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Surface Charge Heterogeneity in Amphibole Cleavage

Fragments and Asbestos Fibers

Abstract. Aspect ratio and electrophoretic mobility data for amphibole particles
reveal that short fibers and blocky cleavage fragments have a smaller net charge
than highly elongated particles. Asbestos fibers and cleavage fragments of the same
dimensions exhibit the same net negative surface charge but positively charged ends

and negatively charged lateral surfaces.

Research is being done at the Bureau
of Mines Twin Cities Research Center on
the relation between electrophoretic mo-
bility and the aspect ratio of amphibole
fibers and cleavage fragments (/) in an
effort to minimize the undesirable occu-
pational hazards associated with mining
and mineral processing operations. [The
nomenclature used in this report con-
forms to that suggested by Campbell et
al. 2).]

In order to determine the relation be-
tween surface charge and aspect ratio for
a wide range of amphibole particle
shapes, experiments were designed to
determine both the surface charge and
the aspect ratio for individual particles.
In the work described here, a micro-
electrophoresis cell with a rectangular
cross section was used so that particles
in the field of view could be photo-
graphed. Electrophoretic mobility data
were obtained for particles with aspect
ratios from 1 up to 40. These data gave
important insight into the surface charge
properties of amphibole particles.

The asbestiform minerals studied were
crocidolite and grunerite asbestos from
the International Union Against Cancer
(UICC) 3). A sample of acicular trem-
olite (originally from Canaan, Con-
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necticut) was obtained from the Science
Museum of Minnesota, St. Paul. The Bu-
reau of Mines Research Center at Avon-
dale, Maryland, supplied a sample of
riebeckite from El Paso County, Colora-
do. The UICC samples were used as re-
ceived, and the acicular tremolite and
riebeckite were hand-ground in an agate
mortar and pestle. Suspensions in dis-
tilled water [0.1 percent (weight-vol-
ume)] were prepared by magnetic stir-
ring and ultrasonic agitation. The pH
was adjusted to 7 with 0.01M HNO; and
NaOH, and the mixtures were sealed
and allowed to stand for 15 to 20 hours.
If needed, the pH was readjusted to 7
just prior to the microelectrophoresis
measurements.

Table 1. Limiting values of electrophoretic
mobility resulting from the different lateral
charge density and basal charge density.

M2 M1
Mineral [ —
(um/sec)/(V/cm)
Grunerite asbestos -2.8 +5
Crocidolite -2.8 +4
Fibrous tremolite -2.5 +2
Riebeckite -2.5 +1
All points -2.7 +4
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We determined the aspect ratio and
surface charge simultaneously, using a
rectangular cell electrophoresis system
and petrographic microscope equipped
with a camera. The rectangular cavity in
the cell had a width of 12 mm and a depth
of 0.95 mm. The polished platinum elec-
trodes were separated by 7.4 cm, and the
microscope had an overall magnification
of X375. The cell was filled with the sus-
pension of amphibole particles and posi-
tioned so that the microscope was fo-
cused exactly 0.20 mm above the bottom
of the cell.

Times were recorded only for elon-
gated particles (aspect ratio of about 3 or
greater) that remained parallel with the
electric field as they moved. Blocky par-
ticles were randomly oriented owing to
Brownian movement. The distance trav-
eled was 220 um, and the voltage was
175 V. The ionic strength was about 10~
during these measurements. The shape,
location, and orientation of each particle
tracked was also recorded so that later it
would be possible to determine which
specific particle was followed in the re-
sulting photograph. We determined the
aspect ratio of each particle by measur-
ing its image in the photograph; one pho-
tograph was required for each particle.
Particles were usually 0.5 to 2 um wide
and 3 to 15 um long.

A control experiment was performed
to ensure that observed differences in
mobility between elongated and blocky
particles truly reflected a difference in
net surface charge rather than simply
a hydrodynamic effect. Grunerite asbes-
tos and crocidolite were suspended in
107M KNOg;. In both suspensions, the
electrophoretic mobilities of blocky par-
ticles, elongated particles oriented per-
pendicular to the electric field, and elon-
gated particles parallel . with the field
were measured.

For both grunerite asbestos and cro-
cidolite, the elongated particles per-
pendicular to the electric field had rela-
tive electrophoretic mobilities of 0.74
+0.03 and 0.7 = 0.02, respective-
ly, compared with elongated particles
parallel to the field. Theory predicts that
the electrophoretic mobilities of spheri-
cal particles would exactly equal the
mean of values of cylinders oriented par-
allel and perpendicular to the applied
field @). The blocky particles would ap-
proximate the behavior of spheres.
Thus, on the basis of shape effects only,
the mobility of blocky particles of gru-
nerite asbestos and crocidolite were
expected to be 0.85 = 0.03 and 0.87
+ 0.04, respectively, relative to that
of elongated particles moving paral-
lel to the field. However, the observed
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relative mobilities for blocky particles
were 0.57 = 0.01 and 0.63 = 0.04. Since
the measured mobility for blocky parti-
cles is only about two-thirds the value
calculated on the basis of shape factors,
the lower measured mobility for blocky
particles reflects a smaller net negative
charge. Although shape may have been a
minor factor in producing the smaller
mobilities measured for the particles
with the lowest aspect ratios, true sur-
face charge differences were the pre-
dominant cause for the observed trend.

Electrophoretic mobility-aspect ratio
data for riebeckite, acicular tremolite,
crocidolite, and grunerite asbestos are
given in Fig. 1. Each point represents the
measured electrophoretic mobility and
aspect ratio for one particle. The mobil-
ity was lower for blocky particles, but it
rapidly increased for particles of higher
aspect ratio. All four samples behaved in
the same way. No difference in the mo-
bility was seen between particles from
asbestiform versus nonasbestiform min-
erals.

There is considerable scatter in the
points in Fig. 1 because both the elec-
trophoretic mobility and aspect ratio
measurements were subject to rather
large experimental uncertainties. The
measured mobility has been found to be
somewhat variable even for particles of
the same dimensions, and the standard
deviation for individual values of mobil-
ity was about * 10 percent. Since the
particles exhibited some Brownian
movement during photographing, the im-
ages were seldom in sharp focus. Mea-
surements of aspect ratios from the pho-
tographs had a standard deviation of
+ 15 percent. Some additional error in
determining particle length could have
occurred when elongated particles were

slightly nonparallel to the bottom of the

cell.

The relation between electrophoretic
mobility and aspect ratio in Fig. 1 ap-
peared somewhat complex. In order to
explain the observed behavior, an equa-
tion was derived based on the geometry
of amphibole particles. This mathemati-
cal expression states that the net or over-
all charge per unit surface area is the sum
of the charge per unit area of the dif-
ferent surface regions of each particle. A
derivation of the equation is as follows.

The charged surface surrounding each
amphibole particle at the Stern plane was
assumed to be cylindrical in shape (5)
with a radius r and length ¢. The bases of
the particles (cleavage planes per-
pendicular to the c-axis) were assumed
to have a charge density, o, that could
be different from the lateral charge den-
sity, 0. The crystal structure of amphi-
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Fig. 1. Electrophoretic mobil-
ity plotted as a function of the
aspect ratio for grunerite as-
bestos, acicular tremolite, cro-
cidolite, and riebeckite.

Electrophoretic mobility (um/sec)/(V/cm)

0.5 |-

o Grunerite asbestos
® Acicular tremolite
o Crocidolite

& Riebeckite

L 1 1 1

boles is such that surfaces would have
different ionic composition at planes par-
allel to and perpendicular to the c-axis
6). Earlier work (1, 5) has indicated that
neither fibers nor cleavage fragments
have well-defined rectangular cross sec-
tions due to growth or cleavage along
crystal planes. The average chemical
composition of the lateral surfaces is as-
sumed to be the same for both fibers and
cleavage fragments; this assumption is
substantiated by the fact that fibers and
cleavage fragments have the same mobil-
ity when their dimensions are the same.
Because of the different basal and lateral
composition, the assumption of dis-
similar charge densities appeared rea-
sonable. Geometrical consideration of
surface areas and surface charges in
terms of aspect ratio leads to the follow-
ing equations. The aspect ratio (y) for a
particle is defined as

4
Y =5 (1)

The lateral surface area (A,) and the bas-
al surface area (A,), respectively, are
given by

A, = 2mr, = dwrty, Ay = 22 (2)

The total surface charge (Q) is the sum of
the products of the area multiplied by the
corresponding charge densities o, and
[o0N

Q = UlAb + (TZAg =
2ntoy + dnPyo, 3)
The net surface charge density (o) equals

the total charge divided by the total area,
thus

_ (0] _ 23 (o, + 20,y) -
v A, + Ay 4rrty + 2mrr?
oy + 209y
2y + 1 “)

Since electrophoretic mobility is es-
sentially directly proportional to zeta po-

10 20 30 40
Aspect ratio

tential and in turn to the density of
charge on the particle surface, multipli-
cation of the charge densities in Eq. 4 by
the appropriate constants gives an equa-
tion in terms of the electrophoretic
mobilities (w)

_ Myt 2ppy
T2y + 1 ©

The constants w; and u, are the limiting
mobilities for the extreme cases of par-
ticle shape; u; would be the mobility for
a cylindrical wafer, and u, would be the
mobility for an infinitely long fiber. For
every real particle, the observed mobil-
ity u will be a combination of the mobil-
ities resulting from the lateral and basal
contributions. Although the above model
is based on the cylindrical geometry of
the particle, essentially the same rela-
tionship can be derived for particles
in the form of rectangular parallel-
epipeds.

In order to evaluate the constants u,
and u., we carried out a linear regression
analysis of the data for each material and
for all the combined data, according to
Eq. 5. Individual and average values of
wy and u, are given in Table 1 for com-
parison, and we constructed the curve in
Fig. 1 using the average values of u, and
M. There is remarkably good agreement
between the trend of observed experi-
mental values and the behavior predicted
from Eq. S. Because the curve has such a
large slope at aspect ratios less than 1,
values of w, are somewhat unprecise.
The exact magnitude of w, is unimpor-
tant, but the difference in sign gives the
curve its unique shape. A logarithmic or
power-series equation might be fitted to
the data points, but such an equation
would be entirely empirical. The con-
stants in Eq. S have physical significance
as limiting values of w.

Some earlier research has indicated
that the surface composition and surface
charge may be dissimilar for different
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faces of crystals (7). The results present-
ed here indicate that amphibole particles
appear to have opposite surface charge
on lateral and basal surfaces. Therefore,
short amphibole fibers and blocky cleav-
age fragments have a smaller net charge
than elongated fibers and cleavage frag-
ments.
JosepH E. SCHILLER
SEQUOYAH L. PAYNE
SANAA E. KHALAFALLA
Twin Cities Research Center,
Bureau of Mines,
Post Office Box 1660,
Twin Cities, Minnesota 55111
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Tetracycline-Labeled Human Bone from Ancient

Sudanese Nubia (A.D. 350)

Abstract. Nubian bone recovered from an X-group cemetery (A.D. 350 to 550)
exhibits a pattern of fluorescence identical to that of modern tetracycline-labeled
bone. When it is viewed under ultraviolet light at 490 angstroms, fluorophors are
visible as a characteristic yellow-green fluorescence on surfaces that were actively
mineralizing at the time of exposure. Contamination of stored grains provided the
proper environment for cultivation of tetracycline-producing Streptomycetes. Evi-
dence for exposure to antibiotics in an archeological population is relevant to studies
of the evolution of R factors and to the interpretation of health and disease within the

population.

When thin sections of compact bone
from an archeological population of
Sudanese Nubians were viewed under a
fluorescence microscope, a pattern of
fluorescence identical to that of modern
tetracycline-labeled bone was observed
(1). This bone predates the antibiotic era
by at least 1400 years.

The prescribing of tetracyclines as
broad-spectrum antibiotics in the 1950’s
led to the discovery that their use causes
staining and fluorescence in calcifying
tissues (2). In compact bone, tetracy-
cline is bound to the surfaces of Haver-
sian systems (osteons) actively mineral-
izing at the time of the administration of
the drug; mature osteons remain unaf-
fected. The tetracyclines are active ion
chelators, forming complex calcium and
protein compounds (3) that produce in-
tense yellow-green fluorophors (2). This
fluorescence persists through time )
and has been useful in the analysis of
bone dynamics (§).

The fluorophor-labeled bone was re-
covered from an X-group (6) cemetery
on the west bank of the Nile River oppo-
site the town of Wadi Halfa in the Sudan.
The X-group (Ballana) period (A.D. 350
to 550) represents a phase of indepen-
dent rule after the decline of the Meroitic
Kingdom (350 B.C. to A.D. 350) and pre-
ceding the rise of Christianity (A.D. 550
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to 1300) in Nubia. The X-group people
were intensive agriculturalists, cultivat-
ing the floodplains of the Nile.

The X-group population has been ex-
tensively studied. Samples of both com-
pact (7) and trabecular (8) bone were ex-
amined macroscopically. Microscopic
examination of compact bone was car-
ried out (9), and there was gross exami-
nation of dentition (/0) and changes in
cranial morphology (I/1). Patterns of pa-
thology were related to the adaptation of
the group (12).

The material was excavated in a state
of excellent preservation—in most cases
with hair and naturally mummified tissue
adhering to the skeletons. Thin sections
were taken from the area immediately
distal to the lesser trochanter on 15 left
femurs. The undecalcified, unembedded
sections were mounted with Hillquist
epoxy on petrographic slides (I3),
ground by hand to a thickness of 90 um
with carborundum paper of 320, 400, and
600 grit, and polished. The sections were
viewed at 490 A with a fluorescence mi-
croscope (Reichert NR340101) with a
darkfield VG-1 filter. Fluorescence was
observed in all samples.

Serial extraction of collagen indicates
little postmortem degradation. Analyses
of hydroxyproline, proline, and muco-
polysaccharides suggest that collagen
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was present in levels comparable to that
extracted from biopsy or autopsy materi-
al (14).

Several observations support the hy-
pothesis that tetracycline caused the
bone fluorescence. The fluorophors were
visible at the same wavelength (490 A)
and had the same color (yellow-green) as
oxytetracycline-labeled bone. In addi-
tion, the pattern of fluorescence oc-
curred in a manner histologically identi-
cal to that of labeling by tetracycline.

In vivo, tetracycline can only be de-
posited on actively mineralizing sur-
faces, forming a discernible pattern in
osteons and across the cortical surface.
Intense fluorescence corresponds to
areas that were actively mineralizing at
the time of exposure to the tetracyclines;
low concentrations of fluorophors corre-
spond to the areas that were mineralized
later (I5). The patterns of fluorescence in
the X-group bone are directly com-
parable to those observed in modern tet-
racycline-labeled bone.

About 30 percent of all the osteons we
observed contained fluorophors; some
were completely fluorescent even though
they were adjacent to nonfluorescing
osteons (Fig. 1A). Most of the fluores-
cing osteons were located in the endoste-
al third of the compact bone. Femurs
from older individuals showed some flu-
orescence in the subperiosteal area. No
other age (or gender) pattern was dis-
cernible.

In most instances, fluorescence ap-
peared as wide bands corresponding to
the lamellar bone in the osteons (Fig. 1).
In most of the labeled osteons, the
brightest fluorescence was present in the
inner one-third, followed by the outer
and middle thirds. Areas of high mineral
density surrounding Haversian canals
fluoresced brightly (Fig. 1B); they corre-
spond to the edge sclerosis seen in mi-
croradiographs.

Mineralization occurs on the sub-
periosteal and endosteal surfaces (/6) as
well as within osteons (/7). Fluorescence
was observed in the lacunae (Fig. 1), in
the lamellae on the subperiosteal sur-
face, and on the endosteal surface. In the
diaphysis, fluorophors appeared as
bands 5 to 10 um in thickness on the sub-
periosteal and endosteal surfaces. In
cross section, they formed concentric
rings (18).

A small percentage of osteons exhib-
ited ‘‘feathering,”” a phenomenon de-
scribed by Frost (/9) as incompletely
mineralized bone matrix in humans. In
vivo, this bone is relatively impermeable
to tetracycline (19), the feathered portion
not being labeled. Figure 1C depicts a
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