
Observational Evidence for a Possible 
New Diffusion Path 

Transmission electron microscopy of experimentally deformed amphibolite suggests 
that submicroscopic intracrystalline tubes formed around linear defects may be a 
previously unrecognkd kind of diffusion pathway. Deformed and compositionally 
altered plagioclase and amphibole crystals include moderate densities of linear defects 
that morphologically resemble unit dislocations but display unusual contrast. During 
prolonged electron irradiation, the core regions of the defects expand to  well-defined 
tubes that are -20 nanometers in diameter. Both observations suggest that the regions 
about the defect cores are glassy and were filled with silicate-water fluid during the 
experiments. Intracrystalline transport along these tubes would likely be several orders 
of magnitude faster than traditionally conceived processes of solid-state volume 
diffusion, grain-boundary solvent transfer, and ordinary pipe diffusion along disloca- 
tion cores. 

D IFFUSION IS A FUNDAMENTAL PRO- 

cess. In Earth materials difision is 
the rate-controlling step in many 

types of deformation and metamorphism. 
The three types of diffusion paths commonly 
considered are: lattice or volume diffusion, 
intragranular or grain-boundary diffusion, 
and pipe difision along dislocation cores. 
In this paper, we present evidence for a 
potential fourth kind of diffusion path. The 
evidence is largely observational and was 
found fortuitously during transmission elec- 
tron microscope examination of amphibolite 
samples deformed at high pressures and 
temperatures. 

Deformation and hydrostatic annealing 
experiments were performed on natural and 
synthetic amphibolites composed of plagio- 
clase (30 mole percent anorthite; An,,), 
tschermakitic hornblende, and quartz (1). 
The experiments were conducted at confin- 
ing pressures of 0.5 to 1.5 GPa, tempera- 
tures of 700" to 1000°C, and strain rates of 

to lo-' s-' for up to 795 hours in 
Griggs-Blacic solid-medium apparatus. In 
synthetic and natural amphibolite samples 
heated with 1% by weight added H 2 0  at 
temperatures ?775"C, plagioclase, tscher- 
makitic hornblende, and quartz melted, and 
magnesio-hornblende and calcic plagioclase 
grew from the liquid (now glass). Unaltered 
parts of plagioclase crystals retained their 
original An,, composition, whereas altered 
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regions had a variable composition (from 
An,, to An,,), depending on the conditions 
of the experiment. 

When examined with the transmission 
electron microscope (TEM), these altered 
original 'crystals revealed unusual micro- 
structures (Fig. 1). The dominant feature in 
Fig. 1A is a set of subparallel, glass-filled 
cracks. The structure between the cracks is 
difficult to resolve but appears to comprise a 
dense tangle of dislocations or stacking fault 
ribbons (or both). Extending outward from 
the crack set and also within the rest of the 
crystal are what appear at first observation to 
be unit dislocations or stacking-fault rib- 
bons. With further scrutiny, however, these 
defects appear abnormal (Fig. 1B). Princi- 
pally, they are anomalously wide for dislo- 
cations, which in plagioclase are typically 
< lo  nm wide (1). Furthermore, the borders 
of some defects appear to be formed by 
crystallographically controlled surfaces. 
Stacking fault ribbons and other kinds of 
extended dislocations typically do not show 
this kind of contrast. Fringes did not appear 
in tilting to a variety of-diffraction condi- 
tions. These unusual defects superficially re- 
semble triple nodes formed of extended dis- 
locations, but they are not triple nodes 
because they are composed of one, two, or 
three intersecting defects-not always three. 

The images of these defects change con- 
siderably diring prolonged examination in 
the TEM. As shown in Fig. lC, the images 
of the defects and the glass-filled cracks 
broadened during irradiation. The material 

V 

that makes up the central region or "core" of 
each defect appeared to be amorphous be- 

cause it did not diffract. Further irradiation 
in the TEM led to complete vitrification and 
possible removal of material in the vicinity 
of the defects (Fig. ID).  The time required 
for such changes depended on the irradia- 
tion rate and, hence, the magnification and 
accelerating voltage. 

Material clearly was removed from the foil 
during irradiation in the TEM (Fig. 2). 
Figure 2A illustrates a deformed zone in an 
An,, plagioclase crystal undergoing alter- 
ation to a more calcic composition. The bulk 
of the crystal contains mechanical twins and 
variable densities of dislocations ( lo6 to 10' 
~ m - ~ ) .  The microstructure of the deformed 
zone appears to consist of densely tangled 
dislocations, possible microcracks, and ro- 
tated crystal fragments (Fig. 2B). During 
hrther observation of the region in the 
electron beam, material in the deformed 
zone became glassy, and marked changes 
occurred in the images of the defects in the 
bulk of the crystal (Fig. 2C). Specifically, 
where the defects pierced the surface of the 
foil, material was removed from the region 
of the defects, and a hole formed. Parts of 
the defects that did not pierce the foil also 
changed contrast and appeared as evenly 
illuminated bands with sharply defined mar- 
gins. The holes in the foil and the bands 
appeared to be tubes approximately 20 nm 
in diameter (Fig. 2D). 

Similar defects were observed in amphi- 
bole crystals undergoing compositional 
change or alteration to pyroxene. Repeated 
attempts to induce changes in contrast of the 
defects in the plagioclase and amphibole 
crystals in the starting material with the 
TEM were unsuccessful. The unusual de- 
fects occurred only in deformed samples 
where the crystals were undergoing alter- 
ation. Specifically, they have been observed 
in plagioclase deformed at strain rates of 

and lo-' s-' at 775°C and at strain 
rates of lo-" and lo-%-' at 875"C, 
and in amphibole deformed at 875°C and at 
a strain rate of s-'. Related voids 
occurred in amphibole deformed at 875°C 
and 10-"nd lo-%-' strain rate, and 
975°C and s-' strain rate. We have 
not observed the unusual defects in plagio- 
clase or amphibole crystals in samples that 
were only heated hydrostatically, although 
this may be an artifact of the lower defect 
densities of undeformed samples. 

The change in defect appearance during 
electron irradiation in the TEM is most 
likely to occur in materials with low atomic 
number, elevated water (H,O, OH-, 
H,O+) content, or high silica content (3, 
4). Our interpretation is that the change in 
contrast is possible because the defects are 
not normal dislocations, and we suggest that 
the heightened rate of damage is possible 
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because the -20-nm core region of each 
defm is filled with a water-silica glass that 
was fluid during the high-pressure and high- 
temperature experiments. 

Inadequate thermal anchoring or electri- 
cal grounding of a TEM sample can lead to 
heating or charging of the sample, both of 
which can result in more rapid radiation 
damage. The samples in this study were all 
glued to copper grids and then coated with 
carbon. Because we observed the same phe- 
nomenon in different foils and in the same 
foils on different visits to the microscope, it 
is unlikely that the quality of the anchoring 
or the quality of the conductive coating 
caused the rapid radiation damage rates. It is 
also unlikely that the cleanliness of the foil, 
the cleanliness of the microscope column, or 
the quality of the vacuum (3) influenced the 
radiation damage rates. 

It is conceivable that silica-water-filled 
tubes were present in the samples before 
irradiation. Frank (5) showed that disloca- 
tions with a large Burgers vector have re- 
duced total energy if the core region dis- 

solves to form a tube-simply because the 
increase in surface energy is compensated by 
the reduction in line energy of the disloca- 
tion. In our experiments, the increase in 
surface energy could also have been o6e t  by 
the tiee energy of the reaction producing the 
compositional change in the plagioclase and 
amphibole. 

To evaluate the potential importance of 
diffusion through 20-nm tubes, let us com- 
pare some rates of diffusion in albite. Crys- 
tals contain an equilibrium concentration of 
point defects that can diffuse through the 
lattice; hence, lamce diffusion is always a 
potentially important path in crystals if tem- 
peratures are high enough. Oxygen trans- 
port by lamce diffusion occurs at rates of 
lo-'' an2 s- ' at 500°C in albite (6). Hart 
(7) suggested that the diffusion rate through 
a bulk crystal containing dislocation cores 
was simply the sum of the rate of lamce 
diffusion multiplied by the area of the crystal 
lacking dislocation cores and the rate of pipe 
diffusion multiplied by the area of disloca- 
tion cores (for isotropic diffusion). For a 

crystal with a dislocation density of lo9 
an-2, the dislocation cores (with assumed 
radius of 0.5 nm) occupy an area that is 
-lo-' parts of the bulk crystal. Thus, for 
crystals with dislocation densities of -lo9 

the pipe diffusion rate must be about 
five orders of magnitude faster than the 
lattice diffusion rate in order for the pipe 
diffusion to contribute significantly to the 
rate of diffusion through the bulk crystal. 
Yund et al. (6, 8) have fbund that the pipe 
difbion rate of oxygen in albite is not faster 
than lo5 times the lattice diffusion rate. In 
otha words, normal dislocations provide lit- 
tle enhancement of intragranular d i i i o n .  

We can surmise that the rate of diffusion 
through a 20-nm intragranular tube is faster 
than pipe diffusion [-lo-'' cm2 s-' at 
500°C; (6)] and slower than diffusion of 
species in aqueous solutions an2 
s-I; (9)]. By analogy with Hart's (7) caku- 
lation, we can calculate the contribution of 
20-nm tubes to intragranular diffusion. For 
a crystal with a dislocation density of lo9 
an-2, the tubes (with a radius of 10 nm) 

0.1 urn 

Fig. 1. Transmission electron micrographs of a planar array of defects in their extended width (-50 nm) of glassy(?) material (G) and a potential 
plagioclase. (A) Initial view of the array, illustrating the relatively undam- bubble (B). (C) and (D) Successive views of region (A), illustrating 
aged appearance of the material. Possible crystallographic ficets are marked increasing amorphization of heavily deformed region and continued produc- 
with arrows. (B) Close-up of some defects with unusual contrast, showing tion of tubes. 
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the relatively normal con- 
mast of the dislocatiom and I. 

of &zone. (6) Close-up of I 

considerabk amorphW~on 
has occurred in the fault 1 
through irradiation. (D) 
Close-up of the irradiated 
defects to emphasize their 
tube-like nature. 

occupy an area that is pam of the 
bulk crystal. Thus, the tube diffusion rate 
need only be about three orders of magni- 
tude faster than the lattice diffusion rate tbr 
it to contribute significantly to the rate of 
intragranular diffusion. If the tube diffusion 
rate is lo-'' an2 s-' (pipe diffusion rate) to 

an2 s-' (aqueous solution diffusion 
rate), the intragranular diffusion rate tbr a 
defect density of lo9 an-2 is -10-l3 ad 
s-' to lo-' an2 s-'-an enhancement of 
intragranular diffusion rates by a factor of 
-lo2 to lo8. Conversely, if the diffusion 
rate tbr 20-nm tubes is lo-'' an2 s-' (pipe 
diffusion rate) to ad  s-' (aqueous 
solution diffusion rate), an enhancement of 
intragranular diffusion rate by a factor of 10 
can be produced by defect densities of only 
lo8 a-2 to 10' an-2. In other words, 
diffusion through 20-nm fluid-filled tubes 
has the potentid to be the dominant process 
of intragranular diffusive mass transfer. 

Veblen (10) suggested that structural tun- 
nels in m i n d  such as zeolites and biopy- 
riboles could Mitate  chemical reactions by 
providing a chemical short circuit between 
the interior of a crystal and its surroundings. 
We have shown that such a short circuit 
might involve tubes nearly three orders of 
magnitude larger in cross section. Below we 
speculate on G i b l e  implications of these 
tubes tbr detbrmation and metamorphism. 

If the tubes can move perpendicular to 
their axes by dissolution and reprecipita- 
tion-and the necessary ions can diffuse 
across or up and down the tube-then com- 
plete reaystallization and chemical re-equi- 

librium of a crystal might be achieved by 
migration of the defects as in dislocation slip 
and climb rather than by migration of a 
grain boundary across the entire crystal. 

The tubes formed only in areas of crystal 
that were interpreted to be out of chemical 
equilibrium (1). Newly recrystallized parts 
of crystals that are near to their equilibrium 
composition lack tubes, although norrnal- 
looking dislocations are present. This obser- 
vation implies that crystals that are M e r  
out of equilibrium may develop rapid difi- 
sion paths to hcilitate rapid recrystalli- 
tion, whereas those areas of crystal that are 
near equilibrium may rely on more conven- 
tional diffusion paths to accomplish compo- 
sitional change. 

When neoblasts that are of different vol- 
ume from their host crystal grow, they can 
produce local stresses that can cause disloca- 
tions to nucleate or move. If these disloca- 
tions then form fluid-filled tubes, the tubes 
may increase diffusion and enhance growth 
of the neoblast. This could be a self-reinfbrc- 
ing process wherein the production of neo- 
blasts promotes the production of tubes and 
vice versa. 

The stress and strain fields of a dislocation 
that has tbrmed a tube are relaxed because 
the lattice mismatch is spread over a wider 
area than normal. Consequently, the behav- 
ior of these defects would be different from 
that of normal dislocations. A dislocation 
that has formed a tube may be less mobile 
than a normal dislocation that can move by 
conservative slip, because any movement of 
the tube must involve dissolution and pre- 

ci~itation of the tube walls. This reduced 
&bility could also cause hardening of the 
crystal, because mobile dislocations may pile 
up against the tubes. In contrast, the re- 
duced stress and strain fields may release 
nearby, piled-up dislocations and allow 
them to glide. 

Our estimates of transport rates suggest 
that d i i i o n  in submicroscopic, intraays- 
talline tubes filled with a silicate-water fluid 
could be a dominant ~rocess in deformation 
and metamorphism under certain condi- 
tions. Anomalously rapid diffusion rates that 
cannot be explained by conventional difi- 
sion paths may be related to this potential 
path. We caution that our observations have 
been made only in experimentally deformed, 
partially melted samples, and welcome fur- 
ther investigation of such defests. 
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Long-Term Human B Cell Lines Dependent on 
Interleukin-4 and Antibody to CD40 

CD40 is a 45- to  50-kilodalton transmembrane glycoprotein expressed on B lympho- 
cytes, epithelial cells, and some carcinoma cell lines. Human resting B lymphocytes 
entered a state of sustained proliferation when incubated with both the mouse 
fibroblastic Ltk- cell line that had been transfected with the human PC receptor 
(PcyRIIICDw32) and monoclonal antibodies to  CD40. I n  combination with inter- 
leukin-4, factor-dependent long-term normal human B cell lines were generated that 
were consistently negative for Epstein-Barr viral infection. Thus, cross-linking of 
CD40 is likely to  represent an important phenomenon in the clonal expansion of B 
cells. 

A LTHOUGH PACTOR-DEPENDENT 
human T cell lines and clones have 
been available for more than a dec- 

ade, all attempts to reproducibly generate 
factor-dependent human B cell lines have 
failed (I), and combinations of agonistic 
antibodies and cytokines have essentially 
resulted in short-term proliferation of B cells 
(2). Here we show that interleukin-4 (IL-4) 
and monoclonal antibodies (MAbs) to 
CD40 (anti-CD40), presented in a cross- 
linked fashion by transfected mouse Ltk- 
cells that are stably expressing human 
FcyRIIICDw32 (3), permit establishment 
of factor-dependent long-term human B cell 
lines that were consistently free of Epstein- 
Barr virus infection. 

Resting T cells strongly proliferate in 
response to MAbs to CD3 (anti-CD3) pre- 
sented on irradiated fibroblastic mouse Ltk- 
cells expressing FcyRIIICDw32 (3) 
(CDw32 L cells). This proliferation results 
from the cross-linking of CD3 molecules on 
the surface of T cells after the Fc portion of 
the MAb binds with CDw32 (4). A variety 
of MAbs specific for various B cell surface 
antigens were tested for their capacity to 
induce the proliferation of highly purified 
human resting B lymphocytes cultured in 
the presence of irradiated CDw32 L cells 
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(Table 1). Monoclonal antibodies 89 and 
G28-5, both specific for CD40, induced B 
cell proliferation, whereas MAbs to CD19, 
CD21, CD23, CD24, and CD37 did not. 
Monoclonal antibody 89-induced prolifera- 
tion was dependent on the expression of 
CDw32 by L cells, since untransfected L 

2 4 6 8 1 0  12  

Time (days) 

Fig. 1. Anti-CD4Ginduced proliferation of nor- 
mal B lymphocytes is long lasting and enhanced 
by IL-4. Purified spleen B cells (2.5 x lo4, >97% 
CD20+) were cultured in flat-bottom microwells 
for up to 10 days on 2.5 x lo3 irradiated CDw32 
L cells without MAb 89, without IL-4 (0); 
without MAb 89, with IL-4 (100 Ulml) (A); 
with MAb 89, without IL-4 (W); with MAb 89, 
with IL-4 (100 Utml) (e). IL-4 is a urified ? recombinant protein (specific activity; 10 Utmg) 
obtained from Schering-Plough Research. 
[3H]Thymidine pulses (16 hours) were per- 
formed daily. Results are means ? SD of trlpli- 
cates. 

cells or L cells transfected with HLA class I 
antigens did not allow MAb 89 to induce B 
cell proliferation (5). B cell proliferation 
occurred over a wide range of MAb 89 
concentration and was maximal at 30 ng per 
milliliter (=lo-'' M). Proliferation of B 
lymphocytes induced by MAb 89 + CDw32 
L cells was sustained for at least 10 days after 
the onset of culture (Fig. 1). Thus, anti- 
CD40, in addition to well-known costimu- 
latory effects on anti-immunoglobulin M 
(1gM)-activated B cells (6), can exert a 
direct proliferative effect on B cells when 
appropriately presented. Because resting B 
cells barely proliferate in response to soluble 
MAb 89, cross-linking of the CD40 antigen 
is probably required for B cells to prolifer- 
ate. The present procedure, which is based 
on the use of CDw32 expressing fibroblast 
cells, is particularly efficient in inducing B 
cell proliferation, and immobilization of 
MAb 89 on the solid phase or cross-linking 
of MAb 89 with a goat antibody to mouse 
Ig (5) induced a less intense cell prolifera- 
tion. 

Addition of recombinant IL-4 to cultures 
strongly enhanced MAb 89-induced 
[3H]thymidine incorporation (Fig. 1). In 
contrast, IL-2 only weakly enhanced anti- 
CD40-induced proliferation (5). Monoclo- 
nal antibody 89 induced multiplication of 
cultured B cells (Fig. 2A). In contrast, with- 
out MAb 89 a few viable B cells could be 

Table 1. Resting human B cells proliferate in 
response to MAbs to CD40 presented by 
CDw32-transfected L cells. Quiescent human B 
cells were purified by negative selection and 
Percoll density sedimentation from tonsils as 
described (14). B cells (10" 98% CD20+) were 
cultured on irradiated (7500 rads) CDw32 L 
cells ( lo4) in medium (14). Monoclonal 
antibodies (all IgG1, which react best with 
CDw32) were added to cultures at increasing 
concentrations (0.01 to 10 pgtml). Only results 
obtained with 1 kglml are shown, as they are 
typical of the experiment. Monoclonal 
antibodies G28-5 and SF1 were provided by E. 
A. Clark and J .  F. Cantaloube, respectively. B4 
was from Coulter (Hialeah, Florida) and IOB3 
and IOB 1 were from Imrnunotech (Marseilles, 
France). A 16-hour [3H]thymidine pulse (1 
kcitwell) was performed on day 3. Results are 
means ? SD of triplicates. ND, not determined. 
Results are representative of three experiments. 

~[~HIThymidine 
MAb CD incorporation (cpm x 

Exp. 1 Exp. 2 

0 
MAb 89 
G28-5 
B4 
8F 1 
MAb 25 
IOB3 
IOB 1 
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