
Pergamon  
Journal of Structural Geology, Vol. [ (~. Nt~. 4, pp 4~,~3 to 503, ] 994 

Copyright © 19t,~4 Elsevier Science Lid 
Printed in Great Britain. All rights rcserxed 

11191-8141/94 $6.(R1 + (L()0 

0191-8141(94)E0017-F 

Modifying the normalized Fry method for aggregates of non-elliptical 
grains 

MARK McNAUGHT 

7 Elysc  Dr ive ,  N e w  City ,  N Y  10956, U . S . A .  

( Received 10 January 1993; accepted in revised form 23 November 1993) 

Abslraet--A modification of the normalized Fry method is developed to avoid the problems associated with 
approximating non-elliptical grains by best-fit ellipses. This modified method is a more general approach for 
constructing a normalized Fry plot and determining the orientation and axial ratio of the fabric ellipse. Grains can 
be approximated by any shape as long as the center and area of each grain can be determined. Irregular polygons 
work particularly well since they can be used to approximate both elliptical and non-elliptical grains. 

Once the center and area of each grain in an aggregate is calculated, existing methods can be used to construct a 
normalized Fry plot. Determining the fabric ellipse, however, requires a new approach. A circular grid is used to 
find points on the ring of maximum point density along a series of radial vectors. The least-squares best-fit ellipse 
calculated through these points gives an initial estimate of the fabric ellipse. An iterative approach is taken, using 
the fabric estimate to calculate a plane strain irrotational inverse deformation matrix which, in turn, is used to 
unstrain grain centers. The newly determined centroids are used to calculate a new fabric ellipse. This process is 
repeated until the axial ratio of the remaining fabric ellipse is 1.00. The fabric ellipses for each stage arc combined 
to calculate the total fabric ellipse. 

Tests of this method using computer generated data sets of elliptical and non-elliptical grains show a strong 
correlation of measured fabric with known artificially imposed fabric. 

I N T R O D U C T I O N  

FINITE strain analysis in natural ly  de fo rmed  rocks is 
carried out by measur ing  marke r s  in the de fo rmed  state 
that  had known,  or  assumed,  shapes  in the non- 
de fo rmed  state ( R a m s a y  1967, R a m s a y  & H u b e r  1983). 
The  use of  strain analysis for quant ifying de format ion  is 
usually l imited by the availabili ty of  adequa te  strain 
markers .  One  group of abundan t  marke r s  in sedimen-  
tary rocks are aggregates  of  grains such as sandstones  
and oolitic l imestones.  The  major  p rob l em with using 
such aggregates  for strain analysis is finding an adequa te  
me thod ,  par t icular ly  for  aggregates  of  non-elliptical 
shape  grains. 

Fry (1979) deve loped  a simple and powerful  tech- 
nique for  de te rmin ing  strain f rom aggregates  of  grains 
based on the distr ibution of object  centers.  Object  
cen te r - to -cen te r  distances plot ted on a radial d iagram 
produce  three  general  regions: (1) an inner void where  
points  are excluded because  grain boundar ies  cannot  
over lap;  (2) a m a x i m u m  point  density ring where  neares t  
ne ighbor  grains plot;  and (3) an ou te r  region of  lower 
densi ty point  concent ra t ions  where  non-neares t  neigh- 
bor  cen te r - to -cen te r  distances lie. The  m a x i m u m  point  
densi ty ring represents  the fabric ellipse (Fig. la) .  

Erslev (1988) recognized that  the variabil i ty of  two- 
d imensional  grain size causes scat ter  on a Fry plot,  
making  it difficult to locate a distinct m a x i m u m  point  
densi ty ring. He  ove rcame  this p rob l em by normal iz ing 
the dis tance be tween  two-dimens ional  grain centers  to 
the sum of  their  average  radii. For  ideal n o n - d e f o r m e d  
samples  the normal ized  cen te r - to -cen te r  distance of 
neares t  ne ighbor  grains is 1.0, no ma t t e r  what  the size of  
the grains. Since the initial value is constant ,  a sharp  

m a x i m u m  point-densi ty  ring marks  the fabric ellipse 
(Fig. lb) .  

The  most  general  approach  for construct ing a normal-  
ized Fry plot  using Ers lev ' s  (1988) me thod  current ly  
requires  approx imat ing  each grain in an aggregate  by an 
ellipse, The  ellipse is found by calculating the least- 
squares  best-fit ellipse (Erslev & Ge  1990) to equally 
spaced points  along grain boundar ies .  The  ellipse serves 
three functions: (1) the center  of  the ellipse represents  
the center  of  the grain and is used in calculating the 
cen te r - to -cente r  distances;  (2) the area  c?t~eac_h ellipse is 
used to calculate the average  radius (~v'area/J)  of  each 
grain which is used to normal ize  the cen te r - to -cen te r  
distance;  and (3) the boundary  of  each ellipse is used to 
locate neares t  ne ighbor  ( touching or near ly touching) 
grains. The  cen te r - to -cente r  distances of  neares t  neigh- 
bor  grains define the m a x i m u m  point-densi ty  ring of 
normal ized  Fry plots.  By excluding non-neares t  neigh- 
bor  grains. Erslev & Ge  (1990) were able to separa te  the 
m a x i m u m  point  densi ty ring from other  points on the 
Fry plot,  creat ing what  they called an enhanced  normal-  
ized Fry plot  (Fig. lc).  The  least-squares  best-fit ellipse 
to the points  on the enhanced  plot represents  the fabric 
ellipse. 

While the approach  of Erslev & Ge  (1990) works  well 
for approx imat ing  elliptical grains, serious p rob lems  can 
occur  when trying to approx ima te  non-elliptical grains 
by ellipses (Fig. 2). A n o t h e r  me thod  should be used on 
aggregates  of  non-elliptical grains. H o w e v e r  this would 
mean  using the original Fry me thod  ra ther  than the 
normal ized  Fry m e t h o d  and accepting the scat ter  due to 
var ia t ion in grain size. The  challenge,  therefore  is to 
deve lop  a me thod  that  avoids both the p rob lems  associ- 
ated with the elliptical approx imat ion  of grains and the 
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c. Enhanced Normalized Fry Plot 

Fig. 1. Fry and normalized Fry plots of fig. 7.7 of  Ramsay & H u b e r  (1983) constructed using the method  of Erslev (1988) and 
Erslcv & Ge (1990). Each grain was approximated by a least-squares best-fit ellipse. (a) Convent ional  Fry plot, 

(b) normalized Fry plot and (c) enhanced normalized Fry plot. 

problems associated with the variation in two- 
dimensional grain size, and still allow the use of aggre- 
gates of deformed grains for finite strain analysis• This 
can be achieved by approximating individual grains by 
polygons rather than ellipses• Approximating grains by 
polygons requires modifying the method by which the 
maximum point density ring is used to determine the 
fabric ellipse• This approach turns out to be a more 
generalized approach for constructing a normalized Fry 
plot. It works equally well for objects approximated by 
ellipses as it does for objects approximated by irregular 
polygons• 

M E T H O D  

Approximating grain boundaries 
Starting with a photomicrograph or a negative print of 

a thin section, grain boundaries are traced onto an 
overlay. The overlay is placed on a digitizing tablet 

where points along the grain boundaries are entered into 
a computer file. Points can be entered either by having 
the computer record equally spaced points during 
tracing of the grain boundary, or by manually selecting 
individual points in series along the boundary. 

Connecting these points in series by straight-line seg- 
ments form irregular polygons that approximate each 
grain. The points are the vertices of the polygons. This 
approximation is valid for grains with straight bound- 
aries or grains with curved boundaries if the spacing 
between vertices is kept small. Such an approximation 
was used by Panozzo (1983, 1984) for determining strain 
from grain shape; here the approximation is used for 
determining strain from center-to-center distances. 

Once each grain is approximated by a polygon the 
center and area of that polygon is calculated• The center 
and area of the polygon are sufficient to construct a 
normalized Fry plot. Computer programs for calculating 
the center and area of polygons from their digitized 
vertices have already been published (for example see 
Zarkos & Rodgers 1987, McNaught 1991)• 
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Fig. 2. (a) Two idealized non-elliptical grains. Closed circles mark 
centroid of each grain. Large dashed circles indicate the length of the 
average radius of each grain determined from the area of each grain. 
Normalized center-to-center distance based on center and average 
radius of polygon is 1.0. (b) Same grains as (a), but with the least- 
squares best-fit ellipse and center of best-fit ellipse (open circle) 
shown. Large dashed circles indicate the length of the average radius 
of each grain determined from the area of the best-fit ellipse. Note that 
the center of the best-fit ellipse does not correspond to the centroid of 
the grain as seen in (a). Normalized center-to-center distance based on 
center and average radius of best-fit ellipse is 0.4. This is significantly 
different than in (a). (c) Difference in determining nearest neighbor 
grains for elliptical and polygonal approximations of grain boundary. 
The two grains are nearest neighbors based on touching best-fit 
ellipses, but are not based on actual irregular polygon shape which do 

not touch. 

The validity of approximating grain boundaries by 
polygons can be tested by comparing least-squares best- 
fit ellipse and irregular polygon approximations calcu- 
lated from the same points (Fig. 3). Both approaches 
produce similar results for elliptical objects (Table 1). 
For polygonal objects the results depend on the object 
shape (Table 2). For some shapes (polygonal objects 3 
and 4 in Fig. 3b), the center and area of the best-fit 
ellipse deviates significantly from the exact centroid of 
each object (Fig. 4). The center and area of the irregular 
polygon used to approximate the object, however, 
closely matches the exact center and area of the object 
(<5% deviation, Fig. 4). Note that the irregular polygon 
used to approximate the object is not identical to the 
object because points digitized along the object's bound- 
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Fig. 3. (a) Ellipses used for testing grain approximations. See Tablc I. 

(b) Polygons used for testing grain approximations. See Table 2. 

ary do not necessarily correspond to the actual vertices 
of the shape. 

This comparison of two methods for approximating 
grain shape shows that the elliptical approximation is 
subject to more variations due to irregular grain shapes 
than the polygonal approximation. Therefore, it is in 
general better to approximate grains by irregular poly- 
gons in order to determine center and area of each grain. 

Constructing a normalized Fry plot 

Given the center and area of each grain a normalized 
Fry plot can be constructed by the same method as used 
by Erslev (1988). The average radius of each polygon is 
defined the same way as the average radius of an ellipse 
( ~ ) .  The distance between each pair of grain 
centers is divided by the sum of each grain's average 
radius and plotted on a radial diagram in the direction of 
the line connecting the center of the two grains. The 
result of plotting normalized center-to-center distances 
of all possible grain pairs is a classic Fry type diagram 
with a distinct maximum point density ring representing 
the fabric ellipse. 
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Table 1. Centers and areas of the seven ellipses in Fig. 3(a) determined by least-squarcs 
best-fit ellipse and irregular polygon approximations 

N 

Best-fit ellipse Irregular polygon 
approximation approximation 

Center Arca Center Area 
X Y X Y 

Ellipse 1 28 
Ellipse 2 27 
Ellipse 3 27 
Ellipse 4 23 
Ellipse 5 24 
Ellipse 6 13 
Ellipse 7 14 

3.23 6.49 1.95 3.23 6.51 I.t)5 
1.63 4.32 2.17 1.63 4.33 2.14 
3.75 4.14 2.08 3.75 4.15 2.{16 
2.34 1.76 1./14 2.33 1.78 I.c~2 
5.119 1.84 1.71 5.('19 1.85 1.6~ 
6.1'1(I 4.112 1/.54 6.00 4.1`12 O. :' I 
5.96 5.25 I`1.58 5.96 5.26 I}.q~ 

Table 2. Centers and areas of the four polygons in Fig. 3(b) determined 
by' exact centroid, least-squares best-fit ellipse and irregular polygon 
approximation. Offset from the exact centroid is expressed as a 
percentage of the average radius. Difference in area is expressed as a 
percentage of the exact area. N is the number  of equally spaced points 

digitized along the boundary of each polygon 

N Center Area Offset 
X Y Center Area 

(a) Exact centroid 

Polygon I 4.75 13.5l 13.2 
Polygon 2 13.38 13.51 17.2 
Polygon 3 6.1/2 5.65 14.4 
Polygon 4 14.44 5.80 8.6 

(b) Best-fit ellipse 

Polygon 1 2¢~ 4.71 13.42 13.3 
Polygon 2 28 13.411 I3.37 17.6 
Polygon 3 31 5.71/ 5.64 16.8 
Polygon 4 23 14.43 6.11 10.6 

(c) Irregular polygon approximation 

4.9 /).7 
5.6 2.3 

14.8 16.7 
18.9 23.2 

Polygon I 26 4.76 13.46 12.8 3.9 -3. /)  
Polygon 2 28 13.39 13.48 17.0 4.5 -1 .2  
Polygon 3 31 6.09 5.72 14.2 4.8 - 1 . 4  
Polygon 4 23 14.44 5.81 8.3 0,6 -3 .5  

l)etermining the fabric ellipse 

In order to determine the axial ratio and orientation of 
the f'abric cllipsc it is necessary to fit an ellipse to the 
maximum point density ring of the Fry plot. While it is 
possible to pick points on the fabric diagram visually 
(i.e. De Paor 1989), an automated method is more 
desirable. Automated fabric ellipse fitting requires 
separating points of the maximum point density ring 
from the surrounding background points. 

A disadvantage in using irregular polygons to approxi- 
mate grain boundaries is the difficulty in determining 
nearest neighbor grains. While an ellipse can be rep- 
resented by a single equation, each side of an irregular 
polygon needs to be expressed by a linear equation. 
Since these polygons can have 20-50 sides, locating 
nearest neighbor grains require manipulating 40-100 
equations for every possible pair of grains. This is not 
practical. Instead the non-enhanced normalized Fry plot 
must be analyzed by a different method. 

For any given radial direction on a Fry plot, the 
location of maximum point density represents a point on 
the fabric ellipse. These points can be located by div- 
iding the plot into a series of sectors with a constant 
angular spacing. Each sector is divided into a series of 
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Fig. 4. (a) Deviation of the center determined by the least-squmcs 
best-fit ellipse approach and the centroid of the irregular polygon 
approximation, from the calculated ccntroid of the polygons in Fig. 
3(b). Deviation is expressed as a percentage of the average radius of 
each polygon. (b) Deviation of area determined by the least-squares 
best-fit ellipse approach and irregular polygon approximation, from 
the calculated areas of polygons in Fig. 3(b). Deviations arc expressed 

as a percentage of the actual area of each polygon. 

regions by equally spaced arcs. Note that the length of 
each region is expressed as a normalized (dimensionless) 
distance. The region with the highest point density 
determines the point on the fabric ellipse for that sector. 
Regions overlap both longitudinally and radially (Fig. 
5). For example one sector may range from 30 ° to 60 °. 
the next 400-70 ° and next 50°-80 ° (offset of 10°). Within 
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SECTOR WIDTH 

~ ANGULAR 

FSET 

REGION LENGTH 
( ) 

> 

RADIAL OFFSET 

Fig. 5. Illustration of part of the overlapping grid. Large solid circles 
mark the center of two adjacent grid regions, one region is shaded by 
dotted lines and the other is shaded by dashed lines. Note the area 
between the two region centers belongs to both regions. Points lying in 

this area are counted in the totals for both regions. 

each sector one region may range from 0.5 to 0.8, the 
next 0.55-0.85 and the next 0.6--0.9 (offset of 0.05). This 
is what is termed the overlapping grid. A single point 
therefore lies in a series of grid localities. This prevents a 
grid boundary from arbitrarily cutting a maximum den- 
sity area into two parts. Once the maximum density 
concentration is found in any specified direction, the 
radial values within the region are averaged to deter- 
mine the value of a point on the fabric ellipse. The least- 
squares best-fit ellipse (Erslev & Ge 1990) to the points 
found from each sector is the fabric ellipse. 

A serious drawback of using a circular grid to calculate 
points on an elliptical point density ring is the tendency 
for fabric to be underestimated, especially at higher 
axial ratios. This problem can be avoided by taking an 
iterative approach which removes the calculated fabric 
by retrodeforming the calculated centroid of each grain. 

An inverse deformation matrix for irrotational strain 
can be calculated by modifying equation (C-17) of Ram- 

1 _  1 
R q~, 

sin cos q~' 

(1) 

say & Huber  (1983): 

~/~  COS2 q~' + ~ / R  sin2 ~0 ' 

497 

Given the initial approximation of the fabric ellipse, 
Ra, q~, the first inverse deformation matrix can be 
calculated by substituting R a and ~b~ for R and ~b' in 
equation (1). This matrix is used to multiply the co- 
ordinates of grain centroids to produce unstrained cen- 
troid co-ordinates. 

[Xi] = [Inverse Yi Def°rmati°n] [Xi-l]" [ y i _  , j  (2) 

If the first estimate accurately determines the fabric 
ellipse, then the new maximum point density ring is a 
circle. If the initial estimate is too low, the new maxi- 
SG 16:4-E 

mum point density ring is elliptical. Using the newly 
determined values of R and q~ in equation (1), a second 
inverse deformation matrix is calculated in order to 
adjust the polygon centers using equation (2). This 
process is repeated until a circular maximum point 
density ring is found. As a practical limit for this study 
axial ratios are rounded off to two decimal places so 
ellipses with axial ratios less than 1.005 are considered 
circular. 

While the centers are being adjusted, each inverse 
deformation matrix is pre-multiplied by the previous 
inverse deformation matrix: 

I Inverse 1 
Deformation 
Total 

=[Inverse ][Inverse 1""  
[DeformationiA [Deformation/_ i I 

Deformations] 

When a circular maximum point density ring is found 
the values of axial ratio and orientation of the reciprocal 
strain ellipse (Rr, q~r) can be found using equations 
(B-14) and (B-20) of Ramsay & Huber  (1983): 

2(ac + bd) (4a) 
tan 2~0~ = a2 + b2 _ c2_ d2 

{a2 +b2 +c2.k-d2 4-[(a2-t-b2 +c2-k d2) 2-4(ad_bc) 2] 1/2/I/2 

Rr = \a2 +b2 +c2 +d2 [(a2 +b2 +c2 +d2)2_4(ad_bc)211/2 ] , 

(4b) 

where a, b, c and d are the four components of the total 
inverse deformation matrix. Values of the axial ratio and 
orientation of the fabric ellipse are given by R = Rr and 
q~' = ~; + :d2. 

Setting grid parameters 

One problem with computer-based Fry techniques is 
that the determined fabric ellipse depends on some 
arbitrarily set parameters. For example using the 
method of Erslev & Ge (1990), the selection factor 
specified affects the fabric ellipse that is determined. 
The overlapping grid approach presented here also 
suffers from this problem since it has five parameters 
that need to be specified: grid size, sector width, region 
length, angular offset and radial offset. The effects of 
these parameters have not yet been fully investigated 
but some guidelines can be offered for choosing proper 
values. 

To set the overall grid size a specified radius is 
required. While it is possible to chose this radius so that 
all normalized center-to-center distances will lie within 
the grid this would require calculating point densities far 
outside the maximum density ring. To avoid such 
tedious computation, the grid radius can be limited so it 
exceeds the radius of the maximum point density ring 
but is less than the largest center-to-center distances. 
Since the area of the fabric ellipse is ~ in normalized 
space, the maximum fabric ellipse axial ratio that can be 
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NORMALIZED FRY PLOT 

FILE: NG36881A.ANG GRAINS: 150 
GRID PARAMETERS 

Width: 90 Offset: 10 Number: 36 

Length: 0.4 Offset: 0.05 Rlimit: 4 
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F i g .  7. N o r m a l i z e d  F r y  p l o t  c o n s t r u c t e d  b y  a p p r o x i m a t i n g  s a n d s t o n e  g r a i n s  b y  i r r e g u l a r  p o l y g o n s .  ( a )  I n i t i a l  e s t i m a t i o n  o f  
f a b r i c .  ( b )  F i n a l  e s t i m a t e  s h o w s  n o  r e m a i n i n g  f a b r i c  a n d  t o t a l  f a b r i c  o f  R = 1 . 2 0 ,  (p = 6 6  °. 

determined is the square of the radial limit. For example 
the radial limit of 4 used in this study should satisfy fabric 
ellipse ratios of up to 16:1. Since the fabric ellipse is the 
unknown and the maximum point density ring always 
has some associated scatter, it is best to leave consider- 
able leeway in choosing grid size. 

The angular offset of each sector specifies the number 
of points that will be used to determine the fabric ellipse• 
While smaller angular offsets allow more points to be 
used for calculating the fabric ellipse, the calculation 
time is increased accordingly. For all of the analyses 
preformed for this paper an angular offset of 10 ° was 
used. 

The radial offset of each region needs to be kept small 

relative to the length of each grid region so there is 
sufficient overlap to avoid cutting the maximum density 
ring. Small offsets increase the number of regions in 
each sector resulting in slower speed of calculation. For 
this study radial offsets have been set at 0.05. 

The radial length of each grid region needs to exceed 
the width of the maximum point of density ring. Values 
of 0.4 were used for all the Fry plots in this study. 

The angular width of each sector is the most important 
variable. While narrow sectors give a better initial esti- 
mation of the fabric they often mistake spurious local 
point concentrations for the maximum point density 
ring. Wider sectors effectively use more points to locate 
the fabric ellipse, so local point concentrations have 
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Fig. 8. Comparison of measured fabric with imposed synthetic defor- 
mation. Open squares are data set sesrt l  (382 random ellipse with axial 
ratios between 1 and 1.5) derived from fig. l l (a )  of Erslev & Gc 
(1990). Open circles are data set rdtl  (408 random ellipse with axial 
ratios between 1 and 3) derived from fig. l l (b )  of Erslev & Ge (1990). 
Solid triangles are for population of irregular polygons shown in Fig. 
10 whose centroid and area was determined by an image analyzer. 
(Note that orientation was kept constant  during synthetic deformation 
so only axial ratios are plotted. ) Diagonal lines represent  1 : 1 ratio. All 
populations show strong correlation between measured strain and 

synthetic deformation.  

little effect. Wider sectors however also cause lower 
initial estimates of the fabric ellipse, but iteratively 
undeforming the Fry plot and recalculating the ellipse 
makes up for this initial underestimation. For this study 
the chosen sector width depends on the sharpness of the 
maximum point density ring and the number of grains 
used for the plot. For well-behaved synthetic data with 
greater than 350 grains, sector widths of 20 ° are appro- 
priate. For data sets with a less distinct maximum point 
density ring and fewer points, larger sector widths are 
needed. In general, if there is scatter among the points 
chosen on the maximum point density ring or if the Fry 
plot cannot be retrodeformed,  the width of the sector 
should be increased. 

R E S U L T S  

The results of fabric analysis on two natural aggre- 
gates illustrate the method outlined above. As a first 

example the data set used to construct Fig. 1 (Ramsay & 
Huber  1983, fig. 7.7) was used to calculate centers and 
area of grains and used in turn to construct a normalized 
Fry plot (Fig. 6a). Using a radial grid to locate points on 
the fabric ellipse, the initial estimate of the axial ratio 
and orientation is 1.55 and 158 °. These values are used to 
calculate an inverse strain matrix (equation 1) in order to 
retrodeform the co-ordinates of each grain's center 
(equation 2). The new center co-ordinates are used, in 
turn, to construct a new normalized Fry plot (Fig. 6b). 
Since the new Fry plot has a fabric (R = 1.07, ~p' = 156 °) 
the retrodeformation process is repeated until the in- 
cremental fabric ellipse is a circle (Fig. 6e). For each step 
the fabric estimates are combined to keep a running total 
(equation 3). At the stage when the incremental fabric 
ellipse is a circle, the running total gives the axial ratio 
and orientation of the fabric ellipse for the sample. In 
this case R = 1.69 and q~' = 157 °. Notice that orientation 
of the long axis of the fabric ellipse is nearly constant for 
each stage. 

Figure 7 shows a normalized Fry plot calculated for a 
sandstone by approximating grains as irregular poly- 
gons. The centroid and area of each polygon was used to 
construct a normalized Fry plot (Fig. 7a). The initial 
estimate of the axial ratio of the fabric ellipse is 1 .(J5 and 
orientation is 68 ° (Fig. 7a). The sample is unstrained 
until no remaining fabric is detected. The axial ratio of 
the fabric ellipse is 1.20 with long axis oriented 66 ° (Fig. 
7b). 

To test the method, the synthetic aggregates illus- 
trated in fig. 11 of Erslev & Ge (1990) were used to 
construct data sets with known fabric. These popu- 
lations of ellipses were rotated and copied so that the 
computer-generated data set had no initial fabric. The 
calculated center of each ellipse was deformed by plane 
strain with known axial ratios and orientations. Figure 8 
shows that the measured strain closely matches the 
synthetic deformation. 

A population of polygons was generated in a similar 
fashion (Fig. 9). Polygons were drawn free-hand using a 
CAD program in a 20 ° wide sector so that the left and 
right boundaries of the sector match. This 20 ° sector was 
then rotated and copied around the center of the dia- 
gram to ensure that no initial fabric was present. The 
diagram was distorted to known axial ratios on the 
computer and plotted. Rather than digitizing bound- 
aries, centroids and areas were found using an image 
analyzer. Normalized Fry plots were then constructed 
by the method described above (Fig. 10). As with the 
test ellipses above, the final measured strain was an 
accurate determination of the synthetic deformation 
(Fig. 8). 

The significance of the axial ratio and orientation of 
the measured fabric ellipse was estimated by using a 
bootstrap technique. Bootstrapping involves creating 
artificial data subsets by randomly choosing objects from 
the original data set (Efron & Tibshirani 1986, Ratliff in 
press). Each subset has the same number of objects as 
the original but is different because objects can be 
chosen once, more than once, or not at al l  The standard 
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Fig. 9. Example of idealized irregular polygon population used to test image analyzer. Synthetic strain - 1.20. 

deviation of the results from analyzing all the data 
subsets approximates the standard deviation of the orig- 
inal data set (Ratliff personal communication 1992). 

For this study the axial ratio and orientation of the 
fabric ellipse were determined for 100 subsets created 
for each of the six data sets by randomly choosing grains. 
Two of the subsets are from the synthetically deformed 
random ellipses taken from Erslev & Ge (1990) that 
were discussed above. Three of the data sets are of the 
synthetic polygons illustrated in Fig. 10 with different 
axial ratios. The final data set is from fig. 7.7 from 
Ramsay & Huber (1983). 

The axial ratio and orientation of the fabric ellipse 
were found for each data subset. Note that some subsets 
would not retrodeform in fewer than 20 increments and 
were discarded. The standard deviation of the 100 R and 
q~' values were calculated for each original data set 
(Table 3). 

Mean values agree closely with the imposed synthetic 
deformation. The standard deviation for the axial ratio 
is higher for the polygonal objects than for the elliptical 
objects. It is also higher at higher axial ratio for the same 
set of objects. The standard deviation for the orientation 
of the fabric ellipse is also higher for the polygonal data 
sets and higher at lower axial ratio. Though the number 
of data sets analyzed is small, the preliminary results 
indicate that, for axial ratios, the second decimal place is 
not significant. 

DISCUSSION 

A comparison of polygonal based and elliptical based 
normalized Fry analysis is difficult because of limitations 
of the artificial standards used. While problems associ- 
ated with approximating non-elliptical grains by least- 
squares best-fit ellipses can be illustrated for individual 
grains (Fig. 2), it is difficult to show convincing discrep- 
ancies in Fry plots. The accuracy of a method is tested by 
comparing the fabric imposed on a population of 
computer-generated objects with the fabric measured 
from the same population. These computer-generated 
objects have an initial rotational symmetry to ensure no 
initial fabric. The rotational symmetry, however, re- 
peats any anomalous center-to-center distances that 
might develop as a result of grain shape. Since these 
anomalous points are systematically located around the 
center of a Fry diagram, the effect of any one point on 
the fabric ellipse is balanced by the other anomalous 
points. Actual samples will not have rotational sym- 
metry so anomalous points will tend to distort the fabric 
ellipse. But, since the fabric ellipse is unknown, it is 
impossible to tell how significant the distortion will be. 

Despite this difficulty there are sound theoretical 
reasons to be concerned with approximating non- 
elliptical grains by ellipses. These problems can be 
avoided by using the method presented here. This 
method is quite flexible in terms of the type of data that 
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NORMALIZED FRY PLOT 
FILE: TS83012.XYA GRAINS: 469 
GRID PARAMETERS 

width: 60 Offset: 10 Number: 36 
Length: 0.4 offset: 0.05 Rlimit: 4 
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INITIAL FABRIC ESTIMATE: 
Ratio = 1.15 orient. = 178 Avg. Error = 1.6% 
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Fig. 10. Normalized Fry plot constructed using centroids and areas de termined by an image analyzer from Fig. 9. 

Table 3. Results of boots t rap  analysis. Rsy n and (Psyn a r e  axial ratio and 
orientat ion of the compute r  generated fabric. R and ~p' are the axial 

ratio and orientat ion of the measured  fabric ellipse 

Boots t rap results 
Filc Type* Rsy n ~syn R SD ~'  SD 

Sesrt l4 se 1.4 50 1.392 0.043 50 2 
Rdt l5  se 1.5 60 1.493 0.050 60 2 
TS83112 sp 1.2 180 1.195 0.090 177 22 
TS83115 sp 1.5 180 1.519 0.137 178 13 
TS83115 sp 2.0 180 1.910 0.163 178 7 
Ram77 no 1.714 0.084 155 8 

*se = synthetic ellipses; sp = synthetic polygons;  no = natural 
oolite. 

can be used since approx imat ions  only arise when deter-  
mining the centers  and areas of  grains in an aggregate .  
As a result ,  grains can be app rox ima ted  by ellipses, 
polygons  or o ther  shapes ,  as long as the center  and area  
of  the shape can be de te rmined .  Da ta  files recorded  to 
calculate least-squares  best-fit ellipses can be used 
directly for  calculating i r regular  polygons.  Finally an 
image  analyzer  that  specifies the centers  and areas  of  
grains in an aggregate  adds cons iderable  efficiency to the 
method .  

This s tudy indicates that  results are i ndependen t  of  
grid pa rame te r s .  Consis tent  results are found for  the 
same  data  set analyzed using different  grid settings. 
While certain grid sett ings do not allow a data  set to 
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successfully re t rodeform in a reasonable  n u m b e r  of 

increments  (<20) ,  modifying the grid settings solves this 
problem.  Therefore ,  when a data set successfully retro- 
deforms there is no reason to bel ieve that  changing grid 
settings will significantly improve  fabric estimate.  The 
main effect of changing grid parameters  is to optimize 
calculat ion time. 

CONCLUSIONS 

(1) Normal ized  Fry plots can be const ructed by speci- 
fying the centroid  and area of each grain in a popula t ion ,  
e i ther  by approximat ing  grains by ellipses or i rregular  
polygons.  Approx ima t ing  grains by irregular  polygons 
avoid some of the problems associated with approximat-  
ing non-el l ipt ical  grains by least-squares best-fit ellipses. 
When  a sufficient n u m b e r  of points  are specified, an 
i rregular  polygon approximates  an ellipse as effectively 
as a best-fit ellipse. 

(2) Points  on the fabric ellipse can be located by means  
of a radial grid. Inc rementa l ly  removing  the calculated 
fabric allows the circular grid to be used to calculate the 
fabric ellipse. 
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