


1. INTRODUCTION

Many minerals in nature can be regarded as porous media
with surface or volume fractal properties’/l/. Their scaling
characteristics play an important role in formation of physi-
cal properties of these media and the processes of flow thro-
ugh porous media’L#/, water-oil distribution/S/, dielectric
properties of brine-saturated rocks’?, elastic propertiés’5/
and fracture’® . Identification of the fractal dimension is
thus the"preparatlve stage in these studies.

Small angle scattering (of neutrons, X-rays, etc.) has
been widely used for this goal =12/ 1t is well established
that the scattering intensity as a function of the scattering
vector length q, I(q), for q~! corresponding to the medium
scaling diapasone falls of as ) :

I(q)~q~" | (n

for volume fractals and as

I(q)~q &P - - | (2)

for surface fractals/7-1%/

Here 2 <D <3 is the fractal dimension of either topologi-
cal 3-d porous particle or 2-d surface of the particle, res-—
pectively. The "cut-off" of these laws bound them both from
the very large q and very small q sides’?” . The former is due
to finite size of the particle and the latter due to the
breakdown of self-similarity, usually, approaching the inter-
atomic distances range.

The treatment of the scattering data in log I versus log q
plots thus enables one to identify the fractality and to dis-
tinguish between the volume and surface fractal behaviour.
Tndeed, when we deal with volume fractals the exponent lies
between 2 and 3, while for surface fractals 3 < a (=6-D) < 4.
The case of a homogeneous volume corresponds to @ = D = 3.
Smooth surfaces give D = 2 and ¢ = 4, i.e. the Porod law /137,
The more developed is the surface, the more D deviates from 2
towards 3 and the smaller is a w1th respect to its porod limi-
ting value of 4,



Fractal nature of pore-space surfaces of sandstones, lime-
stones and dolomites 71!/, lignite coals /1% yas identified
together with measuring the surface fractal dimensions. Quali-
tatively, results of this kind are supported by the real spa-
ce measurements '1-14-18/  In this paper we investigate mine-
ral components of apatite—carbonate ores. The interest to
these systems is caused by their particular colloid properti-
es relevant for selective flotation. To build a theory of
elementary act of heterocoagulation between the mineral par-
ticle and the gas bubble we need a picture of the particle
pore structure,

In this work, the small angle neutron scattering (SANS)
will be taken as a tool for the study of this picture. The
efficiency of SANS for the study of rocks and other strongly
inhomogeneous structures is due to two main features of inte-—
raction of neutrons with matter. Firstly, neutrons are capab-
le to penetrate deep inside the sample which allows one to
probe its inner structure. Secondly, since the scattering
amplitudes of the basic elements of rock substances, viz.
carbon, oxygen, silicon, phosphorous, calcium, ete., are clo-
se*, in small wave vector transfer (g) experiments porous
rocks behave like two phase systems exhibiting the interior
"rock space'" and "pore space".

As we shall see, the mineral grains under study in SANS
experiments posses surface fractal properties, and the data
obtained provide a useful nomenclature of this properties
by their fractal dimension.

2. MATERTALS AND METHODS

The object of studies were the pure monomineral fractions
of apatites and calcites from the apatite-carbonate ores of
different genesis. The taken ores differed in technological
characteristics of enrichment, i.e. flotation extraction of
the valuable component (apatite), with practically invariant
chemical composition. The chemical composition was establi-
shed by standard methods of chemical analysis.

*Indeed, the coherent neutron scattering length for car—
bon, oxygen, silicon, phosphorous and caleium are respectﬁve—
ly, 0.66, 0.58, 0.40, 0.50, 0.49 in units of 107 "% em. For
comparison the X-ray scattering factors (8 = 0°) for the same
elements differ substantially and are, respectively, 1.13,
2.25, 3.95, 4.23 and 5.6.
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The samples were monodisperse powders of ~ 40 um (calcites)
and ~100+ 200 um (apatites) average size controlled by sedi-
mentation. The powders were filled in a cylindrical quartz
glass cuvette 2 mm thick and 32 mm in diameter.

5 types of calcite and 2 types of apatite grains taken from
different ores which will be hereafter dencted as llc, llc,
13c, l4c, 15c and Al, A2, respectively. .

For the verlflcatlon of unimportance of the multlple—scat—
tering the [lc sample was also studied in cuvettes of 1 and
4 mm thickness.

Scattering measurements were performed on the time—of-
flight SANS spectrometer/17/ at the pulsed reactor IBR-2Z the
Joint Institute for Nuclear Research in Dubna/18/, Sample-
detector distance was - 10 m; collimation diameter of the pri-
mary beam was 16 mm. Under these conditions the range of the

scattering vector 1ength q = ig— sin (8/2) (6 - the scatte-

ring angle; A - the wave length of the incident neutron), was
1072 - 5. IO"lA i.e. corresponded to real space scale, 2r/q,
of 12 to 600 &. The mean neutron flux on the sample was about
3.2-107 neutrons/cm®s. The time of measurement for each samp~
le (exposition) was about 3 hours. The background spectrum

was that of an empty cuvette.

3. RESULTS AND DISCUSSION

Figures | and 2 show-the scattering intensity I(q) curves
for calcites and apatites, respect&vely. Within the q varia-
tion range between 10 2 to 8-1072% A™! the experimental error
is less than 0.5%7 and log I - log q plot looks linear, i.e.
I. q~® where the exponent g is determined from the slope of
the line drown through experimental poipts. Deviation from
linearity in the large q limit (q> 0.1 A™!) is evidently due
to arrival of interatomic scale (e.g.average interatomic dis-
tance or lattice comstant). No cut-off is expected in the
smallest q range due to Gunier-like scattering from the grain
as a whole’”% | because in our case qpip Rsmin = 4° 103 >>1
(here Rspip is the smallest size of the grain- 4<10% A).

The possibility of multiple scattering was checked for Cl1
samples by varying the thickness of cuvette (1,2 and 4 mm).
Within the experimental accuracy (% 0.02) the same values of
‘@ were obtained: 4.00, 4.00, 3.98 respectively. The values of
a determined for Ilc samples extracted from the experimental
data obtained with the help of 7 detectors which correspond
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Fig.1. The neutron scattering intensity dependences
on q for carbonates: 1 — 1lle sample, 2 - 12c sample.
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Fig.2. The neutron scattering intensity dependences
on q for apatites: 1 — Al sample, 2 - AZ sample.



Table
SANS data for scattering intemsity exponents

Sample Average linear a D=6 -a
size (um) (the accuracy
+0.02)
11c 40 4,00 2.00
lde 40 3.97 2.03
15¢ 40 3.90 2.10
12¢ 40 3.85 2.15
13¢ 40 3.79 2.25
Al 100 =200 3.81 2.19
A2 125 +160 3.61 2.39

to different scattering angles,also coincide within the expe-—
rimental error. We thus conclude that the contribution of
multiple scattering is negligible.

The observed values of a« and the corresponding values of
D=6 -a are given in the table., We see that ¢™® law repre-
sents well the I(q) data, and there is no reason to apply mo-
re complicated approximations (c.£./1%11 y  Really, the de-
viation of log-log plots from linearity is observed only at
approaching the lattice constant. Some influence of the inco-
herent scattering is not excluded here.

Noteworthy, that for one of the carbonate rocks (llc) Po-
rod's law is ideally valid (a rare case!). In the table, the
calcites and apatites are set in a sequence of decrease of a
or increase of D which indicates the development of the sur-
face. We see that surfaces of calcites range from very smooth
ones (with surface fractal dimension D = 2) to moderately de-—
veloped surfaces (D = 2.2). One of the considered apatites
exhibits a more developed surface (D= 2.4). The results are
in "visual" correlation with microphotographs presented in
Figs.3 and 4. It should be noted that the fractal character
of the surfaces of the studied samples is associated not only
with intrinsic properties of crystallite surfaces, but also
with the aggregation on these surfaces of smaller fractions
of the same nature. The values of surface fractal dimemsions,
D, obtained are not too large. This gives evidence that this
is not the case of diffusion limited aggregation, but rather
some kind of ballistic aggregation’S/. It is not excluded
that aggregation of smaller particles on larger ones occurs
on the surfaces of crystallites which are already fractal/8:19/
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Fig.3. The scanning electron microscopy of carbonate
12¢ erystal surface. e = 3.85. Magnification 18000.

4. CONCLUSION

We thus found that the series of carbonate and apatite
rocks of the same chemical composition are typical of diffe-
rent surface fractal structures. In oder to explain why it is
so0, we should at least know its geological origination. The
surface crystallite growth depends on many factors determining



Fig.4. The scanming electron microscopy of apatite
A2 erystal surface. a = 3.61. Magnification 18200.

aggregation (sticking probability, pressure, temperature,

the speed of the liquid flux, laws of random environmental
changes, etc.) and, not excluded, on way of fracture and pow—
der grinding too. -

In the further work we shall apply these results to the
theory of selective flotation. Another development of this.
work would be the expansion of the range of q to a lower va-
lues in order to test the linearity of log-log plots on a
broader scales.
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