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Abstract - -An array of sigmoidal tension gashes from the Idaho-Wyoming thrust belt changes laterally into a 
continuous vein. Detailed mechanical twin analysis was used to determine the strain variation in the optically and 
chemically homogeneous blocky calcite filling. In the continuous portion of the vein complex, the shortening axes 
are parallel to the vein boundary. However, the orientation of the shortening axes in the tip areas of the sigmoidal 
gashes are at an angle of approximately 35 ° to the vein boundary, and are parallel to the trend of the tips. Twinning 
patterns in the central portions of the gashes record two principal strain axes of shortening of nearly equal 
magnitude with the maximum perpendicular to the vein trend. Everywhere in the vein complex the orientation 
of the maximum extension axis is parallel to the twist axis of the gashes. 

The petrofabric strain results show that the vein filling has largely recorded local strains. The pattern of 
variation in orientation of the principal strains in the vein complex is in close agreement with the theoretically- 
determined stress distribution in similar structures. Our results show that the sigmoidal gashes were formed at the 
leading edge of a propagating vein and that the sigmoidal shape reflects changes in the local strain field rather than 
a remote shear. The orientation of these local strains closely corresponds to the orientation of the local stresses. 

INTRODUCTION 

CRACKS in rocks are generally tensile (mode I) or shear 
(mode II) fractures (e.g. Roering 1968, Ramsay & 
Graham 1970, Beach 1975, Logan etal. 1981, Rickard & 
Rixon 1983). Filled cracks or veins provide information 
on the geologic history of the vein and host rock (e.g. 
Farmin 1941, Hancock 1972, Beach 1975, Ramsay 1980, 
Pollard et al. 1982, Ramsay & Huber 1983, Nicholson & 
Pollard 1985). For example, the presence of fibrous vein 
filling has proven to be very useful in unraveling the 
progressive strain history of rocks (e.g. Durney & 
Ramsay 1973, Ramsay & Huber 1983, p. 235). However, 
in the absence of a characteristic vein filling texture, this 
interpretation is largely based on the shape of the crack. 
In this paper, we will present an analysis of a calcite vein 
complex that changes laterally from a continuous vein to 
an en 6chelon vein array that was filled with blocky 
calcite. Using detailed calcite twin analysis we will show 
that a considerable amount of information can be 
obtained about the kinematic history even from hom- 
ogeneous vein filling. 

Two interpretations have been given for sigmoidal 
gashes: (1) that they result from vein growth in a shear 
regime (Ramsay & Graham 1970, type 1 of Beach 1975), 
or (2) that they are due to variation in the local stresses 
near the leading edge of a propagating vein (Hancock 
1972, Pollard et al. 1982, type 2 of Beach 1975). In the 
former case the sigmoidal shape is a result of rotation of 
the initial (filled) crack while it continues to dilate 
(secondary origin), while in the latter case a remote 
shear regime is not necessarily present (primary origin). 

We will discuss our results in view of other results from 
studies of complex vein systems and the significance of 
sigmoidal gashes in geologic environments. Throughout 
the text and in the figures we will use compression and 

tension for stress, and shortening and extension for 
strain. Tension and extension are given a positive sign, 
and clockwise rotation is taken as positive. 

GEOLOGICAL SETTING 

The sample analyzed was collected from the Lodge- 
pole Limestone, the lower unit of tile Mississippian 
Madison Group in the Absaroka thrust sheet at Hay- 
stack Peak near Bedford, Wyoming, in the Idaho- 
Wyoming Overthrust belt. Budai & Wiltschko (1987) 
estimated that metamorphic temperatures in the 
Madison Group during thrust motion at this locality 
were about 75°C. The fabric in outcrop consists of a 
well-developed pressure-solution cleavage and bands of 
tension gashes up to 10 cm wide, with individual gashes 
5-9 cm long (Fig. la). Both the cleavage and veins can be 
correlated with movement of the sedimentary sequence 
over a ramp (see Oriel & Platt 1980, Budai & Wiltschko 
1987). We will report on the results of our regional 
kinematic study in a separate contribution. 

MESOFABRIC 

The specimen we studied is shown in Figs. l(b) & (c); 
the corresponding schematic line drawing in Fig. l(d) 
includes the reference system (axes a, b and c) that is 
used throughout the text and figures. We only find the 
sigmoidal geometry on one surface (front in Fig. 1), yet 
the vein width is roughly equal on all four sides. The 
country rock is made up of partially dolomitized micritic 
limestone with pressure-solution seams, which do not 
seem to cross-cut the continuous portion of the vein 
(back), but locally post-date the en 6chelon array 
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(front). The cleavage is therefore considered to be 
roughly contemporaneous with vein formation. 

If we assume a shear zone interpretation for the 
sigmoidal vein array we can calculate the shear strain 0') 
and the ellipticity (R), and may inspect for dilation (A) 
(Ramsay & Huber 1983, pp. 23 and 48). Assuming no 
area change, this would give a shear strain in the frontal 
face of the sample of 0.53 and a value for R of 1.54. The 
angle of 35 ° between the orientation of the tips of gashes 
and the vein boundary measured in the front surface, 
however, indicates that dilation should also be consi- 
dered (Ramsay & Huber 1983, fig. 3.21). The twist angle 
(Pollard et al. 1982), ~o, is 30 °. Alternatively, if the 
sigmoidal shape is primary, the above calculated values 
have no meaning and bear no relation to the actual strain 
in the sample. The results from our study suggest the 
latter is the case. 

MICROFABRIC AND CHEMISTRY 

In order to investigate the chemical and textural vari- 
ation in the sample, we carried out optical and cathodo- 
luminescence microscopy, microprobe analysis and 
measured the c-axis fabrics. 

Cathodoluminescence did not reveal any variation in 
the nature of the vein filling, and neither fibrous vein 
growth, median surface nor crack-seal features were 
observed in transmitted light, although on one side of 
the sample a small piece of the host rock has been 
incorporated in the vein. Chemical variation was 
studied using the electron microprobe along traverses 
that were taken parallel and perpendicular to the vein 
boundary for both the front and back faces of the 
sample. No systematic variation in chemistry was 
observed and the average composition of vein calcite in 
both faces was indistinguishable. 

Calcite c-axis, lower-hemisphere equal-area projec- 
tions for the front and back faces of the sample are given 
in Fig. 2. They show a c-axis girdle around the ac-plane, 
but without a significant maximum. Evidence for wide- 
spread crystal plasticity other than twinning is absent. 
None of the grains appears to have undergone major 
recrystallization, and serrated grain boundaries can only 
be observed locally. 

Fluid inclusions are present throughout the vein 
material but are too small (<5 t~m) to be useful in 
determining the pressure-temperature conditions at the 
time of vein filling; in any case they are probably 
secondary in origin. 
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Fig. 2. c-axis fabrics from the front and back + sides of  the sample,  and the results from calcite mechanical  twin analysis. 
Lower-hemisphere  equal-area projections are used,  and the orientations of the reference axes are indicated. Calcite twin 
data, represented by numbers  1, 2 and 3, give the orientation of the principal strain axes; e] and e. are negative and e3 is 
positive, except in NE V where e2 is also positive. In addition, contours  of  the compression axes are slaown using increments  

of two s tandard deviations, starting with three. In all diagrams uncleaned data are presented.  
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CALCITE TWIN ANALYSIS :  M E T H O D  

Mechanical  twins in calcite were analyzed using the 
technique of  G r o s h o n g  (1972, 1974, Teufel  1980, 
G r o s h o n g  et al. 1984b) to de termine  the or ienta t ion and 
magni tude  of  the principal strain axes associated with 
twinning. We distinguish negative expected values 
(NEVs)  for grains that are not  favorably  or iented  for 
twinning,  and positive expected values (PEVs)  for grains 
that  give a positive sense of  twinning. 

Twins in the sample were  measured  on the four  faces. 
The  data were cleaned by eliminating the N E V s  and/or  
el iminating 15-20% of the grains with the largest 
deviat ions (see G r o s h o n g  1974). Bo th  methods  only 
modera te ly  reduced the er ror  in strain magni tude  while 
maintaining approximate ly  the same or ienta t ion for the 
principal axes (within 5-10°).  We  at tr ibute the limited 
effect of  noise reduct ion to the relatively few twin sets 
per  face we were able to measure ,  especially where  a 
distinction be tween the tips and centers  of  the tension 
gashes was made.  We  have therefore  decided to present  
the uncleaned data.  

Calcite twin analysis gives values for  the magni tude  of  
strain and stress, but  it is unable  to detect  vo lume 
changes and,  in some cases, to recognize more  than one 
deformat iona l  event  (see below).  Because  of  these 
propert ies  and because of  the large nominal  errors  in 
calculated strain magni tude  (Table 1), we will emphasize  
the or ienta t ions  of  the principal strains in our  discussion 
and at tr ibute limited significance to the accompany ing  
magni tudes .  In exper iments  it has been  demons t ra t ed  
that  the or ienta t ion of  the principal strain axes is accu- 
rate to within 6-8 ° (Groshong  et al, 1984b). 

In addit ion to kinematic  analysis, we applied the 
numerical  dynamic  analysis of  Spang (1972) to the vein 
complex  and calculated the differential stress mag- 
nitudes using the me thod  of  Jamison & Spang (1976). 

Table 2. Values of the differential stress magnitude calculated from 
the percentage of grains with three twin sets 

Three t w i n  Differential 
No. of sets stress 

Location grains (%) (MPa) 

Centers + tips 100 3 100 
Back + sides 200 6.5 157 
All 300 5.5 13(I 

Critical resolved shear stress for calcite twinning is 10 MPa. 

of  the tension gashes (front) ,  the sides and the back. The  
data were  ro ta ted  and merged  in various combinat ions ,  
and the results are presented  below. 

r/ps 

We were only able to carry out  twin analysis on 13 
grains, of  which three had negative expected values 
(NEVs) .  This is too  small a number  to split and analyze 
separately.  The  shor tening axis lies at an angle of  - 5 5  ° 
f rom a with a magni tude  of  14.7% ; the extension direc- 
tion is approximate ly  perpendicular  to the front  face, 
that  is parallel to the twist axis of  the tension gashes (axis 
b). No te  that  the nominal  er ror  (Groshong  et al. 1984b) 
is very high (15.9), which is at t r ibuted to the relatively 
small number  of  grains. 

Centers  

Twenty-n ine  grains f rom the central  port ions of  the 
tension gashes gave a max imum shor tening direction 
that  lies in the ac-plane,  at an angle of  +65  ° f rom a. 
Howeve r ,  only little difference in magni tude  (2%) was 
found  be tween  el and e a. The  extension direct ion is 
parallel to that  ob ta ined  f rom the tips but  considerably  
smaller in magni tude.  Thi r ty-one  per  cent  of  the grains 
had NEVs .  

CALCITE TWIN ANALYSIS:  R E S U L T S  

Our  results are presented  in Tables  1 and 2 and Fig. 2. 
Twinning was analyzed separately in the tips and centers  

Tips + centers 

W h e n  data  f rom the two above  sets are combined  the 
strain axes are approximate ly  parallel to our  reference 
axes, with el parallel to c and e2 parallel to a. 

Table 1. Results from calcite mechanical twin analysis for the different areas of the vein complex 
shown in Fig. 1. The orientations of the principal strains are shown in Fig. 2 

Principal strains* 
No. of (%) Nominal NEVs$ 

Location grains e I e2 e~ error+ (%) 

Centers 29 -7.2 -5.1 12.3 8.0 31 
Tips 13 -14,7 -6.9 21.6 15.9 23 
Center + tips 42 - 12.2 -7.9 20.1 6.7 29 

Back 20 - 19.1 - 16.0 35.0 10.4 25 
Sides 20 - 17.3 - 14.0 31.2 4.2 3(I 
Back + sides 40 -22.3 -17.5 39.8 6.3 25 

All 82 - 12.7 -9.0 21.6 3.3 29 
PEV~: 58 -17.9 -9.8 27.7 2.6 7 
NEV$ 24 -29.1 11.7 17.4 4.0 4 

* Deviatoric strain: e~ + e 2 + e 3 = 0 ;  extension is positive. 
+ Nominal error = SE(X) + SE(Y)/2 (Groshong et al. 1984b); 8E is standard error. 
.+,, PEV and NEV are positive and negative expected value, respectively. 
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Sides DISCUSSION AND CONCLUSION 

The results from twin analysis of the sides are similar 
to those for tips + centers above. However ,  the strain 
magnitudes are considerably higher. The maximum 
shortening strain is 17.3%, and 30% of the grains had 
NEVs. 

Back 

The back face allowed for the analysis of 20 grains, of 
which 25% gave NEVs. The strain axes are again parallel 
to our reference system axes, with a maximum shorten- 
ing strain of 19.1%. The extension axis (e3) is parallel to 
b, as for the other faces of the vein complex. 

Sides + back 

Because the side and back faces both represent the 
continuous portion of the vein, contrasting with the 
sigmoidal en 6chelon shape on the front face, data for 
the two were combined. Predictably, the pattern is 
similar to those of the two faces separately. 

All, PEV, N E V  

All data were combined into one set of 82 grains and 
analyzed (All in Table 1 and Fig. 2). Twenty-nine per 
cent of the grains had NEVs, and separate NEV- and 
PEV-splits were run. The PEV-split produced a pattern 
indistinguishable in orientation from that for back + 
side or tips + centers. However ,  a contrasting pattern 
was obtained from the NEV-split. The compression axis 
contour maximum is parallel to a while the shortening 
direction (magnitude: 29.1%) is parallel to b. Thus the 
NEV-split may suggest a second, unrelated defor- 
mational event that is orthogonal to the first. Teufel 
(1980) showed that two deformational events can be 
distinguished when more than 40% NEVs are present 
and when the errors for split runs are smaller than that 
for the complete set. Our results give approximately 
30% NEVs for all areas in the vein and no real reduction 
in standard error between the All and the PEV and NEV 
runs (Table 1). Thus these data cannot be used to 
confirm the presence of more than one deformational 
event. 

Differential stress 

Twinning in calcite can occur on three twin planes, 
and the proportion of deformed grains with one, two or 
three twin sets within a sample can be used to infer the 
differential stress at the time of twinning (Jamison & 
Spang 1976). All of the calcite grains in the vein filling 
had at least two twin sets, so the proportion of grains 
with three sets were counted, and these data are 
presented in Table 2. A differential stress in the range of 
100-160 MPa was calculated for the time of twinning, 
using a critical resolved shear stress (CRSS) of 10 MPa 
(Wenk 1985). 

We found no variation in chemistry or texture across 
the vein complex, which indicates that the metamorphic 
and kinematic conditions did not change appreciably 
during vein filling. This in turn would suggest that vein 
filling occurred during a single event, possibly reflecting 
a geologically short time span. 

Variation in strain and stress 

In order to interpret the results from twin analysis it 
is critical to distinguish between the stress field that 
produced the crack, that is the remote stresses, and the 
stress field associated with the evolution of these dis- 
continuities, that is, the local stresses. Thus, strains in 
the vein material as a result of propagation will be 
different from those related to crack formation. 

Earlier studies (e.g. Pollard et al. 1982 and references 
therein) have demonstrated that vein propagation takes 
place from the continuous portion ( 'parent ')  to the 
discontinuous, en 6chelon portion of the vein, parallel to 
the twist axis. Furthermore,  it is generally accepted that 
cracks propagate in a plane normal to the remote tensile 
stress. All analyzed parts of our vein complex show the 
extension axis to be parallel to the vein boundary and the 
twist axis of the en 6chelon array. Since the remote 
extension axis associated with the formation of the vein 
would be at a high angle to the vein boundary we 
interpret the calculated e 3 orientation to reflect the local 
field that is associated with crack propagation. 

In the continuous portion of the vein complex we find 
that the shortening axis consistently lies in the vein 
boundary surface, parallel to c (Fig. 2). Thus, el and e, 
largely seem to reflect the remote stresses. Toward the 
leading edge of the vein (the en 6chelon array) this 
pattern changes. The maximum shortening axis in the tip 
area lies at an angle of - 5 5  ° from a. This orientation is 
parallel to the trend of the tips (Fig. 2). In contrast, in the 
center of the gashes the compression and shortening 
axes are perpendicular to the vein trend (Fig. 2) with 
very little difference in magnitude between ej and e: 
(Table 1). The rotation axis of the stress and strain fields 
from tips to centers, as well as from continuous to 
discontinuous portions of the vein, is parallel to the twist 
axis (here b) of the vein complex. 

Following Pollard et al. (1982) and Nicholson & 
Pollard (1985) we interpret the change in orientation of 
the strain from the continuous to the discontinuous 
portions of the vein to be a result of the breakdown of the 
parent crack into an en 6chelon array in the direction of 
vein propagation. The orientation of the strain in the tips 
and centers of the en 6chelon array tracks the geometry 
of the sigmoidal gashes, and the small differential strain 
magnitude (ej - e2) in the centers of the gashes reflects 
the greater role of interaction between neighboring 
cracks. 

Finally it should be noted that the calcite twinning 
strains observed in the vein complex are unrelated to the 
strain distribution in the country rock. Strain patterns 
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in the  I d a h o - W y o m i n g  thrus t  be l t  d o m i n a n t l y  show 
b e d d i n g - p a r a l l e l  sho r t en ing  fabr ics  ( C r a d d o c k  et al. in 
press) ,  as is well  d o c u m e n t e d  for  o t h e r  th rus t  be l t s  
(e .g.  the  A l p s ,  G r o s h o n g  et al. 1984a; the  sou the rn  
A p p a l a c h i a n s ,  W i l t s c h k o  et al. 1985). 

In  conc lus ion ,  the  d e f o r m e d  vein  filling in d i f fe ren t  
a reas  of  the  vein  c o m p l e x  r e c o r d e d  the r e m o t e  and  local  
s t resses  in d i f fe ren t  p r o p o r t i o n s .  The  s igmoida l ,  en 
6che lon  a r ray  was f o r m e d  at the  l ead ing  edge  of  the  
p r o p a g a t i n g  vein  and  la rge ly  reflects  the  local  field and 
not  the  r e m o t e  shear .  

Magn i tudes  o f  strain and  di f ferent ial  stress 

Calcu l a t ed  shor t en ing  s t ra in  magn i tudes  range  f rom 
5. l to 22.3% (Tab le  1), wi th  a m e a n  d i f fe ren t i a l  s t ra in  
(el - e : )  of  4 .2%.  A n  overa l l  dec rea se  in s t ra in  mag-  
n i tude  is o b s e r v e d  f rom the con t inuous  to d i scon t inuous  
po r t i on  of  the  vein  complex ,  that  is, in the  d i rec t ion  of  
p r o p a g a t i o n .  In  the  absence  of  b e t t e r  cons t r a ined  va lues  
(see  nomina l  e r ro rs )  and  in fo rma t ion  on v o l u m e  changes  
we only  conc lude  tha t  t he re  were  two pr inc ipa l  shor ten -  
ing d i rec t ions  of  only  sl ightly d i f fe ren t  magn i t ude .  

Di f fe ren t i a l  stress magn i t udes  ca lcu la t ed  f rom 
twinned  calci te  are  in the  range  of  100-157 M P a  with  an 
ave rage  of  130 M P a ,  which equa tes  to a m a x i m u m  shear  
stress of  a p p r o x i m a t e l y  65 MPa .  J ami son  & Spang  (1976) 
no ted  tha t  the  value  for  the  d i f fe ren t i a l  s t ress  using the i r  
m e t h o d  p r o b a b l y  r ep re sen t s  an u p p e r  va lue .  In  spi te  of  
the  c rudeness  of  this m e t h o d ,  these  va lues  are  cons is ten t  
with resul ts  o b t a i n e d  by  J ami son  & Spang  (1976) and  
H o u s e  & G r a y  (1982) f rom low-g rade  rocks  in o t h e r  
thrus t  t e r ranes .  Fo l lowing  E t h e r i d g e  (1983), the  tens i le  
s t reng th  of  the rock  would  be  g rea t e r  than  30 M P a  

( ( O  l - -  0 3 )  ~ 4T) ,  which  is at  the  high end of  the  scale of  
m e a s u r e d  tens i le  s t rengths  of  rocks  (e.g.  S u p p e  1985, p. 
155). This  high va lue  is a t t r i bu t ed  to the  f ine -gra ined  
do lomi t i c  na tu re  of  the  Mad i son  G r o u p  in which  the  vein  
s t ruc ture  was fo rmed .  

Rela t ionsh ip  be tween  twin  analysis  and  c-ax& fabr ic  

Since the  ear ly  1950s it has been  k n o w n  tha t  c-axes  in 
d e f o r m e d  calci te  t end  to d e v e l o p  gi rdles  p e r p e n d i c u l a r  
to the  tens ion  axis when  calci te  twinning  is the  d o m i n a n t  
d e f o r m a t i o n  m e c h a n i s m  (e.g.  T u r n e r  & Weiss  1963, 
W e n k  1985). Bo th  c-axis fabrics  in Fig.  2 show an 
o r t h o r h o m b i c  s y m m e t r y ,  but  the  re la t ive ly  smal l  
n u m b e r  of  axes tha t  cou ld  be  m e a s u r e d  do  not  a l low 
grea t  s ignif icance to be a t t a c h e d  to the  m a x i m a  in these  
girdles .  N o t e ,  howeve r ,  tha t  for  the  con t inuous  ve in  the 
c-axis con tours  a p p e a r  to be  c o n c e n t r a t e d  a r o u n d  the 
compres s ion  axes that  were  ca lcu la t ed  f rom d y n a m i c  
twin analysis  (Fig.  2). O u r  c-axis fabr ics  ind ica te  tha t  the  
sample  u n d e r w e n t  ax ia l ly - symmet r i c  ex tens ion  para l l e l  
to b, which is in a g r e e m e n t  wi th  the  s t ra ins  tha t  were  
m e a s u r e d  f rom calci te  twinning  (Tab le  1). 
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