able explanation for this phenomenon is
that the other species (electrons in a-6T
and holes in Cgy) become trapped in ex-
tremely low mobility states. The data in Fig.
4 and the energy level lineup in Fig. 2
suggest that the energies of such trap lev-
els are not too far from the appropriate
HOMO-LUMO energy levels. Were this
not the case, and if the traps were very
deep, the complementary behavior seen in
these transistors would not be possible. For
example, field-induced electrons, instead
of occupying high-mobility states in Cg,
(Fig. 3B), might become trapped in lower
lying low-mobility trap states in «a-6T.
The densities of the interface states (at the
SiO,—a-6T and a-6T-Cg, interfaces) are
also low enough not to seriously affect the
bending of energy levels (Fig. 3) with bias.

Our observations suggest that heterojunc-
tions based on organic materials have impor-
tant similarities with their inorganic counter-
parts, including an approximate conformity
with the so-called electron affinity rule, which
prescribes the manner in which energy levels
line up when a heterojunction is formed (11).
More important, the transistor behavior indi-
cates that the magnitude of the HOMO-
LUMO discontinuities remains substantially
unchanged under bias conditions. One of the
practical applications of this work is the use of
organic transistors in the fabrication of low-
power digital circuits. Complementary circuits
(which require n-channel and p-channel
transistors) dissipate very little power because
most of the transistors pass current only for
brief periods when they are being switched
(12); thus, in this application they can offer
the dual advantages of lower power dissipa-
tion and extended device lifetime. The latter
advantage is considered especially beneficial
for organic-polymeric transistors.

REFERENCES

-

. F. Gamnier et al., Adv. Mater. 2, 592 (1990).

. H. E. Katz, A. Dodabalapur, L. Torsi, A. J. Lovinger,
R. Ruel, Proc. Am. Chem. Soc. Div. Polym. Mater.
Sci. Eng. 72, 467 (1995).

3. A. Dodabalapur, L. Torsi, H. E. Katz, Science 268,

270 (1995).
4. J. Kastner, J. Paloheimo, H. Kuzmany, in Springer
Series in Solid State Sciences, H. Kuzmany, M. Me-
hring, J. Fjink, Eds. (Springer-Verlag, Berlin, 1993),
vol. 113, pp. 512-515.
. R.C.Haddonetal., Appl. Phys. Lett. 67, 121 (1995).
. C. Hosokawa et al., ibid. 62, 3228 (1993).
. T.R.Ohno et al., Phys. Rev. B 44, 13747 (1991); G.
K. Wertheim and D. N. E. Buchanan, ibid. 50, 11070
(1994); G. K. Wertheim, personal communication.
8. F. Garnier, R. Hajlaoui, A. Yassar, P. Srivastava, Sci-
ence 265, 1684 (1994).

9. A. Dodabalapur et al., unpublished resullts.

10. L. Torsi, A. Dodabalapur, H. E. Katz, J. Appl. Phys.
78, 1088 (1995).

11. F. Capasso and G. Margaritondo, Eds., Heterojunc-

tion Band Discontinuities: Device Physics and Appli-

cations (North-Holland, New York, 1987).

N

~N o o

12. J. Millman, Microelectronics: Digital and Analog Cir-

cuits and Systems (McGraw-Hill, New York, 1979).

18 April 1995; accepted 14 July 1995

1562

SCIENCE  »

Observation and Origin of Self-Organized
Textures in Agates

Peter J. Heaney* and Andrew M. Davis

One of the most impressive manifestations of spontaneous pattern generation in natural
materials is iris agate, which contains submicrometer concentric striations that may cycle
several thousand times within an individual specimen. Analysis by secondary ion mass
spectroscopy and transmission electron microscopy identified the iris texture as alter-
nating layers of fine-grained, highly defective chalcedony and coarse-grained low-defect
quartz. This oscillatory zonation in defect concentration may be ascribed to Ostwald-
Liesegang crystallization cycles from silica-rich fluids that are variably polymeric and
monomeric. Periodic changes in defect concentration and grain size also are observed
with wavelengths of hundreds of micrometers and of centimeters, so that agates reveal
textural self-similarity over three length scales.

For centuries natural scientists have mar-
veled at patterns within rocks and minerals
that formed without the benefit of external
templates, and researchers now are attempt-
ing to exploit these textures to infer the
conditions that govern crystallization pro-
cesses. Minerals that exhibit compositional
zoning (for example, plagioclase, garnet,
and augite) have been studied extensively
to determine crystal growth rates and cyclic
changes in their depositional environments
(1). Chemists have investigated periodic
and aperiodic oscillatory behavior in sys-
tems far from equilibrium to understand
nonlinear reaction dynamics (2). Agates
present one of the most spectacular exam-
ples of autonomous pattern generation in
nature, and the textures exhibited by these
concentrically banded bodies are common
to a host of spherulitic materials (3). Here,
we report an examination of iris banding in
agates that reveals oscillations in defect
concentration over three length scales; this
finding suggests crystallization from fluids
with fluctuating degrees of polymerization.

Agates form within gas cavities of vol-
canic host rocks when microcrystalline
chalcedony fibers nucleate on vug walls and
grow inward (4). Although the popularity
of agate as a semiprecious gem derives from
its colorful zonation, it is the nonpigmented
iris banding that is most remarkable for its
thythmic uniformity. Iris bands appear as
striations parallel to the cavity wall and
perpendicular to the fiber axes, and thus
they generate concentric rings. Cross-polar-
ized light microscopy reveals that iris bands
oscillate with respect to refractive index:
Bands with indices similar to those of quartz
alternate with bands having slightly lower
refractive indices, and these oscillations
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may cycle 8000 times or more within a
given sector of an agate (5, 6). The wave-
length of the oscillation varies from ~0.1 to
5 pm, and the modulation creates an opti-
cal diffraction grating for visible light, giv-
ing rise to the iridescence that is the hall-
mark of museum-quality iris agate (7, 8).
Though sometimes obscured by pigmenta-
tion, zones with iris banding are present in
virtually all agates.

Explanations for the occurrence of oscil-
latory banding in agate have invoked rhyth-
mic segregation of amorphous opal within
chalcedony (5) and periodic changes in fi-
ber orientation (8). Studies that used pow-
der x-ray diffraction and transmission elec-
tron microscopy (TEM) do not support
these interpretations (9—11). Frondel (12)
has demonstrated by scanning electron mi-
croscopy (SEM) that the iris layers with
lower refractive indices are more easily
etched by hydrofluoric acid. He argued that
disparate etching rates result from oscilla-
tions in hydroxyl content along the chalced-
ony fiber length; the more rapidly etched
“H” bands are OH-rich and the more resis-
tant “L” bands are OH-poor. Because even
trace amounts of hydrogen dramartically
weaken quartz crystals, the speciation of hy-
drogen in quartz has provoked numerous
investigations (13).

To test the possibility that iris bands
represent compositional oscillations along
the fiber axes, we examined iris agates by
secondary ion mass spectroscopy (SIMS).
Iris agates were sectioned parallel to the
bands, and elemental variation along the
fibers normal to the banding was obtained
by tunneling through the iris layers by
means of 'O~ ion bombardment (Fig. 1)
(14). The coupled substitution AI>* + Na*
< Si** is well documented in chalcedony
(10), and it is supported in our results by
nearly identical count rates for Al and Na
(Fig. 1A). This cation exchange suggests
that concentration variations for Al and Na
should fall exactly out of phase with those
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for Si. However, because the sputtering
rates for the H bands were higher than for
the L bands, the absolute count rates for all
ions varied sympathetically. Nevertheless,
some compositional cyclicity with A =~ 200
nm becomes evident upon normalization of
the 27Al and especially the 2*Na concentra-
tion profiles to that of 28Si (Fig. 1B), such
that slightly elevated impurity concentra-
tions appear in the (more rapidly etched) H
bands. No variations in absolute count rates
for 'H were discerned in the SIMS profiles.
If oscillations in hydroxyl content occur as
proposed by Frondel (12), the magnitude of
the variation must fall below the resolution
for hydrogen analysis in these experiments
(<0.1 weight % H,0).

Examination by TEM has revealed more
important disparities of a structural nature
(15). Bright-field images of iris agate (Figs.
2A and 3A) exhibit rhythmic banding with
a periodicity of ~200 nm normal to the fiber
direction. These bands comprise layers with
distinctly different grain sizes and defect
concentrations. The coarse-grained zones
contain nearly perfect quartz crystals that
measure 100 to 1000 nm in diameter; by
contrast, the mottled fine-grained lamellae
consist predominantly of crystals with diam-
eters of 5 to 10 nm. Differential thinning
upon Ar ion bombardment during sample
preparation confirmed the bimodal sputter-
ing rates for the L and H bands observed
with SIMS, and TEM examination identi-
fied the coarsely crystalline layers as the L
bands, which are more resistant to chemical
and mechanical etching and exhibit refrac-
tive indices that coincide with those of
quartz.
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Fig. 1. SIMS data from an agate from Antelope,
Oregon (14). (A) Depth profiles for 28Sj, H, 23Na,
and 27Al normal to the agate bands reveal 200-nm
oscillations attributable to differential sputtering of
L and H iris layers. No variations in '"H count rates
were observed. (B) Normalization of Na and Al
count rates to Si yields evidence for minor modu-
lations in impurity content along the fiber axes,
particularly for Na.

Light optical microscopy indicates that
chalcedony fibers maintain crystallographic
continuity as they traverse the iris stria-
tions. Consistent with this observation, se-
lected area electron diffraction patterns
from neighboring L and H bands (Fig. 2, B
and C) exhibit the same zone axes. Conse-
quently, the crystallites in the H bands have
the same crystallographic orientation as the
larger crystals in adjacent L bands. The
diffraction patterns from the H-band crys-
tallites are distinguished from their coarse-
grained neighbors in the L bands by the
presence of streaks and superperiodic spots.
Previous studies have demonstrated that
the streaks arise from the random inter-
growth of the left- and right-handed enan-
tiomorphs of quartz known as the Brazil
twins (10, 11, 16). The superperiodic re-
flections are generated by inclusions of the
silica polymorph moganite, which may be
idealized as an ordered alternation of left-
and right-handed quartz at the unit-cell
scale (17). Powder x-ray diffraction con-
firms the presence of moganite, but the
intercalation of defect-free quartz layers in
iris agate explains the systematically lower
moganite contents observed in agatoid sili-
ca in comparison with other occurrences of
chalcedony (18).

Thus, the oscillations that create the L
and H banding in iris agate represent mod-
ulations between low and high densities of
defects, as reflected in impurity distribution,
grain size, moganite content, and, most
markedly, Brazil twin concentration. This

self-organized texture must offer some in-
sight into the mechanism of agate forma-
tion, which remains controversial. All mod-
els agree that spherulitic chalcedony crys-
tallizes from a fluid that is at least partially
polymerized with respect to silica (19). By
contrast, numerous field and experimental
studies have demonstrated that defect-free
quartz precipitates from solutions of mono-
meric silica (20). Thus, it seems likely that
iris banding reflects variations in the activ-
ity of silica in solution at the tips of the
growing chalcedony fibers.

One model of agate formation proposes
that chalcedony fibers form when short-
chain silica polymers are bonded by mono-
meric bridges (21). The assembly occurs
through a spiral growth mechanism that is
activated by a screw dislocation with burgers
vector b = n/2[110]. When n is an odd
integer, the dislocation produces a change in
handedness (a Brazil twin boundary) in the
chalcedony fiber. This growth mechanism
can account for several structural disparities
between chalcedony and macrocrystalline
quartz, such as (i) chalcedony fiber elonga-
tion perpendicular rather than parallel to
the c axis, (ii) periodic twisting of chalcedo-
ny fibers, (iii) intergrowth of moganite with-
in chalcedony, and (iv) high densities of
Brazil twin boundaries in chalcedony.

If agates crystallize in accordance with
this mechanism, then iris bands can be at-
tributed to simple Ostwald-Liesegang crys-
tallization cycles (22). Cavity fluids that are
partly polymerized rapidly precipitate

Fig. 2. TEM micrographs of
an agate from Antelope, Or-
egon. (A) Bright-field TEM
image of a low-defect iris L
band (top) and a high-defect

H band (bottom). Selected area electron diffraction patterns from the L band (B) and the H band (C) share
the same zone axis, but intense streaking and extra lattice spots in (C) indicate extensive Brazil twins and

intergrowths of moganite in the H bands.
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spherulitic chalcedony, creating H bands. If
depletion of silica near the fiber tips outpac-
es diffusion toward the tips, then the activity
of silica in solution decreases and polymer-
ization is no longer sustained. The resulting
monomeric solution precipitates defect-free
quartz, generating the iris L bands. Because
this crystallization rate is slow (20), silica
loss near the growing crystal face eventually
is overrun by diffusion of silica toward the
fiber tips, and the local activity of silica in
solution increases. When polymerization is
tenable, the spiral growth mechanism is re-
activated and rapid crystallization of defec-
tive chalcedony ensues.

Although a straightforward supersatura-
tion-nucleation-depletion cycle accounts
for oscillatory behavior at the micrometer
scale, a complete crystallization model must

Fig. 3. Cyclic alternation in
defect concentration at
three length scales in a sin-
gle agate from Minas Gerais,
Brazil (U.S. National Muse-
um 83325). (A) Iris banding
with periodicity of 0.2 um
observed in TEM bright-field
micrograph; (B) 700-u.m os-
cillations seen in cross-po-
larized transmitted light; (C)
polished cross-section of
the agate with transition
from chalcedonic exterior to
drusy quartz interior over a
centimeter scale.

account for longer-period modulations as
well. Figure 3A is a TEM micrograph of a
Brazilian agate that exhibits defect-rich and
defect-poor iris banding. In a light optical
micrograph of the same agate (Fig. 3B),
modulations between defect-rich chalcedo-
ny and defect-poor quartz with a periodicity
of hundreds of micrometers can be ob-
served. These latter oscillations have been
described as large iris bands (6), but they are
structurally distinct because micrometer-
sized iris bands are embedded within the
larger-scale fine-grained zones. When this
agate is viewed in hand specimen (Fig. 3C),
a modulation with a centimeter wavelength
from exterior fine-grained chalcedony to an
interior drusy quartz is observed. Because
chalcedony is distinguished from quartz by
its extremely high density of Brazil twin
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boundaries, these textures represent hierar-
chical oscillations in Brazil twin defect con-
centrations over wavelengths of microme-
ters, hundreds of micrometers, and centime-
ters. Thus, agates exhibit self-similarity over
three length scales, each separated by
roughly two orders of magnitude. This frac-
tal quality is common to agates from around
the world, and it suggests that the crystal-
lization behavior that governs this compo-
sitionally simple mineral system is univer-
sally complex.
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Late Glacial Climate Record of Midwestern
United States from the Hydrogen Isotope Ratio
of Lake Organic Matter

R. V. Krishnamurthy, K. A. Syrup, M. Baskaran, A. Long

A hydrogen isotope time series obtained from an analysis of organic matter extracted from
a lake core in Kalamazoo, southwestern Michigan, reveals four distinct isotope stages
within the last 12,000 years that can be interpreted in terms of oscillations between cold
and warm, dry climates. The most dramatic are a cold phase between 12,000 and 9000
years before present (B.P.), a warm, dry period between 8500 and 2000 years B.P., a cold
period between 2000 and 1000 years B.P., and a warming trend since 1000 years B.P.
The warming trend of the last 1000 years is comparable in magnitude to the mid-Holocene

warm phase.

The stable hydrogen isotope composition
[expressed as 8D values (1)] of plant mate-
rials has been used to infer paleoclimatic
conditions (2). These studies rely on the
demonstrable link between the 8D of a
single plant component, namely the car-
bon-bound hydrogen of cellulose, and the
3D of water used by the plants during their
growth. Because the water used by plants is
mostly the local meteoric water and the 8D
of local meteoric water correlates with local
mean annual temperature, the 3D of cellu-
lose can be translated into climatic factors.
In many instances, however, even young
sedimentary systems contain negligible
amounts of plant remains that can be iso-
lated for this type of study. Extractable sed-
imentary organic matter, on the other
hand, can be found in a wide variety of
geologic environments.

Here we report the paleoclimatic infor-
mation obtained from organic matter (kero-
gen) extracted from a lake core from south-
western Michigan, analyzed for 8D by di-
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gestion of the sediments with hydrofluoric
and hydrochloric acids (3). This procedure
is essential to make sure that other hydro-
gen-containing phases, mostly inorganic
minerals, are removed. We assume that (i)
the kerogen in lake sediments originates
from photosynthesizing aquatic plant bio-
mass that grew in the lake and (ii) that the
source of hydrogen for these plants was the
local meteoric water recharging the lake. If
the 8D of kerogen does indeed contain
climate information, the scope of its appli-
cability is enormous because kerogen can
commonly be extracted from a variety of
sediments.

An ~4-m-long core was raised in 1993
from Austin Lake in Kalamazoo (42.10°N,
85.30°W), southwestern Michigan (Fig. 1).
This lake is typical of the several “kettle”
lakes in the region that were formed by the
melting of a mass or masses of ice isolated
from the glacier (4). At 4.5 km?, Austin
Lake is a relatively large lake for this region
and has extensive aquatic vegetation. The
sediments are relatively rich in organic car-
bon (up to 20 weight % on a carbonate-free
basis), the source of which must be vegeta-
tion in the lake because the lake is isolated
from other possible sources of organic mat-
ter such as wetlands, streams, and rivers.
The lake receives its recharge almost entire-
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ly from direct precipitation and is a point of
recharge for adjacent ground water.

The H/C ratio (Fig. 2) and the 8D values
(Fig. 3) of the kerogen samples as a function
of age show that lack of significant long-
term trends in H/C and 8D with age sup-
ports the contention that the 8D variations
are not related to diagenesis (5). The 3D
data can be subdivided into four phases
(Table 1 and Fig. 3).

The hydrogen isotope ratio of kerogen in
lake sediments with substantial primary
productivity reflects the hydrogen of plants
that eventually form the source material for
sedimentary organic matter. There is ample
evidence that the hydrogen in plants is
almost entirely derived from the source wa-
ter, the local precipitation in most cases
(2). In the present case, we examined if this
was true for these lake samples by compar-
ing the 8D of kerogen extracted from the
top of the core with the 8D of environmen-
tal water. The 8D of kerogen extracted from
the surface sample from the top of the core
was —80 per mil. For the hydrogen isotope
fractionation between the nonexchange-
able hydrogen in cellulose extracted from
aquatic plants and their environmental wa-
ter, the 8D of the environmental water out
of which the lake kerogen was generated
should be around —54 per mil (6). The one
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Fig. 1. Map showing Kalamazoo in southwest
Michigan, where Austin Lake was cored.
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