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through 3, because in t i e  experiments the 
concentrations of the initial reactants at the 
gel boundaries are a key factor in determin- 
ing the nature (amplitude and wavelength) 
of the solution. The relevant case is that in 
which C10, and I, diffuse from one end and 
MA from the other. We used a finite differ- 
ence method with 500 mesh points in the 
3-mmgel length. With much coarser meshes 
the inhomogeneity (23) (related to the num- 
ber of peaks) was much larger than with 500 
points, but above 400 mesh points the struc- 
tures were independent of the resolution 
and were stable-in mace and time after 7 
hours of reaction time. The wavelength, 
location, and number of peaks are much 
more sensitive to the diffusion coefficients of 
I- and C10,- than to those of ClO,, I,, and 
MA. An example of a calculated stationary 
structure is shown in Fig. 2. 

The experiments of Castets et al .  (5) were 
conducted on the C10,--I--MA reaction, 
whereas the present model treats the simpler 
CI0,-I,-MA system. As Lengyel et al .  have 
shown ( g ,C10, and I, are formed in the 
CI0,--I- reaction and then dominate the 
reaction with MA. However, the generation 
of C10, and I, takes place at some distance 
into the gel. Unfortunately, there is not yet 
a detailed mechanism that accounts for the 
formation of C10, in the CI0,--I- reaction 
at high C10,- excess. Recent experiments 
(24) show evidence of very similar Turing 
structures in a CI0,-I--MA mixture in the 
same reactor, lending support to the conten- 
tion that the model presented here ade- 
quately describes the original system. 

In retrospect, the discovery of Turing 
structures in the C10,--I--MA-starch sys-
tem appears somewhat fortuitous, in that it 
is the "inert medium," the gel, by binding 
key iodine species, that makes it possible to 
establish the crucial difference in the effec- 
tive diffusion coefficients of activator and 
inhibitor. Such circumstances mav be rare in 
inorganic chemical systems. In biological 
systems, on the other hand, membrane-
bound species play key roles, and substrate 
inhibition, rather than the autocatalvsis 
found in most chemical oscillators, is a 
common means of dynamical regulation. In 
such systems, as Turing recognized, diffu- 
sion-induced instability is likely to be a 
major mechanism for pattern formation. 
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Potassium in Clinopyroxene Inclusions fkom Diamonds 

Analytical transmission electron microscopy, electron microprobe analyses, and single- 
crystal x-ray diffraction data support the conclusion that high potassium contents, up 
to 1.5 weight percent K,O, of some diopside and omphacite inclusions from diamonds 
represent valid clinopyroxene compositions with K in solid solution. This conclusion 
contradicts the traditional view of pyroxene crystal chemistry, which holds that K is 
too large to be incorporated in the pyroxene structure. These diopside and omphacite 
inclusions have a high degree of crystal perfection and anomalously large unit-cell 
volumes, and a defect-free structure is observed in K-bearing regions when imaged by 
transmission electron microscopy. These observations imply that clinopyroxene can be 
a significant host for K in the mantle and that some clinopyroxene inclusions and their 
diamond hosts may have grown in a highly K-enriched environment. 

THE QUESTION OF WHERE SUBSTAN-

tial K resides in the mantle is funda- 
mental for understanding the source 

for K in basalts that originate from partial 
melting of the mantle, the distribution of K 
in the mantle, the role of K in mantle 
metasomatism and diamond formation, and 
the mantle's heat budget (because of radio- 
active decay of 40K). Garnet peridotites are 
thought to have compositions typical of the 
upper mantle, and among the nominal- 
ly anhydrous solid phases in these rocks, 
diopsidic clinopyroxene (approximately 
CaMgSi206) has the highest K level, is 
stable over a large range of pressures, and is 
reasonably abundant. However, measured 
levels of K in clinopyroxene (cpx) from 

G E Harlow, Department of Mineral Sciences, Ameri- 
can Museum of Natural History, New York, NY 10024. 
D. R. Veblen, De artment of Earth and Planetary Sci- 
ences, The Johns Ropkins University, Baltimore, MD 
21218. 

garnet peridotite xenoliths in kimberlites 
and other extrusive rocks are too small to 
account for the K levels in basalts produced 
by partial melting (1).Eclogites are closer to 
basalts in composition, and their K-bearing 
phases may include sanidine as well as om- 
phacite (a cpx with a nominal composition 

Na0.5Ca0,5AI0.5Mg0.5Si206). 


eclogites may be important reservoirs for K, 
they are not considered to be the source of 
most mantle-derived basalts. Moreover, the 
relatively high K contents of omphacite 
from Group I eclogite xenoliths (0.10 to 
0.33% K,O by weight) have not been dem- 
onstrated to be in the cpx crystal structure 
(2). In order to evaluate accurately the po- 
tential for cpx as a K reservoir in the mantle 
and as a possible source for K in the genesis 

mantl;-derived igneous rhe-crystal 
chemistry of K in pyroxene must be under- 

better and with measure-
ments on xenolith suites. 
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Conventional wisdom holds that K is too 
large to fit or arti it ion into M2, the largest " 	 " 
crystallographic site in the clinopyroxene 
structure (3-6). For example, Papike (6, p. 
505) stated that "the only major element 
that cannot be accommodated in the pyrox- 
ene structure is K. . . ." In this view, the 
nominal ionic radius v = 1.51 A for Kf in 
eightfold coordination is simply too great 
for the M2 coordination sphere, which ac- 
cepts alkali and alkaline ea&s only as large 
as Naf and Ca2+, which have radii of -1.2 
A. Most early observations of high K con- 
tents (20.5% K 2 0  by weight) by bulk or 
electron microprobe analysis of pyroxenes 
have been discredited as artifacts produced 
by contamination from other phases in 
cracks, inclusions, or fine-scale intergrowths 
(7-9). The notion that K cannot enter the 
pyroxene structure may have been biased by 
a focus on relatively low-pressure crustal 
samples and a continued disbelief in the 
structural integrity of pyroxenes from the 
mantle reported with high K contents, even 
though the latter have been used successfully 

Table 2. Lattice parameters determined by least-squares refinement of single-crystal x-ray 
difractometer m~Surements. 

Lattice 	 Clinopyroxene sample 

K18a K14al 

a (A) 	 9.7476(4) 9.723(4)
b 	 8.9478(4) 8.921(4) 

5.2622(2) 5.257(2)
p (deprees) 106,056(2) 106,26(3) 
v (A ) 441.06(3) 437.7(3) 

to differentiate between Group I and Group 
I1 mantle eclogites and to establish the com- 
parability of Group I and diamondiferous 
eclogites (2). 

Clinopyroxene inclusions in diamonds are 
ideal samples for studying K in mantle py- 
roxene because these inclusions have not 
been affected by alteration and obviously are 
associated with the formation of diamond at 
high pressures. A few crystals with remark- 
ably high K contents (>0.2% K20)  (1G12) 
have been reported in earlier studies of such 

Table 1. Representative electron microprobe analyses of K-rich clinopyroxene inclusions in 
diamonds and coexisting phases. Samples: K18a, Cr-rich diopside, Koffiefontein Mine, South Africa 
(1 for Capetown probe and 2 for AMNH probe analyses); K14a1, diopside, Koffiefontein Mine (1 
for Capetown probe analysis, 2 for Johns Hopkins AEM analysis of a region shown by HRTEM to 
be nondefective pyroxene); OR20, omphacite, Orapa Mine, Botswana; MPD42, omphacite, locality 
unknown; and MPD18, omphacite, locality unknown. K18a, K14a1, and OR20 are from J. Gurney 
(13, 15), and MPD42 and MPD18 are from M. Prinz (12). Fez03 and Fe3+ contents were 
determined by cation sum and charge balancing. Coexisting phases are gar, garnet; mag, magnetite; 
olv, olivine; opx, orthopyroxene; phl, phlogopite; and mt, mtile. 

Com-
ponent 

Oxides (weight percent) 
SiO, 54.7 55.8 
TiO, 0.03 0.02 

1.55 1.39 
Cr203 0.89 1.07 

0.0 0.0 
FeO 2.40 2.50 
MnO 0.09 0.05 
MgO 18.5 18.4 
CaO 20.1 19.3 
Na,O 0.45 0.54 
K2O 0.79 0.88 

Total 	 99.5 99.9 

Cations for six 
1.99 
0.015 
0.001 
0.051 
0.026 
0.000 
0.073 
0.003 
1.oo 
0.78 
0.032 
0.037 

Total 3.98 4.00 

Coexisting 
phases opx, olv none none phl, rut 
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OR20 MPD 18 MPD42 

inclusions. Most of these high-K inclusions 
are omphacites representative of the mantle 
eclogite suite (12, 13), and a few are diop- 
sides or chromium diopsides representative 
of the ultramafic suite (garnet lherzolites) 
(14, 15). 

In this report we present new crystal 
chemical data from cpx inclusions in five 
diamonds and show that cpx can contain 
structural K in amounts up to 1.5% K 2 0  
(0.07 K atoms per M2 site). Sources, coex- 
isting phases (16), and electron microprobe 
analyses for the samples are listed in Table 1. 
Each sample is a single crystal that ranges 
from 50 to 140 pm in maximum dimension 
to 20 pm in the smallest. The crystals are 
either rounded and irregular or somewhat 
xenohedral, mimicking an octahedral form 
(10, 12). The crystals are all completely 
transparent and gemmy, without visible in- 
clusions, except for K18a, which contains a 
lath of orthopyroxene. 

The electron microprobe analyses (Table 
1) indicate that the crystals are homoge-
neous at the resolution of the technique and 
have good pyroxene stoichiometry. Maxi- 
mum vacancies are 0.022 per four total 
cations or per M2 site; thus, vacancies do 
not play a major role in these mantle py- 
roxenes, unlike those studied by McCormick 
et a l .  (17). There are sufficient trivalent 
cations (less Tschermak's component) to 
charge balance the measured monovalent 
cations in every case, if K is assumed to be 
present in the pyroxene structure. 

Each crystal was examined with single- 
crystal x-ray diffraction to evaluate both 
crystallinity and lattice dimensions. Long- 
exposure precession photographs (>100 
hours, Mo Ka radiation, Zr filter) show 
only sharp Bragg diffractions consistent 
with cpx having space group C2/c. There are 
no extra spots from another phase (except 
orthopyroxene in Kl8a) and no difise 
streaks or anisotropic spots that might sug- 
gest the presence of extended defects or 
intergrowths that could account for the ob- 
served K. Unit-cell parameters (Table 2) 
were determined from least-squares refine- 
ment of approximately 50 reflections (aver- 
aged positive and negative 20, where 
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m. 1. A c-axis HRTEM image of K-rich diop 
side K14al displaying the I-beam structure char- 
acteristic of ordered, nondekctive pyroxene. An 
AEM analysis obtained from within the area of 
this image is given as K14al (2) in Table 1 and is 
comparable with the electron microprobe analysis 
K14al (1). 

35" < 20 < 55") measured with a single- 
crystal diiEactometer (Mo Ka radiation, 
method standardized on quartz). 

If the large K cation is incorporated in the 
pyroxene structure, it should demonstrably 
affea the lattice parameters. Because there is 
no general empirical or theoretical model fbr 
estimating cpx unit-cell parameters fiom the 
chemical composition, we have used a linear 
model for the relation between the unit-cell 
cation numbers and cell volume, V, based 
on both literature data and data from this 
study (see Table 3). In order to reduce the 
variance of the chemical composition, minor 
elements were lumped wid; similar major 
cations (Cr and V with Fe3+; Mn and Ni 
with F2+). Silicon was considered indirect- 
ly by evaluating AlW. Two models were 
consided Model 1 includes K as a cation 
variable, whereas Model 2 is without K. 
Table 3 shows that the deviations fbr V are 
essentially random with respect to K content 
fbr Model 1, whereas, excluding DHZ4B, 
they show a definite positive trend with K 
content in Model 2 and exceed the standard 
error of estimate significantly fbr the most 
K-rich cpx, K18a. The unit-cell volumes of 
the five cpx from diamonds are thus poorly 
predicted when K is not considered to be in 
solid solution. This analysis supports the 
notion that K is incorporated structurally in 
a manner consistent with its large ionic 
radius. 

Recent studies have shown that analytical 
and high-resolution transmission el&n 
microscopy (AEM and HRTEM) are pow- 
erful tools for determining whether an ele- 
ment is in solid solution. For example, these 
methods were used to show that Cu in 
high-Cu biotites is present as submicro- 
scopic inclusions of native Cu, not in solid 
solution as a true biotite component (18). 
Therefore, for additional evidence that K is 

in solid solution in the cpx inclusions, we 
examined diopside K14al with AEM and 
HRTEM using a Philips 420ST instrument 
(19). Part of the crystal was crushed and 
deposited on a holey carbon grid. For all of 
the approximately dozen fragments, obser- 
vations were made in both bright-field and 
dark-field modes, x-ray emission spectra 
were collected to vcrifjr composition, and 
HRTEM images down major zones were 
examined. All of the fragments consisted of 
 homogeneous^ structurally intact cpx and 
possessed compositions consistent with the 
elecaon microprobe analyses, that is, the 
analyses indicated the presence of homoge- 
neously dismbuted K (Table 1). No stack- 
ing faults or chain width errors were found 
(Fig. 1); two dislocations were the only 
defects observed among all the fragments. 
The only conclusion is that K resides in the 
structure of this cpx, not in extended dd'tas 
or other included phases. 
Thus, substantial amounts of K can be 

incorporated in cpx that grows at the high- 
pressure conditions required for diamond 
formation in the mantle (>5 GPa). Detailed 
discussion of the crystal chemistry of these 

high-K pyroxenes must await complete ays- 
tal structure relinements. However, it is 
dear from the chemical analyses, unit-cell 
parameters, and TEM observations that the 
K must be entering one of the cpx crystal- 
lographic cation sites, and the M2 site is the 
only likely candidate. 

On the basis of the aystas we examined, 
diopsidic cpx appears to be a better host for 
K than omphacite or jadeite. With a nomi; 
nal unit-cell V of -439 A3, a diopside with 
limited substitution of mvalent cations for 
charge balancing should accept more K than 
omphacite ( V = 425 A3) or especially jade- 
ite (NaAISi20,; V = 419 A3). The more 
expanded structure of diopside is attributed 
primarily to the presence of Mg or Fe2+ in 
the M1 site, versus substantial A13+ in om- 
phacite and jadeite. Charge balancing of K 
by substitution of C?+ or Fe3+ (r = 0:615 
or 0.645 A ,  which are larger than A13+ 
(r = 0.535 1 ),mayfUltherassistinexpand- 
ing the M2 site fbr occupancy by K+. Thus, 
K may be more soluble in diopside than in 
omphacite under the same conditions. 

A practical question is whether K content 
could be used as a geobarometer. In exper- 

T a b  3. Results of regressions tbr linear models relating dinopyroxene cell volume to cation values 
AIW, AIV', Ti, Fe3+, Mg, F3+, Ca, Na, and cidm including K (Model 1) or excluding K (Modd 
2). Data for both models are from 20 dinopyroxmes vralyses in Deer et al. (4) (numbers: 6 4  7 4  
p. 431; 4B, 6B, 7B, 8B, 10B, 12B, pp. 433435), Cameron and Papike (3) (all CP numbers), and 
Nyba omphacite (27); plus, only fbr Model 1, six dinopyroxenes fiom this study. V, and V* are 
observed and calculated cell volumes. The calculated values b r  K18a(,) and Kl8q2) represent the 
two micro robe analyxs from Table 1. Model 2 shows differences either without K (~gnored) or for 
K s d w i t h  Na. For Model 1 the SE is 0.79; regression d c i e n t s  (and co&cknt mars) are 
AIw, -24.60 (5.0); A"', 37.78 (12.); Ti, 73.31 (15.); Fe3+, 64.27 (12.); Mg, 30.13 (8.5); F3+, 
43.61 (8.5); Ca, 40.71 (8.0); Na, - 1.91 (6.5); K, 69.79 (1 1.); intercept, 366.46 (A3). 

Sample K 
cations Model 1 Model 2 - 

wK wlo K (K as Na) 

DHZ6A 
DHZ7A 
DHZ4B 
DHZ6B 
DHZ7B 
DHZlOB 
CP72 
CP73 
CP74 
CP29 
CP71 
DHZ12B 
Nyb6 
CP24C 
CP24 
CP6 
CP8 
CP15 
CP2 
CP4 
OR20 
MPD18 
K14al 
MPD42 
K%l) 
K18a,*, 
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iments with a garnet peridotite composition 
containing anhydrous phlogopite at 3.8 to 
10 GPa and 1350° to 1400°C, the K content 
of diopside increased with increasing pres
sure up to 0.26% K20 by weight at 10 GPa 
(20). Extrapolation to K contents as high as 
that in diopside K18a yields a high pressure, 
>20 GPa, which is probably beyond the 
stability field of diopside, but there is great 
uncertainty in the estimated temperatures 
for this inclusion and Koffiefontein xeno-
liths. Garnet-cpx assemblages give tempera
tures from 1000° to 1550°C (21), whereas 
the two K18 chromium diopside inclusions 
are in disequilibrium, yielding olivine-cpx 
temperatures of 1033° and 1233°C (15). 
Two-pyroxene geothermometry gives tem
peratures from 1000° to 1350°C at ~5 GPa 
(uncorrected for K content, of course) (22-
25). Certainly, further experiments on the 
solubility of K in cpx are required to inter
pret the pressure conditions under which 
substantial K can enter pyroxenes. In any 
case, the K content of cpx cannot be used as 
a geobarometer in the absence of other 
K-bearing phases. This limitation is a par
ticular problem with diamond inclusions. 
Alone, the implication of the presence of 
high K contents in cpx is that formation 
under high pressure is required, but K con
tents of cpx will vary with the total amount 
of K in the rock and the other phases 
present. 

The high levels of K in these clinopy-
roxenes suggest that the host diamonds 
formed in unusually K-rich environments. 
Navon et al. (26) have described inclusions 
from morphologically cubic diamonds con
taining high levels of K, C02 , and H 2 0 and 
suggested that potassic melts or metaso-
matic fluids in the mantle were responsible 
for the enrichments. As already noted, K in 
omphacite has been used as a marker for 
Group I eclogites (2), which are the eclo-
gites that contain diamond. This relation 
reinforces the connection between these 
K-rich melts or fluids, diamonds, and K-rich 
cpx. 
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The Search for Evidence of Large Prehistoric 
Earthquakes Along the Atlantic Seaboard 
DAVID AMICK AND ROBERT GELINAS 

The spatial distribution of seismically induced liquefaction features discovered along 
the Atlantic seaboard suggests that during the last 2000 to 5000 years, large 
earthquakes (body wave magnitude, mb > 5.8 ± 0.4) in this region may have been 
restricted exclusively to South Carolina. Paleoliquefaction evidence for six large 
prehistoric earthquakes was discovered there. At least five of these past events 
originated in the Charleston, South Carolina, area, the locale of a magnitude 7+ event 
in 1886. During the past two millennia, large events may have occurred about every 
500 to 600 years. 

THE LARGEST HISTORICAL EARTH-

quake in the eastern United States 
occurred near Charleston, South 

Carolina, in August 1886. The proximity of 
this magnitude 7+ event to populated areas 
made it the most destructive U.S. earth
quake of the 19th century (1). Today a 
similar earthquake could result in several 
thousand deaths and property damage in 
excess of $400 million (2). Clearly, the 
potential for another large earthquake near 
Charleston or elsewhere along the Atlantic 
seaboard must be assessed. This task is 
especially difficult because Charleston lies 
far from an active plate boundary in a 
region where no comparable historical 

Ebasco Services Incorporated, 2211 West Meadowview 
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earthquakes have occurred and where there 
is no clear paleoseismic evidence of surface 
faulting associated with large prehistoric 
events (3). 

Although the bedrock faulting responsi
ble for the Charleston earthquakes has not 
reached the ground surface, strong ground 
shaking associated with the 1886 and earlier 
events resulted in the formation of numer
ous seismically induced liquefaction (4-6) 
features in surficial sediments (Fig. 1). The 
results of past studies suggest that the return 
period between large (mb > 5.8 ± 0.4) 
earthquakes is about 1500 years (7-9). In 
this report, we synthesize published and 
newly acquired paleoliquefaction data and 
show that the frequency of large (10) earth
quakes occurring near Charleston is greater 
than previously established. We also report 
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