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flection coefficient -as a function of fre-
quency (Fig. 3) shows that there is an ab-
sorption peak (S,; = —26 dB) at 502 MHz,
which is very close to the theoretical value
f= fro = 500 MHz.

The dielectric constant was measured by
an impedance-analyzing method in order to
demonstrate the polariton excitation in ITPC.
The results (Fig. 4) are compared with the
theoretical results by choosing the proper
damping term (y = 0.0lw,,). The dielectric
constant changed near wp,, caused by the
superlattice in ITPC. The dielectric spectrum
in this band has the same curve shape as the
far-infrared dielectric constant of an ionic
crystal caused by lattice vibration, showing
that they have a similar origin. Much infor-
mation on the ITPC can be obtained from the
dielectric constant curve. The measured f7,
J1o €(0), and &(x) values are 502 MHz, 547
MHz, 99.88, and 88.02, respectively. They all
agree well to the theoretical predictions. The
LST relation was also proved, which is w, ,/
0, = 1.09, only a slight deviation from the
value of [€(0)/e(0)]""? (1.07). The absorption
peak in Fig. 3 is at the same position of the
peak of the €"(w), just as predicted. There is
a gap between wr, and w; ; where € < 0 and
incident EM waves will be strongly reflected.
The phenomena above show that there is a
polariton mode in ITPC.

From the similarity between the real ionic
crystal and the ITPC, other long-wavelength
optical properties (such as Raman and Bril-
louin scattering) might also be expected in an
ITPC. The only difference is that they occur
in different frequencies. For example, Raman
scattering appears in the terahertz region for a
real ionic crystal, whereas it might appear in
the gigahertz region for an ITPC. Study on
these effects is of fundamental interest in
physics.
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Middle Eocene Seawater pH and
Atmospheric Carbon Dioxide
Concentrations

Paul N. Pearson* and Martin R. Palmer?

The carbon dioxide content of the atmosphere [measured as the partial pressure
of CO, (pCO,)] affects the content of the surface ocean, which in turn affects
seawater pH. The boron isotope composition (37'B) of contemporaneous plank-
tonic foraminifera that calcified their tests at different water depths can be used
to reconstruct the pH-depth profile of ancient seawater. Construction of a pH
profile for the middle Eocene tropical Pacific Ocean shows that atmospheric
pCO, was probably similar to modern concentrations or slightly higher.

Earth’s climate has cooled markedly in the
last 50 million years from a peak of warmth
in the early Eocene (/). One explanation for
this cooling invokes plate tectonic move-
ments and. reorganization of ocean currents
(2). Another is that concentrations of green-
house gases, especially CO,, have declined in
the atmosphere (3-5).

The period of greatest uncertainty in
CO, concentrations is the middle to late
Eocene, which followed an interval of ex-
treme warmth in the early Eocene but pre-
ceded dramatic cooling in the earliest Oli-
gocene (6). There is much less evidence for
widespread hydrothermal, tectonic, and
volcanic activity (and hence CO, emission)
in this interval than in the Cretaceous to
early Eocene (7-10), and yet world climate
was still warm and equable compared with
that of the present day (/7). Some authors
have suggested that middle Eocene pCO,
was two to six times as high as the prein-
dustrial level of 280 ppm (3, 12-16),
whereas others have suggested values sim-
ilar to that concentration or only slightly
higher (/7-19). These estimates rely on a
variety of relatively indirect methods such
as carbon mass balance modeling (3, 13,
15, 18-19), interpretation of the §'3C
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record in marine sediments (/2, /4) and
paleosols (/7), or studies of plant leaf mor-
phology (16).

The 8''B of foraminiferal calcite may
provide a more direct measure of atmo-
spheric pCO, because it reflects the pH of
the surface seawater in which the organ-
isms calcified, which is closely dependent
on pCO, (20). By analyzing multiple spe-
cies that lived at different depths in the
ocean, it is possible to reconstruct a pH-
depth profile for the upper few hundred
meters of the water column (27). This al-
lows paleo sea surface pH to be estimated
with some confidence, from which pCO,
can be inferred.

We selected a sample of well-preserved
pelagic carbonate from the middle Eocene
of the tropical Pacific [Ocean Drilling Pro-
gram sample 143-865C-6H/2, 65 to 67 cm,
lower Biozone P12; dated to approximately
43 million years ago (Ma)]. The sample has
a diverse foraminiferal assemblage, which
indicates a warm, oligotrophic and well-
stratified water column, an inference that is
supported by sedimentological and geo-
chemical evidence (22). Monospecific
splits of 50 to 250 specimens of a variety of
species were picked for 8''B analysis (21)
(Table 1). Plankton species were assigned
to calcification depths (mixed layer, inter-
mediate, thermocline, and deep) on the ba-
sis of previous paleobiological research and
3'80 and 3'3C analyses (22-27). A single
split of benthic foraminifera was also pre-
pared, but because they are scarce in the
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sample, the split consists of mixed species.

The principal control on the §''B of
foraminiferal calcite is pH (20), but tem-
perature, pressure, and salinity also influ-
ence the value (in order of decreasing im-
portance) because of their effects on the
pK, (K, is the dissociation constant) of
boric acid (28) and boron isotope fraction-
ation (29). Therefore, to estimate pH it is
necessary to assign absolute depths and
temperatures for the various plankton hab-
itats. We did this by assuming that the
temperature and salinity of the Eocene up-
per water column were similar to that of the
modern western tropical Pacific, but that
bottom waters were warmer, at 11°C (/7).
The exact choice of temperature and salin-
ity profiles makes little difference to our
final estimate of surface pH.

Initially it can be assumed that the 3''B of
seawater (3''B_) in the middle Eocene was
the same as that of modern oceans (39.5 per
mil). The data (Fig. 1) show a clear decline in
pH from the surface to subthermocline depths
and thus support the relative depth ranking of
Eocene planktonic foraminifera that has pre-
viously been established from 3'#0 and 8'*C
analyses (22-27). The internal consistency of
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Fig. 1. Calculated pH profile for the middle
Eocene of sample 143-865C-6H/2, 65 to 67
cm, based on 3B data in Table 1. See (27) for
details of the calculation procedure. For the
profile, a value of 8''B_ of +39.5 per mil was
assumed.
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Fig. 2. Effect of varying 8''B_,, on the estimated
pH profile. Each value is calculated from the mean
3'"B of the species in each depth class. Triangles:
3"'B,,, = 41.0 per mil; circles: 3""B_,, = 39.5 per
mil; squares: 8"'B_, = 38.0 per mil.
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the data set also argues against significant
diagenetic alteration of the 3"'B values. The
only species with anomalous 3''B is Moro-
zovella crassata, which we classify as a
mixed-layer dweller like other related species
in the genera Acarinina and Morozovella, but
it has a more negative 3''B value than these
species and the four intermediate dwelling
species. At present we cannot account for the
divergent 8''B of M. crassata, but one pos-
sibility is that it was subject to an unknown
vital effect in fractionating boron isotopes.
A critical variable in the calculation of
paleo-pH values is the 3''B_ value. Boron
has a long residence time in the ocean (~20
Ma); hence, rapid fluctuations in 3''B_ are
not expected. However, a gradual drift in
3!'B,,, values may have occurred since the
Eocene. To investigate this, we calculated
alternative pH profiles based on 8''B_ of
41.0, 39.5, and 38.0 per mil (Fig. 2). From
these profiles, we deduce that a &' lBSW value
less than 38.0 per mil is unlikely because it
would imply an anomalously shallow pH gra-
dient and low levels of biological productiv-
ity. Similarly, it is unlikely that 8''B_ was
greater than 41.0 per mil because this would
imply acidic conditions (pH < 7) in the
oxygen minimum zone, which would have
inhibited foraminiferal calcification. If we as-
sume that the difference in pH between the
mixed layer and the depth of minimum pH is
due predominantly to the oxidation of organic
matter (30), the apparent oxygen utilization
(AOU) can be calculated (37). With this ap-
proach a 8''B_, of 41.0 per mil would imply
an AOU of 240 uM per kilogram of organic
matter. This is close to the maximum AOU

(250 wM/kg) observed at this depth in the
equatorial Pacific high-productivity zone and
well above the average AOU for better strat-
ified parts of the ocean (3/). These observa-
tions provide further support for the hypoth-
esis that §! 'B,,, in the middle Eocene was not
greater than 41.0 per mil.

Our minimum estimate for surface seawa-
ter pH (pH,,;,,) in the middle Eocene is given
by assuming a 3''B__ of 41.0 per mil and
calculating the mean of all four mixed-layer
values (including M. crassata), thus pH,,, =
7.91. For the maximum estimate (pH,_ ) we
assume that 8''B_ = 38.0 per mil, disregard
the M. crassata value as a probable vital
effect, and average the remaining three
mixed-layer dwellers, thus pH = 8.33.1In
our best estimate (pH,,,) for surface water
pH, we assume that AOU = 100 pM/kg at
the pH minimum [consistent with the evi-
dence for an oligotrophic water column at the
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Fig. 3. Calculation of the variation of surface
seawater pCO, with 3CO, based on various
estimates of sea surface pH.

Table 1. Depth classes and boron isotope data for different species picked from sample 143-865C-6H/2,

65 to 67 cm.
Species Size fraction (pm) 31"B (=20) Mean 3"'B
Mixed layer (0 to 100 m)
Morozovella spinulosa 300-425 26.6 £ 0.4,26.2+0.3 26.4
Acarinina matthewsae 355-500 258 04,254 =04 25.6
Acarinina topilensis 355-550 253+03,249*+04 25.1
Morozovella crassata 300-500 232 04,226 =04 229
Intermediate (50 to 150 m)
Globigerinatheka index 425-500 23.4+04,231+04 23.3
Globigerinatheka mexicana 425-500 233*04,23.0x04 23.2
Globigerinatheka senni 300-355 234+04,228 =04 23.1
Turborotalia pomeroli 300-500 233x04,229x04 23.1
Thermocline (100 to 250 m)
Dentoglobigerina galavisi 300-500 219+ 06,220+ 04 22.0
Hantkenina dumblei 250-600 219 *£06,21.9+0.3 21.9
Subbotina patagonica 300-425 21.4+04,220+08 217
Subbotina bakeri 300-355 21.7£04,21.7 =03 21.7
Deep (200 to 600 m)
Catapsydrax unicavus 355-500 208 £04,21.7 = 0.4 213
Sea floor
Mixed species 250-600 212 £06,220=0.8 21.6
www.sciencemag.org SCIENCE VOL 284 11 JUNE 1999
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site (24)]. Thus, 8''B,, is estimated at 40.6
per mil, and disregarding the 3''B value for
M. crassata, pH,, = 8.05.

Two of four key chemical variables
[pCO,, pH, the total alkalinity (X, .1iniry)>
and the total dissolved inorganic carbon
(2C0,)] are required to define the thermo-
dynamics of the CO, system in the ocean
(31). As we only have an estimate of paleo-
pH from our Eocene sample, pCO, can

“only be calculated as a function of one of
the other two key variables (32) (Fig. 3).
Assuming that %CO, values were the same
as the modern ocean, for pH_; of 7.91 we
calculate pCO, as 530 to 570 ppm. To
achieve a value of five times modern pCO,
we would have to invoke 3CO, concentra-
tions of more than twice the modern value,
which is unreasonable because it would
imply a larger variation in calcium carbon-
ate saturation in the oceans than is compat-
ible with the geologic record (33). Assum-
ing pH_ .. for our sample of 8.33 and
modern %CO, concentrations, we obtain a
minimum estimate of pCO, of 170 to 190
ppm. Our pH, . estimate of 8.05 with
modern %CO, gives a pCO, of 370 to 400
ppm, only slightly higher than modern
concentrations.

Seasonal temperature cycles and biologi-
cal processes mean that the pCO, of seawater
in the surface mixed layer is not in perfect
equilibrium with the atmosphere, but this de-
viation is generally <10% in the absence of
upwelling of CO,-rich deep waters (37). As
our sample splits were not taken from an
upwelling area and represent the average pH
recorded by many individuals that lived at
different times, the calculated pCO, values
give reasonable estimates of the mid-Eocene
atmosphere, provided %CO, was not greatly
different from the modern value. If our esti-
mate of middle Eocene pCO, is correct, then
it implies either that Earth’s climate is very
sensitive to small changes in pCO,, or that
the global cooling since the Eocene was not
driven primarily by changes in pCO,, but
rather reflects reorganization of ocean circu-
lation resulting from tectonic opening and
closing of oceanic gateways (2).
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Regular and Irregular Patterns
in Semiarid Vegetation

Christopher A. Klausmeier

Vegetation in many semiarid regions is strikingly patterned, forming regular
stripes on hillsides and irregular mosaics on flat ground. A simple model of plant
and water dynamics based on ecologically realistic assumptions and with
reasonable parameter values captures both of these types of patterns. The
regular patterns result from a Turing-like instability; the irregular patterns arise
when the ecological dynamics amplify slight small-scale topographic variability.
Because of the close agreement between observations and these theoretical
results, this system provides a clear example of how nonlinear mechanisms can
be important in determining the spatial structure of plant communities.

Pattern formation has long interested both the-
oretical biologists (/, 2) and plant ecologists (3,
4). Theoretical studies have shown that local
interactions coupled by dispersal can cause non-
uniform distributions of organisms to develop in
the absence of underlying heterogeneity. Re-
cently it has been shown that such an interaction
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between a herbivorous insect and its parasitoid
localizes outbreaks of the herbivore, in ac-
cordance with mathematical models (5). How-
ever, in general, close agreement between the
mathematical theory and observation or experi-
ment has been rare (6). Furthermore, most of
these studies have focused on interactions be-
tween animal populations, not on the interaction
of plants and their abiotic resources.
Vegetation patterns are found in many
semiarid regions including parts of Africa (7-
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