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Abstract--The paper compares pole figure determinations with neutron diffraction and X-ray diffraction on 
experimentally deformed carbonate rocks, a coarse grained marble and fine grained limestone. Neutron 
diffraction enables determination of complete pole figures on a single spherical specimen and is advantageous for 
coarse grained materials. Results obtained with both diffraction techniques agree satisfactorily, although 
uncertainties introduced by counting statistics are more serious for neutrons than for X-rays. Continuous 
detectors add new possibilities which are still little explored. 

INTRODUCTION 

PREFERRED orientation of crystals in rocks is generally 
determined with the universal-stage microscope or by 
X-ray diffraction. There  are limitations in X-ray diffrac- 
tion which are due mainly to the high absorption of 
X-rays by matter.  Most of the pole-figure measurements 
are done on flat slabs in reflection or transmission 
geometry and yield incomplete pole figures with only a 
relatively small number  of grains being recorded.  Some 
of the limitations which exist in X-ray diffraction do not 
occur for neutrons. Neutron diffraction was applied as 
early as 1953 for pole figure determinations (Brockhouse 
1953) and has since then been used occasionally by 
metallurgists (for a review see, e.g. Bunge 1982, 
Feldmann et al. 1980). There  are also a few studies on 
geological samples (e.g. Bouchez et al. 1979, Bunge et al. 

1982, Esling et al. 1978, Skrotzki & Welch 1983, Wenk et 

al. 1981). In this note we explore some possibilities of 
neutron diffraction and emphasize quantitative compari- 
sons of neutron and X-ray data obtained on the same 
samples of experimentally deformed carbonate rocks. 

Thermal  neutrons have similar energies as X-rays (a 
Cu (111) monochromator  provides a wavelength of h = 
1.289 A),  but their scattering factor is about an order  of 
magnitude smaller (Table 1), requiring long measure- 
ments. On the other  hand, absorption coefficients for 
most elements are very small (Table 1), which enables 
one to use large samples, preferably of roughly spherical 
shape, with a diameter  of up to 2 cm. They are mounted 
on the same diffractometer used by crystallographers for 
single-crystal studies, and the full pole figure can be 
scanned without requiring any corrections. Dimensions 
of equipment  used in neutron diffraction experiments 
are large compared to X-ray diffractometers (Fig. 1). 

Table 1. Comparison of neutron and X-ray scattering factors and 
absorption coefficients for some common elements 

Scat terin~g factor Mass absorption coefficient 
in 10-~'cm * incm:g -t + 

X-ray neutron X-ray 
neutron (0 = 0 °) (A = 1.08/~) (CuKa) 

C 0.665 1.69 0.00015 4.60 
O 0.580 2.25 0.00001 11.5 
AI 0.35 3.65 0.003 48.6 
Si 0.42 3.95 0.002 60.6 
Ca 0.47 5.6 0.0037 162 
Fe 0.95 7.3 0.015 308 

* Bacon (1962). 
t International Tables for X-ray Crystallography (1962). 

S A M P L E S  A N D  E X P E R I M E N T S  

The samples used in this comparison are experimen- 
tally deformed carbonate rocks, a fine grained (<50 p,m) 
micritic limestone from Courrendlin (Swiss Jura) and a 
coarse grained (1-2.5 mm) marble from Wunsiedel, 
Fichtelgebirge. Preferred orientation in the starting 
material is insignificant, at least in the case of limestone. 
The limestone, specimen 370, was deformed at 200°C, 
150 MPa confining pressure, 1.5 × 10 -6 s -1 strain rate, 
with el = 21.8%, E2 = - 2 . 8 % ,  and E 3 = - 2 0 . 8 % .  The 
marble,  specimen 376, was deformed at 400°C, 100 MPa 
confining pressure, 1.6 x 10 -6 s -~ strain rate, with ~1 = 
30.2%, E2 = - 1.4% and ~3 = - 30.1%, Note that defor- 
mation approached plane strain in both experiments 
(compare Kern 1979 and Wagner et al. 1982). Neutron 
diffraction experiments were done at the heavy water 
moderated research reactor,  DIDO,  of the K.F.A. ,  
JiJlich, W. Germany.  It provides a flux of monochroma- 
tic thermal neutrons at the sample position of about 106 
n cm -2 s -~. The beam size is 20 × 40 mm. Diffracted 
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neutrons are collimated by Soller slits of variable 
divergence. This provides a resolution in 20  of 0.3 ° 
(measured as full width of diffraction peaks at half 
maximum and 40 ° 20) ,  and divergences on the pole 
figure of 2 ° for the pole distance X and 0.5 ° for the 
azimuth q~ (at X = 900) • Diffracted intensities were 
measured for a preset monitor  count-rate (100,000 or 
200,000 n), thereby compensating for changes in flux, 
with a BF 3 detector.  The pole figure was scanned along 
small circles with increments in azimuth A~0 of 5 ° for 0 ° --< 
X -< 25°. 10° for 25 ° <- X -< 60°, and 20 ° for 60 ° -< g -< 90° 
to obtain an equal area coverage of the sphere. Incre- 
ments in pole distance h" were 5 °, giving a total of 757 
data points on the hemisphere. 

Comparative X-ray measurements were done on a 
Philips pole figure goniometer  with Cu Ka-radiation. 
Counts on each orientation lasted 1 minute. 

RESULTS 

Pole figures of the 0006, 10|4 and 112,0 reflections are 
shown in Figs. 2 and 3. 

X- roy 370 neutron 
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Fig. 2. ( ' o m p a r i s o n  oI X-ray and neu t ron  pole figures for exper imen-  
tally de lo rmcd  l imestone 3711(21141°C. 1511 MPa, / :  = 1.5 x Ill -~'s i El 
= 21.8%. e, = -2 .S" / , , ,  e~ = - 2 0 . 8 % ) .  Con tours  arc in mult iples of a 
r andom distribution. Note that the 1141tl6 X-ray pole figure can only be 

mca,,urcd to a tilt o1"~/> 711 ° due to over lap  with the IOJ4 reflection. 

Table 2. Relative intensities (in 111 :~ cm-'l ot impor tant  reflectiont, oI 
calcite ~vith neu t ron  and X-ra} scattering. (Scattering factors used arc 
listed in Table 1. intensities are corrected for l_p. assumed ~ a x  elength 

is), = 1.20~5 AI  

hk l  d ( A ) In,. ....... I x  .... 

01 | 2  3.868 31~6 55tl 
11114 3.1135 t) 12 1434~ 
0006  2.845 3111 298 
11_50 2.495 81 2291 
115-.3 2.285 37 t) 2218 
211,52 2.1)95 21 21111 

For complex structures, such as calcite, relative struc- 
ture factors and thus intensities of peaks are in general 
quite different for X-rays, which scatter on the electrons. 
and neutrons,  which scatter on the nucleus (Table 2). In 
this respect, the two methods are complementary.  The 
important  peak 0006 is strong for neutrons and weak for 
X-rays. The reverse is true for 1120 and 2022. 

Compared to X-rays, neutron fluxes are relatively 
weak. In order  to obtain enough intensity, diffraction 
from at least 105 incoming neutrons needs to be counted,  
resulting in measuring times of 5-15 min for a single 
position. Even so, the number  of counts is _generally 
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Fig. 3. Compar i son  of X-ray and neu t ron  pole figures for experi-  
mentally de fo rmed  marble  376 (41141°C, 1(141MPa, ~ = 1.6 × lO-"s  -~ , ~l 

~" = - 3 0 . 1 % ) ,  = 30._ g,,. ~, = - 1 .4%.  ~ 



N e u t r o n  a n d  X - r a y  d i f f r a c t i o n  t e x t u r e s  o f  c a r b o n a t c s  

Fig. I. Photograph of the diffractometer set-up on the reactor DIDO at KFA Jiilich during a texture experiment, r, reactor: 
m, monochromator: e, Eulerian cradle with specimen: d, detector. 
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Fig. 4. Intensi ty profiles for marble  sample 376 cor responding  to a scan on (h in the pole figure at X = 51)° for 111)116 and 11~0, 
for X-rays and neut rons .  E r ro r  bars,  based on count ing statistics, are +-2 ~r. 

5-10 times lower than in X-ray texture measurements. 
Furthermore, the background in neutron diffraction is 
relatively high. Consideration of counting statistics 
becomes important. This is particularly true for minerals 
which have weak diffraction peaks. In Fig. 4 we have 
added to the intensity profile of a section through the 
pole figure at X = 50° values for estimated errors of 
individual measurements + 20. (with 0. = v'T + bg where 
1 is the net intensity and bg the corresponding back- 
ground). They show that errors of counting statistics are 
significant in texture determinations, particularly for 
weak reflections where net intensities are frequently less 
than 20-. But texture and sample heterogeneities may 
outweigh the uncertainties introduced by counting statis- 
tics. Figures 2 and 31a) & (d) compare strong neutron 
pole figures with weak X-ray pole figures (0006) and 
Figs. 2 and 3(c) & (f) weak neutron pole figures with 
strong X-ray pole figures (1120). The general texture 
patterns are similar, even to maximal and minimal 
values, but resolution in the case of 1120 for neutrons is 
poor. 

Neutron diffraction with roughly spherical samples 
not only eliminates intensity corrections, it also greatly 
increases the volume of irradiated material, which is 
crucial for the coarse grained materials found in many 
rocks. With averaging translation motions, the effective 
area of X-ray samples can be increased, but even so, 
practical application is confined to fine grained speci- 
mens (grain size < 0.1 mm). The grain size effect is 
negligible in limestone (Fig. 2) but is considerable in 
marble (Fig. 3). The effects of grain size are also ex- 
pressed in intensity profiles. Spikes in Figs. 4(a) & (c) 
are single crystallites which are generally distorted 
because not all the intensity enters the receiving slit. 
A fairly smooth curve is obtained with the neutrons 
(Figs. 4b & d). 

CONCLUSIONS 

Application of neutron diffraction offers distinct 
advantages in texture determinations, particularly for 
minerals with low angle reflections where intensity cor- 
rections for X-rays are most critical. We can measure 
complete pole figures of coarse grained samples in a 
single scan. We have described here results from some 
conventional diffraction experiments on deformed car- 
bonate rocks. Addition of a 2,9 sensitive continuous 
detector offers another dimension for simultaneous 
measurements of the whole spectrum and quantitative 
deconvolution into single peaks even if peaks in the 
spectrum are partially overlapped (Bunge et al. 1982). 
Similar possibilities exist with time-of-flight analysis of 
pulsed neutrons (Feldmann etal. 1980). Although access 
to neutron diffraction sources is limited, structural 
geologists are encouraged to make use of its excellent 
potential, particularly for quantitative investigations of 
texture development. Application of neutron diffraction 
is easier to justify for minerals than for metals. 

An interesting extension of neutron diffraction, not at 
all explored in the geosciences, is the determination of 
magnetic pole figures, which has been done in metallurgy 
(e.g. Henning etal. 1981). There are pole figure determi- 
nations of magnetite and hematite (e.g. Esling et al. 
1978, Quade & Walde 1982), but they were interpreted 
only in terms of crystallographic orientation, and it was 
not considered that the magnetic moment of Fe contri- 
butes an equally important part to the diffracted inten- 
sity as scattering on protons and neutrons. Magnetic 
texture analysis is particularly interesting for crystals 
with an anti ferromagnetic component, where peaks exist 
in the diffraction pattern which are due solely to mag- 
netic scattering. Pole figures of such peaks may be of 
significance in paleomagnetic studies. 
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