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High-Resolution and Analytical
Transmission Electron Microscopy
of Mineral Disorder and Reactions

David R. Veblen, Jillian F. Banfield, George D. Guthrie, Jr.,
Peter J. Heaney, Eugene S. liton, Kenneth J. T. Livi,
Eugene A. Smelik

Crystal defects and chemical reactions occurring at scales beyond the resolution of light
microscopes have major effects on the chemical and physical properties of rocks and
minerals. High-resolution imaging, diffraction, and chemical analysis in the transmission
electron microscope have become important methods for exploring mineral defect struc-
tures and reaction mechanisms and for studying the distribution of phases resulting from
reactions. These techniques have shown that structural disorder is common in some
rock-forming minerals but rare in others. They have also established mechanisms by which
many reactions occur at the atomic cluster scale. These data thus provide an atomistic
basis for understanding the kinetics of geological reactions. Furthermore, apparent major-
element, minor-element, and trace-element chemistry of minerals can be influenced by
submicroscopic inclusions or intergrowths, which commonly form as products of solid-state

reactions.

Transmission electron microscopy (TEM)
has long been an important experimental
technology in materials science, solid-state
physics, and solid-state chemistry. Most
processes of interest in these fields have
analogs in the geological sciences, although
the terminology used to describe them may
differ. For example, materials scientists re-
fer to degradation of metals as corrosion,
whereas geochemists refer to mineral degra-
dation occurring at Earth’s surface as weath-
ering. Annealing of metals is similar in
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many ways to contact metamorphism, and
deformation of materials and rocks proceeds
by the same mechanisms, although com-
monly at much different spatial and time
scales. Indeed, much has been learned
about the behavior of geological materials
from experiments on metals, which typical-
ly exhibit much faster diffusion rates and
deform plastically at much higher strain
rates than most minerals.

Much can also be learned about solid-
state materials from processes observed in
minerals. Many rock-forming silicates have
complex structures with relatively low sym-
metry (triclinic, monoclinic, or orthorhom-
bic) and thus can provide an understanding
of phase transformations in low-symmetry
materials of technological interest. Al-
though diffusion is sluggish in most silicates
(zeolites and some clays excepted), geologi-
cal time is immense compared with labora-
tory time scales, making minerals good ana-
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logs for materials processed for long periods.
Among the thousands of mineral species are
found the archetypes for many of our tech-
nologically vital materials. For example, the
uncommon mineral perovskite (CaTiOs)
lends its name to the silicate perovskite struc-
tures such as high-pressure MgSiO;, which
are probably the most abundant minerals in
the Earth’s interior, as well as to numerous
catalysts and ferroelectric materials, such as
BaTiO;. The perovskite structure is also the
basis for many of the high-temperature super-
conductor structures, and the interest in struc-
tural variants, defects, and reactions in per-
ovskite-based materials (I, 2) spans the earth
and materials science communities.

Just as TEM has revolutionized our un-
derstanding of the behavior of synthetic
materials, these experimental tools are also
being applied to the chemically complicated
materials important in the earth sciences.
Since the development of the quantitative
analysis of fault displacements in the 1950s
(3), conventional amplitude-contrast elec-
tron microscopy has made many fundamen-
tal contributions in the understanding of
deformation mechanisms, in determining
the textural relations between phase distri-
butions, and in understanding processing
conditions in metals and ceramics. By the
mid-1970s geologists were routinely applying
electron diffraction and conventional elec-
tron microscopy to similar problems in min-
erals (4). Indeed, amplitude-contrast imag-
ing remains the primary method for examin-
ing both dislocations produced by deforma-
tion (5) and domain structures formed
during phase transitions in minerals (6).

Great strides have been made during the
past two decades in the development of
TEM methods, including high-resolution
TEM (HRTEM) and allied techniques, such
as x-ray emission analytical transmission elec-
tron microscopy (AEM) (7) and convergent
beam electron diffraction (CBED) (8). Fur-
thermore, theoretical advances now make
quantitative interpretation -of results possible
(9). Because these techniques are combined
in many modern transmission electron micro-
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scopes, they can yield both fine-scale chemi-
cal and structural data, which make these
instruments useful to many Earth science dis-
ciplines, from high-pressure mineral physics to
low-temperature geochemistry. Furthermore,
these TEM methods potentially can be com-
bined with other approaches, such as x-ray
diffraction, electron microprobe chemical
analysis, various types of vibrational and nu-
clear magnetic resonance spectroscopy (10,
11), surface analysis using Auger electron and
x-ray photoelectron spectroscopies (12), and
surface imaging achieved with the scanning-
probe microscopies (13), to characterize a
solid in unprecedented detail. In this article
we concentrate, through selected examples
from our work, on data about structure and
chemical reactions that are acquired in HR-
TEM and AEM studies of minerals. These
examples illustrate the complex reaction be-
havior that is typical of structurally complicat-
ed, low-symmetry materials. However, elec-
tron microscopic methods produce even
greater results if they are combined with other
techniques, such as surface analysis.
Chemical and mineral distributions result-
ing from reactions provide much useful infor-
mation regarding petrogenesis and the devel-
opment of complex textures in solid materials
in general. The temperature and pressure
histories of igneous and metamorphic rocks
typically are deduced from analyses of the
phase assemblages and the compositions of
coexisting minerals, which result directly from
heterogeneous and exchange reactions (14).
The rates of some processes can be estimated
from the stranded states resulting from slug-
gish reaction kinetics, such as chemical zon-
ing profiles in mineral crystals (15). Similarly,
the physical properties of many rocks are
related to their reaction histories and the
defect structures of their constituent minerals.
Magnetic properties are controlled in part by
the reactions that produce magnetic minerals,
and the gross structure of the Earth reflects in
large part mineral transformations and the
resulting density variations that occur within
it. Finally, environmental processes, such as
the mobilization (or stabilization) of toxic
metals, are controlled largely by the interac-
tions of aqueous fluids with soil minerals.
Phase transformations can drastically af-
fect material properties. Mechanical prop-
erties in alloys, for example, can be engi-
neered by processes such as precipitation
hardening. The structural and electronic
changes occurring at higher order phase
transitions are key for understanding the
bulk behavior of materials from piezoelec-
trics to superconductors. Reactions and
phase transitions in minerals are studied
over an even greater range of scales. For
example, seismic tomography has been used
to map vertical and horizontal density vari-
ations, which indicate gross changes in
chemistry and crystal structure within the
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Earth. In contrast, traditional geochemical
techniques, such as bulk chemical analysis
and optical microscopy, provide composi-
tional and textural information at macro-
scopic scales on the order of tens of mi-
crometers to centimeters. Both experimen-
tal and observational petrology were revo-
lutionized by the electron microprobe,
which permitted accurate chemical analyses
of coexisting minerals and inhomogeneities
in minerals at the micrometer scale. Imag-
ing resolutions in the TEM are now rou-
tinely well below 1 nm (9) and analytical
spatial resolutions approach 10 nm (7).

Characterization of Minerals
and Extended Defects

Modern TEM methods allow determination
of chemical composition, unit-cell parame-
ters, symmetry, and in some cases even the
crystal structure of extremely small sample
areas. Similarly, it is possible to explore
nonperiodic structural aspects of minerals,
such as extended defects, at high resolu-
tions. Because these features are often pro-
duced by crystallization or postcrystalliza-
tion processes, they may serve as a record of
the physical and chemical history of the
specimen.

A study of a recently discovered titani-
um dioxide mineral serves to illustrate sev-
eral capabilities of the modern TEM (16).
The new mineral was first observed as nar-
row, submicrometer lamellae in anatase, a
low-temperature TiO, polymorph known
for its catalytic properties, from Vallais
Bintal, Switzerland. AEM analyses of the
lamellae were identical to those from ad-
joining anatase, but selected area electron
diffraction and CBED patterns could not be
indexed to any of the known TiO, miner-
als. It thus appeared that the lamellae
represented a new TiO, mineral. In order to
determine a model for its structure, HR-
TEM images were acquired with the use of
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Fig. 1. HRTEM image
(Scherzer focus) from a
wedge-shaped  speci-
men containing the inter-
face between anatase
(left) and a new TiO, min-
eral (74). Simulated im-
ages are inset for both
phases. Image contrast
changes as the crystal
thickens to the upper
right. [Modified from
(14)]

a 400-keV instrument with a point-to-point
resolution of 0.17 nm (16).

High-resolution images obtained from
thin regions of the specimen at the Scherzer
focus (sometimes called the optimum defo-
cus) consisted of a periodic array of black
spots (Fig. 1). The black spots apparently
correspond to columns of Ti atoms that are
in octahedral (sixfold) coordination with
oxygen. Computer simulations for such a
model closely resembled the experimental
images obtained in two orientations, not
only at the Scherzer focus (Fig. 1) but over
a range of defocus values.

The agreement between experimental
and simulated HRTEM images suggests that
the structural model for this new mineral is
correct. Indeed, the determined structure is
identical to that reported previously for the
metastable phase TiO, (B), a synthetic
catalyst material (I17) previously unknown
in nature. The above example is but one of
several approaches to structure determina-
tion currently being explored by electron
microscopists. Other methods with great
potential include direct measurement of
structure factors with CBED (8) and deter-
mination of diffraction phases from HR-
TEM images of extremely thin crystals
(18). An important difference between
standard diffraction methods using x-rays or
neutrons is that electron microscopy meth-
ods of structure determination may be ap-
plicable to isolated defects, whereas normal
structure determination and refinement
methods are applicable only to average
crystal structures.

Replacement Reactions

There commonly are several different routes
for the synthesis of materials. Similarly,
many different types of mineral-forming
reactions occur within Earth’s interior and
at the surface. Minerals can nucleate and
crystallize directly from silicate melts, from
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Fig. 2. HRTEM image of a terminating slab of
sextuple-chain silicate in the double-chain sili-
cate anthophyllite (23). Such defects can form
during reactions, and in this case the wide-
chain structure is replacing the anthophyllite by
growth of the defect at its termination. The
model structure (lower left) is shown using large
structural blocks rather than individual atoms,
and the computer simulation (lower right) was
derived from this model. [Modified from (23)]

hot fluids in hydrothermal systems, and
from sea water to produce chemical sedi-
ments, such as limestone. Especially at low
temperatures, growth directly from a fluid
often produces highly defective crystals,
and electron microscopy has effectively
characterized growth defects in numerous
minerals, for example, in micas and carbon-
ates (19). Reactions in preexisting rocks,
however, have been studied more exten-
sively. Such reactions occur during pro-
cesses from diagenesis to mantle phase tran-
sitions, and they are analogous to many
reactions produced during annealing in
metals and ceramics. Just as in synthetic
materials (20), defect distributions in min-
erals depend on the mechanism and condi-
tions of formation or alteration.

A mineral or an assemblage of minerals
is usually replaced by another phase assem-
blage in one of two ways. Existing minerals
may dissolve at the surface, with essential
components transported along the grain
boundaries. New minerals then may precip-
itate between existing grains (21). Alterna-
tively, minerals or mineral assemblages can
be replaced directly by solid-state reactions.
In such reactions, the crystal structures of
the reactant and product commonly are
finely intergrown or in intimate contact
during the reaction (22). The phases are
commonly oriented with respect to each
other, in which case the reaction may be
called topotactic. Reaction products that

B

minimize interfacial energy with the reac-
tant structure may be favored, compared
with the thermodynamically stable phase,
leading in some cases to metastable reaction
paths. Most important for the study of such
reactions with electron microscopy are the
microstructures ahd chemical distributions
in incompletely reacted samples, from
which structural reaction mechanisms may
be inferred.

Reactions involving the transformation
of chain silicates to sheet silicates are often
topotactic. For example, Fig. 2 (23) shows
a lamella of sextuple-chain silicate that has
partially replaced the double-chain amphi-
bole structure. Such zippers typically nucle-
ate at or near grain boundaries or fractures
and advance into the interior of the crystal
by consuming the reactant. HRTEM imag-
es may be used to infer mass balance. For
example, the reaction illustrated structural-
ly in Fig. 2 may be expressed chemically as

3(Mg,Fe);Sig0,,(OH), + 4H* —
amphibole

(Mg,Fe) 165i,404,(OH) o + 2(Mg,Fe)**
sextuple-chain silicate

The sextuple-chain silicate formed in this
arrested reaction is an intermediate product
in the reaction of amphibole to the sheet
silicate talc. Sextuple-chain silicate is not a
stable phase in the MgO-FeO-SiO,-H,0
system, and therefore it represents a meta-
stable intermediate structure that is kineti-
cally favored to form because of its low-
strain-energy match with the parent am-
phibole structure.

The above reaction indicates that hy-
drogen in some form must diffuse into the
parent structure, and Mg and Fe must dif-
fuse out of the crystal. The single-chain
silicates called pyroxenes commonly exhibit
similar reaction-induced defect structures,
but diffusion coefficients measured in py-
roxenes (24) suggest that bulk (or lattice)
diffusion through the structure is too slug-
gish to account for analogous reactions in
single-chain silicates (25). Thus, most of
the chemical transport necessary for such
reactions likely occurs along the structurally
disrupted zones at the terminations of ad-
vancing lamellae, similar to the one shown
in Fig. 2. Calculated images imply that
these zones are linear tunnels with cross
sections similar to the pore diameters of
many zeolite structures, in which diffusion
is many orders of magnitude more rapid
than in chain silicates. Where diffusion is
the rate-controlling step in the reaction,
linear defects of this type may constrain
solid-state reaction kinetics. Analogous dis-
rupted zones occur at lamellar terminations
in many rock-forming minerals, such as in
partially reacted pyroxenes, amphiboles,
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pyroxenoids, sheet silicates such as micas
and chlorite, and olivine (25, 26). All of
these possess structures that can be inter-
preted as being constructed from layer mod-
ules. It is likely that reactions in synthetic
materials with analogous structures, such as
the layered high-temperature superconduc-
tors (2) and metal oxides based on the
ReQ; structure type (27), involve similar
fast diffusion at the terminations of growing
defects. However, precise atomistic diffu-
sion paths, for example in reduction reac-
tions of WQj;, have yet to be experimental-

ly determined (28).

In some cases, replacement reactions do
not occur by the propagation of isolated and
narrow lamellae but by the advancement of
a two-dimensional reaction front, which
can be described as a grain boundary be-
tween oriented reactant and product. In
such cases, the structure of the reaction
front may consist of a periodic array of line
defects, similar to those that occur at the
reaction site for the lamellar reaction mech-
anism. Thus, much of the diffusion neces-
sary for the reaction probably occurs along
analogous channels that are now organized
into a grain boundary.

Exsolution

Exsolution, or precipitation, reactions oc-
cur when an initially homogeneous material
becomes unstable and separates into two or
more immiscible phases. Such reactions are
crucial for the mechanical properties of
many alloys (29) and glass-ceramics (30).
Analogous reactions in rock-forming min-
erals occur in the solid state and commonly
take place during the slow cooling of feld-
spars and chain silicates from their temper-
atures of formation. A miscibility gap (for
example, a solvus) allows phase separation
to take place either by nucleation and
growth or by a continuous spinodal decom-
position mechanism.

A major use of TEM methods is to char-
acterize exsolution textures, which can be
used to infer the processes that produced the
phase-separated texture. Such studies of alloys
and ceramics are important for optimization of
synthesis and processing conditions. In min-
erals, exsolution textures and chemistry also
may be used to infer extensive variables (tem-
perature, pressure, chemical activities) and
cooling rates at the time of exsolution. There
have been numerous studies of exsolution
relations between Ca-rich and Ca-poor py-
roxenes (31), as well as immiscibility in both
the alkali and plagioclase feldspar (framework
silicate) systems (32, 33). An example that
illustrates a complex interface structure result-
ing from exsolution in low-symmetry minerals
is shown in Fig. 3 (34). The interface is
between host augite (high-Ca monoclinic py-
roxene) and a lamella of pigeonite (low-Ca
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monoclinic pyroxene), which has precipitat-
ed from the initially homogeneous pyroxene
crystal that formed at higher temperatures. As
interpreted from conventional, amplitude-
contrast TEM experiments (35), this type of
complicated boundary formed from a se-
quence of events. First, the pigeonite lamella
nucleated at temperatures between 800° and
1000°C from the host augite. The boundary
initially was coherent (it contained no dislo-
cations), and dimensional misfit between the
augite (Ca-rich) and pigeonite (Ca-poor) lat-
tices was accommodated in two ways: (i) the
interface adopted an irrational orientation
close to (001) and (ii) the (100) planes of the
pigeonite lattice rotated with respect to those
of the augite lattice. As cooling proceeded,
however, the unit-cell dimensions of the pi-
geonite and augite changed unequally, and
major changes occurred near a phase transi-
tion at approximately 725°C. At this temper-
ature, the pigeonite lamella inverted from a
C-centered monoclinic structure to a primi-
tive monoclinic structure. Because of strain
from the considerable changes in lattice
parameters, the initial interface orientation
destabilized. Formation and movement of
partial dislocations reduced strain by produc-
ing stacking faults in the pigeonite lamella,
and additional strain was accommodated by
further rotations of the pigeonite lattice.
The present lattice rotation can be seen by
viewing the image (Fig. 3) at a low angle
along the lattice fringes that are nearly
vertical. Each dislocation is dissociated into
two equal partial dislocations to create a
final interface with a curious stepped mor-
phology (Fig. 3). This interface is consider-
ably more complicated than typical precipi-
tation-produced interfaces in metals and
simple ceramics, owing in part to the more
complex crystal structures and lower symme-
try of these silicates. Feldspars (33) and
other low-symmetry minerals can also dis-
play a wide array of complex exsolution
textures. As materials with increasingly
more complex chemistry and structure are
examined (for example, oxide superconduc-
tors), similar complicated interfaces pro-
duced by precipitation may be found to be
common, especially in relatively low symme-
try materials.

In contrast to pyroxenes, most amphi-
boles do not have exsolution textures that
are resolvable with a light microscope, al-
though some slowly cooled metamorphic
amphiboles show fine-scale lamellae of a
second amphibole (36). Recent TEM stud-
ies of submicroscopic (invisible to light
microscopes) exsolution in amphiboles
have identified calcic amphibole (horn-
blende) exsolved from the orthorhombic
amphibole gedrite (37) and exsolution
within the calcic amphibole series actino-
lite-hornblende and in the orthoamphibole
series anthophyllite-gedrite (38). Exsolu-

1468

tion has also been seen with analytical
electron microscopy in Mn-rich alkali am-
phiboles (39). No apparent exsolution vis-
ible with light occurs in glaucophane, a
sodic amphibole (40) that is abundant in
high-pressure, subduction-zone metamor-
phism. TEM studies showed, however, that
glaucophane may have exsolution textures,
including lamellae of ferromagnesian, cal-
cic, and sodic-calcic amphibole (41).

A particularly complex exsolution tex-
ture occurs in glaucophane from high-pres-
sure rocks in northern Vermont, which are
apparently remnants from a subduction-
zone metamorphic episode related to the
closing of the Proto-Atlantic Ocean early
in the Paleozoic Era (42). As shown by
Figs. 4 and 5, which illustrate the capability
of obtaining high-resolution chemical, tex-
tural, and crystallographic information

(43), there were several phase separation
events. Based on textural relations and
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x-ray emission AEM, lamellae of sodic-
calcic amphibole (winchite) first precipitat-
ed approximately parallel to (100) of the
glaucophane host, followed by exsolution of
a metastable ferromagnesian amphibole
(cummingtonite) with unusually high Ca.
In places, the high-Ca cummingtonite fur-
ther exsolved to periodic lamellae of a
normal, low-Ca cummingtonite and the
calcic amphibole actinolite (Fig. 5). Thus,
the initially homogeneous silicate now con-
sists of a texturally complex mixture of five
compositionally distinct amphiboles. All
five of these amphiboles have similar unit-
cell parameters, and, indeed, all have C2/m
space-group symmetry.

The above observations lead to several
conclusions about exsolution in chemically
complicated materials. Under slow cooling
rates, exsolution can be a multistage process
consisting of a sequence of metastable and
stable steps. More than two mutually immis-

Fig. 3. A complex interface be-
tween host augite (Aug) and a
lamella of pigeonite (Pig) that has
precipitated from the augite dur-
ing cooling from igneous temper-
atures (34). The augite and pi-
geonite lattices are rotated rela-
tive to each other. Interface dislo-
cations are dissociated into
partials (arrows), creating a
stepped interface morphology.
[Modified from (34)]

Fig. 4. An initially homogeneous,
high-pressure amphibole crystal
that decomposed into five com-
positionally distinct amphiboles:
the glaucophane host and lamel-
lae of winchite; metastable, high-
Ca cummingtonite; normal, low-
Ca cummingtonite; and actinolite.
[Modified from (43)]
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cible phases can precipitate out of a single
solid solution, and, at low temperatures or
with rapid cooling rates, complex textures
may develop at scales well below the resolu-
tion of light microscopes. In synthetic ma-
terials, such submicroscopic textures can
strongly affect mechanical properties, and it
is likely that the rheological properties of
rocks are similarly affected. Though well
studied in structural materials, understand-
ing the interactions between moving dislo-
cations and other microstructures in rock-
forming silicates remains one of the frontiers
in the field of structural geology.

Fluid Inclusions

Aqueous fluids control many geological pro-
cesses, such as deposition of ore minerals,
formation and migration of petroleum, and
explosive volcanism. The long-term storage
of radioactive waste likewise depends on
isolation from fluids that can corrode con-
tainers, dissolve waste, and transport radi-
onuclides. As a result, one major challenge
is to determine the chemistry, properties,
and distribution of fluids in the Earth’s
crust. Whereas clues to temperature, pres-
sure, and coexisting fluid chemistry some-
times can be found in the compositions of
coexisting minerals, more direct informa-
tion on the chemical compositions of geo-
logical fluids is contained in fluid inclusions
in minerals and the daughter minerals that
may crystallize from the inclusions. The
study of relatively large fluid inclusions with
Raman spectroscopy and light microscopes
equipped with heating and cooling stages

has produced important information about
fluid compositions and the temperatures of
formation or alteration of the surrounding
minerals (44). The identification of daugh-
ter minerals is a critical step in evaluating
the original fluid composition. In some
cases, however, fluid inclusions are too
small to examine by light optical methods,
and here the imaging, diffraction, and an-
alytical capabilities of the TEM may serve
to identify the daughter minerals. For ex-
ample, turbid diamonds and feldspars (45—
47) are optically cloudy as a result of light
scattering by submicrometer inclusions.

Ion microprobe and infrared spectroscopy
studies of turbid diamonds revealed that the
turbid regions contain small inclusions rich in
K, Si, Ca, Fe, H,0, and CO;2", suggesting
that the turbid parts of the diamond may have
formed in the presence of a volatile-rich fluid
in Earth’s upper mantle (45). With the high
spatial resolution of TEM methods, however,
individual daughter crystals within the inclu-
sions may be evaluated (Fig. 6) (46). Inclu-
sions in turbid diamonds contain at least three
families of daughter crystals: silicate, phos-
phate, and carbonate. Although the use of
TEM in fluid inclusion research is in its
infancy, major contributions can be expected
in the analysis of small inclusions and submi-
croscopic daughter crystals.

In Situ Observations of
Phase Transitions

Phase transitions in minerals and materials
entail changes in symmetry but also com-
monly involve useful changes in physical

Fig. 5. A lamella of metastable,
high-Ca cummingtonite in glau-
cophane. Part of the lamella has
further decomposed, as shown
by the x-ray emission spectra 1
(normal, low-Ca cummingtonite)
and 2 (actinolite). [Modified from
(43)]
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properties. A magnetic material can be
permanently magnetized below its Curie
point. Similarly, a magnetic mineral ac-
quires thermal remanent magnetism as it
cools through this phase transition, provid-
ing the basis for paleomagnetic studies of
igneous and metamorphic rocks. Other use-
ful properties, such as piezoelectricity, are
acquired at structural phase transitions in
materials such as BaTiO; and quartz.

Electron microscopes may have a variety
of sample stages to allow the specimen to be
deformed, heated, or cooled or to come
into contact with reactive gases (48). In
situ TEM studies of minerals have lagged
behind those for technologically important
materials (49) but provide insights into
transformation mechanisms in complex,
low-symmetry structures. Examples of dis-
placive phase transitions observed in min-
erals with heating stages include the forma-
tion of antiphase boundaries at the C-cen-
tered to primitive phase transition in the
pyroxene pigeonite (50) and the formation
of antiphase domains in the Ca feldspar
anorthite (51).

The most intensively studied phase tran-
sition in a mineral is the a-B transition in
the quartz polymorph of SiO, (52) because
of the importance of quartz oscillators and
other technological applications. Electron
microscopy was key in the discovery of an
incommensurate, modulated intermediate
structure of quartz (53) that exists over a
narrow temperature range of approximately
1.3°C between the low-temperature a phase
(stable below approximately 573°C) and the
high-temperature 8 phase. The intermediate
phase was studied also by neutron diffraction
(54), which showed that the modulation is
not an artifact from surface effects in the
thin specimen studied by electron micro-
scopy. Similar intermediate modulated
structures are also common at phase tran-
sitions in other materials, including NaNO,
and LiAISiO, (B-eucryptite) (55).

Among the phenomena associated with
many structural phase transitions are hys-
teresis and memory effects (56). In calorim-
etry studies of quartz, for example, the
temperature of transition from and to the a
phase is offset by about 1° for the heating
and cooling stages of a thermal cycle (57).
In addition, when quartz is annealed within
the stability field for the intermediate struc-
ture, the modulation wave vector and phys-
ical properties, such as birefringence, are
observed to become pinned during subse-
quent thermal cycles at the values charac-
teristic of the annealing temperature (58).
These memory effects were attributed to the
ordering of point defects into defect density
waves (59).

Another memory effect is observed in the
positions of the domain walls associated with
Dauphiné twinning, which arises as a B
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quartz crystal is cooled through the transi-
tion temperature to a quartz (60). As shown
in Fig. 7, quartz retains a memory of twins
(the twin operation is a symmetry operation
in the high-temperature phase) in the lower
temperature phase after heating beyond the
phase transition. In a kinetic study of this
effect (60), quartz samples were thermally
cycled from the a phase to the B phase,
where they were held for a period and then
cooled. Memory loss for each cycle was
measured as the volume percentage that
switched from one Dauphiné twin orienta-
tion to the other (that is, from white to
black or from black to white). For a number
of thermal cycles, the loss of memory in-
creased with the amount of time the sample
was held in the B field, and memory loss also
increased with increases in the temperature
of annealing. Such behavior is consistent
with memory resulting from the pinning of
domain walls by point defects.

After a quartz crystal was cycled through
the transition region several times, howev-
er, memory improved. In crystals that were
cycled many times, the memory for domain
positions became nearly perfect, even for a
sample annealed 300°C above the transi-
tion temperature. Such behavior is not
consistent with simple point defect pinning
of the domain walls. It is possible, however,
that point defects controlling the positions
of the domain walls eventually diffused to
and remained in optimal positions or that
point defects aggregated into relatively im-
mobile clusters. Although this explanation
is tentative, the behavior of the Dauphiné
twin memory effect in quartz emphasizes the
importance of defects and transformation-
induced microstructures in the study of
phase transitions.

Minor Elements

Impurity elements can detrimentally affect
electronic properties in semiconductors and

Fig. 6. A fluid inclusion in
turbid diamond, which
was ruptured during sam-
ple preparation by ion
miling. X-ray emission
analyses show that there
are three chemically dis-
tinct daughter crystals in
this  single inclusion
[Modified from (46)].

1470

mechanical properties of alloys. On the
other hand, intentional doping with desired
impurities is essential in the fabrication of
many semiconductor devices. In the geo-
logical sciences, trace and minor elements
in minerals serve as chemical clues to the
origin of rocks. A key question is whether
levels of trace elements in minerals repre-
sent equilibrium partitioning between the
solid and a fluid (for example, a silicate
melt) or are determined kinetically by pro-
cesses such as crystal growth. Other ques-
tions involve the role of crystal defects in
controlling trace element incorporation in
minerals (61) and the structural state of the
trace element. For instance, are minor ele-
ments in true solid solution (involved in a
homologous substitution within the basic
structure of the mineral), or are they in-
stead incorporated as submicroscopic inclu-
sions of another phase?

The incorporation of potassium in high-
pressure pyroxenes illustrates these issues.
According to conventional wisdom, K can-
not enter the pyroxene structure because of
its large ionic radius (62), and the presence
of K in reported pyroxene analyses results
from inclusions, such as minute lamellae of
intergrown amphibole. However, the com-
bination of HRTEM and analytical electron
microscopy demonstrated that measurable
K can enter the structure; both x-ray emis-
sion analyses and images were obtained
from exactly the same areas of a pyroxene
(63). Apparently, up to 7% of the clinopy-
roxene M2 site can be occupied by K in
regions that are completely free of extended
defects or inclusions, an observation that
may have implications for understanding
the source of K in magma produced by
partial melting in the upper mantle.

In other materials, however, imaging,
diffraction, and analytical experiments

have shown that minor elements are pres-
ent predominantly in fine-scale inter-
growths. For example, biotite micas from
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porphyry copper deposits commonly show
anomalously high Cu contents in electron
microprobe analyses (up to 13% of the
oxide by weight, assuming the Cu to be
present as CuO). Most workers have as-
sumed that the Cu is dissolved homoge-
neously in the biotite crystal structure, sug-
gesting that the Cu is introduced into the
mica during magmatic crystallization or
during the high-temperature hydrothermal
alteration event in these deposits.

Imaging by TEM, electron diffraction,
and AEM show conclusively, however, that
anomalous Cu in natural biotite is present
as inclusions of native (metallic) Cu, in
inclusions of other minerals, such as the Fe
oxyhydroxide goethite (FeEOOH), or in in-
tergrown vermiculite-like layers, as shown
in Fig. 8A (64). These modes of occurrence
suggest that the Cu is introduced at low
temperatures and under oxidizing condi-
tions, perhaps as a result of weathering
reactions, instead of magmatic or hydro-
thermal temperatures.

To test this hypothesis, the micas biotite

i e H
1 pm
; . L
Fig. 7. (A) Dark-field image showing the Dau-
phiné twin configuration in a crystal of a quartz.
The black areas are one twin orientation, and
the white areas are the other, with domain walls
separating the two. The crystal was heated in
the electron microscope above the temperature
of the a-B phase transition, thus destroying the
domain structure. (B) Upon quenching, this
twin configuration formed, indicating a strong
memory effect for the positions of the domain
walls. [Modified from (60)].



and phlogopite were experimentally reacted
with CuSO, solutions at room temperature
(65). Both micas reacted rapidly (on time
scales of days); in some areas the Cu?* was
reduced, and many small metallic Cu crys-
tals formed in the interlayer region of the
mica (Fig. 8B). In other regions, Cu-rich,
expanded, vermiculite-like interlayers
formed, similar to those in Fig. 8A. The
rapid rates of such reactions between sili-
cates and metal-bearing fluids may have
important implications for the migration
and demobilization of other metals, includ-
ing toxic species, in the near surface envi-

Fig. 8. (A) Partially vermiculitized region of a
natural Cu-bearing biotite (dark fringes corre-
spond to the individual mica layers). Detectable
Cu is restricted to areas such as this that show
expanded interlayers, and analyses of this re-
gion indicate ~3.5% CuO by weight. Arrow-
heads point out several layers with hydrobiotite
(alternating vermiculite-mica) ordering (64). (B)
HRTEM image of a biotite crystal that was
experimentally reacted with an acidic CuSO,
solution at 25°C (65). Small crystals of metallic
Cu are indicated (65). [Modified from (64, 65)]

ronment, especially because these micas are
abundant in many rocks and soils.

The imaging, diffraction, and analytical
capabilities of the TEM are complemented
by other modern analytical methods, espe-
cially surface analytical techniques such as
Auger electron spectroscopy or x-ray pho-
toelectron spectroscopy (XPS) (12, 66).
The combination of TEM and XPS has
been used to demonstrate that Fe?* in mica
can reduce Ag* from solution in rapid,
vigorous surface and internal reactions
(67). The relatively toxic, soluble species
Cr®*, however, is reduced and efficiently
bound to the biotite surface as a less soluble
Cr’* species. This redox reaction shows
strong crystallographic specificity, occur-
ring much more rapidly on the (hk0) crystal
edges than on the basal (001) cleavage
faces. Although compositional sector zon-
ing occurs during growth of many rock-
forming minerals, such dramatic effects of
crystallographic orientation on kinetics of
surface reactions have not been commonly
recognized in silicates.

Future Directions in
TEM of Minerals

As suggested by some of the above exam-
ples, most Earth processes leave a mineral-
ogical record consisting of physical or
chemical heterogeneities, and many of
these heterogeneities are beyond the reso-
lution of conventional light microscopes.
These processes include (i) crystallization
from other solids, a silicate melt, or an
aqueous fluid; (ii) deformation of minerals
and rocks; (iii) phase separation resulting
from immiscibility during cooling of a min-
eral; (iv) phase transitions that result from
changes in temperature and pressure; and
(v) chemical reactions occurring during
metamorphism, hydrothermal alteration, or
weathering. These processes in many ways
are analogous to those studied by materials
scientists, solid-state physicists, and solid-
state chemists.

Parallels between the applications of
TEM methods in the materials sciences and
those in the geochemical and geophysical
sciences are common. Indeed, early mate-
rials microscopists studied simple metals
and alloys, and early mineralogical applica-
tions of HRTEM largely involved well-
crystallized and museum-quality specimens
of simple minerals [for example (68)]. Geo-
logical applications are rapidly becoming
more process-oriented, similar to many ma-
terials investigations. Just as investigators
working with synthetic solids have turned to
sophisticated combinations of approaches,
such as TEM combined with surface analyt-
ical techniques and synchrotron x-ray dif-
fraction and spectroscopy, Earth scientists
are also making use of a wider array of
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experimental methods. For example, one of
the frontiers is to understand at the atomic
level the complex interplay among aqueous
fluid chemistry, chemical reactions that take
place in minerals, and surface reactions.
Such fluid-mineral interactions play a key
role in petrogenesis under diverse condi-
tions, ranging from surficial weathering to
hydrothermal reactions in Earth’s upper
mantle. Conversely, Earth scientists are in-
creasingly turning to TEM observations on
synthetic systems. For example, complete
mechanistic understanding of reactions that
take place within the high-pressure diamond
anvil cell requires not only in situ observa-
tions by optical microscopy, Raman spec-
troscopy, and synchrotron x-ray diffraction,
but also characterization of the final experi-
mental products with TEM (69).
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Atmosphere-Surface Exchange
Measurements

W. F. Dabberdt, D. H. Lenschow, T. W. Horst, P. R. Zimmerman,
- S. P. Oncley, A. C. Delany

The exchange of various trace species and energy at the earth’s surface plays an important
role in climate, ecology, and human health and welfare. Surface exchange measurements
can be difficult to obtain yet are important to understand physical processes, assess
environmental and global change impacts, and develop robust parameterizations of at-
mospheric processes. The physics and turbulent structure of the atmospheric boundary
layer are reviewed as they contribute to dry surface exchange rates (fluxes). Microme-
teorological, budget, and enclosure techniques used to measure or estimate surface fluxes
are described, along with their respective advantages and limitations. Various measure-
ment issues (such as site characteristics, sampling considerations, sensor attributes, and
flow distortion) impact on the ability to obtain representative surface-based.and airborne

flux data.

There is widespread concern about the
effect of anthropogenic activities on the
composition of the earth’s atmosphere. A
major limitation in our understanding of
the chemistry of the atmosphere is uncer-
tainty over the distribution and rates of
change of trace species emissions and losses
at the earth’s surface. Although small and
difficult to quantify accurately on the local
scale, these exchanges nonetheless are very
significant when integrated over the larger
scales. For example, distributed emissions
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from rural lands and oceans are as impor-
tant as locally intense industrial emissions.

Surface exchange studies range in scale
from investigations of specific microbial
biochemistry to projections of changes in
the composition of the global atmosphere.
Trace gases are both emitted and absorbed
at the earth’s surface. The resulting fluxes
are of great importance in studying the
budgets of trace species—that is, their
sources, sinks, transformations, and trans-
port. These processes interact across a
broad spectrum of temporal and spatial
scales. Thus, for example, investigations of
soil nutrient cycling (and its dependence on





