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Three-dimensional finite strain from crinoid ossicles 
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Ab'~iraci--Randltmly ~nen led  cnm~td os,~icles aTt' useful markers  li~l Ihe delerminalt~ln ~1 Ihree dtmeristonal 
hnile strata 'Two lechnlques  are presenled Bolh make use id es labhshed  melhods  It) measure  Ihe Iwl} 
dimensional sham elltp.ses on Ihree surlaces,  which are then c~mhmed  Io calculale Ihe shape and i~rlenlalton ol 
Ihe slfain elhp.m~ld F'irsl, osslcles pos lhoned such Ihal a Ihln seell~m culs across Ihe cylinder appear as randomly 
ollenled elhpse,~ prior ll~ deh.~rmahon, and can be analyzed umng s landard Rf/q'~ melht~ds Second, ;~sslcles 
pomlilmed such Ihal Ihe seclt, m CUlS Iengihwlse Ihrough Ihe cvhnder appear as reclangular lie sub reclangular 
shapes Wllh ollhog~nal g e o m e l n e s  m Ih¢ undelormed slale. Measuremenls  i~l anf.,mlar shear sllaln on Iwt) i~r 
mitre such markets are analyzed using a non linear leasl squares ;,oluliim Io the Breddm graph,  allowing 
rlelelmlnaliem ,ll Ihe besl hi sl tain elhp.se 

Billh melhnds are applied I .  an echinoderm f,,,tamslone l tom Ihe cenllal  HelvellC nappes  cd Switzerland Tl'le 
resulls ale Inlernally t i lnsls lenl ,  and compallble wtlh Ihose h'om olher :drain analysis l echmques  

INTRODLICTION 

IN HIS semmal publicahon on oohte deformation In the 
South Mountam Iold, Cloos ( Iq47, pp. 8q2-sq4) sugges 
ted thai cnnoid stems could be used to evaluate and 
quanh~ strain in naturally delormed rocks He recog 
nized that cnno,d d~sks, or oss~cles, often are deposited 
parallel to bedding, and thai since the oss~cles are 
,nitially circular m cross section, the shape and often 
tatlon ol the strain elhpse in the bedding plane can be 
measured d~rectly He also ,llustrated that Ihree 
d,mens,onal stra,n can be calculated ,n favorable cir 
cumstances, namely when whole cnntfid stems ly,ng 
w~lhin bedding are onenled parallel to the principal 
fin,te strain axes. In practice, however, these conditions 
are rarely sal,sfied, and crinoids generally have been 
used to quanlily only the two dimensional strain w,lhin 
the bedding plane (Hellmers 1955, Bredd,n Iq50a,b, 
Kunman lq~J, Nissen Iqf¢,, Engelder & Engelder Iq77, 
F'adl Iq77, Engelder 1979, Oertel el al 1989) 

Two sources o[ potential error m the simple two. 
dimensional analysts are related to the assumphon ot 
initial circular shape ol the osstcles. First, although mosl 
cnnoid slems are mdeed circular in cross section, sev- 
eral species have onginally elliptical profiles (Ntssen 
1004, Mt~ore & Teichert Iq78, Spratt 1987). Second, 
even for m,tially circular osstcles, the technique is apph- 
cable only il the disks are truly parallel to bedding; il 
they are nol, the undelormed profile in the bedding 
plane is elhpttcal (Engelder & Engelder 1977, Spratt 
1987) In both these cases, the measured ossicle shape 
and onentat.on are not those of the strain elhpse, but 
rather those of the combined effect of the initial Iorm 
and the strain ellipse. A related problem was pointed out 
by Ramsay (1967, pp. 22q-23(1), who demonstrated that 
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a cross section perpendicular to the axis ol a deformed 
cyhnder generally dt)es not represenl the stra=n ell=pse, 
as tt usually =s derived from an oblique, elliptical cul 
Ihrough the undelormed cyhnder. 

Spralt (Iq87), in a detailed analysis of delormation 
mechamsms within crinoidal hmestones of the (.'anadtan 
Rockies, acknowledged and addressed Ihese problems 
First, she documented Ihat the ossicles were mitmlly 
circular by measuring the shapes of relahvely unde 
formed samples. Second, by microscopically determin 
ing the onentation ol the c axis ol each cnnoid stem 
(which forms a single calcite crystal), she was able to 
calculate and remove the ell'eels of obhque cuts through 
ossicles, and thus specify both the original elliptictty of 
the cut and the true strata ellipse. Since this is applicable 
to osslcles and thin sections ol any onenlatlon, her 
technique allows the three dimensional strain to be 
calculated, as long as the undeformed cross sectional 
shapes are known. 

In this contribution, two new melhods are presented 
for determining the three-dimensional strain from cn 
noid osslcles Like the technique of Spratt (Iq87), both 
are appl.cable to rocks, typically cnnoidal gramstones, 
in which ossleles are randomly oriented. Furlhermore, 
bolh methods make use ol the two-dimensional shapes 
crealed by Ihm sections cutting the three dimensional 
cyhndncal ossicles; Ihese shapes can be evaluated by the 
slandard R~/¢J (e g. Ramsay Iq07, pp. 202-211, Dunnel 
190q, Lisle Iq77) and angular shear slrain (Breddin 
Iq$0a, Ramsay It}07, pp 236-242) techniques. The 
three dimensional strain =s calculated Irom measure 
ments ol two dimensional strain on three mutually pet 
pendlcular seehons (,Ramsay 1907, pp. 142-147, Siddans 
1980) or three or more non perpendicular sections 
(Owens Iq84) 'Two advantages of these new methods 
over that developed by Sprall (1987) are that the c axis 
onenlations need not be determined, and knowledge ol 
the original shape of the osslcles is not required. 
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Fig I 'T'w~dtmensionalshupe,,creal~dbylhinsechonscullmgunde 
Inrmed cnnotd os,,icles al dtHe¢~nl angles 

THEORY 

For each of the Iwo techmques, Ihe rock to be ana 
lyzed should conlain randomly oriented cnnold osswles. 
'The original distnbuhon does not have to be perfectly 
random, as the methods are appropriate whenever ade 
quale numbers of each ol the d=H'erent cuts (descr=bed 
below) are present m any gwen thin sect=on. Such a 
dislribut, 'm ts easily venfied by visual inspection ol' each 
sechon in a sample, and may be characlensUc ol mosl 
cnno=dal grainstones. 'Three d=mensional strain can 
sometimes be calculaled even when the osswles are 
preferenl=ally onenled,  such as when the cnnoid disks 
are parallel Io bedding, but only if the two techntques 
are used in comb=nation and one ol the three mutually 
perpendicular seelions is orJenled parallel to Ihe urig 
really circular cross sections ol Ihe ossicles (see laler 
d=scussion) 

Both methods assume strain homogenet ly,  both 
wilhm individual ossicles and belween d=H'erenl ossicles 
m the same sample Furthermore,  il' there =s equal- 
volume homogeneous delormation of both ossieles and 
matrix, Ihe measured strata will be that o1' the bulk rock 
delormallon;  olherw=se, =1 may represent only one com- 
ponent at the total strain 

The shape ol a cnno=d ossicle visible m thin section 

depend,, on Ih¢ relative' ~rtt 'nlalions ol Ihe osstcle and 
the sect,~n. II an undeh~rmed circular ~sst~.'le =s ~,'~n 
sidereal, the Iollowmg p~ssible shapes resull (Fig. I) a 
seclton perpendicular h~ the cvhnder axis pr~duce,, a 
ctrcle (cul I)', ~me crossing the cyhnder wilhoul culling 
etlht'r end creales an elhpse (cut II; Figs 2a & b), a 
sect.m cullmg~nly ~ne ~nd ~1 the cylinder y=elds a hall 
elhpse, ~r Inangular shape (cul I I I ,  F'tg 2a), a secli~m 
culling, lhe cyhnder at bolh ends wdl, =n lhe general case, 
produce a suh Irapezotdal geomelry, wilh lwo straight 
and parallel s=des, and lw~ shghlly curved, non parallel 
sides (cul IV), a lenglhw.se cul passmg close to lhe 
cenler ol the osstcl¢' creates a sub rectangular shape (cul 
V; F'=g 2b),and a secl=on parallel to lhe cyhnder ax=s 
yields a rectangle (cul VI;  Fig 2a). 'The lwo slram 
analysts techniques make use of these vartous shapes 
produced by the angular relationshtp between the Ihm 
seclton and Ihe osstcles. 

R~q~ mel/n,d 

II the ~sslcles are randomly oriented, cuts I and II 
(Fig I ) p r o d u c e a s e t o f m l t t a l l y e l h p t i c a l m a r k e r s t h a t  
are also randomly oriented 'The final axml ralios (RI) 
and oricnlatlons (¢~') can be measured, and these oblects 
art" thus ,~mlable Ior analysis by the many Rfh, b tech 
niques Ihal have been developed: e g Ihe anginal 
method ol Ramsay (l~h7, pp. 2()2-211) and Dunnet 
(Ir40~4), Ihe modtfied method of Lisle (Iq77), the alge. 
braw compulalwm of Shtmamolo & Ikeda (Iq70), the 
onenlal ton nel method of De Paor (1~88), and others II 
there ts a shghl prelerenhal onenlat ion o1' the ossicles, 
lhe techniques presented by Elholl (lq7(1) and Dunnel 
& Siddt, ns (lq71) may be appropriate. 

'The theories and assumptions underlying the vanous 
R~/¢~ melhods are not addressed here For a discusslon ol 
lhe relal,ve merits, lhe statistical vahdily, and the hmi 
lalions ol the dillerenl techniques, lhe reader is relerred 
to the anginal literature 

A ngllh~r shear strata mclhod 

']'he shapes ol' cuts I I I ,  IV, V and V1 (F'tg. I) contain 
angular relationships ol known perpendiculanty in Ihe 
undelormed state (Fig. 3) In urder Io avoid ambiguities, 
the originally perpendteular hnes are shown connecting 
mrdpomts ol opposite sides, as these orthogonal re 
laltonships are valid even when marker corners are not 
peal'eel nghl angles (cut.,,; I I I ,  IV and V) Alter deh~r 
malion, all markers oriented at an angle Io the pnnctpal 
finite slrain directions will be distorted so thal the 
originally ~irthogonal lines wdl no longer be perpendicu 
lar (Fig 3). Measurement ol' the resull,ng angular shear 
strain ~n Iwo or more markers o1' d,ll'erenl orientations 
can thus be used Io denve graphically the fiml¢ stra,n 
using eilher the Breddin graph (Breddin Iq56a, Ramsay 
19h7, pp 230-242, Ramsay & Huber F483, pp. 127-149) 
or Ihe Mohr orcle (Ramsay Iq07, pp 23~242,  Ramsay 
& Huber Igg3, pp 127-14g) 

A untque .soluUon is determmed when there are only 
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two measurements of angular shear strain (this can also 
be calculated using the algebraic melhod ol Ding 1984). 
However, =n cases wilh more than two measuremenls 
and non homogeneous deformalion, the data will rarely 
fall on a single curve, and the best-fit can be difficult to 
obtain• One approach is to apply a non hnear least 
squares algonlhm to the data Rewriling an equalion 
from Ramsay & Huber ( 198'~, equation 8..5) 

y = (R" - I ) l a n ( O  - f l ) / ( I  + R'tan:(O -fl)), ( I )  

where ), is the shear strain, R is the axial ratio uf Ihe 
slrain ellipse, /-/ is the angle between the shear strain 
direction and Ihe chosen relerence direchon, andfl is the 
angle between Ihe maximum extension direction of the 
strain ellipse and Ihe reference direction. 'The often 
ration (0) and angular shear strain (¢, = lan -I ~,) are 
measured for suilable markers, and equation (I) is 
solved for R and fl using Ihe Levenberg-Marquardl non- 
linear least-squares analysis (Press et al. 1988). 

LIsing cuts Ill and IV (Fig. I) for angular shear strain 
analysis can yield significant error, as Ihe resulting 
delormed geomelnes may hal have been derived h a m  
onginally orthogonal relationships. PentacrmtLs oss- 
icles, eilher penlagonal ~)r star shaped, are alien found 
with normal cyhndncal cnnoids, and Ihin seclions cul 

a) ~ ~ c) 

b) d) 

Fig 4 Two dimensional  shapes  c tealed by Ihm sections culling unde 
Iormed P¢'nlut'nnu~ h a g m e n l s  
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Fig '~ Plols ul Ri vs ¢~ I I .  sample.,, (a) NL.F'A.2 ca and (h) ()'T'A ~ ab 
R, ts Ihe max imum inihal  a.xial ra l lo,  R,, Is Ihe axial [alt,'~ nt Ihe strain 
ellipse , n is Ihe number ol ¢~hlecl,, measured 'The convex upward 
curve is Ihe RtI~ curve dehned I w R, and R~, and euneave upward 
curve is Ihe '~(l°/,J data curve whtcll divides Ihe dala mlo Iwo equal 
halves 'The p n n o p a l  direcl=on (~/i = 0) is Ihe R e welghled veclor mean 

ol marker onen la l luns  

ling through an arm ol an undelormed star shaped 
Pentacrmus, Ior example, can produce shapes Ihal are 
similar lu cuts Ill and IV (Fig. 4). These show an 
apparent angular shear strain (F=gs. 4c & d), yet have 
undergone no de[ormalion. Thus, strata analysis by the 
angular shear strain method should be confined to Ihe 
sub.rectangular and rectangular shapes ol cuts V and VI 
(Fig I), for which opposite sides are at the same length. 

Another approach ts possible using cuts V and VI, bul 
has nol been applied here Roder (1977) has shown thai 
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l,,l~h' I NiJn'il)e[ ~)1 measured ol-qm I,, 

(_-'n rlOlds 
Al l  t~l~le~'l,, Pellet,, 

~;arnpJe F r ~ Ral, p Sheau ,~frann h' l@ 

NL, BI  2~0,2~1,222 '¢~,',1 ,~;  "~,,4, "~ ql),t¢', , ' ~  
N L B 2  2 '~,4,2 l i t ,2  ~,2 ,4t~, ~,q,,4(i (-~,,4 ,~ '72,¢~1 ,'14 
NL, FA2  218,218,22~ 2L2q,~(I 4 ,7 ,  ~, 81,7'~,H'~ 
(_)'IW A 2 2(Iq, Iqq,2l )7  2t),2 I, t l  7,t,,7 ,l 2 ,~ ' , ,  ~;t~ 
(_)'I B 21)h,21 "~ ,2() I 2 '~ ,4d ,;."q 8 '~,'7 4S,4'~,72 
( ) 'TA ~ , 184,217,20'~ 2t~, ~ I, '~N th'~,4 ~1 ,,.1'~,41 

N()I,: VahJe,., are ma[kcr popu lahons  m each ol ,hree perpendt~, ular 
Sel'[ It )nh 

a umque ellipse can be inscribed w,lhin a parallelogram, 
so Ihal these culs may also be suflable for Rtlq~ analysts 
One polential problem ,s created when undel'ormed 
osslcles have either high o1' low height.to diameter 
ratios, and thus minimum mihal axial rahos (R,) sub- 
stant~allvgrealerthan I (1 In these cases, aprelerenttal  
original onenlalton of the markers may resull m Ihe 
calculation of excessively high strain ratios 
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F'tg t~ De le rmmahon  ol  the slratn elltpse as a tunchon ol  number nl 
nblecls measured Ior Ihe s landard Rtl¢~ method (a) axml rata) (R,,), 
(b) onen lahon  ol hmg axns (f-/',) Squaues are mean values, bars 

represenl one standard devtalum 

APPI,ICA'TION 

T't-le I~,',,~ ~ slratn analvs,s mc:lh(~ds described ab~we have 
been apphed h~ srx samples Ir~m Ihe cenlral Helveltc 
nappes ~1 Switzerland. 1-'he samples are Irom the 
F'ichm(~derm Member ol Ihe Middle .Jurassic (Dogger) 
Hochsh~llen F'ormaltorl and are stlualed on ~werlurned 
Iolds ~)1 Ihe Wtldh~rn Nappe m Ihe area around the 
Faulhorn rn Ihe Berner ()berland belween (-]nndelwald 
and Interlaken (see Rowan & Khglield m press) The 
r~ck,sa fine Io very coarse gramed echinoderm grain 
stone, dommaled by crm(nd ()sstcles and olher ech~no 
derm fragments, wtlh minor amounts ol pred~mmantlv 
mlcnltc pellets and rare quartz grams, and cemented by 
a sparr3' calcite (F'lg 2) C"rinoM ~ss,cles are smgle 
crv':,tals ol calorie, and Ihe spat cement ts in ,~pl=cal 
continuity with the grams (Fig 2b) The samples have n(~ 
visible matrix and Ihus no gram matnx ,..'~mpelencv 
ctmtrasl (although the pellels form Iowct~mpetency 
inclusions) The measured slrams are, therefore, 
assumed h) approxtmale the bulk rock strain allnbu 
lable to deformatttm mechanisms other than solulton 
cleavage and d,lalanl veins spaced wider Ihan Ihe gram 
dtamelers 

In the secl,ons beh~w, the results of the two melhods 
are presented, with specific relerence Io mdwidual two 
d~mens,.)nal cuts Ihrough Iw~ dffferenl samples The 
examples have been chosen h~ dluslrale Ihe range ~~1 
resulls ~)btatned ir~m relatively g(.,~d data (sample 
NL.FA2.ca) Io relalwely poor data (sample O'T'A3.ab). 
The calculaled Ihree d~menstonal slrams ham all six 
samples are I hen presenled and compared Io each olher, 
as well as t~ Ihose derwed Irom RJ~p analysts ol the 
m~crthc pellets and all oble,.'l F'~ analvs=s ( F ~  107q) 

R I/q~ "wth~ Ms 

OI the numerous varlahons at Ri/¢~ analysis available, 
Ihree were chosen lot applicalton Io Ihe elhpttcal crinotd 
cuts the ongmal method o1' Ramsay( 1907, pp. 2112-21 I) 
and Dunnel (19hq), the unslraining ('lhela curve') lech 
n,que of Lisle (1~077), and the algebraic eompulallon ol 
Shmlamoto & Ikeda (197tl) 

The results o1' Ihe origmal RI/¢~ melhod are dlustrated 
m Fig 5 Subjeelwe besl fit R,/.R, curves h~r sample 
NLFA2 ca (Fig. 5a) are lightly conslrained, whereas 
Ihose Ior sample (2)'T'A3 ab (F'lg 5b) are less well de 
hned Both samples showsymmetnca ld is l r tbu l tonsol  
data potnls in the lout curve quadrants, suggesting Ihal 
the assumption ol orignnal random dislnbutlon is valid 
(Dunnel & S,dduns Ir471) Each ,s charaetenzed by wide 
fluctuation ( 151r' and 15'~"), high maximum mthal ell,ptJ 
olles (I '7 and I i~), and low tectonic strains (I 2 and 
I 12); these values are representaltve ol the suite ~1 18 
analyzed sections. The L.isle (Iq77) unstrammg and 
Shlmamolu & Ikeda (107t0 numerical methods pro 
duced almost identical results (see "l"able 2) 

F'~r elhplical cnmnd cuts, the maximum initial axial 
ratio (R,)is a I'unctlon ol Ihe height h) diameter rall~ ol 
the ennoidal columnals, and ,s produced by a Ihm 
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st'CIl~_)n t'Ulllri~ dlag()nallv Irom one c~rner ol Ihe d~sk h) 
II'le ~,pposHe c~rner (sleepesl p~,sslble ellipse ~1 lype II, 
F'l~ I) F'~r crmotds,,I helghl h and dmmeter ,t 

R, = (,1: + h:) ' /~' l , I  12) 

Sprall ( IqN7, pp. ,45--4'7) measured the dlmensi~ms ~1 .511 
undeh~rmed ~s.,,wles horn North America and Europe, 
and delermmed a maximum height do dmmeter ratluol 
(1 45 I, corresp, mding Iou maximum R~ol unly I I Yet 
Ihe maximum R, valuc's delermlned by the Rihl~ analyses 
~1 Ihe Wddh,~rn Nappe cnno~ds range Ir¢~m I 7 to 2 4, 
wllh a mean,~l 2 I. Th~sd~screpancy can he resolved by 
mea,~urmg the reclangular [type e l )  cuts wslble in the 
(bin seellons. C)I the many such cuts, I0 were Iound that 
cul ah.mg the length ul the axml canal and thus show the 
true crt~ss sectmnal shape ol the osslcles ('r '  in F'tg 2a) 
The he~ghl to dmmeter ratio,,, measured tot these 
oblects have u mean ul I 8 and a maximum ol 2 1, tun  
sistenl with the results ol Ihe Rl/¢~ analyses An ~sslcle 
dimensions vary between dH'lerent cnnmd species, Ihose 
measured by Spratl (Iq87) are nol representatwe of the 
species Iound in Ihe Wdhorn Nappe samples 

In applying Rib# techniques to crinoid osslcles, ~l in 
Important that enough obiects be measured Io give 
statistically meanlnglul results Because ol the size of the 
marker,,, (generally I -2mm in dmmeter)  and the h~w 
proportion ~1 elhptlcal culs within a given rock volume, 
large Iormat thin sections (,5 × 7 5 cm) were used and 
are rec~mmended In Ihe samples analyzed, the number 
~t oblects measured ranged from a low ol 21 Io a high of 
5q (Table I ). In order to lest Ihe statistical consistency ,.I 
Ihe results presented here, the Rt.4/~ method wan apphed 
to d~tlerent subsets ol the total data set t'rom a sample 
with 38 elhpttcal cuts five sets of eight markers,  five sets 

ul I ~, markers, lout sets ol Iq markers, three sels ~)1 2N 
markers and ~,ne sel consmtmg ol all 3.'1 objects 'The 
resulting mean values and slandard devmtluns ol Ihe 
:,lraln ellipse magnitude (R,.) and orlentatl~m (0')  are 
plotted m F'lgs h(a) & (b), respectively The graph,, 
suggesl that h~r marker populallon sizes ot over 211 
t,blects, the strata ellipse magnllude can be delermmed 
w=tt'.n _+(_1 (l'2h. and its ~rienlation within + I(1", lot 
marker p~pulall~ms ol ,wet 311 oblects , Ihe correspond 
mg values are +11 (115 and +7" As the strain magmtude 
is I I 7 Ior this sample, the potential errors are probably 
greater at lower measured ,..;trains 

,4ngulat s/rear ,s'tr.m .rcthod 

Even using, large t,',rmal Ihln sechons, rectangular 
and sub rectangular cnnc.d culs ,suitable Ior angular 
shear strain analysis are rare, ranging I'rom three to eighl 
per sample (Table II  This is partially due Io the large 
height to dmmeler rati4~s in Ihe Helvehc nappe crinoids; 
species with the dimensions measured by Sprall (19~7) 
would have higher proportions ol these cuts "f'he low 
number,,, are als~ due to the ehmmuhon of any obJects 
wHh opposite sides ol unequal lenglh: although these 
may be otht-'r'wlsc appr,)pnate markers that have under- 
gone shght non hom,~geneous deformation, they may 
also represenl cuts through Penla('rlrlrts osstcles with 
c~nglnal n~m ,~rlhetgonal ge,~metnes, and are thus sus 
peel 

F'lgure 7 shows Ihe results Ir~m Ihe same two samples 
used Io dluslrale Ihe R~/¢J analysis, plotted on Breddm 
graphs of angular shear strain {q,) vs marker onenlatlon 
(c/~') Again, sample NL, F'A2 ca (Fig 7a) is lightly con 
strained h~r determmati~m ol' bolh strata elhpse magni 
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Fig 8 Nolmahz.ed (E.Islev II-~SN) cenlel I ; )cenle l  Fry plols Iol 
sample,, (,,) NL, FA2 ~.a and (h) C)'T'A t a b  The shape arid onenlal ton 
i)l Ihe msrnbed ,,Irain ellipses were delermmed SUhleVliv¢l y n t.s 

rllJnlbel ol oblecll, 

lude and , ,nenlalion,  whereas sample C)TA3.ab (Frog. 
7b) shows considerable scalier of data around the best 
f i l  curve. 'The ~mporlance ol Ihe non hnear least squares 
analys~s ,~1' more Ihan Iwo markers ~s cwdenl il the data 
fn,m F~g '7 are examined, malchmg a curve Io only two 
markers (Breddin 1~Sha, Ramsay Iqh7, pp. 2 . ~ 2 3 8 ,  
Ramsay & Huber 1~83, pp 127-14q, Drag 1~84) would 
ywld w~dely dmcrepanl results depending on which 
markers were selected. The scalier is mosl hkely due Io 
strata helerogeneitws at the scale ol Ihe Ihm seclton 

(.)lher melhod.~ 

'T'wo olher slram analys~s lechniques were applied to 
Ihe six samples for comparisc, n w~lh the resulls ol Ihe 
crinund methods. F'trst, the micrittc pellets were ana- 
lyzed by Ihe same Ihree Rt/q'~ lechmques 'These markers 
arc more abundant Ihan Ihe elliptical crinmd cuts, 
ranging Irom 31 Io ~0 m Ihe different samples ("Fable I). 
The resulls were very simdar Io Ihose derived Irom Ihe 

Ri/¢, analysts ol Ihe crin,~ids, Ih,,ugh slram magmludes 
were generally higher (see dmcuss,_m heh~w) 

The sec,~rld lechniquc was Ihc cenler I~cenler 
melhod (Fry I~JT'J), m,~dJfled by Ihe n,~rmalizali, m pro 
cedure ol Erslev (1~48N) All conslHuenl uhleclsol Ihe 
samples were used, mcludmg Ihe various crmotd shapes, 
~,ther echmoderm tragmenls, quartz grains and pellets, 
wtlh sample sizes rangmg tr,.,m IN4 h, 2~,(I (Table I ) 'The 
resulls Irom Ihe same Iw,., samples used Io illuslrale Ihe 
cnm,id melh(,ds are shown m F'~g ~, and again depwl 
rulaltvely good (Fig 8a) and relalnvely poor (Fig gb) 
dala 

Three dimensumal slralH 

F'or each sample analyzed, and tar each ol Ihe strain 
analysis melhods, the resulls Irom Ihree peq.~endwular 
seclions were comhined Io generale Ihe shape and 
onenlal ion ol Ihe fimle strain ellipsoid ('Table 2) using 
Ihemethodol(-)wens(IC~84) As lhe results are ddficult 
Io evaluate m labular hJrm, Ihe orienlattons of Ihe 
principal axes ol the strain ellipsoid are plolled on lower 
hemisphere,  equal,area nels (F'tg. ~), and Ihe shapes of 
the ellipsoids are dluslrated m a standard Fhnn graph 
(Flinn I~h2)(Fig. Ill). 

The onenlat ,~ns  ol Ihe principal axes calculated from 
the dnHerenl markers and Ihe dd'lerenl Iwo dimensional 
analyses are generally conslslenl (F'lg ~) There are Iwo 
lypes of mconsislencnes m Ihe resulls Ihe firsl is simply 
scalier in Ihe plolled posllmns ol Ihe axes, and the 
second is a swtlch ol the X and Yaxes for one analysis m 
Iour ol Ihe samples (NLBI ,  NLB2, NLFA2 and (.-)'113). 
However,  no syslemahc vartal,.m ts apparenl m that no 
~,ne slram analysts melhod shows regular deparlures 
I r a •  Ihe mean onenlalions, and lhe mconstslenctes 
Iherelore are due probahly Io Ihe inherenl ddtk'ullies in 
delermming accuralely Ihe magn,ludes and orientalmns 
ol Ihe slram elhpse in samples with low slra,n. 

"the Fhnn graph (F'tg I(I) dept,.'ls Ihe shapes and 
magndude raltos of Ihe slram elhpsotds, wtlh mosl 
lalling in Ihe held ol apparent flallemng ( R a m s a y  & 

Wood Iq7.t) In contrasl Io the ~,nenlatmn data, Ihe 
magmlude data show a sysl¢.'maltc variation dependmg 
on Ihe strain analysm method UldlTed The Rr@ and 
angular shear strain analyses ol the cnnold osstcles 
record Ihe lowest stratus, wllh relalwely low values of 
R, v and Rr,,, while the Ri/~b analysts ~,1 the pellels and Ihe 
Fry analysm show mlermedtalc and relaIwely high 
values, respeclwely 'The pellels may have undergone 
greater deformahon Ihan Ihe crinmds because of the 
h,wer compelence c,l Ihe micnttc grams compared Io Ihe 
stogie crystal ossicles The Fry analysis resulls are 
highest because the effects of gram 1(5 gram pressure 
solul,on were purpc, sefully aw.uded ,n the shape analysts 
techniques by rec~mslrucling and dtg,lizmg Ihe uncor 
rodedpenmelersol lhegrams As themtcrosealebulk 
detormalion ts a producl of Ihe crystal plasli,.qly, grain 
Iogram prc'ssure solulmn, and any gram boundary 
sl,dmg, Ihe shape analysts melhods may, Iherelore, 
approxtmale Ihe inlracrystalhne ,:omponenl ul Ihe fimle 
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G. RuwA N 

stram, whereas the Fry analysts may record the total 
hnJle strain due Io bolh crystal plasticily and grain to 
gram pressuresolutlon The Fry analysts lhustsabetter  
mdtcatton of the bulk rq..'k ,,;tram 

D I S C t I S S I O N  

The methods presenled in this paper are simple exten 
stons ilf well established slrain analysis teehmques 
When applied to crinoid ¢~sstcles from the Wddhorn 
Nappe, Ihc melhods produce resulls Ihal are internally 
constslent and cornpalible wilh Ihose Irom olhe, r slram 
analysis techniques 'The signit]canl scatter and probable 
error ranges of Ihe calculaled stram elhpsotds are ell'eels 
of the low stratus in these samples, and would presurn 
ably be reduced at higher slrain slates 

Although the lechmques as descnbed are apphcable 
t~ rocks m which Ihe cnnL, d osstcles are approxirnalely 
randomly oriented, so thai the di l ]erenl cut,',; ol Fig. I are 
presenl in any Ihin seelion, Ihe methods can be corn 
breed Io measure Ihree dimensional finite strain when 
Ihe ossicles are preferenlially oriented For example, il 
the crinoid disks he approximately parallel Io bedding 
(~' axes orlhogonal Io beddrng), three perpendicular thin 
sections should be cul so Ihal one is parallel Io bedding. 
'The Iwo-dtrnensional strata m Ibis seclion ts measured 
using RV'¢ analysts ol the circular and elliphcal cuts, and 
Ihe other Iwo seclions, bolh orienled roughly parallel Io 
the cyhnder axes, are analyzed with the angular shear 
slrain method on the reclanglar and sub rectangular 
cuts The results from the lh reesec l tonsa re thencom 
breed as usual Io ealculale the fimle strata ellipsoid. This 
lechnique wdl nc)l work d' the osstcles arc' all oriented 
=denhcally, as Ihe angular shear strata analysis wdl yield 
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Strata Irom crinoid osslcles I(l~q 

only one p**lnl on the Brcddm graph,  some var ia t ion  in 

orlentahon ~s required As the spread ,n orientations 
increases, the accuracy ol the Breddm graph curve 
fitting also increases 

The methods described here have several advantages 
over the three dimensional technique developed by 
Spratt ( Iq87).  First, knowledge ol the original shape ol' 
theossicles ,  l e  whether they hadorcular  or elliptical 
cross-secllons, is not required. 'The R~'~/~ analysis zs 
applicable m either case. Second, the orlentahons ol the 
oss=cle c axes do no( need Io be determined m order to 
remove the eltects ol oblique cuts through the crinoid 
disks. 'T'hlrd, Ihe flal.slage technique t'or determining 
the c-axis orlenlal,.ms (Spratl Iq87, pp. 48-57)  is am, 
blguous I'or ossicles with large height to diameter ratios. 
Spratl showed Ihal the c.axls cannot be determined 
uniquely d' il is inchned belween 20" and 04" to the pole 
of the thin section, and that since the elhptlcal cuts in her 
samples are always mchned at an angle o1' less than 24 °, 
the melhod is useful However, Ior ossicles with helghl 
to-diameter ratios grealer than 0.5:1,  the c axis o n e n  
latlons cannot be determined unambiguously In the 
case of the Wildhorn Nappe samples, Ihe ellipllcal cuts 

may have c axes inclined up to 65 '~ from the pole of the 
thin section, and the flal-stage lechmque is unusable. 
The R~¢~ and angular shear strata methods, on the other 
hand, are nol bound by any of these restnctions, and can 
be applied easily to a wide range ol crinoid-bearing 
rocks. 
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