositions are confined to the Qz-[PlSan]-
[Co,Hem]-[Rt, Ilm]-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, tour-
maline etc., may also be present in many clastic sedimentary protoliths and react

R. Grapes, Pyrometamorphism, 2nd ed., DOI 10.1007/978-3-642-15588-8_3, 45
© Springer-Verlag Berlin Heidelberg 2011
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Fig.3.2 MgO-Al,03-SiO> (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 components
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in (b) The dotted plane at 50 mol% SiO; = ACF plane. The volume that contains bulk
quartzofeldspathic compositions within the tetrahedron is delineated by the shaded planes
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during pyrometamorphism. Zircon, apatite, rutile, spinel and ilmenite are typi-
cally unaffected except in cases of lightning strike metamorphism and in rare
cases, phosphoritic sediments that originally contained fluorapatite have under-
gone melting during combustion metamorphism. Addition of CO, allows for the
presence of siderite, ankerite, calcite and possibly dolomite, which occur in sed-
imentary rocks (e.g. especially those associated with coal seams) affected by
combustion metamorphism, and where melting of siderite in particular and asso-
ciated sulphides (pyrite and pyrrhotite) has produced magnetite-hematite—bearing
paralavas. All the silicate and oxide phases likely to be present in pyrometamor-
phosed quartzofeldspathic rocks and the quartzofeldspathic-carbonate component
of coal together with bulk rock and glass compositions, can be represented on
a triangular diagram by collapsing the tetrahedron shown in Fig. 3.3 onto the
SiOy — [(Fe,Mg)O + TiO,] — (ALFe),03 plane and adding MnO, CaO and
P>Os5 to the (Fe,Mg)O apex and (K,Na),O to the (ALFe);O3 apex to form a
[(Fe,Mn,Mg,Ca)O + TiO2 + P,0s5] — [(Al,Fe),03 + (Na,K),0] — SiO; diagram
(designated hereafter as FMAS) as shown in Fig. 3.4.

Sanidine
Albite

Orthopyroxene . .
Clinopyroxene -~~~ fteC - R Sillimanite

Olivine . ,
Esseneite

O Sapphirine
Apatite Corundum
limenite, Rutile ¢ Hematite
Magnetite
(Fe,l\_llg,Mn,Ca)O Pleonaste spinel (Al,Fe),04
+TiO, + P,05 Pseudobrookite + (Na,K),0
Mol.%

Fig 3.4 Sanidinite facies silicate-oxide minerals plotted in terms of mol%
[(Fe,Mn,Mg,Ca)O + TiO, + P,Os] — [(ALFe),03 + (Na,K),O] — SiO, (FMAS diagram).
This diagram is used to illustrate relationships between bulk rock, mineral and glass compositions
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3.1 Experimental Data and Petrogenetic Grid

The mineral assemblages in buchites and paralava can be compared with those
phases synthesised in the atmospheric pressure experimental systems (Table 3.1)
and in particular the alkali-free systems SiO;-Al,03-FeO, SiO;-Al,03-MgO and
Si0;2-FeO-MgO (Fig. 3.5). A pseudo-binary section within the system MgO-
Al,03-S10, between metatalc and metakaolin compositions (line A-B in Fig. 3.5)
illustrates the compositional limits of tridymite, mullite, cordierite and orthopy-
roxene formation (i.e. region of crystals + melt) (Fig. 3.6). Similar sections
constructed between metakaolin and compositions along the MgO-Al,O3 join
would include spinel and corundum. Although some 200-300°C above the tem-
peratures at which many natural buchites form, the pseudo-binary section shows
that mullite, mullite-tridymite, mullite-cordierite, cordierite, cordierite-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.Fey03-Al,03-SiO, and particularly
Ca0-Al,03-Si0; with addition of MgO (Fig. 3.7 a, 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 rela-
tive to wollastonite, although quartzofeldspathic lithologies rarely contain > 5
wt.% MgO. Another relevant phase diagram for the fusion of muscovite- or K-
feldspar (orthoclase)-bearing quartzofeldspathic compositions is the silica-rich part
of the system Si0;-Al,03-K;0 with the formation of high temperature K-feldspar
(sanidine) and leucite (Fig. 3.8).

With respect to the system FeO-Al,03-SiO;, the narrow stability field of
cordierite is of interest (Fig. 3.5). 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 and 1073°C respectively. Later work by Schairer and Yagi
(1952) required seed crystals of cordierite in appropriate quenching run composi-
tions in order to delineate a stability field for cordierite. Also, no clinoferrosilite
could be synthesized in this system, although there is a possibility that it might be
a stable phase at subsolidus temperatures. The absence of cordierite and orthopy-
roxene in many 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 example, biotite. With respect to direct crystallisation from buchite
melts, the absence of cordierite and/or orthopyroxene could imply that the phases
which are present are metastable.

Coal-bearing sequences of sandstones and shale often contain layers, lenses
and concretions of carbonate (typically siderite, ankerite, calcite, dolomite, fer-
roan magnesite), that may be associated with sulphide (pyrite) which is also
present in mudstone-shale. During combustion metamorphism, thermal break-
down of these phases produces various oxides (wiistite, magnetite, magnesioferrite,
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Table 3.1 Some invariant assemblages + liquid (L) in ternary oxide and mineral systems relevant
to buchites derived by fusion of quartzofeldspathic compositions

Assemblage Ternary system T°C* Reference

Quartzofeldspathic rocks (pelites, psammites)

(i) Simple oxide systems

En-Di-Tr-L CMS ~1375 Osborn & Muan (1960)
En-Cd-Tr-L MAS 1355 Schreyer & Schairer (1961)
Mul-An-Tr-L CAS 1345 Schairer (1942)
Mul-Co-An-L CAS 1512 Schairer (1942)
Mul-Co-An-L MAS 1575 Rankin & Merwin (1918)
Mul-Cd-Tr-L MAS 1440 Schreyer & Schairer (1961)
Mul-Co-Hc-L FAS? 1380 Schairer (1942)
Mul-Tr-He-L FAS? 1205 Schairer (1942)
Cb-Tr-Mul-L FAS? 1470 Schairer (1942)
Fa-Tr-Hc-L FAS? 1073 Schairer (1942)
Mul-Cd-Tr-L FASP 1210£10 Schairer & Yagi (1952)
Mul-Cd-He-L FASP 1205+10 Schairer & Yagi (1952)
Mul-Tr-L FASP 1470£10 Schairer & Yagi (1952)
Cd-Fa-Tr-L FASP 1083 Schairer & Yagi (1952)
Mul-Sp-Co-L FASP 1380£10 Schairer & Yagi (1952)
Mul-Sp-Co-L MAS 1575 Keith & Schairer (1952)
Pen-Cd-Tr-L MAS 1345 Keith & Schairer (1952)
Mul-Tr-Ksp-L KAS 985420 Schairer & Bowen (1947)
(i1) Mineral systems

Cend-An-Tr-L Si02-Fo-An 1222 Anderson (1915)
Cen-Fo-An-L “ 1260 Anderson (1915)
An-Di-Fo-L An-Di-Fo 1270 Osborn & Tait (1952)
Cd-Mul-Tr-L Cd-Lc-Si 1435 Schairer (1954)
Cd-Fo-Spl-L Cd-Lc-MgMS*® 1370 Schairer (1954)
Mul-Spr-Spl-L “ 1490 Schairer (1954)
Mul-Spr-Cd-L “ 1455 Schairer (1954)
Cd-Spr-Spl-L “ 1450 Schairer (1954)
Mul-Cd-L “ 1470 Schairer (1954)
Mul-Spl-L “ 1490 Schairer (1954)
Cd-Pen-L “ 1364 Schairer (1954)
Mul-Co-Spl-L Cd-Mul-Ksp 1478 Schairer (1954)
An-Tr-Fa-L. An-Si-Wii 1070 Schairer (1942)
An-Spl-Fa-L An-Si-Wii 1108 Schairer (1942)
En-Tr-Ks-L Lc-Fo-Si 985+20 Schairer (1954)

4Some Fe203 in all liquids

®Strongly reducing conditions

¢+ 5°C or less unless otherwise stated.
dCen (clinoenstatite) should be Pen (protoenstatite)
€Magnesium metasilicate

Phase system

CAS = Ca0-Al;03-Si0;

MAS = MgO-Al,03-Si0;

CMS = CaO-MgO-SiO,

FAS = FeO-Al,03-Si0O,

KAS = K;0-Al;03-Si0,
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Fig. 3.5 Composite diagram of the atmospheric pressure systems MgO-Al,03-Si0;, MgO-FeO-
Si0;, FeO-Al,03-Si0; (Keith and Schairer 1952, Bowen and Schairer 1935, Schairer and Yagi
1952, respectively). Tridymite and cordierite fields shaded for clarity
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Fig. 3.6 Crystalline phases + melt typical of buchites produced from compositions between
metatalc (3Mg0-4SiO; + SiO;) and metakaolin (Al,03-2Si0;) represented by section line A-B
in Fig. 3.4 (after Fig. 383 in Levin et al. 1956). Grey-shaded area = liquid

hematite, dicalcium ferrite, periclase, lime) and under extreme conditions melting
may occur to form low viscosity iron-rich liquids. Carbonate compositions are plot-
ted in the system CaO-FeO-MgO which has a low temperature eutectic at 1160°C
(Fig. 3.9).
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Fig. 3.9 The system Lime
Ca0-MgO-FeO (from Scheel Cao
1975) showing composition (2570°C)

fields of calcite,
dolomite-ankerite and siderite
(data from Patterson et al.
1994)

Eutectic
(1160°C)

Siderite

MgO 50 FeO
(2800°C) (1380°C)
Periclase Wistite

Low pressure HyO-saturated melting (synthesis) experiments using quartzofelds-
pathic sedimentary rocks (usually in a powdered state to enhance mineral reactions)
relevant to pyrometamorphic conditions and mineral formation (cordierite, calcic
plagioclase, spinel) are reported in studies which define lower limits of melting,
mineral-in and mineral-out reaction curves. An early study by Wyllie and Tuttle
(1961) involved the melting of five shale compositions at pressures between ~600
bars and 2.8 kb at between 20 and 30°C above the wet granite solidus. About 150°C
above the beginning of melting, the shales contained ~50% melt (granodiorite com-
position) together with crystals of quartz, cordierite (frequently sector twinned),
mullite, orthopyroxene, and 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 appear-
ance not unlike those commonly produced during combustion metamorphism.
Experimental studies of more feldspathic (greywacke sandstone—siltstone) com-
positions by Kifle (1992) using lightly crushed (rather than powdered) starting
material delineated 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 petroge-
netic “grid” for high temperature metamorphism of quartzofeldspathic compositions
that is given in Fig. 3.10. The B-quartz—tridymite transition is clearly important as
it can be used to divide pyrometamorphosed (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 reac-
tions; at higher temperatures within the tridymite stability field, extensive melting
occurs, a few primary minerals, e.g. zircon, apatite, ilmenite, relics of unmelted
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Fig. 3.10 Petrogenetic grid for pyrometamorphosed quartzofeldspathic compositions. Grey-
shaded curved stripes labelled A and B are solidus curves for greywacke sandstone-siltstone
compositions (after Kifle 1992) and shales (Wyllie and Tuttle 1961), respectively. Orthopyroxene-
in, biotite-out and cordierite-out curves are from Kifle (1992) for greywacke compositions.
Muscovite disequilibrium breakdown curves are from Rubie and Brearley (1987). Andalusite—
sillimanite curves are from Holdaway (1971) (H) and Richardson et al. (1969) (R). Fields of
sillimanite + metastable mullite, mullite + sillimanite, mullite-only and buchites are from Cameron
(19764). Calculated Ky = Mul Qtz and And = Mul SiO, metastable reactions are from Ostapenko
et al. (1999); Co Sil = Mul reaction curves are from Holm and Kleppa (1966) (A) and Weill (1966)
(B); Sil = Mul Si0;, is from Holm and Kleppa (1966); metastable And = Co B-Qtz reaction extrap-
olated from Harlov and Newton (1993). Co Cd = Spr Mul reaction is from Seifert (1974). Qz/Td
transition is from Kennedy et al. (1962) and Ostrovsky (1966)

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 impor-
tance in evaluating 7-P conditions of the melting reactions that usually also involve
breakdown of biotite and, in granodiorite of hornblende.

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-Al,03-SiO;
(Schairer and Yagi 1952), tridymite-only crystallised readily from appropriate com-
positions at temperatures just below liquidus temperatures. In this system, the
1470°C isotherm separates the field of tridymite and cristobalite (Fig. 3.5). At
lower temperatures, quartz may appear when the temperature is above the quartz-
tridymite inversion temperature 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.
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3.2 Contact Aureoles and Xenoliths

3.2.1 Psammitic-Pelitic Rocks and Phyllite-Schist-Gneiss
Equivalents

3.2.1.1 South Africa

Fusion of flat-lying arkosic sediments by the Karroo dolerite, South Africa, is
a relatively 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. 3.11). The weakly metamorphosed sediments
are coarse-grained arkose containing angular-subangular grains of quartz, pla-
gioclase (Anps_3p) and orthoclase with modal ratios of quartzss:total feldsparss
and plagioclaseg:orthoclase;;. 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 discoid clay pellets these have been
almost completely vitrified to form a black cordierite-spinel buchite. A hybrid or
mixed zone is developed between dolerite and arkose with some parts being defi-
nitely igneous with clinopyroxene, Ca-plagioclase (possibly the results of carfemic
transfusion) and dark glass, and other parts clearly sedimentary 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. 3.11) that
are preceded by straining and cracking of quartz, feldspars, garnet and ilmenite.
K-feldspar is the only detrital phase to be totally resorbed at about 0.6 m from the
dolerite contact. With increasing temperature, orthoclase becomes homogenized 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. 3.11). 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. 3.11) indicating a decrease in volume (see
Chap. 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 aci-
cular 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
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data for clastic minerals and glass, and specfic gravity changes with increasing vitrification of
arkose towards the dolerite contact (redrawn from Fig. 4 of Ackermann and Walker 1959)
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Fig. 3.12 Map, vertical section and modal data plot of a sandstone-dolerite contact, Sterkspruit
Valley, South Africa (in part redrawn from Fig. 3 of Ackermann 1983)

a maximum distance of 2 m, and more usually <50 cm, of the dolerite contact and
are localised in roof pendants and slabs or lenses of sandstone ranging in size from
60 x 30 cm to 15 x 6 m within the dolerite (Fig. 3.12).

The fine grained feldspathic sandstone (0.02-0.16 mm detrital grain size) con-
sists of up to 48% quartz, 28% feldspars and 44% microcrystalline matrix. Alkali
feldspar 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 con-
tents ranging from < 45% to completely vitrified and they can be characterized as
follows.

< 45% glass. Turbid, isotropic glass is confined to the microcrystalline ground-
mass and altered K-feldspar. In places devitrification has resulted in a fine inter-
growth of quartz and K-feldspar. Quartz grains show various degrees of rounding
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and embayment in contact with the glass and some have partial fringes of needles of
quartz after tridymite. K-feldspar is also rounded and frittered, whereas 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 glob-
ules (~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 Chap. 7). Cordierite microlites and quartz paramorphs after tridymite are abun-
dant. 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
almost 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, pyrometa-
morphism of the sandstone at the two localities described above could have occurred
at ~400 bars and with the crystallization 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. 3.10).

3.2.1.2 Apsley

Pyrometamorphism of flat-lying Triassic sandstones by a 60 x 20 m alkali basalt
plug near Apsley, Tasmania, has resulted in their partial vitrification and the devel-
opment of columnar jointing that is described in Chap. 2 (Spry and Solomon 1964).
Sediments adjacent to the plug have melted to form buchites (after sandstones)
and finely banded, flinty porcellanites (after fine grained clay-rich sediments). The
unmetamorphosed sandstone consists of detrital quartz (~10%), feldspars (micro-
cline, oligoclase-andesine; ~20%), muscovite, chloritised biotite, garnet, tourma-
line, rutile, zircon, magnetite and graphite, in a clay matrix of kaolinite together
with halloysite and probable illite and sericite. Clay pellets of chlorite and kaolin-
ite also occur. In the least altered 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
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remains unaltered. 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 indicat-
ing immiscibility. Muscovite is replaced by colourless 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-Al,03-SiO,, assemblages of corundum-spinel-mullite, spinel-
mullite-cordierite and mullite-cordierite-tridymite form at 1380, 1205 and 1210°C,
respectively (Fig. 3.5 and Table 3.1). At 50 bars PH,O (the estimated pressure of
pyrometamorphism; Chap. 2), these temperatures are above the temperature range
of the dry basalt liquidus. The occurrence of tridymite indicates a minimum temper-
ature of ~870°C at 50 bars 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. 3.5 and Table 3.1).

3.2.1.3 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 x 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-
looking rocks with a brittle fracture; an interbedded grey to black pelite within the
examined 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
distinct 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. Some relic garnet persists in the pelite, but most has reacted
to Fe-oxide and a fine-grained micaceous material that could represent pinitised
cordierite.



60 3 Quartzofeldspathic Rocks

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 devitrifi-
cation from which the feldspar has crystallized. The schistose texture of the pelite
remains. In the arkose, brownish glass occurs along 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 Chap. 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 devitrified 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.
Orthopyroxene is strongly pleochroic and occurs as prismatic crystals sometimes
arranged in fan-shaped sprays of curved needles. Clinopyroxene forms fringes of
short prismatic 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
orthopyroxene 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
between 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 enclos-
ing partly fused arkoses. Here, the vein consists of brown glass containing green
orthopyroxene microlites 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 bars PH,O and 1190°C basalt intrusion temperature
(Fig. 3.13). 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. 3.13). 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 vol.% melt
curve near the contact and also the inverse relationship between the volumes of melt
and quartz (Fig. 3.13). The thermal model considered by Holness et al. (2005) and
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Fig. 3.13 Thermal profile for the Glenmore aureole, Ardnamurchan, Scotland (redrawn from
Fig. 10 of Holness et al. 2005). Below is a plot showing vol.% melt, residual quartz and feldspar
with respect to distance from igneous contact (redrawn from Fig. 7 of Holness et al. 2005)

described in Chap. 2 indicates that the magma conduit (i.e. the plug) may have been
active for about 1 month.

3.2.1.4 Soay

Fusion of feldspathic sandstone/grit within 60 cm of a small picritic sill and occur-
ring as xenoliths within it, were studied by Wyllie (1959, 1961) from the Island
of Soay, Hebrides, Scotland (Fig. 3.14a). 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



3 Quartzofeldspathic Rocks

62
l..'-'..'l'..'l'..'l'..'l".'o".'o':'l'. Red qrit .'n'..'n'..'i-..'u-..'n-..'o-.'l-.'n-_.'--_.'-
A -|.g- P A A LA L LT a
- Chilled
i Serpentinized
c.im @ Grit
“ = Buchite
buchite rim

600
b
kS
g k) RS
L g
i S o o
> (V]
2 g
o g g
5 5 I
o T Q2
] e ¢
2 2
o 200 - Td+Pl+Opx |5
+ Cd + Mt o
O T L I
800 1000 1200 1400

Temperature°C

Fig. 3.14 (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, P1, 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) using Theriak/Domino software (de Capitani and Brown 1987). The thick
horizontal black line indicates estimated pressure of 420 bars for the pyrometamorphic event



3.2 Contact Aureoles and Xenoliths 63

plagioclase, rare muscovite that contains magnetite, within a matrix of sericite and
silica cement containing 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.

At 20 cm below the contact and closer, the glass contains abundant new mag-
netite, 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 in the xenoliths occur in a glass matrix that con-
tains magnetite. An elongate buchite xenolith occurring above the grit fragments
(Fig. 3.14a) has a pale-green colour reflecting the presence of additional (secondary)
carbonate, rare aegirine-augite and magnetite. A xenolith in another sill shows evi-
dence of almost complete fusion with over 90 vol.% glass that contains cordierite,
orthopyroxene, inverted tridymite and magnetite.

Wyllie (1961) infers an emplacement temperature of the picrite magma between
1175 and 1200°C assuming a depth of intrusion of about 1.7 km (430 bars). 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 appearance of an albite liquid about 50°C below the minimum magma
temperature, with cordierite, orthopyroxene, plagioclase, tridymite and magnetite
crystallizing on cooling (Fig. 3.14b). The relatively high proportion of inverted
tridymite in the buchites suggests that it continued to form during most of the cool-
ing interval prior to quenching. 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 system MgO-Al,03-SiO, (Fig. 3.5 and Table 3.1).

3.2.1.5 Arran

Another example of the fusion at the contact of a minor intrusion is a buchite asso-
ciated 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 5-10 mm. This zone is abun-
dantly 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 plagioclase, quartz associated with orthopyroxene, and
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an unidentified opaque mineral. Interstitial areas are occupied by colourless glass,
irregular feldspar-quartz spherulites, magnetite and pale brown biotite. Plagioclase
and orthopyroxene disappear 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/lcm™>) that contains patches and trains of corroded quartz grains rep-
resenting original quartz-rich laminae of the schistose-grit. Granules of magnetite
and occasional abraded zircon remain as relics. Small euhedra of cordierite and her-
cynite, 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. Compositions of the
basaltic dyke, cordierite buchites and schistose grit are shown in relation to sanidi-
nite facies and protolith minerals in Fig. 3.15. The buchites and protolith siliceous
grits plot in the Td-Cd-Hc-Mul (buchite) and Qz-Chl-Ms-feldspar (schistose grit)
volumes, respectively. Compositional similarity of buchites and grits indicate that

Si0,
Tridymite

[Quartz] /1
0 Basalt + H,0
@ Cordierite buchite
[J Schistose grit [K-feldspar
Albite]

Mullite

(ON
[Chlorite
-“Penninite”]

(Fe,Mg,Mn,Ca)O Hercynite (Al,Fe),0,
+TiO, + P,05 Mol.% +(Na,K),0

Fig. 3.15 FMAS plot of basaltic dyke, cordierite buchite and schistose grit, sanidinite facies and
protolith mineral compositions, Arran, Scotland (data from Holgate 1978). Protolith minerals in
schistose grits are in square brackets. FeO and Fe;O3 are determined for rocks compositions
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the buchites have not been affected by elemental addition from the basalt magma of
the dyke.

Investigation of the temperature of fusion of powdered buchite glass with
a hot-stage microscope at atmospheric pressure under reducing conditions indi-
cated incipient 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-Al,03-SiO; (Fig. 3.5 and Table 3.2). At the temper-
ature of complete fusion, the melt has an irregular surface and contains gas bubbles.
The viscous nature of the melt in the natural buchite is inferred from the presence of
localised steakiness and the formation from, and preservation in the glass, of lines of
cordierite. In comparison to the Soay example described above, the development of
the Arran buchite implies comparatively long term heating indicating that the inner
tholeiite was probably a feeder for lava extrusion.

3.2.1.6 Tieveragh

The pyrometamorphic effects of a plug of olivine dolerite intruding Old Red
Sandstone at Tieveragh in Co. Antrim, Northern Ireland, were first recognized
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 intru-
sive contact is a complex association of contaminated dolerite and brecciated buchite
that has been mobilized and mixed, as acidic melt (glass), with the basaltic magma.
Acid melt has also penetrated 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 com-
position; one with orthopyroxene, clinopyroxene, plagioclase, skeletal K-feldspar,
magnetite, 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 assemblages, 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 contami-
nated 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
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detrital K-feldspar is replaced by dense mats of mullite, forming crudely-radiating
aggregates that outline the shape 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 osumulite contains abundant
inclusions 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-temperature hexagonal cordierite (indialite), Na-rich plagioclase, sanidine and
orthopyroxene with inverted tridymite needles growing from relic quartz.

Two-pyroxene thermometry for dolerite and pyroxene buchite indicate overlap-
ping temperatures between ~920-940°C (Fig. 3.16) suggesting maximum tempera-
tures for buchite formation were within this range. Temperatures of between 910 and
740°C derived from magnetite-ilmenite thermometry in mullite buchites (Fig. 3.16)
may partly reflect the effects subsolidus cooling, although Kitchen (1984) infers
that quenching temperatures of the mullite buchites were between 940 and 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

Cooling temperature ranges
=== Pyroxenes in contaminated dolerite
= Pyroxenes in mullite buchite
== Magnetite-ilmenite in mullite buchite

#r dolerite
= pyroxene buchite
= mullite buchite
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Fig. 3.16 T-P-fO, data relating to pyrometamorphism at Tieveragh, northern Ireland (data
from Kitchen 1984). See text. The stability fields of osumilite + vapour and cordierite-bearing
assemblages are from Olesch and Seifert (1981)
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that is predicted to occur at low PH,O = <200 bars (Olesch and Seifert 1981). This
implies a maximum temperature of ca. 870°C for the coexistence of osumilite and
cordierite at Tieveragh, i.e. comparable with the lower temperature of the pyroxene
cooling interval in mullite buchites and with the presence of inverted tridymite and
hexagonal cordierite in the osumilite-bearing buchite (Fig. 3.16). At 200 bars, the
temperature 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
transfer, 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 fO,-T from coexisting oxides indicate that buchites and dolerites
lie along a line between and parallel to the Ni-NiO and MnO-Mn30;4 buffer curves
(Fig. 3.16) suggesting that oxides in both rocks were in equilibrium and buffered by
redox conditions of the dolerite as a consequence of convective heat transfer.

3.2.1.7 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,
Scotland. In the southern part of Mull, high-level inclined basalt sheets of the Loch
Scridain Complex that intrude Palaeogene lavas and underlying Mesozoic sedi-
mentary and Proterozoic Moine Supergroup metasedimentary rocks, also contain
numerous partially 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 (Buist 1961, Thomas 1922)
(Fig. 3.17).

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 1976a])
and cordierite buchites (Fig. 3.17) with the former having rims of recrystallised,
holocrystalline anorthite-corundum-spinel/cordierite-sillimanite-spinel. The xeno-
liths 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 quartzofeldspathic schist (minor) — containing highly corroded quartz,
together with oligoclase and minor K-feldspar. Melting has occurred along
quartz/feldspar grain boundaries as represented by fan spherulites of K-feldspar
and devitrified glass. Dark bands (precursor mica-rich layers) consist of hercynite
octahedra (1-4 pm) 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
tabular, inverted tridymite. Original feldspar and mica are fused to form pools of
cryptocrystalline K-feldspar and quartz together with clinopyroxene.
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Fig. 3.17 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 (x18; Fig. 1,
Plate VII of Thomas 1922) and (b) mullite-cordierite buchite consisting of well-formed cordierite
(stippled) with mullite (dark-grey) and spinel (black) in glass. Textures indicate early crystallisation
of spinel and mullite followed by cordierite (x 18, Fig. 2, Plate VII of Thomas 1922). A small
amount of sillimanite may also be present

Pelitic schist protoliths have produced;

Cordierite buchites — Black, vitreous xenoliths up to 1 m in length. These con-
sist of a dense mat of mullite needles (~25 vol.%) and tiny (10-20 pwm) crystals
of cordierite (~14 vol.%), rare tridymite anhedra and ragged grains of magnetite
(<30 pm) 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 associ-
ated 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 towards the
basalt contact as found by Thomas (1922) (Fig. 3.18). The plagioclase rims display a
variety of textures that indicate a complex growth history. The inner part of the rims
consists 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
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Fig. 3.18 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) (redrawn from Fig. 9 of Preston et al. 1999), and a plot of wt.% SiO;
verses MgO in basaltic melt pockets within the plagioclase rim with compositions becoming more
MgO-rich towards the basaltic andesite (redrawn from Fig. 11 of Preston et al. 1999). See text
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formed by reaction of these minerals and an Ca—Al-rich melt in response to penetra-
tion of basaltic melt into the xenolith. “Fingerprint” texture indicates reheating after
crystallisation.

Except in one case, the basalt sheets have not contact-metamorphosed the coun-
try 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 pyrometamorphosed 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 assem-
blages in the buchites imply crystallization temperatures within the range 1205-
1210°C (Fig. 3.5; Table 3.1). An anorthite-spinel-corundum assemblage forms
at between 1400 and 1500°C in the system CaO-Al,03-SiO, with 5% MgO
(Fig. 3.7b). The plagioclase-spinel-corundum rims around mullite buchites have
most probably crystallized from a hybrid melt produced by diffusive interac-
tion between aluminous melt in the xenoliths produced from muscovite/biotite
breakdown and basaltic magma. This hypothesis is indicated by:

(i) Mullite included in plagioclase near the mullite buchite but towards the basalt
contact 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.

(i1) 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. 3.18) indicating progressive
modification of the basalt composition, possible as a result of this reaction.

(iii) Spinel is concentrated towards the basalt contact and also replaces corun-
dum near the basalt. It becomes Al-Mg-poor and Fe-rich towards the basalt
(Fig. 3.18), and Preston et al. (1999) consider that this to be the result of
post-crystallisation subsolidus equilibration rather than an initial crystallisa-
tion 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.
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3.2.1.8 Stromboli

Salvioli-Mariani et al. (2005) describe buchite xenoliths of metapelitic parentage
ejected during a recent violent explosion of Stomboli, Aeolian Islands, Italy. The
xenoliths have a veined and spotted appearance and contain cordierite (XMg = 47—
81), hercynitic spinel, sillimanite, &+ plagioclase (Angz—95), == mullite, + corundum,
and have between 10 and 70 vol.% peraluminous glass (Fig. 3.19). In one xeno-
lith, lighter parts contain mullite, Fe-sulphide and subordinate Fe-Cu sulphide and
ca. 10% colourless glass; darker parts consist of ca. 70% colourless glass with sil-
limanite, mullite, hercynite, cordierite and locally corundum. Another xenolith is
characterized by plagioclase and/or cordierite-bearing assemblages + oxides, rare
sillimanite, corundum, quartz and 30-60% colourless to reddish-brown glass. Rare,
rounded grains of relic quartz are also present. Variable compositions of glass,
cordierite, plagioclase, oxides (some with up to 11.2 wt.% V,0s, 8.7 wt.% Cr,03,
10.2 wt.% ZnO, and including a pseudobrookite-like phase), suggest chemical diffu-
sion between the molten xenoliths and host basalt as suggested from the FMAS plot
in Fig. 3.19, although different glass compositions could also have been produced
by melting of different local mineral domains.
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Fig. 3.19 FMAS plot of buchite xenoliths and glass (data from Salvioli-Mariani et al. 2005) and
hornfels xenoliths (data from Renzulli et al. 2003) from Stromboli, Italy. D = dark part; L = light
part; B = bulk xenoliths. All iron is FeO
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Fig. 3.20 Above: Ab-Or-An ternary feldspar classification diagram showing feldspar composi-
tions (grey shaded area) in hornfels xenoliths from Stromboli (redrawn from Fig. 3 of Renzulli
et al. 2003). Isotherms from Seck (1971) at 1 kb (750 and 825°C) and 0.5 kb (900°C).
Below: Petrogenetic grid for the pelitic NaKFMASH system showing probable contact metamor-
phic/cooling path and AFM diagram of Stromboli hornfels xenoliths (redrawn from Fig. 10 of
Renzulli et al. 2003), and heating/cooling path of Stromboli buchite xenoliths (adapted from Fig.
9 of Salvioli-Mariani et al. 2005)

Fine- to medium-grained, non-glass-bearing hornfels xenoliths have also been
found in basaltic andesite from Stromboli that are dominated by cordierite and
anorthoclase (ca. 85 vol.%) associated with hercynite, sillimanite, = corundum,
=+ ilmenite, £ chlorapatite (Renzulli et al. 2003). The high-T feldspar has a wide
compositional range of Ab3s_70An>_490r3_g3 (Fig. 3.20). The hornfels xenoliths are
characterized by a “honeycomb” texture characterized by large feldspar porphy-
roblasts (intermediate alkali feldspar to anorthoclase and sanidine) surrounded by
a network of fine-grained cordierite + anorthoclase + sillimanite + hercynite, that
suggests partial melting of K-feldspar (microcline)-bearing metapelitic (with sub-
ordinate andesine) wall rock at temperatures of ~800°C and 2-3 kb (Fig. 3.20).
Quenching of the inferred wall-rock xenoliths on eruption precluded any significant
re-ordering or subsolvus cooling of the high-T feldspars. The hornfels xenoliths
were formed at a lower temperature than buchite xenoliths that probably attained
temperatures in excess of 1000°C at shallow depth (a subvolcanic magma chamber)
before being erupted (Fig. 3.20).
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3.2.1.9 Iran

Buchitic rocks have been described from a skarn associated with norite and granite
in the Feshark area, 30 km northeast of Isfahan in central Iran, by Sabzehei and
Makkizaeh (1998) (Fig. 3.21). The buchitic rocks are exposed as two anastomosing
lenses (not exceeding 30 m in length and 2 m in width) that crosscut pyroxene
hornels facies skarn. Contacts between buchite and skarn are sharp. The gabbro
and skarn are transected by granite-granodiorite that has metasomatically altered
the gabbro to hybrid monzogabbro, monzodiorite and diorite and possibly caused
recrystallization of the skarn rocks.

Border zones of the buchite are characterized by columnar jointing with the col-
umn axes perpendicular to the contact. The buchite glass contains micro-crystals of
sodic plagioclase (Ani7Ab730rs5), sanidine, biotite (possibly relic and overgrown by
needles of ?corundum), mullite, corundum, inverted tridymite (as spherulitic patches
of quartz), and Fe-Ti oxide (aggregates associated with biotite). Rare xenoliths (gra-
noblastic quartz + biotite and quartz + K-feldspar + plagioclase) and xenocrysts of
quartz, plagioclase, K-feldspar and biotite in the siliceous peraluminous glass of
the buchite suggest fusion of a biotite gneiss/metarkosic protolith by mafic magma
(noritic gabbro). Field relations of the buchite described above imply that it is prob-
ably represents an unusual case of quenched melt injected along fractures into the
skarn aureole of the noritic gabbro.

3.2.1.10 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 pyroxene-sanidine buchites are documented by Searle (1962). In one example,
a zone of 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. 3.22). The clinopyroxene composition was not determined but the dis-
tinctive yellow colour suggests that it may be Fe3*-rich and possibly approaching an
esseneite composition. Further from the contact, the glass becomes almost colour-
less with the clinopyroxene occurring as randomly orientated needles or radiating

Ssw NNE

500 m Skarn + )
noritic gabbro Hybrid
rocks

Buchite
Fig. 3.21 Section showing
the location of buchite in a
contact aureole, Feshark area,
Iran (redrawn from Fig. 1 of
Sabzehei and Makkizaeh
1998)
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Fig. 3.22 Microphotograph
(x43 magnification) of a
clinopyroxene-sanidine
buchite xenolith in olivine
basalt, Auckland volcanic
field, New Zealand (Fig. 8 of
Searle 1962), long prisms of
clinopyroxene (Cpx; dark
grey) and sanidine (San)
within glass (Gl) partially
devitrified to a felted mass of
sanidine

aggregates and prisms associated with subordinate sanidine. Near the porcellan-
ite a mullite-cordierite rock is developed that contains relic of quartz and feldspar.
The porcellanite itself is reddish-brown, intensely indurated and brittle, exhibit-
ing columnar joining (ca. 1 cm diameter) and petrographically shows little obvious
mineral transformation.

3.2.1.11 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
(Pedersen 1978, 1979, see also Melson and Switzer 1966). 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 par-
tially 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 native iron (rarely armalcolite), and grains of iron may contain
exsolved cohenite ([Fe,Ni,Co]zC). Aggregates of rutile and Al-armalcolite have
replaced clastic ilmenite, rutile and fine granulated TiO,-pseudomorphs.

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 native iron that is partly mantled by sulphide that
contains minor exsolved cohenite and rare schreibersite ([Ni,Fe]sP). Patches within
the shale composed of titanite, Ti-diopside, anorthite, and troilite are inferred to
have formed by decarbonisation of carbonate-rich material.
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The pyrometamorphic assemblages emphasize 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 1073
(at 1180°C) for melt assemblage in cracks to well below 10713 (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.

3.2.1.12 Sithean Sluaigh

Pyrometamorphism of greenschist facies pelitic, semipelitic and psammitic phyllites
by a dolerite plug at Sithean Sluaigh, Argyllshire, Scotland, is described in detail
by (Smith 1965, 1969). Texture and composition has been significant during their
thermal metamorphism, the most important being the relative amounts and arrange-
ment of phyllosilicates relative to quartz and albite (both detrital and neometa-
morphic). Additional minerals present in the unaltered phyllites include biotite,
garnet, epidote, rare microcline, carbonates (calcite, siderite, dolomite), apatite,
tourmaline, zircon and rutile. Both massive layers and interlayered (semi-schist)
quartz-plagioclase and muscovite-chlorite-rich rocks occur with every gradation
in between. Petrographic evidence of mineral breakdown with increasing temper-
ature and coarsening of neometamorphic mineral grain size towards the contact
is described by Smith (1969) in several sections at varying distances and locali-
ties from the dolerite contact. The mineral replacements observed are summarized
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:

mullite-spinel-corundum
corundum-magnetite-spinel-pseudobrookite-sanidine (Fig. 3.23)
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Fig. 3.23 Drawing from a
microphotograph (x45
magnification) of a
corundum-spinel-magnetite-
sanidine rock (emery),
Sithean Sluaigh, Argyllshire,
Scotland (Fig. A, Plate 6 of
Smith 1969). Note the
orientation of corundum that
probably reflects orientation
of original muscovite in the
phyllite protolith

mullite-spinel-pseudobrookite-(ilmenite-hematite)-glass
spinel-calcic plagioclase-(corundum)
cordierite-spinel-magnetite-pseudobrookite (black glassy vein)
cordierite-spinel-mullite-ilmenite-hematite-devitrified glass

With decreasing temperature away from the contact, wt.% Fe;O3 in corun-
dum and the Fe’*/Fe>* ratio of spinel increase with increasing rock oxidation
ratio (Fig. 3.24). A decrease in wt.% Fe;O3 in corundum 2.7 m away from the
igneous contact may indicate that the temperature was too low for oxidation reac-
tions to occur or is possibly due to preferential partitioning of Fe3* into coexisting
pseudobrookite in this rock.

Bulk compositions of the emery rocks are plotted in an FMAS diagram in
Fig. 3.25 and represent highly desilicated Al, Fe, Mg residues of melting with
extraction of rheomorphic granophyre as veins from the pelitic phyllite. 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 pelitic
phyllite protolith that resulted in an increased amount of H,O being available on
dehydration to enhance heat conduction.

3.2.1.13 Bushveld

Symmetrically layered highly aluminous corundum-sillimanite-bearing xenoliths
(66.3 wt.% Al,03; 29.6 wt.% SiO») occur in anorthosite of the Critical Zone of
the Bushveld Intrusion, South Africa (Willemse and Viljoen 1970; with additional
data by Cameron 1976a). One example (at Thorncliff) is ~0.3 m thick and zoned
inwards from the anorthosite contact as follows:

Spinel zone. Pleonaste spinel-plagioclase (Angg_s5)-sillimanite-sapphirine
Plagioclase-sillimanite-mullite zone. Plagioclase (Angp9s and An7s_gp)-
sillimanite-mullite.
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Fig. 3.24 Plots of bulk rock 6 °®
(emery) oxidation ratio, h
spinel Fe**/Fe™ and wt.% 4 . °
5.6‘203 mfcorurclldlllm. verses i o ° Corundum
1st£.mce rom .0 erite contact P Fe,05 (wt.%)
at Sithean Sluaigh, _
Argyllshire, Scotland (data
from Smith 1965, 1969). °
Horizontal shaded strips = 1.2 4
the range of rock oxidation 1.0 - °
ratios in psammitic and
L 0.8 —
pelitic aureole rocks
06 o Spinel
Fe3*/Fe?*
0.4 — L4
0.2 e
. Bulk rock
60 mol 2Fe,0; x 100(2Fe,0, + FeO)
| [ PS o Psammite
40 ()
i °
20
Pelite
0 T T T T T 1
0 1.0 2.0 3.0

Distance from contact (m)

Corundum zone. Corundum with matrix sillimanite-mullite and plagioclase.
Main sillimanite-mullite zone. Sillimanite-mullite matrix with corundum and
accessory rutile and sapphirine.

This example is one of the few recorded occurrences of sapphirine in low pres-
sure metamorphic rocks. In the system MgO-Al,03-Si03, a small sapphirine field
coexists with spinel, cordierite and mullite at high temperatures between 1460 and
1453°C (Fig. 3.5), and in the hydrous system the reaction

cordierite + corundum = sapphirine + mullite

occurs between ~1270°C (atmospheric pressure) and 1255°C (2 kb) (Seifert
1974). Addition of iron and KO in the corundum-bearing, quartz-absent K,O-
FeO-MgO-Al;03-Si0,-H>O (KFMASH) system produces a sapphirine-K-feldspar
assemblage at 865°C with the reaction curve converging 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



78 3 Quartzofeldspathic Rocks

Contact metamorphosed
metapsammitic-pelitic rocks

® “Residual” rocks (emeries)
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Fig. 3.25 FMAS plot of country rock metasediments, emery rocks and minerals from the contact
aureole at Sithean Sluaigh, Argyllshire, Scotland (data from Smith 1965, 1969). FeO and Fe;O3
are determined for rock compositions. Mineral tie-lines define 3—4 phase fields that enclose the
numbered emery compositions listed. Pale-grey arrowed trend = extraction of granophyric melt
from emery rocks

occurs (Kelsey et al. 2005). This suggests that corundum in the main sillimanite-
mullite 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. 3.26. Cordierite does not occur
with sapphirine, but is found in a “mottled” zone associated with spinel that is devel-
oped along the contact with anorthosite and where sapphirine may be replaced by
spinel.

In other xenoliths, cordierite occurs with sillimanite, mullite, spinel, & minor
corundum, without sapphirine (Fig. 3.26). 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 + SiO; (Fig. 3.26).
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 intersec-
tion of the two reaction curves (Fig. 3.26). The temperature of the Bushveld magmas
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Fig. 3.26 Above: Compatibility relations in terms of mol% (Fe,Mg)O-Al,03-SiO; (total iron
as FeO) of mineral phases and Al-rich xenolith compositions in the marginal part of the
Bushveld Intrusion, South Africa (redrawn and modified from 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 Intrusion. Lower temperature equilibria
involving Ksp are calculated for sapphirine-bearing, silica-undersaturated metapelitic composi-
tions in the KFMASH system (Kelsey et al. 2005). Higher temperature reactions involving Co, Sil,
Mul, Spr are the same as those given in Fig. 3.10. High temperature sapphirine breakdown 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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is estimated to have been between 1160 and 1300°C by Cawhorn and Walraven
(1998).

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
presence of sapphirine that may have formed by the reaction

2CaMgSi,O¢ + 4A1,Si05 = 2CaAl>Si;Og + MgAl,O4 + 0.5 Mg, Al4Six 019
clinopyroxene sillimanite anorthite spinel sapphirine
+ 35102 + 0.50,
quartz

where Ca, Mg and Si components are represented by a clinopyroxene-saturated
Bushveld magma and sillimanite is relic. In the plagioclase-sillimanite and corun-
dum zones, the presence of more sodic plagioclase, Angp_75 in the former and
Anps_4p in the later, and zonation from anorthite cores containing sillimanite inclu-
sions (?original restite association) to more sodic, sillimanite-free rims, reflects the
relatively 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.

3.2.1.14 Skaergaard

Metapelitic country rocks, most likely Precambrian basement pelitic schist/gneiss
with >20 wt.% Al,O3 (Kays et al. 1981, 1989), have been pyrometamorphosed at
~650 bars by basaltic magma of the Skaergaard intrusion, Greenland. The xenoliths
occur within the marginal part of the intrusion and range from small rounded exam-
ples a few cm to several decimeters in size to larger ones that are meters to tens of
meters in size. Examples from four localities have been studied in detail by Markl
(2005). The xenoliths 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. Associated plagioclase-rich schlieren and stringers in the lay-
ered xenoliths are considered to represent anatectic melts. Textures of the xenoliths
are extremely complex because of variable grain size, the presence of at least two
generations of high temperature 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 that is in apparent equi-
librium with spinel, plagioclase (Angp_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.
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Fig. 3.27 Drawing from a thin section photomicrograph of a zoned aluminous xenolith from the
Skaergaard Intrusion, Greenland, together with a diagram showing textural relationships in one
area of the thin section (redrawn from 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

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 form a felted intergrowth with a silica
phase = spinel. Large crystals of zoned plagioclase (Angg_50) form the matrix of all
these phases (Fig. 3.27). At the contact with gabbro, the above assemblage has been
modified (Fig. 3.28). A 5 mm-1 cm thick plagioclase (Angg_gp) rim is developed
around the xenoliths that changes inward to a fine-grained intergrowth of spinel and
plagioclase (An3o-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 corun-
dum, corundum/spinel and spinel aggregates may represent crystallised melt. Only
minor cordierite is present and is associated with fine-grained later plagioclase.

The mineral assemblages in the Skaergaard xenoliths are similar to those
developed in emeries (e.g. Slithean Sluaigh and Bushveld) that involve extreme
desilicification (removal of granitic melt) and diffusive exchange with magma.
In the system FeO-Al,03-Si0,, assemblages of mullite-cordierite-hercynite and
mullite-corundum-hercynite crystallize at 1205 and 1380°C, respectively (Fig. 3.5;
Table 3.1) and it would need prohibitively high temperatures, i.e. higher than that
of the Skaergaard magma temperatures of 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 corundum and early spinel, mul-
lite needles in plagioclase, and optically continuous plagioclase crystals are cited
as evidence of crystallization from a melt, such features are also typical of restite
phases (mullite-sillimanite, corundum, spinels, rutile) formed from melt-producing
breakdown reactions involving biotite, cordierite, sillimanite and garnet that occur in
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Fig. 3.28 Drawing from a thin section photomicrograph of a banded aluminous xenolith from the
Skaergaard Intrusion, Greenland (after Fig. 5b of Markl 2005). See text

the metapelitic rocks exposed along the western contact of the Skaergaard Intrusion.
The restite phases may be enclosed by subsequent growth of plagioclase from asso-
ciated peraluminous melt compositionally modified by diffusion (e.g. introduction
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. 3.28, and probably the lower part of the xenolith shown
in Fig. 3.27, clearly indicate the effects of diffusive interaction with the Skaergaard
magma.

3.2.1.15 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 deposits erupted from Mount Ngauruhoe, New Zealand, in 1954. The
xenoliths were derived from schistose greywacke sandstone and argillite basement
rocks underlying the central 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 characterized by fine (mm-scale)
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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 centimetres, 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; M), orthopyroxene (mainly in quartz-rich layers; F), and spinel
(usually associated 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 disequilibrium melting experiments of the basement greywacke
(Kifle 1992) suggests a minimum temperature of 750°C and maximum PH;O of
1.3 kb for fusion of the xenoliths determined by positions of the biotite-out and
cordierite-out curves in Fig. 3.29.

3.2.1.16 Mt. Etna

Hawaiite flows from Mt. Etna, Italy, contain pyrometamorphosed siliceous and per-
aluminous xenoliths. The siliceous xenoliths occur as low density ovoid bombs
with pumiceous, hyaline and/or granular textures, and are largely composed of
relic quartz crystals within highly vesicular acidic (rhyolitic) glass. Tridymite or
cristobalite are present and Ti-Al-poor and Si-rich clinopyroxenes are developed
between quartz or rhyolitic glass and the surrounding hawaiite. Likely protoliths
are sandstone, quartzite and quartz arenite. Xenoliths consisting only of rhyolitic
glass appear to be examples where complete melting of the quartz-rich protolith has
occurred.

Opx Al,O4 = ~5 wt.%
Mt = Al-Ti magnetite
Spl = Hercynite-rich

Bt. Fe/Mg =1.34 - 1.64| Cd. Fe/Mg = 0.88
Bt,, Fe/Mg = 0.59 — 0.81| Cd,, Fe/Mg = 0.35

Spl L

600 650 700 750 800 850
Temperature (°C)

Fig. 3.29 Phase relations of disequilibrium melting of a greywacke composition, Taupo Volcanic
Zone, New Zealand (redrawn from Fig. 7 of Graham et al. 1988)
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3.2.1.17 Traigh Bhan na Sgurra

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 Bhan
na Sgurra on the Ross of Mull, Scotland (Holness and Watt 2001). 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, sani-
dine, 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 microns-thick rim of polycrystalline K-feldspar (Ab37_s560r61-33Ans_¢).
Development of clear, optically continuous cuspate margins on feldspar
adjacent quartz and extensions 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.
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 (AbseAnsyOrs), 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
aggregates of euhedral feldspars [Anzs_49 or Orgp_gs] in a granophyric
matrix). Relic plagioclase (Anss_s5) has a sieve-like appearance due to
melting and has overgrowths of Orgp_¢s. 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), plagio-
clase (~Absg) 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 mus-
covite is replaced by spinel.
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Fig. 3.30 Thermal profile (shaded strip) at 600 bars developed at the lower contact of the Traigh
Bhan na Sgurra gabbro sill, Isle of Mull, Scotland (after Fig. 12 of Holness and Watt 2001). See
text. The higher temperature boundary of the thermal profile is for a thermal diffusivity of 107
m?/s and for the lower temperature boundary the thermal diffusivity is 6 x 1077 m?/s. Magma
temperature is estimated at 1130°C. Bulk of the wet melting reaction occurs at between 200 and
220 cm from the contact. Muscovite-out reaction = metastable melting reaction. Quartz—tridymite
inversion temperatures are given for 600 and 400 bars

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. 3.30
assuming a simple, two-stage thermal model (maintaining magmatic temperature
of 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 5
months.

3.2.1.18 Eifel

One of the classic areas from which pyrometamorphosed xenoliths were first
described by Brauns (1912a) is the east Eifel area, Germany. More recent stud-
ies 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. 3.31).
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Typical textures of recrystallised mica-rich layers of the schist xenoliths are
shown in Figs. 3.32 and 3.33 and their bulk and respective layer compositions are
plotted in terms of FMAS components in Fig. 3.34. Quartz—plagioclase-rich lay-
ers have undergone melting leading to the formation of siliceous buchites from
which new, high temperature phases have crystallised such as g-quartz, cordierite
(XMg = 65), Ca-rich plagioclase, and minor mullite-sillimanite. In contrast, the
micaceous layers were reconstituted through dehydration reactions, melting and
crystallization to a more refractory (restite) assemblage of Ca-plagioclase, sani-
dine (Org1_g3Ab37_16An;_3), Fe-rich mullite-sillimanite, Fe-rich corundum, Ti-rich
biotite and pleonaste spinel, with and cordierite (XMg = 69) typically devel-
oped along contacts with largely melted quartz—plagioclase-rich layers (Fig. 3.35).
Melting between quartz, oligoclase, muscovite and biotite led to the production of
peraluminous melts (A/CNK = 1.2-2.1), their compositions depending 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 Chap. 7 and
characteristics of the ubiquitous spinels in the xenoliths are described here. Newly-
formed spinels of the pleonaste-magnetite series occur in all the Eifel xenolths
and have a wide compositional range within the FeAl;04-MgAl,O4-Fez04 vol-
ume depending on whether they result from muscovite and biotite breakdown
reactions or crystallize from peraluminous melt (Fig. 3.36). Because there are






