
zero otherwise. The quantities ai and bh 
are constants and the little rectangles Ai 
do not contain points on the solitary 
wave trajectory. 

Results are shown in Figs. 1 and 2. So- 
lutions of the reaction-diffusion systems 
were computed by using Lees' modifica- 
tion of the Crank-Nicolson numerical 
procedure (9). Figure 1 shows the com- 
puted solitary waves of u and v traveling 
toward the center of the figure and the 
initial merging of the waves. In the un- 
modified system these collision enve- 
lopes collapse back to resting values. 
Figure 2 shows further interactions and 
the emergence of solitary waves after the 
collision in the modified system. To 
check that the modified system still gave 
solitary waves in response to an initial 
stimulus of locally elevated u, solutions 
of the modified equations were comput- 
ed with u(x,O) and v(x,O) as given above. 
The result was two solitary waves travel- 
ing to the left and right, as had been the 
case for the original system. It is note- 
worthy that when slightly asymmetric 
initial data were employed for the modi- 
fied system, when two solitary waves 
collided only one emerged from the colli- 
sion. 

The ramifications of the existence of 
solitons in reaction-diffusion systems are 
far-reaching. Models for the activity of 
populations of neurons have hinted at 
their existence (10) and they may be im- 
portant in particle physics. The idea of 
solitons in neuroanatomic structures 
may be important in possible theories of 
memory. The reaction-diffusion system 
in which solitons have been found by nu- 
merical computation (which can give on- 
ly evidence rather than proof of their ex- 
istence) has been constructed from a sys- 
tem that arises in describing the 
evolution of ion concentrations in corti- 
cal structures. It is hoped that systems 
will be found whose reaction terms arise 
naturally and Which give rise to soliton 
solutions. The aim of this investigation 
has been to obtain evidence that reac- 
tion-diffusion systems can support soli- 
ton solutions, which had not previously 
been suspected. 
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In a recent study of the cathodolumi- 
nescence (CL) of quartz grains in gran- 
ites and pegmatites, we have discovered 
some interesting structures that have not 
been noticed before. In 84 percent of the 
granites examined, most of the quartz lu- 
minesces blue. In the remaining 16 per- 
cent, the dominant quartz CL color is 
red. Two-thirds of the rocks with blue- 
luminescing quartz have red-luminescing 
structures within the quartz grains. The 
red luminescence is often in linear, elon- 
gated domains (Fig. 1, a, d, e, and g). 
These red-luminescing domains within 
blue-luminescing quartz are frequently 
indistinguishable under the microscope 
with either ordinary or polarized light. 
Linear red-luminescing domains are 
sometimes recognized as bubble lines, 
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the intersection of inclusion planes with 
the surface of the rock thin section (Fig. 
1, a, b, c, e, and f). However, in other 
cases bubble planes are not associated 
with red luminescence (Fig. ld). 

Earlier studies by Sprunt et al. (1) and 
Sprunt (2) indicated that blue quartz CL 
is often associated with higher temper- 
atures of quartz crystallization than red 
CL; it was found that the CL color of 
quartz in several quartzites changes sys- 
tematically from red to blue with increas- 
ing metamorphic grade. Moreover, detri- 
tal quartz grains in sandstones often 
have blue CL, whereas the secondary 
quartz overgrowths and cement have red 
CL. Sprunt (2) found that the major dif- 
ference between red- and blue-luminesc- 
ing quartz was the Ti/Fe ratio, with high 
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Table 1. Samples studied; N, not observed. 

High- 
Rock Red veins density Calcite 

red veins veins 

Baring, Maine Yes Yes Yes 
Barre, Vermont 1 N N N 
Barre, Vermont 2 Yes N N 
Milford, New Hampshire Yes N N 
Chelmsford, Massachusetts 1 N N Yes 
Chelmsford, Massachusetts 2 N N N 
Quincy, Massachusetts Yes Yes N 
Westerly, Rhode Island N N N 
Roxbury, Coninecticut N N Yes 
Norfolk, Connecticut Yes N N 
Nelson County, Virginia Yes Yes Yes 
Graniteville, Missouri Yes Yes N 
Wausau, Wisconsin 1 N N N 
Wausau, Wisconsin 2 N N N 
Troy, Oklahoma Yes Yes N 
Mount Ajo, Arizona Yes Yes N 
Bergell granite, Switzerland 1 N N Yes 
Bergell granite, Switzerland 2 Yes N N 
Bergell granite, Switzerland 3 Yes N N 
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Microcracking and Healing in Granites: 

New Evidence from Cathodoluminescence 

Abstract. Quartz grains in granitic rocks usually have blue cathodoluminescence 
(CL). Within the blue-luminescing grains, there are often red-luminescing domains 
which are frequently impossible to detect without CL contrast. This finding sutggests 
that the red-luminescing quartz is sealing preexisting microcracks. The presence of 
these now-healed microcracks has important implications with respect to the role of 
pore fluid pressure and fluid transfer in metamorphism, the origin of granites, long- 
period crustal deformation, earthqutake mechanics, physical properties of rocks, and 
deep-seated geothermal energy. 
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ratios for blue CL and low ones for red 
CL. Apparently, high temperature fa- 
vors high Ti/Fe ratios. 

We interpret the domains of red CL in 
granitic and pegmatitic quartz as rela- 
tively lower-temperature quartz depos- 
ited in the preexisting high-temperature 
blue CL quartz. The simplest mechanism 
for the development of this secondary 
red CL quartz is the filling of micro- 
fractures and open subgrain boundaries 
in deformed blue CL grains. The frac- 
tured nature of the filled regions is sug- 

gested by direct inspection of the shapes 
of the red CL domains (Fig. 1, a, d, e, 
and g). The linear red domains inter- 
secting each other resemble arrays of mi- 
crocracks in rocks. Some of these do- 
mains have a more diffuse pattern, as if 
the agent responsible for the red CL has 
diffused away from the filled crack-like 
region into the blue CL host grain (Fig. 
le). Whether this is due to real diffusion 
of Fe and Ti remains to be studied with 
other tools such as the laser microprobe. 
Another mode of appearance of the red 

Fig. 1. Photomicrographs of cracks in granites. All the photos are the same magnification, with 
the scale shown in (k). (a) CL image of quartz in a granite from Nelson County, Virginia. Red 
CL quartz appears darker than blue CL quartz. Arrow indicates a red CL quartz zone that 
coincides with a bubble plane. (b) Transmitted-light image of the same microscope field as (a). 
The bubble plane corresponding to the red CL zone in (a) is indicated by the arrow. (c) Image 
with crossed Nicol prisms of the same microscope field as (a). The bubble plane is again visible 
(arrow). Red CL zones are not distinguishable with crossed Nicols. (d) CL image of quartz in a 
granite from Nelson County, Virginia. Arrows indicate a bubble plane that does not coincide 
with a red CL zone. Some red CL zones not coincident with bubble planes are visible. (e) CL 
image of quartz in a granite from Troy, Oklahoma. Several of the red CL zones coincide with 
bubble planes which can be seen in (f). (f) Transmitted-light image of the same microscopic field 
as (e). Many bubble planes are evident. (g) CL image of quartz in Graniteville, Missouri, gran- 
ite. One wide and several narrow red CL zones cross the grain. (h) Transmitted-light image of 
the same microscope field as (g). The wide fracture seen in (g) is not evident. (i) CL image of 
quartz in a granite from Baring, Maine. Red CL zones appear to outline subgrains. Arrow 
indicates a calcite-filled portion of a fracture. (j) Transmitted-light image of the same field as (i). 
(k) CL image of calcite veins in quartz in Chelmsford, Massachusetts, granite (arrows). (1) CL 
image of calcite veins in feldspar in granite from Nelson County, Virginia (arrows). 
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CL domains is the spotty pattern (Fig. l i) 
in which the red CL quartz appears here 
as filling between shattered grains. Simi- 
lar filling has been observed with CL pe- 
trography in quartz in sedimentary rocks 
and interpreted as fractures (3). The ex- 
citing new discovery here is that CL pe- 
trography can detect fractures healed 
with quartz in quartz grains of igneous 
rocks, which cannot be seen otherwise. 

It has long been believed that planes of 
fluid inclusions in quartz in granites are 
remnants of healed fractures (4, 5). Ex- 
perimental and field studies show that 
fluid inclusions may form at temper- 
atures between 350? and 500?C (6) and 
pressures corresponding to a depth of 8 
to 11 km in the crust. As mentioned 
above, some inclusions are aligned with 
red CL lines whereas others are all in 
blue CL (Fig. 1, a, b, and d). This obser- 
vation suggests that microcracks occur 
in granites at different times throughout 
their history, including high-temperature 
periods, and that microcracking may be 
more abundant than the density of red 
CL indicates (Table 1). The healed frac- 
tures with inclusions may be typical of 
higher temperatures, whereas healed 
cracks with red CL, frequently without 
inclusions, occur at somewhat lower 
temperatures. If, however, fluid in- 
clusions are no more typical of cracks 
healed at high temperature than of 
cracks healed at low temperature, cracks 
in blue CL healed with high-temperature 
blue CL quartz would escape notice. 
This suggests a very extensive, other- 
wise undetected process of cracking and 
healing, beginning when the rock cools 
just enough for the quartz to become 
brittle and continuing down to lower 
temperatures until solubility, diffusion, 
and the mobility of silica become too 
small for healing in a reasonable period 
of time. 

One possible source of the extensive 
cracking is the thermal history of the 
rocks. Quartz is particularly interesting 
in this respect because the incoherent 
/3 --> a transition is associated with large 
distortional strain. The extensive crack- 
ing and subsequent healing may occur af- 
ter cooling below the transition temper- 
ature at about 570? to 600?C [depending 
on pressure and stress (7)]. Other pos- 
sible sources of extensive cracking 
are tectonic deformation and differential 
thermal and overburden stresses in 
quartz (7). 

Several samples show not only in- 
clusion planes and red CL domains but 
also calcite-filled microcracks in both 
quartz and feldspar and the boundaries 
between them (Fig. 1, i, k, and 1; Table 

SCIENCE, VOL. 205 



1). Calcite-filled cracks have been ob- 
served (5), but they are particularly obvi- 
ous with CL petrography because calcite 
CL is much more intense than quartz 
CL. Whether calcite fillings are depos- 
ited at the same time as quartz or later is 
still unclear. It is evident, however, that 
calcite plays a role similar to quartz in 
crack sealing. 

If our interpretation of new CL evi- 
dence is correct, cracking and healing in 
quartz is much more abundant and com- 
mon in granitic and related rocks than 
previously thought (Table 1). This im- 
plies that tectonic or thermal strains can 
induce fracturing rather easily. These 
fractures are probably the conduits for 
the transfer of silica which eventually 
seals them, sometimes leaving behind 
planes of fluid inclusions. We infer there- 
fore that a fluid phase, probably water 
with dissolved gases, is present in gran- 
ites during part of their cooling history. 
This liquid, the residue of which is found 
in the fluid inclusions, provides the mate- 
rial needed to eventually seal the frac- 
tures. The pressure of the fluid (P) must 
be at or close to lithostatic overburden 
pressure. If P is lower, fractures will 
tend to deform under the overburden so 
as to increase the pore pressure until it 
does equal the overburden pressure. 
Furthermore, under these high P condi- 
tions cracks remain propped open, caus- 
ing relatively high hydraulic perme- 
ability. 

The possibility that extensive fractur- 
ing, high pore pressure, fluid flow, and 
healing occur in granitic rocks at mid- 
crustal depth has important implications 
for several mechanical and chemical 
problems of crustal history and tectonics 
including metamorphism, deformation, 
earthquake mechanics, and the physical 
properties of the crust. Particularly inter- 
esting is the strong evidence of the ex- 
change of oxygen in deep-seated batho- 
liths (up to 19 km) with meteoric water 
(8). In spite of widespread evidence for 
such exchange, one aspect remained 
enigmatic: How can oxygen in deep 
batholiths be exchanged with meteoric 
water without extensive fracturing? 
Clearly, diffusion of oxygen in solid rock 
is much too slow for full exchange even 
in a few million years. If fracturing and 
healing are common, the combined pro- 
cess may provide the means by which 
such exchange can occur. The exchange 
is usually complete in feldspar but only 
very limited in quartz (8). This is due in 
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Clearly, diffusion of oxygen in solid rock 
is much too slow for full exchange even 
in a few million years. If fracturing and 
healing are common, the combined pro- 
cess may provide the means by which 
such exchange can occur. The exchange 
is usually complete in feldspar but only 
very limited in quartz (8). This is due in 
part to higher diffusivity in feldspars (9); 
however, our preliminary observations 
of feldspars (Fig. 1, panel 1) appear to 
provide additional means, as they show a 
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very complex pattern of CL domains with 
density (much greater than in quartz), 
which may well be related to extremely 
extensive and fine microcracking and 
healing. 
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release. 

Catecholamine-containing terminals in 
postganglionic peripheral nerves are 
thought to utilize norepinephrine exclu- 
sively as their neurotransmitter. We now 
report that in the dog kidney the fibers 
associated with the blood vessels at the 
glomerular vascular pole contain pre- 
dominantly dopamine (DA). Many lines 
of evidence indirectly suggest that DA 
may have a physiological role in the kid- 
ney. First, there is a DA-specific recep- 
tor in the renal vasculature mediating the 
vasodilation produced by exogenous DA 
(1). When small doses of DA are admin- 
istered to animals or man, there is an in- 
crease in glomerular filtration rate, renal 
blood flow, and Na+ excretion (1). Fur- 
thermore, there is evidence that DA may 
exert a physiological role in the regula- 
tion of Na+ excretion and maintenance 
of plasma volume. Cuche et al. (2) re- 
ported that when normal human subjects 
assume the upright position, the urinary 
excretion rate of DNA decreases and 
that of norepinephrine increases. Con- 
versely, Alexander et al. (3) found that 
with a saline infusion, urinary DA in- 
creases while norepinephrine decreases. 
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Faucheux et al. (4) reported that saline 
infusion also increased urinary DA ex- 
cretion in dogs and, in contrast, found 
that expanding plasma volume by albu- 
min infusion does not affect DA excre- 
tion. These studies suggest that DA may 
have a role in the regulation of the renal 
excretion of sodium. In addition, Imbs et 
al. and Dzau et al. (5) reported that intra- 
renal infusions of DA increased renin ex- 
cretion in the dog and this effect, like the 
increase in renal blood flow, was antago- 
nized by the DA antagonist, haloper- 
idol. 

A major question is whether the puta- 
tive physiological roles of DA and the al- 
terations in DA excretion are related to 
the release of DA from renal storage 
sites. Catecholamine-containing neurons 
have been observed in many areas of the 
kidney by the Falck-Hillarp histofluores- 
cence technique, but no neuronal ele- 
ments containing DA as the predominant 
catecholamine have been identified (6). 
Indeed, it is generally assumed that the 
DA content of peripheral tissues repre- 
sents a precursor pool for norepineph- 
rine. However, Bell and Lang (7) 
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Histofluorescence Techniques Provide Evidence for Dopamine- 

Containing Neuronal Elements in Canine Kidney 

Abstract. Changes induced by hydrochloric acid in the excitation spectrum of cat- 
echolamine fluorophores associated iwith the innervation of the canine renal vascula- 
tare show that there are neuronal elements at the glomerular vascular poles contain- 
ing predominantly dopamine. In contrast, the catecholamine fluorescence in the 
periadventitial layer of the arcuate arteries is derived from norepinephrine. The 
dopamine-containing structures may represent the prejunctional counterpart to the 
pharmacologically identified dopamine receptors in the renal vasculature. As such, 
this system may be involved in the normal regulation of renal blood flow and renin 
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