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Preface

This text is designed for use in advanced undergraduate
or early graduate courses in igneous and metamorphic
petrology. The book is extensive enough to be used in
separate igneous and metamorphic courses, but I use it
for a one-semester combined course by selecting from
the available chapters. The nature of geological investi-
gations has largely shaped the approach that I follow.

Geology is often plagued by the problem of inacces-
sibility. Geological observers really see only a tiny frac-
tion of the rocks that compose the Earth. Uplift and
erosion exposes some deep-seated rocks, whereas oth-
ers are delivered as xenoliths in magma, but their exact
place of origin is vague at best. As a result, a large pro-
portion of our information about the Earth is indirect,
coming from melts of subsurface material, geophysical
studies, or experiments conducted at elevated tempera-
tures and pressures.

The problem of inaccessibility has a temporal aspect
as well. Most Earth processes are exceedingly slow. As a
result, we seldom are blessed with the opportunity of ob-
serving even surface processes at rates that lend them-
selves to ready interpretation (volcanism is a rare
exception for petrologists). In most other sciences, the-
ories can be tested by experiment. In geology, as a rule,
our experiment has run to its present state and is impos-
sible to reproduce. Our common technique is to observe
the results and infer what the experiment was. Most of
our work is thus inferential and deductive. Rather than
being repulsed by this aspect of our work, I believe most
geologists are attracted by it.

The nature of how geology is practiced has changed
dramatically in recent years. Early geologists worked
strictly in the observational and deductive fashion de-
scribed above. The body of knowledge resulting from the
painstaking accumulation of data observable with the
naked eye or under a light microscope is impressive, and
most of the theories concerning how the Earth works
that were developed by the mid-20th century are still
considered valid today, at least in broad terms. Modern

post-war technology, however, has provided geologists
with the means to study the Earth using techniques bor-
rowed from our colleagues in the fields of physics and
chemistry. We have mapped and sampled much of the
ocean basins; we have probed the mantle using variations
in gravity and seismic waves; we can perform chemical
analyses of rocks and minerals quickly and with high pre-
cision; we can also study natural and synthetic specimens
at elevated temperatures and pressures in the laboratory
to approximate the conditions at which many rocks
formed within the Earth. These and other techniques,
combined with theoretical models and computing power,
have opened new areas of research and have permitted
us to learn more about the materials and processes of the
Earth's interior. These modern techniques have been in-
strumental in the development of plate tectonic theory,
the encompassing paradigm that guides much present ge-
ologic thought. Given the limitations of inaccessibility
mentioned above, it is impressive how much we have
learned about our planet. Modern petrology, because it
addresses processes that occur hidden from view deep
within the Earth, must rely heavily on data other than
simple observation.

In the pages that follow I shall attempt to explain the
techniques employed, and the resulting insights they pro-
vide into the creation of the igneous and metamorphic
rocks now found at the surface of the Earth. The reader
should be aware, however, that the results of our inves-
tigations, however impressive and consistent they may
appear, are still based in large part on indirect evidence
and inferential reasoning. I'm sure that the many re-
searchers whose painstaking work we shall review would
join me in urging a healthy skepticism lest we become
too dogmatic in our perspective. Ideas and theories are
always in a state of flux. Many of today's ideas may be
discarded tomorrow as new information becomes avail-
able and/or other ideas take their place. Certainly petrol-
ogy is not exempt from this process. If so, it would be far
too dull to pursue.

XVII



Preface

The term petrology comes from the Greek petra
(rock) and logos (explanation), and means the study of
rocks and the processes that produce them. Such study
includes description and classification of rocks, as well
as interpretation of their origin. Petrology is subdivided
into the study of the three major rock types: sedimen-
tary, igneous, and metamorphic. At the undergraduate
level in most colleges and universities, sedimentary
petrology is taught as a separate course, usually with
stratigraphy. Igneous and metamorphic petrology are
commonly combined, due to the similarity of approach
and principles involved. | intend this book for either a
combined igneous/metamorphic course or two separate
ones. In the interest of brevity, | will henceforth use the
term "petrology” to mean the study of igneous and meta-
morphic rocks and processes. | hope not to offend sedi-
mentary petrologists by this, but it would prove
burdensome to continually redraw the distinction.

I shall concentrate on the processes and principles in-
volved in the generation of igneous and metamorphic
rocks, rather than dwell upon lists of details to be mem-
orized. Certainly facts are important (after all, they com-
pose the data upon which the interpretations are based),
but when students concentrate on the processes of geol-
ogy, and the processes by which we investigate them,
they get a deeper understanding, more lasting knowl-
edge, and develop skills that will prove valuable beyond
the classroom.

As mentioned above, modern petrology borrows
heavily from the fields of chemistry and physics. Indeed,
the student taking a petrology course should have com-
pleted a year of chemistry, and at least high school
physics. Calculus, too, would help, but is not required.
Some students, who were attracted to geology for its field
bias, are initially put off by the more rigorous chemical
and theoretical aspect of petrology. I intend this text to
give students some exposure to the application of chem-
ical and physical principles to geological problems, and
I hope that some practice will give them confidence in
using quantitative techniques. At the same time, | do not
want to so burden them that they lose the perspective
that this is a course in geology, not chemistry, physics, or
computer science. We must bear in mind that the Earth
itself is the true proving ground for all the ideas we deal
with. Even the most elegant models, theories, and ex-
perimental results, if not manifested in the rocks in the
field, are useless (and probably wrong as well).

All textbooks need to balance brevity, breadth, and
depth. Whole books are dedicated to such subjects as
thermodynamics, trace elements, isotopes, basalts, or
even specialized subjects as kimberlites, lamproites, or
mantle metasomatism. When distilling this sea of wis-
dom to an introductory or survey level, vast amounts of
material must necessarily be abbreviated or left out. Of
course it is up to the author to decide what is to be se-

lected. We each have our own areas of interest, resulting
in a somewhat biased coverage. To those who object to
the light coverage | give to some subjects and my
overindulgence in others, | apologize. The coverage here
is not intended to replace more specialized classes and
deeper levels of inquiry for those proceeding on to grad-
uate studies in petrology. There is no attempt to develop
theoretical techniques, such as thermodynamics or trace
elements from first principles. Rather, enough back-
ground is given for a degree of competence with using
the techniques, but the direction is clearly toward appli-
cation. We gain from our more general perspective a
broad overview of the Earth as a dynamic system that
produces a variety of igneous and metamorphic rocks in
a wide range of settings. We will not only learn about
these various settings and the processes that operate
there, but we will develop the skills necessary to evalu-
ate and understand them. Once again, | urge you to be
critical as you progress through this text. Ask yourself if
the evidence presented to support an assertion is ade-
quate. This text is different from texts only 10 years old.
We might all wonder what interpretations will change in
a text published 10 years from now.

Following the traditional approach, I have divided the
book into an igneous section and a metamorphic section.
Each begins with an introductory chapter, followed by a
chapter on the description and classification of appro-
priate rock types and a chapter on the development and
interpretation of textures. The chapters on classification
and textures are intended as a laboratory supplement,
and not for lecture-discussion. | have tried to explain
most petrologic terms as they are presented, but you will
invariably run across terms with which you are unfamil-
iar. | usually place a new term in bold typeface. If you
forget a term, it can usually be found in the index, but a
dictionary of geological terms is also a good companion.
The inside front cover lists the mineral abbreviations and
acronyms that I commonly use.

Chapter 4 is a review of the field relationships of ig-
neous rocks. It is relatively simple and intended to sup-
ply a background for the more detailed concepts to
follow. Students may simply read it on their own. Chap-
ters 5 through 9 are the most intensive chapters, in which
I develop the theoretical and chemical concepts that will
be needed to study igneous systems. By the time many
students reach Chapter 9 they may fear that they are in
the wrong course, or worse, the wrong major! Fortu-
nately things slow down after this, and are oriented more
toward application of the techniques to real rocks. Chap-
ter 10 addresses the generation of basaltic magma in the
mantle, and Chapter 11 deals with the evolution of such
magmas once they are created. Chapters 12-20 explore
the common igneous associations, using the techniques
developed in Chapters 5-9 to develop models for their
genesis. Few combined igneous-metamorphic petrology



courses have the time to explore all of the igneous asso-
ciations covered in Chapters 12-20, and instructors will
commonly choose among their favorites. Students can
explore the others on their own, or refer to them later if
the need arises. One can also get a decent review of these
chapters by reading the final section in each, which dis-
cusses a petrogenetic model. The models, however, are
based on the petrological and chemical data developed
in the chapter, so many of the conclusions will have to
be taken on faith. | teach a year-long mineralogy-petrol-
ogy sequence, and have found it advantageous to cover
Chapters 5, 6, and 7 (which may be considered transi-
tional between mineralogy and petrology) in the fall in
mineralogy, leaving more time to do petrology during
the second semester.

The metamorphic section is shorter than the igneous
section, because there are not as many specific tectonic
associations. The approach | follow is to consider meta-
morphic rocks as chemical systems at equilibrium, man-
ifested as stable mineral assemblages. The mineral
assemblages vary both spatially and temporally due to
variations in pressure, temperature, composition, and the
nature of associated fluids. Changes in mineral assem-
blage are achieved by chemical reactions, and are con-
trolled by these variables just mentioned. Qualitative
approaches to assessing the equilibria are developed in
Chapters 24-26. Chapter 27 addresses the quantitative
approach, using thermodynamics and
geothermobarom-etry. Chapters 28 and 29 apply the
techniques to specific common rock types: pelites,
carbonates, and ultramafic rocks. Finally, Chapter 30
explores metasomatism. Less rigorous courses, or ones
that run short of time, can drop Chapters 27 and 30
without rendering the other chapters incomprehensible.

I often make references in the text to other sections
and figures where a concept, approach, or technique is in-
troduced or developed more fully. These references are
intended to assist the reader, should a concept be slightly
unfamiliar, or if more information is desired. They do
not imply that the reader must follow their lead in order
to understand the discussion at hand.

To give students a better understanding of the
processes and principles involved, | have integrated a
number of problems into the text. The problems are an
important part of the text, and working through them,
rather than simply scanning them, will make an enor-
mous difference in the student's understanding. The oc-
casional problem integrated into the reading as a
"worked example" should be done at the time it is en-
countered, as it is intended to illustrate the concept being
presented. Problems at the end of a chapter are intended
as review, and to bring together the material discussed in
the particular chapter. Problems not only provide a
deeper understanding of the principles involved, they
give students some practice at data analysis and the tools
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that geologists commonly employ. Many problems can
be done with just a hand calculator, but most would be
done more efficiently with a computer, and some require
one. Spreadsheets and other computer programs permit
us quickly to get past the drudgery of handling moderate
to large amounts of data or creating graphs, and into the
more interesting aspects of interpreting the results. The
ability to use a computer, and particularly a spreadsheet,
is necessary for all science students. On my Web page
(http://www.whitman.edu/geology/) you can download
a number of files supplementary to this text. Included is
a brief introduction to the use of Excel® (Excel.doc, a
Word for Windows document). If you are not familiar
with the use of a spreadsheet, | suggest you read this and
try the exercise as soon as you can. Also on the Web site
are some programs and data compilations for a number
of the problems. Other problems will assume that par-
ticular petrologic programs are available in a campus
computer. Among these are the following: IgPet® which
is a program for manipulating and displaying chemical
data for igneous rocks; TWQ®, THERMOCALC®, and
SUPCRT® which are thermodynamic databases that cal-
culate mineral equilibria at elevated temperatures and
pressures. THERMOBAROMETRY®, calculates pres-
sures and/or temperatures of equilibrium from mineral
compositions. A list of those programs and pertinent in-
formation for their acquisition is on the web site. Of
course, the basic law of computers must be kept in mind:
To be useful, the data must be representative, relatively
complete, and of good quality. Computers can output
beautifully crafted diagrams that can make even wrong
data look deceptively good.

Finally, a word on units. | have used SI (Systeme In-
ternational) units throughout the text. Although most
petrologists are more familiar with calories and bars for
energy and pressure, respectively, the Sl units are grad-
ually becoming the norm. I think it best that you get your
exposure to these units as early as possible, because |
have an awful time with them after so many years think-
ing in kilobars and calories. Calculations are also easier,
because the units are standardized. The only deviation
that 1 shall make from the strict SI terminology is to com-
monly refer to temperature in degrees Celsius, rather
than in Kelvins, but this is only a difference with regard
to reference, and not the magnitude of the units them-
selves. The Appendix lists the units and prefixes used.
Please look at this list as soon as possible for a general
familiarity, and particularly for the prefixes of magni-
tude, so that you will be able to interpret such common
terms as Ma (million years), or GPa (billion pascals pres-
sure). Because minerals commonly have long names, and
are mentioned so often, at times | shall abbreviate the
names in the text and on figures. The inside front cover
lists the mineral abbreviations and several of the other
acronyms that petrologists commonly employ.
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If you have any comments, questions, corrections, or
suggestions for future editions, please let me know. My
e-mail address is winterj@whitman.edu.
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Appendix B: Abbreviations and Acronyms
Mineral Abbreviations (after Kretz, 1983; and Spear, 1993)

Acm acmite Fac ferro-actinolite Opx orthopyroxene
Act actinolite Fs ferrosilite Osm osumilite
Ab albite Fts ferro-tschermakite Pg paragonite
Aln allanite Fo forsterite Prg pargasite
Aim almandine Grt garnet Per periclase
Als aluminosilicate Ged gedrite Phi phlogopite
Amp amphibole Gin glaucophane Pgt pigeonite
Anl analcime Gr graphite Flag plagioclase
And andalusite Grs grossularite Prh prehnite
Ads andesine Gru grunerite Pen protoenstatite
Adr andradite Hs hastingsite Pmp pumpellyite
Ank ankerite Hd hedenbergite Py pyrite
Ann annite Hem hematite Prp pyrope
An anorthite He hercynite Prl pyrophyllite
Atg antigorite Hul heulandite Po pyrrhotite
Ath anthophyllite Hbl hornblende Qtz quartz
Ap apatite 111 illite Rbk riebeckite
Arg aragonite 1lm ilmenite Rt rutile
Aug augite Jd jadeite Sa sanidine
Bt biotite Kin kaolinite Spr sapphirine
Brc brucite Kfs K-feldspar Srp serpentine
Cam Ca-clinoamphibole Km kornerupine Scp scapolite
Cpx Ca-clinopyroxene Ky kyanite Sd siderite
Cal calcite Lab labradorite Sil sillimanite
Chi chlorite Lmt laumontite Sps spessartine
Cld chloritoid Lws lawsonite Spn sphene
Ctl chrysotile Ligor L liquid (silicate melt) Spl spinel
Cen clinoenstatite Lz lizardite St staurolite
Cfs clinoferrosilite Mrb magnesio-riebeckite Stb stilbite
Czo clinozoisite Mgs magnesite Sti stishovite
Coe coesite Mt magnetite Tic talc
Crd cordierite Mrg margarite Ttn titanite
Cmn corundum Mrw merwinite Tr tremolite
Crs cristobalite Me microcline Trd tridymite
Cum cummingtonite Mtc monticellite Ts tschermakite
Di diopside Mnt montmorillonite Usp ulvospinel
Dol dolomite Ms muscovite \Y vapor/fluid
Eck eckermanite Ntr natrolite Ves vesuvianite
Ed edenite Olg oligoclase Wai wairakite
En enstatite (ortho) 01 olivine Wo wollastonite
Ep epidote Omp omphacite Wus wiistite
Fed ferro-edenite Oam orthoamphibole Zrc zircon
Fa fayalite Or orthoclase Zo zoisite
4= o I A
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AA
AFC

AMGC

b.p.
BSE
CFB
CHUR

CRBG
CSD
Cvz

Dj, D...
DevAL

DM
DPO

DSDP
DUPAL

E MORE
MORE
EM

EPR

FeO*
Fe,05*

Atomic absorption
analysis
Assimilation + fractional
crystallization
Proterozoic anorthosite-
mangerite-charnockite-gran-
ite magmatic suite
Before present
Bulk standard Earth*
Continental flood basalt
Chondrite uniform reservaoir,
an isotopic standard
Columbia River Basalt Group
Crystal size distribution
Central volcanic zone (Andes)
Distribution coefficient
Successive deformational
events
Deviation from Axial Linearity
(on MORs)
Depleted mantle’
Dimensional preferred mineral
orientation
Deep-sea drilling project
Enriched Pb-isotope
component
Enriched

Enriched mantle

East Pacfic Rise

Fraction of melt to solids

Oxygen fugacity

wt.% FeO + 0.8998(Fe,03)

wt.%Fe,0; + 1.113(Fe0)

Depth to subducted slab
beneath volcanic front

"Proposed mantle isotopic reservoirs.

Other Abbreviations and Acronyms

HIMU
HFS
HFU

HREE
elements
TCP

INAA
IUGS

K
L].Lo..

LMI
LIL
LIP
LOI
LPO

LREE
M!, Mo...
MAR
MASH

Mg#
MOR
MORE
N-MORB
NHRL

NVZ
OIA

Hi-n, mantle (Pb enriched)™ oIB
High field strength elements oIT
Heat flow unit (4.2 x 1CT® 0sc
joules/cm?/sec)
Heavy rare earth P
Pco,
Induction-coupled plasma PH;0
analysis PER
Instrumental neutron ppm
activation analysis PREMA
International Union of RCMP
Geological Sciences
Reaction constant REE
Successive metamorphic SASA..
lineations
Layered mafic intrusion SCLM
Large-ion lithophile elements
Large igneous province SCMR
Loss on ignition
Lattice preferred mineral
orientation SIAM
Light rare earth elements SMOW

Successive metamorphic events
Mid-Atlantic Ridge svz
Crustal melting, assimilation, (Andes)

storage, and homogen-ization T

by underplated mafic magmas T-MORB
100 Mg/(Mg + Fe*) TLA
Mid-Ocean Ridge TTG
Mid-ocean ridge basalt
Normal MORE X

Northern hemisphere reference  XRF
line (Pb isotopes) OMaas
Northern volcanic zone (Andes)
Ocean island alkaline basalt

Ocean island basalt Ocean
island tholeiite Overlapping
Spreading Center
(on MORs)
Pressure
Partial pressure of CO,
Partial pressure of H,O
Pearce Element Ratios
Parts per million Prevalent
mantle* Rheological
critical melt
percentage for extraction
Rare earth elements
Successive metemorphic
foliations
Sub-continental
lithospheric mantle
IUGS Subcommission
on the Systematics of Meta-
morphic Rocks
A granite classification scheme
Std. mean ocean water, an
oxygen isotope standard
Southern volcanic zone

Temperature Transitional

MORE Three letter acronym

Archean tonalitetrondhjemite-
granodiorite suite

Composition

X-ray fluorescence analysis

Maximum, intermediate, and
minimum principal stresses



Chapter 1

Some Fundamental Concepts

In this initial chapter, | will generalize and set the stage
for the more detailed chapters to come. After a brief in-
troduction to igneous rocks, | will attempt to organize
our approach to the subject of igneous petrology. Next,
because magmas are created by the melting of material
at depth, we will look in the broadest sense at the
makeup and internal structure of the Earth, followed by
a summary of current theories on how it got that way.
Finally, we will review in a very general sense the mode
of occurrence of the common igneous rocks. It will be
assumed that you, the student, are familiar with the most
basic concepts, such as the distinction between volcanic,
plutonic, and pyroclastic igneous rocks, etc. You may
want to briefly review the chapter on igneous rocks and
processes in the text from your introductory geology
course, as it will refresh your memory and provide an ini-
tial "big picture” as we proceed to refine the ideas. Re-
viewing a chapter on plate tectonics would also help in
this regard.

1.1 INTRODUCTION

Igneous petrology is the study of melts (magma) and the
rocks that crystallize from them. Origin by crystalliza-
tion from a melt seems a simple enough criterion for con-
sidering a rock to be igneous. But we can only rarely
observe the formation of igneous rocks directly, and then
only for some surface lavas. We must therefore develop
a separate set of observational criteria for determining
that a rock is indeed of igneous origin. Such criteria will
be developed further later on, but, by way of introduc-
tion, they include:

1) Field criteria. Intrusive igneous bodies commonly
crosscut the "country rocks" into which they intrude,
thereby truncating external structures, such as bedding or
foliation. They may also exhibit some types of contact
effects. When developed, a narrow, fine-grained chilled
margin (or "chill zone") within the igneous body mar-

gin, or localized baking of the country rocks, are good
indicators of an igneous origin for plutonic bodies. In ad-
dition, we have come to associate certain specific forms
of rock bodies with an igneous origin. For example, a
strato-volcano, a pahoehoe flow, a sill or laccolith, etc.,
have become associated with igneous processes, either
by directly observing an igneous event, or by applying
some of the criteria above. Field aspects of igneous rocks
will be discussed further in Chapter 4.

2) Textural criteria. Petrography is the branch of
petrology that deals with microscopic examination of thin
sections, cut from rock samples and ground down to
0.03-mm thickness so they readily transmit light. By
observing igneous rocks under the petrographic
microscope, we have come to associate a specific
interlocking texture with slow crystallization from a
melt (Figure 1-1). When crystals are forming in a
cooling melt, they usually develop a near-perfect
crystal form, as the melt provides no obstruction to the
preferred crystal shape. As the melt continues to cool,
and more crystals form, they eventually begin to
interfere with one another, and intergrow. The resulting
interlocking texture shows interpenetrating crystals,
much like a jigsaw puzzle. As will be discussed in
Chapter 3, the relative development of crystal form, in-
clusions, and interpenetration can commonly be used to
infer the sequence in which different mineral species crys-
tallized.

Rapid cooling and solidification of a melt may result
in another characteristic texture: glassy texture. When a
melt solidifies too fast for ordered crystal structures to
form, the result is a non-crystalline solid, or glass. Glass
is readily recognized under the petrographic microscope
by its isotropic optical character.

Because liquids cannot sustain substantial directional
stresses, foliations rarely develop. A common textural
criterion for distinguishing an igneous from a high-grade
metamorphic crystalline rock in hand specimen is thus
based on the isotropic texture (random orientation of



Figure1-1
Bard (1986). Copyright © by permission Kluwer Academic
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Interlocking texture in a granodiorite. From
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elongated crystal) of the former. One must use caution,
however, when applying this criterion, as some igneous
processes, such as crystal settling and magmatic flow, can
produce mineral alignments and foliations in igneous
rocks.

Pyroclastic deposits (those resulting from explosive
eruptions) can perhaps be the most difficult to recognize
as igneous. Usually the magmatic portion has solidified
and cooled considerably before being deposited along
with a significant portion of pulverized pre-existing rocks
caught in the explosion. The actual deposition of
pyro-clastic material is in large part a sedimentary
process, and hence the difficulty in recognition. In fact
there is some debate among geologists as to whether
pyroclas-tics should be considered igneous or
sedimentary. They are igneous in the sense that nearly
all of the material crystallized from a melt, even though
a proportion may have been earlier volcanic deposits.
This is the "pyro™ part. They are sedimentary as well, in
the sense that they represent solid particles deposited
by a fluid medium: air, or sometimes water. This is the
"clastic" part. Some geologists have wisely suggested
that we avoid this hopeless debate by considering
pyroclastics to be igneous going up, and sedimentary
coming down!

In Chapter 3, we will discuss igneous textures in more
detail, including both those seen in hand specimen, and
those seen in thin section with the aid of the petrographic
microscope.

As we initially consider the study of igneous rocks
and processes, perhaps we should first consider what
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exactly it is that we want to know. The types of very
"broad-brush" questions that we would expect to have
answered might include the following: How are melts
generated? What is melted, and where? What is pro-
duced by this melting? How do the melts so produced
crystallize to igneous rocks, and what processes accom-
pany this crystallization? In what way(s) do the liquid
and solid portions evolve during the process of melting
or crystallization? Does the large variety of igneous rock
compositions now found at the Earth's surface result
from different sources of melts, or can it be attributed to
variations in the processes of melting and crystallization?
Is there a relationship between igneous rock type and
tectonic setting? If so, what controls this?

Finally we might ask, "What do we need to know to
assess these?" In other words, what background and ap-
proach does a good modern petrologist need? | would
suggest the following as imperative background:

1. A petrologist needs experience looking at rocks
and textures. One cannot begin to study rocks
without knowing how to recognize, describe, or
ganize, and analyze them.

2. Experimental data (of synthetic and natural sam
ples) are also necessary. We can best understand
the generation and crystallization of melts by
recreating these processes in the laboratory, sim
ulating the conditions found at depth, and ana
lyzing the results.

3. Some theory is also required, so we can organize
and understand the experimental results better
and apply those results beyond the exact compo
sitions and conditions of the experiments. A bit
of chemistry, including major elements, trace ele
ments, and isotopes necessary, as is some ther
modynamics. As we shall see, these techniques
also help us characterize rocks and evaluate
source regions and evolutionary processes.

4. We also need a knowledge of what comprises the
Earth's interior and the physical conditions that
exist there. Melts are created deeper than we
can directly observe. If we want to know what
is melted and how, we must review what is
known about the Earth's interior, and how the
constituents and conditions vary with tectonic
setting.

5. Finally, we need some practical experience with
igneous activity. A literature-based survey of the
more common igneous rocks and processes in na
ture provide a framework for all of the above, and
give a more complete picture.

I hope that we will acquire the requisite skills and ex-
perience in the chapters that follow. Although it would
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perhaps be preferable to develop each of the above skills
sequentially, this is not practical, and may be impossible,
as they are integrated in the scientific process. The stu-
dent will get direct observational experience in the class
laboratories, with the aid of Chapters 2 (classification)
and 3 (textures). Chapter 4 is designed to give you a sur-
vey of igneous rocks in their field setting. This is largely
a review of fundamental concepts. Next we get some the-
ory on melt systems, and use that theory to look at some
simple experimental systems. Then we will proceed to
more complex natural systems and the (largely chemi-
cal) tools required to study them. Finally we will embark
upon an overview of the most common igneous provinces
and review the current state of modern theories on their
development. This latter portion will require consider-
able application and even amplification of the theoreti-
cal skills we have acquired.

On a more grand scale, igneous, metamorphic, and
sedimentary processes all contribute to a differentiated
planet. Igneous processes are by far the most dominant
in this regard, as they are largely responsible for the seg-
regation of the crust from the mantle and for the origin
of many natural resources. It will benefit us all to keep
this large-scale differentiation in mind as we explore the
more focused components in what follows.

1.2 THE EARTH'S INTERIOR

As mentioned above, virtually all igneous rocks origi-
nate by melting of material at some depth within the
Earth. All terrestrial rocks that we now find at the
Earth's surface were derived initially from the mantle,
although some have gone through one or more cycles of
subsequent sedimentary, metamorphic, and/or igneous
processes since. If these rocks have an initial origin at
depth, it follows that we need to know what makes up
the Earth if we want to understand their origin more
fully. The Earth's interior is subdivided into three major
units: the crust, the mantle, and the core (Figure 1-2).
These units were recognized decades ago, during the
early days of seismology, since they were separated by
major discontinuities in the wvelocities of P
(compres-sional) and S (shear) waves as they
propagate through those layers in the Earth (Figure
1-3).

There are two basic types of crust: oceanic crust and
continental crust. The oceanic crust is thinner (about
10 km thick) and has an essentially basaltic composition.
We will learn more about the composition, structure, and
origin of the oceanic crust in Chapter 13. Because the
process of plate tectonics is creating oceanic crust at
mid-ocean ridges, and consuming it at subduction zones,
the oceanic crust is continually being renewed and
recycled. The oldest oceanic crust is in the southwest
Pacific and
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is about 160 Ma old. The
continental crust is thicker
(averaging about 36 km,
but extending up to
90 km) and more
heterogeneous,
including all sorts of
sedimentary,
igneous, and
metamorphic
rocks. Unlike the
oceanic crust, it is too
buoyant to subduct.  The
amount of continental
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Inner
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(solid)
crust  has been gradually increasing
over the past 4 Ga, principally in

the form of mantle-derived melts. Some continental
crust is thus very old, whereas some is quite new. There
will be lots more to say about the continental crust
throughout this book. A very crude average composition
of the continental crust would be represented by a
granodiorite. The crust is too thin to represent on
Figure 1-2. Even the thickest continental crust would
be thinner than the uppermost line. It comprises about
1% of the volume of the Earth.

Immediately beneath the crust, and extending to
nearly 3000 km, is the mantle, comprising about 83% of
the Earth's volume. The boundary, or discontinuity, be-
tween the crust and mantle is called the Moho, or M dis-
continuity (shortened from Mohoroviac, the name of the
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Balkan seismologist who discovered it in
1909). At this discontinuity, the velocity of P waves
increases abruptly from about 7 to over 8 km/sec. This
results in refraction, as well as reflection, of seismic
waves as they encounter the discontinuity, making it
relatively simple to determine the depth. The mantle is
composed predominantly of Fe- and Mg-rich silicate
minerals. We will learn more about the petrology of the
mantle in Chapter 10.

Within the mantle several other seismic discontinu-
ities separate layers that are distinguished more by phys-
ical than chemical differences. The shallowest such layer,
between 60 and 220 km, is called the low velocity layer,
because within it, seismic waves slow down slightly, as
compared to the velocity both above and below the layer
(Figure 1-3). The slowness of seismic waves is unusual,
because their velocities generally increase with depth
since they propagate more readily through denser mate-
rials (just as sound travels more rapidly through water
than through air). The reason seismic waves slow down
in the low velocity layer is believed to be caused by 1 to
10% partial melting of the mantle. The melt probably
forms a thin discontinuous film along mineral grain
boundaries, which retards the seismic waves. The
melt also weakens the mantle in this layer, making it be-
have in a more ductile fashion. The low velocity layer
varies in thickness, depending on the local pressure, tem-
perature, melting point, and availability of H,O. We will
discuss the origin of the low velocity layer further in
Chapter 10.
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Below the low velocity layer we encounter two more
seismic discontinuities within the mantle. The 410-km
discontinuity is believed to result from a phase transition
in which olivine (a major mineral component of the man-
tle) changes to a spinel-type structure. At 660 km, the
coordination of Si in mantle silicates changes from the
familiar 1V-fold to VI-fold, as in the mineral perovskite.
Both of these transitions result in an abrupt increase in
the density of the mantle, accompanied by a jump in
seismic velocities.

Below the 660-km discontinuity, the velocities of seis-
mic waves increase fairly uniformly (Figure 1-3) until
they encounter the core. The mantle/core boundary is a
profound chemical discontinuity at which the silicates of
the mantle give way to a much denser Fe-rich metallic
alloy with minor amounts of Ni, S, Si, O, etc. The outer
core is in the liquid/molten state whereas the inner core
is solid. The composition of the inner and outer core is
probably similar. The transition to a solid results from
increased pressure with depth, which favors the solid
state. S-waves cannot propagate through a liquid, be-
cause liquids cannot resist shear. Although 5-waves are
only slowed by the thin liquid films in the low velocity
layer, they disappear entirely as they reach the outer core
(Figure 1-3). P-waves slow in the liquid core, and refract
downwards, resulting in the seismic "shadow zone," a
ring-like zone in which earthquake P-waves don't reach
the surface of the Earth on the side away from which
they originated.

An alternative way to consider the subdivisions of the
Earth is based on rheological properties. Using this cri-
terion, we may consider the crust and the more rigid por-
tion of the uppermost mantle above the low velocity layer
to behave as a strong coherent unit, and they are collec-
tively called the lithosphere. The lithosphere averages
about 70 to 80 km thick under the ocean basins, and 100
to 150 km thick under the continents. The more ductile
mantle below this is called the asthenosphere (from the
Greek asthenes. "without strength™). The lithosphere and
asthenosphere are thus distinguished by their mechani-
cal properties, not by composition or seismic velocity.
Although they are not included in Figure 1-2, they are
important in the theory of plate tectonics, because the
ductility of the asthenosphere is thought to provide the
zone of dislocation upon which the rigid lithospheric
plates move. The mantle below the asthenosphere is
commonly called the mesosphere. The exact
asthenos-phere-mesosphere boundary should
correspond to the transition from ductile to more rigid
material with depth. The bottom of the ductile layer is
poorly constrained. Most geophysicists believe that
the asthenosphere extends to about 700 km depth. The
nature of the mantle below this is not well known, but
seismic waves which cross the mesosphere below 700
km are not greatly at-
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tenuated, suggesting that this is a layer of high strength.
The rheological subdivisions of the mantle are illustrated
on the right side of Figure 1-3.

1.3 ORIGIN OF THE SOLAR SYSTEM
AND THE EARTH

Now that we have some idea of what comprises the
Earth, it is interesting to speculate on how it got that way.
The following scenario summarizes the most generally
accepted theories on the origin of the solar system. Al-
though it will be presented as fact, this is only done so as
to avoid the constant use of disclaimers and indefinite
phrases. Please remember that this is only a collection
of internally consistent ideas by which we explain what
we now observe, although the extent of this consistency
does lend credence to the models.

The most popular model for the origin of the universe
has the Big Bang occurring between 12 to 15 Ga before
present (b.p.). According to radiometric dating of mete-
orites, the solar system began to form about 4.56 Ga b.p.
as a huge cloud of matter called the solar nebula (Figure
1-4). The nebula consisted mostly of molecular H, plus
some He and minor Be and Li (the only products of the
Big Bang). A further 2% comprises heavier elements,
including some other gases and fine solid particles
("dust™), presumably created by nuclear synthesis reac-
tions in earlier nearby stars and supernovae. The nebu-
lar cloud began to collapse slowly because of the
gravitational interactions of its constituents. Because it
was rotating, it flattened to a disk-like shape as a result
of centrifugal forces, with 1 to 10% of the mass consti-
tuting the central disk. The balance between gravitational
collapse, centrifugal force, and conservation of angular
momentum resulted in the majority of the mass losing
angular momentum and falling to the center of the disk,
eventually to form the sun. Small meter- to
kilometer-sized bodies, called planetesimals, began to
form and grow in the nebula. The gravitational collapse
of the mass and its compression generated considerable
heat, even-

(b)

tually reaching the stage where nuclear synthesis (fusion)
of hydrogen to helium became possible.

The first 100,000 years witnessed a very rapid evolu-
tion of the "proto-sun,” accompanied by a high lumi-
nosity caused by the heat generated by the initial
contraction. When the compression was nearly over, the
sun entered the T-Tauri stage, characterized by less vig-
orous activity, lasting up to 10 Ma. The solar wind, a
stream of charged particles, changed character during
the T-Tauri stage and began to emanate radially outward
from the sun, rather than spirally from the poles. The
nebula lost about half of its initial mass during this stage.

Of the remaining material, 99.9% of the mass col-
lapsed to form the sun, and the other 0.1 %, with the ma-
jority of the angular momentum, remained in the disk.
The disk material had sufficient mass to contract to the
median plane, where it eventually separated into local-
ized accumulations that formed the planets. The process
of planetary accretion took place within a strong tem-
perature and pressure gradient generated by the early
sun. As a result, the more volatile elements comprising
the solid particles of the nebula evaporated in the inner,
hotter portion of the solar system. The vapor particles
were then stripped off by the intense T-Tauri solar wind,
and condensed directly to solids further outward where
the temperature was sufficiently low. Only the larger
planetesimals survived this intense activity in the inner
solar system. The actual condensation temperatures (and
hence the distance from the sun at which condensation
took place) depended upon the particular elements or
compounds involved. Only the most refractory elements
survived or condensed in the innermost zone, whereas
the more volatile constituents were moved further out-
ward. As a result, then, primarily of the temperature gra-
dient and solar wind, the nebula experienced a chemical
differentiation based on condensation temperatures. Re-
fractory oxides such as A1,0;, CaO, and TiO, either
failed to volatilize at all or condensed quickly in the in-
nermost portions of the solar system. Fe-Ni metal alloys,
Fe-Mg-Ni silicates, alkali metals and silicates, sulfides,

Figure 1-4 Nebular theory of the for-
mation of the solar system, (a) The
solar nebula condenses from the inter-
stellar medium and contracts, (b) As
the nebula shrinks, its rotation causes it
to flatten to a disk (c), with most of the
matter concentrated toward the center
as the primordial sun (d). Outer solid
particles condense and accrete to form
the planets (d) and (e). From Abell
et al. (1988). Copyright © by permis-
(d) sion Saunders.



hydrous silicates, H,O, and solids of ammonia, methane,
etc., condensed and concentrated progressively outward.
The distance beyond which the very volatile compounds
such as water and methane condensed has been referred
to as the snow line. Apparently, a gradient of decreasing
pressure outward from the center of the nebula also had
an effect, principally on the relative condensation tem-
peratures of Fe metal vs. silicates, and thus on the Fe/Si
ratio (and oxygen content) of the planets.

The condensed solids next continued to accrete as
planetesimals. In the inner portion of the solar system,
the more refractory planetesimals further accumulated
and formed the terrestrial (Earth-like) planets (Mercury,
Venus, Earth, and Mars) as well as the parent bodies that
produced the present asteroids and meteorites. In the
outer portions, beyond the snow line, the large gaseous
planets formed. Pluto is anomalous in orbit and probably
composition as well. It may be a moon of one of the plan-
ets that escaped into solar orbit or the nearest body of icy
objects with orbits beyond Neptune.

From this very brief sketch, it seems clear that the
composition of a planet is in large part the result of rather
specific conditions that existed at a particular radial dis-
tance from the center of the solar nebula during the first
10 Ma of stellar evolution. The composition of the Earth
is largely a result, then, of the nature of the ancient su-
pernova that "seeded" the solar nebula with solid parti-
cles, and the evaporation/condensation processes
associated with the temperature at Earth's particular dis-
tance from the T-Tauri sun. Thus we would not expect
the Earth's composition to be equal to that of other plan-
ets or to that of the solar nebula as a whole.

The differentiation process that produced the chemi-
cal variation across the solar system was not perfectly ef-
ficient. The composition of the Earth is complex,
containing some of every stable element, and not just
those that could condense at our distance from the sun.
Some of the varied constituents of the Earth, including
the volatiles, were contained in the early planetesimals
that were large enough to resist complete vaporization
during the hot T-Tauri stage of solar evolution, whereas

S Al Ca
Si 3.0% 1.4% 1.0%
14.4%

Mg
15.3%

Figure1-5 Relative atomic abundances of the seven
most common elements that comprise 97% of the Earth's
mass.
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others may have been added later via impact of
comet-like bodies from the outer solar system.
Nonetheless, the process described above strongly
favored the concentration of certain elements, and only
seven elements now comprise 97% of the mass of the
Earth (Figure 1-5). These elements are consistent with
the solar abundances and condensates that we expect to
have formed at the pressures and temperatures at the
Earth's position in the nebular gradients described
above.

1.4 DIFFERENTIATION OF THE EARTH

The planetesimals that now form the Earth probably ac-
cumulated in a sequential fashion caused by the gravita-
tional accretion of denser ones first, concentrating Fe-Ni
alloys and denser oxides toward the center. Whether or
not the Earth got this "head start" toward further dif-
ferentiation is hard to say, but it differentiated more ex-
tensively soon thereafter. This extensive differentiation
resulted from heating, caused by gravitational collapse,
impacts, and concentrated radioactive heat. Eventually
the planet heated sufficiently to initiate melting at some
shallow depth, probably beneath a solid crust that stayed
cooler by radiating heat to space. Once melting began,
mobility within the Earth increased. Denser portions of
the melts moved downwards, whereas lighter portions
rose. The gravitational energy released by this process
probably generated enough heat to melt the entire Earth,
with the possible exception of the outermost chilled layer.
This layer may also have melted if there was sufficient
gaseous atmosphere to retard radiant cooling.

The result of the process was for the Earth to sepa-
rate into layers controlled by density and the chemical
affinities of the elements that comprise it. The concept of
chemical affinity will be developed further in Chapters 9
and 27, but, in simplest terms, we can say for now that el-
ement behavior is controlled by the configuration of elec-
trons in the outermost shells, which effects their bonding
characteristics.

Goldschmidt (1937) proposed that the elements of the
Earth tended to incorporate themselves into separate
phases, analogous to the layers in ore smelting pots. We
have inherited his terms:

e Lithophile ("stone-loving™) elements form a light
silicate phase.

« Chalcophile ("copper-loving™) elements form an
intermediate sulfide phase.

e Siderophile ("iron-loving™) elements form a dense
metallic phase.

A separate phase of atmophile elements may also
have formed in the early Earth as a very minor ocean
and atmosphere, but most of these light gaseous elements
were not held by the Earth during the earliest stages and
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escaped into space. Most of the oceans and atmosphere
probably accumulated slowly later.

It is simple enough to determine the affinity of every
element empirically, and use the results to predict the
size (thickness) of each reservoir in the early differenti-
ated Earth, but this approach doesn't work very well. For
instance, Fe, which should be siderophile, occurs in all
three phases. We must remember that the atoms are ion-
ized, so the requirement of electric neutrality must be
satisfied as well. We usually concentrate on cations, but
the anions are equally important. For example, sulfur is
obviously required to create a sulfide, so the amount of
sulfur dictates the size of the chalcophile layer in smelt-
ing pots. Because there was not enough sulfur to satisfy
all the chalcophile cations in the Earth, the excess chal-
cophile cations had to go elsewhere. Oxygen is the prin-
cipal anion in silicate minerals. It combined with silicon
for the lithophile layer, but other cations were required
before neutrality was achieved. The most common
minerals in the lithophile layer of the early Earth
were probably olivine ((Fe,Mg),SiO,4), orthopyroxene
((Fe,Mg)SiO3), and clinopyroxene (Ca(Fe,Mg)Si,Og). It
was thus the relative abundance of oxygen that deter-
mined the thickness of the upper lithophile layer. The
inner siderophile layer was determined by the excess of
siderophile cations (mostly Fe) left over after neutrality
was achieved with O and S. All the other elements, com-
prising the remaining 3% of the Earth's mass, went pref-
erentially into one of these layers, in accordance with a
particular atom's affinity.

As with the differentiation of the solar system, the
Earth's differentiation was certainly not perfectly effi-
cient: Not all of the elements are restricted to the pre-
dicted layer. Otherwise, we would never find such
elements as gold (siderophile), copper (chalcophile), etc.,
at the Earth's surface today. This may be caused, in part,
by a lack of complete equilibrium during the differenti-
ation process, but (as we shall see in Chapters 9 and 27)
even if equilibrium is attained, elements commonly par-
tition themselves into different reservoirs in less than the
most extreme proportions (not all into one reservoir).

After a few hundred million years, this molten, dif-
ferentiated Earth cooled and mostly solidified to a con-
dition similar to the planet we now inhabit, having a
distinct temperature and pressure gradient with depth.

The lithophile, chalcophile, and siderophile layers are
not to be confused with the present layers of the Earth:
crust, mantle, and core. The core of the modern Earth is
the siderophile layer, but the chalcophile component was
most likely dissolved in the siderophile core and never
separated as a distinct phase. Although such a phase does
form in smelters, it is much less likely to do so at the high
pressures involved in the core. The Earth is not a smelt-
ing pot. If a separate chalcophile phase did form, it might
be an outermost layer of the outer core, but has not been
detected seismically.

The mantle certainly represents the lithophile segre-
gation, but what about the crust? Neither the oceanic nor
the continental crust formed at this point by a large-scale
differentiation event in the early Earth (although this
may have happened for the plagioclase-rich highlands of
the Moon). Rather, the Earth's oceanic crust has recy-
cled many times in the past and the continental crust has
evolved slowly over time. The processes by which the
mantle differentiates to produce the crust are predomi-
nantly igneous in nature. We will return to this subject at
several places later on.

1.5 HOW DO WE KNOW ALL THIS?

If you are now asking yourself how we can possibly know
what has just been presented, you're approaching petrol-
ogy with the right attitude. Theories, such as those con-
cerning the origin of the universe, the solar system, and
the Earth represent the best inferences we can make
based on our interpretation of the data. The simplest ex-
planation of all the data, without violating physical
"laws" is preferred. The more varied the nature of the
phenomena a theory explains, the more confidence we
place in it. The scenario described above is consistent
with the physical "laws" of celestial mechanics, gravity,
nuclear synthesis, and so on. It is also consistent with our
observations of seismic waves and the nature and make-
up of the solar system. But rigorous evaluation of these
criteria is well beyond the scope of this book. The sce-
nario is intended only as background information, how-
ever. The data on the composition and layering of the
Earth's interior in Figures 1-2 and 1-3 are the final result
of the process and are presented as fact. These data are
very important to the material that we will address in the
pages ahead. After all, if igneous rocks are the products
of melting at depth, it might be nice to know with some
confidence what is being melted. For petrologic concerns,
let's focus our skepticism here for a moment. We have
not yet drilled a hole to the mantle (and will never do so
to the core) in order to directly sample these materials.
And our hypothetical mantle and core are far different
than the materials we find at the Earth's surface. What
evidence do we have to support the alleged composition
and structure of our planet?

First, from careful measurements we can accurately
determine the gravitational constant, and use that, plus
the measured moment of inertia of the Earth, to calcu-
late its mass, and from that, the average density. This
places several constraints on the materials which make up
the Earth. For instance, the average density of the Earth
is approximately 5.52 g/cm?. It is relatively easy to ob-
serve and inventory the chemical composition of the
rocks exposed at the surface of the Earth. But the den-
sity of surface rocks is rarely greater than 3.0 g/cm®. The
Earth must thus contain a large proportion of material
that is much denser than can be accomplished by com-



pression of surface-type rocks due to the increased pres-
sure at depth.

One could come up with a variety of recipes for the
dense material at depth, by mixing proportions of atoms
of various atomic weights. However, such a random ap-
proach would better be guided by having some idea of
which elements are more naturally abundant. The Earth
must have formed from the solar nebula, so the compo-
sition of the nebula must provide us with significant clues
to the makeup of our planet. The material that makes up
the solar system can be analyzed from a distance by
spec-troscopic means. Atoms can be excited by heat or
particle interactions and emit characteristic light spectra
when they return to their lower energy "ground state."
The wavelength of the light that reaches Earth can be
determined and related to the type of element or
compound that emits it. By comparison with spectra
of elements measured in the laboratory, the emitting
atoms or molecules can be identified. The intensity of the
spectral lines is proportional to their concentrations at
the source. We thus get a good idea of what elements
constitute the sun, other stars, even other planetary
surfaces, and by analogy with these, our own planet.

Figure 1-6 illustrates the estimated concentrations of
the elements in the solar nebula (estimated from certain
meteorites, as discussed below). Note the logarithmic
scale for concentration, which makes it easier to show
the full range of abundances. Hydrogen is by far the most
abundant element, as it made up most of the original neb-
ula. Other elements (except He) were synthesized from
H in the sun and other stars. The decrease in abundance
with increasing atomic number (Z) reflects the difficulty
of synthesizing progressively larger atoms. Another in-

teresting feature that is clear from Figure 1-6 is the "saw-
40
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tooth" nature of the curve. This is in accordance with the
"Oddo-Harkins rule," which says that atoms with even
numbers are more stable, and hence more abundant than
their odd-numbered neighbors.

We must assume that the elements that comprise the
Earth are among the more common elements in Figure
1-6. For example, Fe, and to a lesser extent Mg and Ni,
are much more abundant in the solar system than in the
Earth's crust, so we might infer that these elements are
concentrated elsewhere in the Earth. Fe is also dense
enough to satisfy the Earth's high density requirement.
In other words, using the data in Figure 1-6 as a starting
point to model a planet with an average density of 5.52
g/cm® should lead us in the direction of the concentra-
tions in Figure 1-5. Of course the process is complicated
by such inhomogeneities as the radial differentia-
tion of the solar nebula, and density variations and
phase changes associated with increasing pressure in the
Earth.

Seismic studies place further constraints on the mate-
rials that constitute the Earth. The velocities of P and S
waves in various materials at elevated pressures and tem-
peratures can be measured in the laboratory and com-
pared to seismic velocities within the Earth, as
determined from earthquakes or manmade explosions
(Figure 1-3). In addition, reflection and refraction of seis-
mic waves at discontinuities within the Earth provide di-
rect evidence for the Earth's internal structure and the
depths of the discontinuities that subdivide it into crust,
mantle, outer core, and inner core, as well as other more
detailed features.

Finally, although we haven't visited the mantle or core
for samples, we have had samples delivered to us at the

surface (or so we believe). We will learn more about
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mantle samples in Chapters 10 and 19, but there are a
number of rocks found at the surface that we believe to
be of mantle origin. In many active and fossil subduction
zones, slivers of oceanic crust and underlying mantle are
incorporated into the accretionary prism. Thickening of
the prism, followed by uplift and erosion, exposes the
mantle-type rocks. Xenoliths of presumed mantle mate-
rial are occasionally carried to the surface in some
basalts. Deeper mantle material is believed to come to
the surface as xenoliths in diamond-bearing kimberlite
pipes (Section 19.3.3). The vast majority of samples found
in all of these situations are olivine- and pyroxene-rich
ul-tramafic rocks. When many of these samples are
partially melted in the laboratory, they produce melts
similar to natural lavas that we believe to be
mantle-derived.

Because of its great density and depth, not a single
sample of the Earth's core has reached the surface. How-
ever, we do believe that pieces of the core of other
plan-etesimals have reached Earth in the form of
some meteorites. We will briefly discuss meteorites in
the next section, as they are quite varied, and provide
important information about the composition of the
Earth and solar system.

1.6 METEORITES

Meteorites are solid extraterrestrial objects that strike
the surface of the Earth after surviving passage through
the atmosphere. Most of them are believed to be frag-
ments derived from collisions of larger bodies, princi-
pally from the asteroid belt between the orbits of Mars
and Jupiter. They are very important, because many are
believed to represent arrested early-to-intermediate
stages in the development of the solar nebula that have
not undergone subsequent alteration or differentiation
like the Earth. They thus provide valuable clues to the
make-up and development of the solar system. Mete-
orites have been classified in a number of ways. Table
1-1 is a simplified classification, in which | have com-
bined several subclasses to give a general indication of
the more important types and the percentages of each
from observed falls.

Irons (Figure I-7b) are composed principally of a
metallic Fe-Ni alloy, stones are composed of silicate min-
erals, and stony-irons (Figure 1-7a) contain subequal
amounts of each. Because stones look much like terres-
trial rocks, they are commonly not recognized as mete-
orites, so irons (quickly recognizable by their density)
tend to dominate museum collections. When we consider
only specimens collected after an observed fall, however,
stones comprise 94% of meteoritic abundance. Iron me-
teorites are believed to be fragments of the core of some
terrestrial planets that have undergone differentiation
into concentrations of silicate, sulfide, and metallic lig-
uids, in the manner discussed above for the Earth. These

Table1-1 Simplified Classification of Meteorites

Class#OfFalls  %ofFalls  gnclass

Irons All 42 5

Stony-irons All 9

Stones Achondrites SNC's 4 8
Others 65

Chondrites Carbonaceous 35 86

Others 677

after Sears and Dodd (1988)

meteorites contain portions of siderophile (Fe-Ni alloy)
and chalcophile (segregations of troilite: FeS) phases.
The Fe-Ni alloy is composed of two phases, kamactite
and taenite, which have exsolved from a single, ho-
mogenous phase as it cooled. The two phases are com-
monly intergrown in a cross-hatched pattern of
exsolution lamellae called "Widmanstatten texture™ (Fig-
ure 1-7b). Stony-irons are similar to irons, but include a
significant proportion of the silicate (lithophile) segre-
gation mixed in. All irons and stony-irons are considered
"differentiated" meteorites, because they come from
larger bodies that underwent some degree of chemical
differentiation. Meteorites however, display a large vari-
ation in the degree to which they represent differenti-
ated portions of a planet. The parent bodies, most
believed to be present in the asteroid belt, were of vari-
ous sizes, and thus capable of different degrees of dif-
ferentiation. In addition, the collisions that disrupted the
parent bodies into meteoritic fragments have remixed,
and even brecciated the material that we find in many
meteorites.

Stones are further subdivided on the basis of whether
or not they contain chondrules (Figure I-7c and d),
nearly spherical silicate inclusions between 0.1 and 3 mm
in diameter. At least some chondrules appear to have
formed as droplets of glass that have subsequently crys-
tallized to silicate minerals. Stones with chondrules are
called chondrites, whereas those without are called
achondrites. As with irons and stony-irons, achondrites
are differentiated meteorites. Chondrites, on the other
hand, are considered "undifferentiated” meteorites, be-
cause the heat required to permit melting and differen-
tiation of a planet would certainly have destroyed the
glassy chondrules. The small size of the chondrules indi-
cate rapid cooling (<1 hr) requiring a cooler nebula at
the time of their formation. They probably formed after
condensation, but before formation of the planetesimals.
Chondrites are thus considered to be the most "primi-
tive" type of meteorites, in the sense that they are
thought to have compositions closest to the original solar
nebula (hence their use in estimating solar abundances in
Figure 1-6). It has been suggested that all of the inner
terrestrial planets formed from a material of average
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Figure 1-7 Meteorite textures, (a) Polished section of the stony-iron Springwater
(Saskatchewan, Canada) meteorite (light is iron, dark is ~ 5mm olivines). © Courtesy Carleton
Moore, Arizona State University, (b) Widmanstatten texture in the Edmonton (Kentucky)
iron meteorite. © Courtesy John Wood and the Smithsonian Astrophysical Observatory, (c)
Chondrules in the Allende chondrite meteorite (Mexico). Ball pen tip for scale, (d) Photomi-
crograph of a 0.5 mm diameter chondrule from the Dhajala (India) chondrite meteorite. The
chondrule is composed of skeletal plates of olivine in a finer matrix including crystal fragments
and glass. Other chondrules may be dominated by orthopyroxene, or mixtures of several min-
erals, including sulfides. Chondrules may be very fine grained or even totally glassy in meteorites
that have suffered little or no reheating. Chondrite photographs courtesy of the Geological

Museum, University of Copenhagen ©.

chondritic composition. This has led to the Chondritic
Earth Model (CEM). The model provides a close fit to
the composition of the Earth for most elements, but there
are a few important differences. For example, the Earth
is much denser, and must have a higher Fe/Si ratio than
chondrites. Models such as the one presented above,
based on condensation temperatures as a function of dis-
tance from the sun, are much better for explaining the
chemical composition of the planets (particularly their
variations) than is assuming some meteorite represents
themall.

Further subdivision of meteorites is based on their
textures and/or mineral content. There is considerable
variety in the overall ("bulk™) composition, as well as in
the mineralogy. Over 90 minerals have been found
among the stony meteorites, some of which are not found
elsewhere on Earth. Some meteorites appear to come
from the moon and neighboring planets. The "SNC" me-
teorites, for example, appear to be from Mars. Given this
variety, the study of meteorites can provide us with valu-
able information on the chemical composition of the
solar system and its constituents.
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1.7 PRESSURE AND TEMPERATURE VARIATIONS
WITH DEPTH

We now have a good idea of what comprises the Earth,
and how it got there. If we are to proceed to an under-
standing of melts (and later of metamorphism) we should
next attempt to understand the physical conditions (pres-
sure and temperature) that occur at depth, so that we
may appreciate how these materials respond and behave.
As depth within the Earth increases, both pressure and
temperature increase as well. Pressure increases as a re-
sult of the weight of the overlying material, whereas tem-
perature increases as a result of the slow transfer of heat
from the Earth's interior to the surface.

1.7.1 The Pressure Gradient

The pressure exerted in a ductile or fluid medium results
from the weight of the overlying column of the material.
For example, the pressure that a submarine experiences
at depth is equal to the weight of the water above it,
which is approximated by the equation:

P=pgh (1-1)
where P is pressure, p is the density (in this case,
that of water), g is the acceleration caused by gravity
at the depth considered, and h is the height of the
column of water above the submarine (the depth).
Because water is capable of flow, the pressure is
equalized, so that it is the same in all directions. The
horizontal pressure is thus equal to the vertical
pressure (the axis along which the imaginary column of
water would exert itself). This equalized pressure is
called hydrostatic pressure. Near the surface, rocks
behave in a more brittle fashion, so they can support
unequal pressures. If the horizontal pressures exceed
the vertical ones, rocks may respond by faulting or
folding. At depth, however, the rocks also become
ductile, and are capable of flow. Just as in water, the
pressure then becomes equal in all directions, and are
termed lithostatic pressures. Equation (1-1) will also then
apply, with p being the density of the overlying rock. The
relationship between pressure and depth is complicated
because density increases with depth as the rock is
compressed. Also, g decreases as the distance to the
center of the Earth decreases. A more accurate approach
would be to use a differential form of the P-depth rela-
tionship, complete with estimates of the variation in g
and p, and integrate it over the depth range. However,
the changes in g and the density of a given rock type are
relatively minor in the crust and upper mantle, and also
tend to offset each other, so Equation (1-1) should suf-
fice for our needs. Only when the rock type changes, as
at the Moho, would a different value of p be required.
One need only calculate the pressure to the base of the
crust using an appropriate average crustal density, and

continue with depth using a density representative of the
mantle.

For example, a reasonable estimate of the average
density of the continental crust is 2.8 g/cm®. To calculate
the pressure at the base of 35 km of continental crust, we
need only substitute these data into Equation (1-1),
being careful to keep the units uniform:

_2800kg  9.8m
nr

P 35,000 m

s'=9.6 X 108 kg/(m %) =
9.6 X 10® Pa « 1 GPa

See front inside cover for units and constants if nec-
essary. This result is a good average pressure gradient in
the continental crust of 1 GPa/35 km, or about 0.03
GPa/km, or 30 MPa/km. Because of (upward) round-off,
this gradient is also suitable for oceanic crust. A repre-
sentative density for the upper mantle is 3.35 g/cm?, re-
sulting in a mantle pressure gradient of about 35
MPa/km. These are humbers worth remembering, as they
provide a good way to interpret pressures in the phase di-
agrams to come. Figure 1-8 shows the variation in pres-
sure with depth using the Preliminary Reference Earth
Model (PREM) of Dziewonski and Anderson (1981).
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Figure1-8  Pressure variation with depth. From
Dziewonski and Anderson (1981).



1.7.2 The Temperature Gradient

Determining the geothermal gradient, the temperature
variation with depth, is much more difficult than doing so
for pressure, as there is no simple physical model analo-
gous to Equation (1-1). There are models, however,
based on methods of heat transfer, that must be con-
strained to conform to measured heat flow at the surface
(or in "deep" drill holes and mines). There are two pri-
mary sources of heat in the Earth.

1 Cooling. Heat developed early in the history of
the Earth from the processes of accretion and
gravitational differentiation described in Section
1.4 has been gradually escaping since that time.
This set up an initial temperature gradient once
the planet solidified and began to cool. Some con
tinued gravitational partitioning of iron in the
inner core may contribute some heat as well.

2. Heat generated by the decay of radioactive iso
topes. For reasons that will be discussed in Chap
ters 8 and 9, most of the more radioactive
elements are concentrated in the continental crust.
Radioactive decay produces 30 to 50% of the heat
that reaches the surface.

Once generated, heat is transferred from hotter to colder
regions by any of four processes, depending on the nature
of the material involved in the transfer:

1 If a material is sufficiently transparent or translu
cent, heat can be transferred by radiation. Radia
tion is the movement of particles/waves, such as
light or the infrared part of the spectrum, through
another medium. This is the principal way a lamp
loses heat, or how the Earth loses heat from its
surface into space. It is also the way we receive
heat energy from the sun. Heat transfer by radia
tion is not possible within the solid Earth except
possibly at great depth, where silicate minerals
may become hot enough to lose some of their
opacity to infrared radiation.

2. If the material is opaque and rigid, heat must be
transferred through conduction. This involves the
transfer of kinetic energy (mostly vibrational)
from hotter atoms to cooler ones. Heat conduc
tion is fairly efficient for metals, in which electrons
are free to migrate. This is why you can burn your
self if you handle an iron bar that has one end in
a fire. Conduction is poor for silicate minerals.

3. If the material is more ductile, and can be moved,
heat may be transferred much more efficiently by
convection. In the broadest sense, convection is
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the movement of material due to density differ-
ences caused by thermal or compositional varia-
tions. For the present purposes, we shall consider
the type of convection that involves the expansion
of a material as it heats, followed by the rise of
that material due to its gain in buoyancy. This con-
vection explains why it is hotter directly above a
candle flame than beside it. The air is heated, it
expands, and rises because it is now lighter than
the air around it. The same thing can happen to
ductile rocks or liquids. Convection may involve
flow in a single direction, in which case the moved
hot material will accumulate at the top of the duc-
tile portion of the system (or a cooled density cur-
rent will accumulate at the bottom). Convection
may also occur in a cyclic motion, typically in a
closed cell above a localized heat source. In such
a convection cell the heated material rises and
moves laterally as it cools and is pushed aside by
later convective matter. As the upper portions of
the system heat up, the material pushed to the
margin is cooler and sinks toward the heat source
where it becomes heated and the cycle continues.

4. Advection is similar to convection, but involves
the transfer of heat with rocks that are otherwise
in motion. For example, if a hot region at depth is
uplifted by tectonism, induced flow, or erosion
and isostatic rebound, heat rises physically (al-
though passively) with the rocks.

Convection may work well in the liquid core and in
the somewhat fluid asthenospheric mantle, and may be
responsible for the high heat flows measured at
mid-ocean ridges. It is also a primary method of heat
transfer in hydrothermal systems above magma bodies
or within the upper oceanic crust, where water is free to
circulate above hot rock material. Beyond these areas,
however, conduction and advection are the only
available methods of heat transfer.

The transfer of heat is a very important concept in
petrology, as it controls the processes of metamorphism,
melting, and crystallization, as well as the mechanical
properties of Earth materials. Several petrologic proc-
esses, from explosive volcanism to lava flows and pluton
emplacement, are critically dependent upon maintain-
ing a heat budget.

Heat flow is relatively high in newly generated oceanic
crust and in orogenic areas, where magma is rising by
convection and/or advection to shallower depths. How-
ever, this high heat flow settles down to a "steady-state"
conductive pattern after about 180 Ma in the oceanic
lithosphere (away from the ridge), and after about 800
Ma in the continents (Sclater et al. 1980). The mathe-
matical models are more complex than we care to deal
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with but are based on conductive models fit to the mea-
sured near-surface values of heat flow. Because of the
concentration of radioactive elements in the continental
crust, we can expect the continental geotherm to be
greater than the oceanic geotherm, but the two should
converge at greater depths in the mantle (below the
zones of radioactive element concentration). Estimates
of the steady-state heat flow from the mantle range from
25 to 38 mW/m’ beneath the oceans to 21 to 34 mW/m?
beneath the continents. Heat flow is commonly measured
in heat flow units (HFU), for which 1 HFU = 41.84
mwi/m?

The steady-state geotherms (calculated by Sclater et
al. 1980) are shown in Figure 1-9. There is a range for
each, based on the upper and lower heat flow estimates.
Note that the geotherm is higher for the continents than
for the oceans, but there is some overlap between the
two, resulting from the uncertainty in near-surface
heat-flow ranges. The differences are restricted to the
crust and uppermost mantle, and the oceanic and
continental curves converge by about 150 to 200 km.
The gradients continue to steepen with depth. Below
about 200 to 250

Figure 1-9 Estimated ranges of oceanic (hatched) and conti-
nental (solid) steady-state geotherms to a depth of 100 km (the
approximate base of the lithosphere) using upper and lower
limits based on heat flows measured near the surface. After
Sclater et al. (1980).
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km mantle convection results in a near adiabatic (con-
stant heat content) heat flow and a geothermal gradient
of approximately 0.3°C/km (10°C/GPa). The gradient
becomes nearly vertical in the metallic core, where the
thermal conductivity and convection (in the liquid por-
tion at least) increases.

Heat transfer is also important when we consider the
cooling of a body of magma. The rate at which a body
cools depends upon a number of variables, including the
size, shape, and orientation of the body; the existence of
a fluid in the surroundings to aid in convective heat trans-
fer; and the type, initial temperature, and permeability of
the country rocks. An example of heat models applied
to a cooling magma body will be discussed in Sec-
tion 21.3.1.

1.8 MAGMA GENERATION IN THE EARTH

With this preamble we might next address the problem
of magma generation. Petrogenesis is a good general
term in igneous petrology for the generation of magma
and the various methods of diversification of such mag-
mas to produce igneous rocks. Most magmas originate
by melting in the Earth's mantle, but some show evidence
of at least a partial crustal component. Plate tectonics
plays a major role in the generation of several magma
types, but other types seem to result from processes at
greater depths in the mantle than are influenced directly
by plate tectonics. Figure 1-10 is a very generalized sum-
mary of the principal types of magmas and their geologic
setting. We will study the processes and products in much
more detail in Chapters 13 to 20.

The most voluminous igneous activity occurs at di-
vergent plate boundaries. Of these, mid-ocean ridges (lo-
cation 1, Figure 1-10) are the most common (Chapter
13). Beneath the ridge, the shallow mantle undergoes
partial melting and the resulting basaltic magma rises
and crystallizes to produce the oceanic crust. If a diver-
gent boundary is initiated beneath a continent (loca-
tion 2), a similar process takes place. The resulting
magmatism, particularly at the early stages of continen-
tal rifting, is commonly alkaline, and typically shows
evidence of contamination by the thick continental crust
(Chapter 19). If the rift continues to develop, oceanic
crust will eventually be created in the gap that forms be-
tween the separating continental fragments. The result
will be a new ocean basin and igneous activity similar to
location 1.

The oceanic plate created at mid-ocean ridges moves
laterally and eventually is subducted beneath a conti-
nental or another oceanic plate. Melting also takes place
at these subduction zones. The number of possible
sources of magma in subduction zones is far more nu-
merous than at ridges, and may include various compo-
nents of mantle, subducted crust, or subducted



Some Fundamental Concepts 15

["Continental Crust

Q Oceanic Crust
Lithospheric Mantle O

Sub-lithospheric Mantle

‘ Source of Melts

Figure 1-10

sediments. The types of magmas produced are corre-
spondingly more variable than for divergent boundaries,
but andesites are the most common. If oceanic crust is
subducted beneath oceanic crust (location 3), a volcanic
island arc forms (Chapter 16). If oceanic crust is sub-
ducted beneath a continental edge (location 4), a conti-
nental arc forms along the "active"” continental margin
(Chapter 17). A continental arc is generally more silica
rich than is an oceanic arc. Plutons are also more com-
mon in continental arcs, either because the melts rise to
the surface less efficiently through the lighter continen-
tal crust, or because uplift and erosion is greater in the
continents and exposes deeper material.

A different, and slower, type of plate divergence typ-
ically takes place behind the volcanic arc associated with
subduction (location 5). Most geologists believe some
sort of "back-arc™ extension is a natural consequence of
subduction, probably created by frictional drag associ-
ated with the subducting plate. Such drag pulls down part
of the overlying mantle, requiring replenishment from
behind and below. Back-arc magmatism is similar to
mid-ocean ridge volcanism. Indeed, a ridge also forms
here, and oceanic crust is created and spreads laterally
from it. Back-arc spreading, however, is slower,
volcanism is more irregular and less voluminous, and
the crust created is commonly thinner than in the
oceans. At times, rifting occurs behind a continental arc,
and the volcanic portion separates from the continent
as a marginal sea forms by back-arc spreading. Such a
process is believed to have separated Japan from the
Asian mainland. At other times, such a process seems
to initiate, and then it mysteriously ceases. The result
may just be a graben structure, or plateau-type basalts
may form prior to cessation of activity.

Although magmatism is certainly concentrated at
plate boundaries, some igneous activity also occurs within
toe plates, both oceanic (location 6) and continental (lo-
cation 7). Ocean islands such as Hawaii, the Galapagos,
the Azores, etc., all form by volcanism within the oceanic
plates (Chapter 14). The products are usually basaltic
but are commonly more alkaline than ridge basalts. The

Generalized cross section illustrating magma generation and plate tectonic setting.

reason for this type of igneous activity is much less obvi-
ous than it is for plate margins, because our plate tec-
tonic paradigm is of little use in these mid-plate regimes.
The source of the melts is also less clear, but appears
to be deep, certainly well into the asthenosphere. Sev-
eral of these occurrences exhibit a pattern of igneous ac-
tivity that gets progressively younger in one direction.
The direction correlates well with plate motion in a man-
ner that suggests the plate is moving over a stationary
"hot spot™ or mantle "plume,” with the most recent ac-
tivity occurring directly over the plume. Intraplate ac-
tivity within continental plates is much more variable
than that within the oceans (Chapter 19). It is
composi-tionally variable, but usually alkaline, and
occasionally extremely so. This reflects the more
complex and heterogeneous continental crust, and
sub-continental mantle as well. Some of the most
unusual igneous rocks, such as Kkimberlites and
carbonitites, occur within continental provinces. The
term igneous-tectonic association refers to these broad
types of igneous occurrence, such as mid-ocean ridge,
island arc, or intra-continental alkalic systems. We will
address these associations in the later chapters of the
igneous section.
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Chapter 2

Classification and Nomenclature
of Igneous Rocks

2.1 INTRODUCTION

This chapter is designed to assist the student in labora-
tories with hand specimen and thin-section identifica-
tion. The preferred method for classifying any rock type,
igneous, sedimentary, or metamorphic, is based on tex-
ture and composition (usually mineralogical composi-
tion). Textural criteria are commonly considered first, as
textures provide the best evidence for rock origin and
permit classification into the broadest genetic categories.
The first step in igneous rock description should be to
determine whether the rock falls into one of the follow-
ing three categories:

Phaneritic. The crystals that compose the rock are
readily visible with the naked eye.

Aphanitic. The crystals, if any, are too small to be seen
readily with the naked eye.

Fragmental. The rock is composed of pieces of disag-
gregated igneous material, deposited and later amal-
gamated. The fragments themselves may include
pieces of pre-existing (predominately igneous) rock,
crystal fragments, or glass.

If a rock exhibits phaneritic texture it crystallized
slowly beneath the surface of the earth, and is called
plu-tonic, or intrusive. If it is aphanitic, it crystallized
rapidly at the earth's surface, and is called volcanic, or
extrusive. Fragmental rocks are collectively called
pyroclastic. Some rocks classified as phaneritic and
aphanitic are relatively equigmnular (of uniform grain
size), whereas others exhibit a range of grain sizes
because different minerals may experience somewhat
different growth rates. The grain size usually varies
over only a modest range, and does so somewhat
gradually. If, on the other hand, the texture displays two
dominant grain sizes that vary by a significant amount,
the texture is called por-phyritic. The larger crystals,
called phenacrysts, formed

earlier during a period of slower cooling. The finer crys-
tals are referred to as groundmass. Whether such rocks
are considered plutonic or volcanic is based on the grain
size of the groundmass. Because the grain size is gener-
ally determined by cooling rate, porphyritic rocks com-
monly result when a magma experiences two distinct
phases of cooling. This is most common in, although not
limited to, volcanics, in which the phenocrysts form in
the slow-cooling magma chamber, and the finer
ground-mass forms upon eruption.

2.2 COMPOSITIONAL TERMS

Nearly all igneous rocks are composed principally of sil-
icate minerals, which are most commonly those included
in Bowen's Series: quartz, plagioclase, alkali feldspar,
muscovite, biotite, hornblende, pyroxene, and olivine.
Of these the first four (and any feldspathoids present)
are felsic minerals (from feldspar + silica) and the latter
four are mafic (from magnesium + ferric iron). Gener-
ally, felsic refers to the light colored silicates whereas
mafic refers to the darker ones. In addition to these
principal minerals, there may also be a number of
accessory minerals, present in very small quantities, usu-
ally consisting of apatite, zircon, sphene, epidote, an
oxide or sulfide, or a silicate alteration product such as
chlorite.

The composition of igneous rocks can be described in
a variety of ways. Most geologists agree that the best way
to form the compositional basis for a classification of ig-
neous rocks is to use the exact mineral content, as will
be described shortly. A number of general descriptive
terms, however, are not meant to name specific rocks,
but to emphasize some compositional aspect of a rock.
Unfortunately many of these terms address similar, but
not equivalent, compositional parameters, resulting at
times in confusion. For example, the terms in the previ-
ous paragraph are commonly applied not only to miner-
als, but also to the rocks that they compose. Felsic, then,
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describes a rock composed predominantly of felsic min-
erals, whereas mafic describes a rock with far more mafic
minerals. The term ultramafic refers to a rock that con-
sists of over 90% mafic minerals. Similar, but not equiv-
alent, terms are leucocr atic, meaning a light-colored rock,
and melanocratic, meaning a dark-colored, rock. The first
two terms are based on mineral content, whereas the lat-
ter ones are based on rock color, but the relationship be-
tween these two parameters is obvious. Rocks composed
principally of light-colored minerals (felsic), will surely be
light-colored themselves (leucocratic). Color, however, is
not a very reliable measure of the composition of a rock.
Thus terms such as mafic, that are defined by color, yet
have clear chemical connotations can be confusing. For
example, when plagioclase becomes more calcic than
about Ansg it is commonly dark gray or even black.
Smoky quartz is also quite dark. Should these minerals be
considered mafic? Most geologists would resist this, as
the mnemonic roots of the felsic and mafic terms refer to
their chemical composition, even though color may have
replaced composition as the common distinguishing fea-
ture. A rock composed of 90% dark feldspar would thus
be considered both felsic and melanocratic. The color of
a rock has been quantified by a value known as the color
index, which is simply the volume percentage of dark
minerals.

Purely chemical terms such as silicic, magneisan, al-
kaline, or aluminous, etc. that refer, respectively, to the
SiO,, MgO, (Na,0 + K;0), and A1,0; content of a rock
may also be used, particularly when the content of some
particular component is unusually high. Silica content is
of prime importance, and the term acidic is synonymous
with silicic. Although based on the outdated concept that
silicic acid is the form of silica in solution, even in melts,
the term is still in use. The opposite of acidic is basic, and
the spectrum of silica content in igneous rocks has been
subdivided as follows:

addic > 66 Wt. % SiO,52-66
intermediate 70 9102927

. Wi, % SiO, 45-5206 wt. %
basic Si0, < 45 wt. % SiO
ultrabasic 2 F PO

Because the concept behind "acidic"
and "basic" is not accurate, many petrologists consider
these terms outdated as well, whereas others consider
them useful. Naturally, basic rocks are also mafic, so we
see some of the unnecessary complexity involved in
simply describing the most general compositional
properties of igneous rocks.

Yet a further problem arises when we attempt to refer
to the composition of a melt. How, for example, do we
refer to the magma that, when crystallized, becomes a
basalt? Because there are few, if any, minerals in a melt,
the mineral-based terms felsic and mafic are technically

not appropriate. Color, as mentioned above is an unre-
liable compositional measure, and it is notoriously poor
for magmas and glasses, as the common occurrence of
black obsidian, that is quite silicic, can testify. Basic
would apply, and it is here that the term may best be
used. Many North American geologists consider the
terms mafic and felsic appropriate compositional terms,
and prefer to call a dark magma mafic rather than basic,
which they consider outmoded. British geologists prefer
basic and acidic to refer to magmas, because they are ap-
propriately based on composition and not mineralogy.
Others escape the problem altogether by naming the
magma after the rock equivalent. The literature is thus
full of descriptions of "basaltic magmas,” "mafic mag-
mas," and "basic magmas." As a true-blue North Amer-
ican, | tend to use the term "mafic"” for both magmas and
rocks. We will find some other descriptive chemical terms
that are useful in the classification of melts and igneous
rocks in Chapter 8.
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Over time, a number of classification schemes have been
applied to igneous rocks, resulting in a plethora of equiv-
alent or overlapping rock names (see Table 2-1 a