
The 0-H bond strength of 83 kcal mol-' 
in HMn04- is a critical value because it is 
well established that rates of radical reac- 
tions are directly related to bond strengths. 
For main-group radicals such as (CH3)C0. 
('BuO.), the Polanyi equation (23) states 
that the activation barrier for an H. transfer 
reaction, or log k, is proportional to the 
driving force, AHo. The AH0 for a H. trans- 
fer reaction A-H + B + A + H-B is 
simply the difference between the A-H and 
B-H bond strengths. An .OH abstracts a 
benzylic hydrogen from toluene at an al- 
most diffusion-limited rate because H. trans- 
fer is highly exothermic (31 kcal mol-'), 
based on the bond dissociation energies 
D(PhCH,-H) = 88.5 2 1.5 kcal mol-' and 
D(H0-H) = 119.3 kcal mol-' (24). Reac- 
tions of toluene with 'BuO. and especially 
'BuOO. are slower because the reactions are 
less favorable, in the last case, downhill by 
only 1 kcal mol-' [D('BuO-H) = 104.8 kcal 
mol-', D('BuO0-H) = 89.4 kcal mol-' 
(2411. 

A plot of the Polanyi relation, log k 
versus AH0 for Ha abstraction from toluene, 
is shown in Fig: 2. The rate of Ha abstrac- 
tion by Mn04- correlates with the rates of 
reaction of main-group radicals. In other 
words, Mn04- abstracts H. from toluene 
just as an oxygen radical would if it had a 
bond strength of 83 kcal mol-'. This is true 
even though Mn04- is not a radical. Simi- 
lar correlations have been found for oxida- 
tions of ethylbenzene by RO. and Mn04- 
(6) and for oxidations of toluene, cyclohex- 
ane, and isobutane by RO. and Cr02C12 [on 
the basis of an estimated CrO-H bond 
strength (18, 19)]. The rate of toluene ox- 
idation by Mn04- in water does not fit this 
relation because the mechanism is not H. 
abstraction; rates of H. transfer are essen- 
tially independent of solvent (25). 

The correlation of rate with driving 
force provides insight into how a metal- 
containing active site can remove a hydro- 
gen atom from an organic substrate. This 
correlation should apply not only to re- 
agents such as permanganate but also to 
active sites in metalloenzymes and on metal 
oxide surfaces. The key feature of such an 
active site is not its radical character but its 
affinity for H.. Understanding these reac- 
tions should be based primarily on the ther- 
mochemistry of the H. abstraction step. 
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Global Distribution of Persistent 
Organochlorine Compounds 

Staci L. Simonich* and Ronald A. Hites? 

The global distribution of 22 potentially harmful organochlorine compounds was inves- 
tigated in more than 200 tree bark samples from 90 sites worldwide. High concentrations 
of organochlorines were found not only in some developing countries but also in indus- 
trialized countries, which continue to be highly contaminated even though the use of many 
of these compounds is restricted. The distribution of relatively volatile organochlorine 
compounds (such as hexachlorobenzene) is dependent on latitude and demonstrates the 
global distillation effect, whereas less volatile organochlorine compounds (such as en- 
dosulfan) are not as effectively distilled and tend to remain in the region of use. 

Researchers -have long speculated that 
some organlc pollutants move through the 
atmosphere from relatively warm source re- 
gions and condense at colder, higher lati- 
tudes onto vegetation, soil, and bodies of 
water. This process, known as the global 
distillation effect, could be the cause of the 
high concentrations of some pollutants 
found in Earth's arctic regions (1-5). Glob- 
al distillation is driven by the change of a 
pollutant's subcooled liquid vapor pressure 
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with temperature, its environmental persis- 
tence, and its tendency to associate with 
lipids (1, 6). This effect appears to be most 
pronounced for organochlorine compounds 
of intermediate volatility, many of which 
are used as insecticides and fungicides. 
Some of these compounds are still in use 
throughout the world (for example, en- 
dosulfan), whereas others have been 
banned in almost all developed countries 
(for example, DDT). Understanding the 
environmental fate of these compounds is 
particularly important because some of 
them are carcinogens and some may be 
estrogen mimics (7). 

These ubiquitous organochlorine pollut- 
ants have subcooled liquid vapor pressures 
of 0.1 to 0.001 Pa at 25°C (8). Although 
these vapor pressures are sufficient for all of 
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these compounds to be transported globally 
to some degree, the most volatile com- 
pounds would be more readily distilled. 
Thus the more volatile organochlorine 
compounds, such as hexachlorobenzene 
(HCB) and the hexachlorocyclohexanes 
(HCHs), would be expected to occur in 
relatively higher concentrations at higher 
latitudes. Less volatile compounds such as 
endosulfan and DDT would not be as effec- 
tively transported to high latitudes, and 
their environmental concentrations would 
tend to reflect their local usage. 

Because of the difficulty of collecting 
samples from all over the world, researchers 
have primarily attempted to study the glob- 
al distillation effect on regional scales (2, 3) 
and by the use of global models (6). Cal- 

amari et al. were amone the first to studv 
this effect on a global siale; they analyzed 
leaf, lichen, and moss samples from 26 sites 
worldwide (4). The distributions of HCB 
and lower chlorinated polychlorinated bi- 
phenyls have been observed to correlate 
with latitude or ambient temperature in 
several studies (1 ,  2 ,  4), whereas the distri- 
bution of other volatile organochlorine 
compounds, such as the HCHs, did not 
(1-4). Chernyak et al. recently reported 
that a-HCH concentrations in seawater in- 
creased with latitude on a transect from the 
Sea of Japan to the Bering Sea, but a similar 
trend was not observed for y-HCH (3). 

Unfortunately, any attempt to investi- 
gate global distillation of organochlorine 
compounds is complicated by a general lack 

of data about their sources. Although at- 
tempts have been made to compile local 
usage data for some organochlorine com- 
pounds (9),  only rough estimates for a lim- 
ited number of countries are available (1 0). 
Our goal was to determine the global dis- 
tribution of organochlorine compounds 
with the use of samples collected from many 
sites worldwide. By creating a large data set, 
we hoped to determine the status of organo- 
chlorine contamination in industrialized 
countries as well as in developing countries. 
We also hoped to identify which organo- 
chlorine compounds show strong evidence 
of global distillation and which compounds 
tend to remain near their region of use. We 
measured 22 organochlorine compounds, 
including active ingredients, metabolites, 

mot010 mloto 100 m100tol~00 rlOOOto10,000+ 

Fig. 1. Concentrations of organochlorine compounds (in nanograms of or- and 6-HCH; and Z chlordane, sum of oxychlordane, heptachlor epoxide, 
ganochlorine per gram of lipid) measured at 90 sites in 209 tree bark samples trans-chlordane, cis-chlordane, and trans-nonachlor). At most sites, two or 
(X endosulfan, sum of endosulfan I ,  endosulfan I I ,  and endosulfan sulfate; Z more samples were analyzed; in these cases, the concentrations were aver- 
DDT, sum of p,pl-DDE, p,pl-DDD, and p,pl-DDT; 2: HCH, sum of a-, p-, y-, aged. Tabular data are available from the authors. 
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and degradation products. The compounds 
included four HCHs, HCB, pentachloro- 
anisole (PCA). dieldrin. three endosulfans. , , 

six chldrdanes, two endrins, aldrin, and 
p,pl-DDT (and its degradation products 
p,pl-DDE and p,pl-DDD). 

More than 200 tree bark samples were 
collected from 90 sites worldwide between 
1992 and 1995 (Fig. 1) (1 1). Bark is an 
excellent scavenger of lipophilic organic 
pollutants from the atmosphere, even at low 
atmospheric concentrations (12), as a result 
of its surface area and associated lipids (13, 
14). Tree bark is present throughout the 
world, and on average it contains more 
lipids per unit area than other forms of 
vegetation (13, 14). In addition, bark re- 
mains on most trees for several years, thus 
integrating lipophilic organic pollutants 
over an extended time. Because bark was 
collected from manv different s~ecies of 
trees worldwide, we normalized the mea- 
sured organochlorine concentrations to the 
bark's lipid concentration (in nanograms of 
organochlorine per gram of lipid). Because 
these com~ounds are sorbed to the bark 
surface from the atmosphere and do not 
undergo translocation, this normalization 
tends to account for variability attributable 
to differences in tree species (1 3,  14). 

Samules were fortified with isoto~icallv 
labeled internal standards and extracted 
with solvent. The extracts were purified on 
silica gel columns (15) and analyzed by 
electron-capture gas chromatographic mass 
spectrometry on a Hewlett-Packard 5989A 
instrument (1 6). Moisture and lipid content 
were determined as in (14). Moisture con- 

u C - I ~ ' , ' ~ ' , ' ~ ' , ' , ' , ' ~ ~  0 10 20 30 40 50 60 70 80 
Absolute value of latitude (degrees) - 

Fig. 2. Logarithms of concentrations (in nano- 
grams of organochlorine per gram of lipid) of HCB 
(A) and endosulfan I I  (B) in tree bark are plotted 
against the absolute value of the latitude where 
the tree bark sample was taken. The regression 
lines are a, = 0.927, a, = 0.01 38, r = 0.482, n = 

90(inA)anda, = 1.18, a, = 0.0017,r = 0.033,n 
= 90 (in B). 

tent ranged from 2 to 70% by weight and 
lipids ranged from 0.2 to 3% by weight. The 
relative standard deviation of the measure- 
ments from nearby sites ranged from 4 to 
80% of the measured average organochlo- 
rine concentration, depending on the com- 
pound and proximity to nearby sources. 

As shown in Fig. 1, almost all of the 
organochlorines measured in this study are 
ubiquitous on a global scale except for hep- 
tachlor, aldrin, and the two endrins, all of 
which degrade to other compounds (17). 
Low but measurable oreanochlorine con- - 
centrations were found even in tree bark 
samples from remote regions of the world, 
including the Orinoco rain forest in Vene- 
zuela, Guanacaste National Park in Costa 
Rica, and the rain forests of Ecuador and 
Belize. Tree bark samples from remote is- 
lands, including the Marshall Islands, 
Guam, Bermuda, Tasmania, and the South 
Island of New Zealand, also had low but 
measurable concentrations of organochlo- 
rine compounds. Samples from Uganda, 
Togo, and Ghana contained low concentra- 
tions of contaminants. 

High concentrations of organochlorine 
compounds were measured in tree bark from 
the United States, Europe, India, the Mid- 
dle East, Japan, Brazil, Australia, Taiwan, 
South Korea, and Russia. Samples from ag- 
ricultural areas of the midwestern and east- 
ern United States showed high concentra- 
tions of contaminants. as did sam~les from 
agricultural areas in 'California 'and the 
southwestern United States. In Europe, 
contamination was consistently high in 
parts of Germany, Romania, Belgium, the 
Netherlands, and Denmark. In Japan, con- 
tamination was consistently high in and 
near Tokyo and lower in Hokkaido. 

The organochlorine compounds found 
in highest concentrations were the HCHs, 
the endosulfans, and p,pt-DDE (a degrada- 
tion product of p,pl-DDT). The HCHs were 
~rimarilv found as the a- and y-isomers and 
Are used as insecticides eithe; as the pure 
y-isomer (commonly known as lindane) or 
as a technical mixture of different isomers. 
Although the technical mixture is restrict- 
ed in most developed countries, lindane is 
not (10). Ratios of a-HCH to y-HCH con- 
centration in bark were greater than 2 in 
parts of the United States, China, India, 
and Japan, which indicates past or present 
use of the technical HCH mixture. High 
concentrations of HCHs were measured in 
samples from Norway, Alaska, Canada, 
Sweden, Scotland, Russia, and Hokkaido, 
Japan. All these sites showed low concen-7 
trations for most other organochlorine com- 
pounds. HCH concentrations were relative- 
ly low in the Philippines, Venezuela, Ecua- 
dor, Central America, Ghana, Togo, the 
Marshall Islands, and Guam. A similar pat- 
tern was observed for HCB, although the 

global concentrations were much lower 
(Fig. 1). 

Endosulfan is one of the last hexachlo- 
rocyclopentadiene insecticides remaining 
in widespread use (1 8), and it was found in 
high concentrations throughout the world 
(Fig. I). Endosulfan is used on most crops, 
but the high concentrations of endosulfan 
measured in India and the Pacific Rim may 
result from its intensive use in rice cultiva- 
tion (18). It is clear from Fig. 1 that indus- 
trialized countries are making full use of this 
readily available insecticide. 

The insecticide p,pl-DDT was found in 
high concentrations relative to its degrada- 
tion product, p,pl-DDE, in samples from 
India, Iran, Romania, Russia, and the west 
coast of Australia. The median ratio of p,pl- 
DDT to p,pl-DDE concentration in bark 
was greater than 2 in these countries, which 
indicates possible recent use of this insecti- 
cide. Even though DDT has been banned in 
the United States since 1973, its degrada- 
tion products are very persistent in the en- 
vironment; high concentrations of p,pt- 
DDE were still found in Darts of the Mid- 
west and Southwest. 

In our analysis of global distillation, we 
used the absolute value of the latitude of 
the sampling sites as the independent vari- 
able. The organochlorine concentrations 
measured at each of 90 sites were found to 
have a log-normal distribution; thus, the 
concentrations were all logarithmically 
transformed and used as the dependent 
variable. We used a simple regression 
model, 

log [oc] = a. + al I latitude I (1) 

where [oc] is the organochlorine concentra- 
tion in the bark (in nanograms per gram of 
lipid) and I latitude I is the absolute value of 
the latitude of the sampling sites (in de- 
grees). This model gave a significant rela- 
tion (P < 0.0001) for a- and y-HCH, HCB, 
and (to a lesser extent) PCA, the four most 
volatile compounds measured in this study 
(19). The slopes (a,) were all positive, in- 
dicatine that as latitude increases, the con- 
centration in the bark increases. The  con- 
centration of HCB, a relatively volatile 
compound, is low in tree bark from equato- 
rial regions compared with that in boreal 
and arctic regions (Fig. 2A). Less volatile 
compounds, such as endosulfan I1 (Fig. 2B), 
showed no significant correlation with lat- 
itude. which indicates that these com- 
pounds are not as effectively distilled and 
tend to remain near the original region of 
use. The distribution of these less volatile 
compounds is more likely related to the 
socioeconomic conditions of a given coun- 
try (20, 21) or to the types of crops grown 
there (21). 

We conclude that relatively volatile or- 
ganochlorine compounds (such as HCB and 
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the HCHs) are readily distilled to colder, 
higher latitudes but that less volatile com- 
pounds (such as endosulfan and DDT) are 
not. Several factors appear to control the 
global distribution of these less volatile 
compounds: (i) chemical persistence in in- 
dustrialized countries (such as the United 
States) where large amounts of these com- 
pounds were used in the past, (ii) present 
use in developing countries (such as India) 
where there is a market for inexpensive 
organochlorine compounds, and (iii) lack of 
use in countries (such as Ghana) that can- 
not afford to import and manufacture these 
compounds. 
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Magnetic Resonance Elastography by 
Direct Visualization of Propagating 

Acoustic Strain Waves 
R. Muthupillai, D. J. Lomas, P. J. Rossman, J. F. Greenleaf, 

A. Manduca, R. L. Ehman* 

A nuclear magnetic resonance imaging (MRI) method is presented for quantitatively 
mapping the physical response of a material to harmonic mechanical excitation. The 
resulting images allow calculation of regional mechanical properties. Measurements of 
shear modulus obtained with the MRI technique in gel materials correlate with indepen- 
dent measurements of static shear modulus. The results indicate that displacement 
patterns corresponding to cyclic displacements smaller than 200 nanometers can be 
measured. The findings suggest the feasibility of a medical imaging technique for de- 
lineating elasticity and other mechanical properties of tissue. 

T h e  spatial and temporal pattern of strain 
created within solid. objects subjected to 
dvnamic mechanical stress is of ereat inter- - 
est in many disciplines of science and engi- 
neering. For instance, the dynamic strain 
distribution associated with propagation of 
shear and compression waves is of substan- 
tial im~ortance in materials science and in 
ultrasonics, where such information may be 
used to predict dynamic behavior and dem- 
onstrate structural integrity and composi- 
tion. However, there have been few nonin- 
vasive methods for measurine the three- - 
dimensional strain effects (or strain dyadic) 
created by mechanical waves within mate- 
rials ( I  ). We describe a method to spatially 
map and quantitate displacement patterns 
corresponding to harmonic mechanical 
waves with amplitudes of I y m  or less in 
tissue and other materials with a nuclear 
magnetic resonance (NMR) technique. 
Strain and other mechanical characteristics 
related to wave propagation can be cornput-' 
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ed from these displacement patterns. Such 
images could be used to noninvasively de- 
duce important mechanical properties of 
the internal structure of a wide range of 
solid materials. 

In the presence of a magnetic-field gra- 
dient, the motion of nuclear spins causes a 
phase shift + in an NMR signal (2) given by 

where y is the gyromagnetic ratio charac- 
teristic of the nuclei, T is the time dura- 
tion of the gradients after excitation, G,(t) 
is a temporal function of the magnetic 
gradient superimposed on the static mag- 
netic field B,, and r( t )  describes the posi- 
tion of the nuclear spins as a function of 
time. 

If r(t) represents simple linear motion, 
then 

where r, and v, are, respectively, the posi- 
tion and velocity at time t = 0. If the 
acceleration and higher order terms are 
negligible, then given an appropriate gradi- 
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