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Abstract--Analysis of $1 cleavage trends in the Ordovician-Devonian Mathinna Group of northeast Tasmania 
has identified mega-scale (up to 9 km axial surface spacing) kink-bands and kink folds. These formed after the 
regional steep slaty cleavage and are contemporaneous with but post-date small-scale (cm-scale) vertical kink- 
bands. Small-scale sinistral kink-bands strike approximately 032 ° and predominate in number over the 
approximately E-W-striking dextral kink-bands. The geometry of the small-scale kink-bands indicates a 166 ° + 
10°-trending principal shortening during kinking. Kink-bands overprint minerals in the contact aureole of the 
Middle to Upper Devonian granite-granodiorite Scottsdale Batholith and pre-date deposition of the Parmeener 
Supergroup of Upper Carboniferous age. Megakinking in NE Tasmania is correlated with megakinking in the 
Lachlan Fold Belt (New South Wales) which occurred under the same bulk shortening direction and also during 
the Middle Carboniferous. 

Prior to kinking, the regional slaty cleavage in the Mathinna Group was near vertical and trended 157 °, which is 
subparallel to the principal shortening direction during kinking (166 ° _ 10°). Because of this close alignment and 
the presence of a pre-existing planar anisostropy throughout the region, megakinks developed despite only 4--5 % 
bulk shortening. Kinking in NE Tasmania occurred at 120 _ 45 MPa (approximately 4.2 km depth). The brittle 
and 'instantaneous' nature of kinking is consistent with deformation at such shallow crustal levels. Megakinking 
may be a typical expression of crustal tectonics of minor bulk shortening at shallow crustal levels, only in the case 
of regions with a pre-existing steep planar structural grain subparallel to the principal shortening direction. 

INTRODUCTION 

NUMEROUS experimental and theoretical studies of kink- 
ing have been presented in the literature (Paterson & 
Weiss 1966, Gay & Weiss 1974, Weiss 1980, Williams & 
Price 1990, Stewart & Alvarez 1991). These are primar- 
ily concerned with the relationship between kink geom- 
etry and the principal shortening direction, and with the 
propagation of kink-bands. Some studies of natural 
kinks test experimental and theoretical models (Ander- 
son 1964, Powell et al. 1985, Kimura et al. 1989, Stubley 
1990, Stewart & Alvarez 1991), but few studies relate 
kinking and the scale of kinking to wider tectonic con- 
siderations such as the relationship of the principal 
shortening axis with respect to the pre-existing regional 
planar anisostropy, regional bulk shortening and depth 
of crustal residence. 

Though small- to medium-scale (1 cm-50 m) kinking 
is a common upper-crustal late-stage feature of orogens, 
mega-scale (100 m-10 km) steeply plunging kinking is 
apparently rare, being previously reported only from the 
Ordovician-Devonian Lachlan Fold Belt in eastern 
Australia (Rixon et al. 1983, Powell et al. 1985, Stubley 
1990). (Nevertheless, large-scale monoclines with shal- 
low to horizontal axes are a common feature of fold- 
thrust belts world wide.) Although studies of kinking in 
the Lachlan Fold Belt constrain the bulk regional short- 
ening and strain field they do not define the depth of 
crustal residence during kinking accurately. Such infor- 
mation is critical in confidently constraining models of 
crustal tectonics during megakinking. This study defines 
the depth at which kinking occurred in NE Tasmania, 

and outlines the geometry of all scales of kinking and the 
controlling strain field. Kink-band geometry and the 
kinematic analysis presented are based on detailed map- 
ping and data collected from the central region of NE 
Tasmania (Fig. 1). The study was expanded to en- 
compass the whole of the Mathinna Group in NE Tas- 
mania through study of data contained in published 
Tasmanian Department of Mines 1: 50,000 and 1: 63,360 
map sheets and accompanying reports; these give com- 
plete cover of the region. 

REGIONAL GEOLOGY 

The oldest rocks in NE Tasmania are the Lower 
Ordovician to Lower Devonian Mathinna Group (Bail- 
lie etal .  1989, Powell & Baillie 1992) (Fig. 1), a turbiditic 
sequence of alternating quartzwacke sandstones and 
siltstones-mudstones that comprise all the folded sedi- 
mentary sequences older than the unconformably over- 
lying late Lower Devonian (388 + 1 Ma) St Marys 
Porphyrite (Turner et al. 1986). The first deformation of 
the Mathinna Group (D1) gave rise to tight chevron 
folding (F1) on m- to km-scale around shallow to inter- 
mediate NNW- and SSE-plunging axes. Typical inter- 
limb angles of 50-90 ° indicate maximum ENE-WSW 
crustal shortening during D 1 in the order of 30-55%. F1 
folding is pervasive in the Mathinna Group throughout 
all of NE Tasmania, producing a variably strong axial 
planar penetrative cleavage ($1) that is the predominant 
structural surface throughout the whole region. For 
most of this region S1 is very steep (more than 70°), but 
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Fig. 1. Location of the area mapped in detail within NE Tasmania. 
Approximate limit of Thompson and Lachlan Fold Belts are after 

PoweU et al. (1985). 

$1 dips gently westward in the Pipers River area (Mar- 
shall et al. 1969). 

Granodiorite batholiths were emplaced coeval with 
the St Marys Porphyrite in the Middle Devonian and 
younger Adamellites and Alkali granitoids were 
emplaced during the Upper Devonian (Powell & Baillie 
1992). Radiometric ages for all NE Tasmanian grani- 
toids span 356-392 Ma (Cocker 1982). The second 
deformational event in NE Tasmania (D2) involved 
WSW-directed thrusting of the whole region, crenula- 
tion cleavage development and reorientation of F1 folds 
to recumbent orientations due to upramping of the 
Pipers River region (Powell & Baillie 1992). D2 post- 
dates the St Marys Porphyrite, deforms Middle Devo- 
nian granodiorites but not Middle to Upper Devonian 
adamellites, and is thought to be of Middle Devonian 
age (Powell & Baillie 1992). 

Kink-bands (F3) on all scales from mm- to km-scale 
were developed in the Mathinna Group throughout NE 
Tasmania. Kilometre-scale megakinking of Mathinna 
Group has resulted in sharply defined domains of con- 
stant Sl strike that have been rotated 11-31 ° from the 
average $1 strike (157 °) in non-rotated domains through- 
out NE Tasmania. The non-rotated domains (strike 
150-167 °) have been termed SSE-NNW domains 
throughout this paper. The megakink domains (i.e. 
rotated domains) have been grouped according to their 
average S~ strike as; SE-NW (140-150°), E-W (113- 
128 °) and N-S (170-185 °) domains. 

Within the contact aureole of the Scottsdale Batholith 
small-scale kink-bands kink and fracture biotite and 

muscovite grains and ~old flattened cordierite porphyro- 
blasts into gentle arcs. Consequently, D3 kinking post- 
dates the granodiorite intrusion and therefore the maxi- 
mum age of D3 kinking is Upper Devonian and possibly 
younger than 356 Ma if the kinks post-date the younger 
adamellites as well (Cocker 1982). The only constraint 
on the minimum age is that the kinks pre-date the oldest 
sediments of the Parmeener Supergroup (approximately 
300 Ma) because these sediments are flat lying and show 
no evidence of NNW-SSE shortening. An identical 
minimum age is offered for kinking of the Lachlan Fold 
Belt (Powell et al. 1985) which forms the basement of the 
post-300 Ma Sydney Basin. The maximum age limit of 
megakinks in the Lachlan Fold Belt is younger than 340- 
350 Ma and the kinks are thought to be of approximately 
330 Ma age (Powell et al. 1985). Powell et al. (1985) 
correlates Middle Carboniferous kinking in eastern 
Australia with the N-S-directed compression associated 
with the Alice Springs Orogeny in central Australia. 

METAMORPHIC GEOLOGY 

Geothermobarometry has been used to constrain the 
depth of burial of the Mathinna Group at the time of 
Middle to Upper Devonian batholithic emplacement. 
The depth of crustal residence of the presently exposed 
rocks during D3 kinking is interpreted to be equivalent 
to that during the time of granitoid intrusion. D2 WSW- 
directed over-thrusting is reported to have deformed 
Middle Devonian granodiorites (Powell & Baillie 1992), 
thus the region could have potentially been thrust to 
shallower crustal levels prior to D3 kinking. However, in 
central NE Tasmania (Fig.5) the Dz event has not 
appreciably reoriented Sj from its original subvertical 
orientation (Poweil & Baillie 1992). Therefore, up- 
ramping in the study area is considered negligible. 

The Upper Devonian granitoids contact metamor- 
phosed the Mathinna Group, giving rise to 1-2 km wide 
aureoles of spotted metapelites. Typical assemblages 
in the metapelites are cordierite-muscovite-biotite- 
quartz-K-feldspar-ilmenite-rutile _+ plagioclase + anda- 
lusite. Such assemblages form at 400-600°C and less 
than 250 MPa as shown by comparison to experimental 
and theoretical phase stability data (Fig. 2). 

The Hollister et al. (1987) calibration of the 
aluminium-in-hornblende geobarometer has been ap- 
plied to seven granodiorite samples from the Scottsdale 
Batholith resulting in pressures of 15-200 MPa and 
averaging 90 MPa. These pressures are considered re- 
liable because the whole-rock composition of the Scotts- 
dale Batholith samples are equivalent to those used for 
the empirical calibration of this geobarometer. These 
low pressures are supported by results between 22 and 
162 MPa and averaging 78 MPa derived from the experi- 
mentally calibrated hornblende geobarometer of John- 
son & Rutherford (1989). 

Our geobarometric calculations based on phengite 
(Massone & Schreyer 1987) and K-feldspar-biotite- 
muscovite (Bucher-Nurminen 1987) geobarometry of 
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Fig. 2. Experimental and theoretically calculated phase equilibria for 
pelitic systems. Shaded region is the stability field of metapelite 
assemblages adjacent to the Seottsdale Batholith. Small dots in circles 
are the preferred P-T loci of metapelite samples. Bars indicate range 
of geothermobarometry results, not analytical errors. Solid dots are 
temperature estimates (with error bar), from metapelites based on 
equilibrium thermodynamics and assuming a pressure of 120 MPa. 
Dashed line is the average pressure result for one metapelite sample by 
equilibrium thermodynamics. Stars are preferred P-T loci of Scotts- 
dale Batholith samples. Full analytical results are available in Gos- 
combe et al. (1992). (1) Al-silicate triple point (Spear & Cheney 1989); 
(2) theoretically calculated equilibria in KFASH (Powell & Holland 
1990); (3) experimentally derived equilibria in KMASH (Massone 
1989); and (4) theoretically calculated equilibria in KFMASH (Spear 

& Cheney 1989). 

Kink axial 

~ Principal shorfening 
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Fig. 3. Geometry of idealized conjugate 'reverse' kink-bands and 
definition of nomenclature and symbols, w = orthogonal width of 
kink-band, y = length of internal S1 cleavage trace within kink-band. 

Further explanation in text. 

five contact aureole metapelites require constraint by 
accurate and independent estimation of the temperature 
of equilibration. Temperatures  of contact metamor- 
phism were calculated using the biotite-muscovite 
geothermometer  of Hoisch (1989) for all samples, and 
additionally plagioclase-K-feldspar (Powell & Powell 
1977) and biotite--chlorite (Laird 1989) geothermometry 
in two samples. Temperatures  of formation range 450- 
500°C and constrain the geobarometry results to a range 
of 100-175 MPa (Fig. 2). 

Average pressure and average temperature calcu- 
lations were performed on three metapelite samples 
using the equilibrium thermodynamics method of Pow- 
ell & Holland (1988). All calculations were carried out 
using the program T H E R M O C A L C  vl .2  (R. Powell 
personal communication 1990). For temperatures of 
500-550°C the average pressure is 30-160 MPa. The 
calculated average temperatures of 534-544°C, for a 
pressure estimate of 120 MPa, are slightly higher than 
temperature estimates by the geothermometry methods 
employed above (Fig. 2). Temperature  estimates calcu- 
lated by equilibrium thermodynamics may be more 
reliable as they are more consistent with the phase 
stability field of the metapelite assemblages (Fig. 2). 

Pressure estimates by the four methods employed 
here are mutually consistent and together give a reliable 
estimate of the pressures during batholith emplacement.  
All pressure estimates are low (less than 200 MPa) and 
average around 120 + 45 MPa (4.2 km depth). Such 
shallow levels of emplacement of NE Tasmanian batho- 
liths is supported by the closely associated St Marys 

Porphyrite (Turner  et al. 1986) and the very narrow 
contact aureoles (Goscombe et al. 1992). 

SMALL-SCALE KINK-BANDS 

Genera l  f ea tures  

All kinking in outcrop possesses monoclinic 'reverse'  
(Dewey 1965) kink-band geometry. Kink-bands are 
planar with subparallel axial surfaces. They kink well- 
aligned phyllosilicates that define $1 and within the kink- 
band this cleavage is active as slip surfaces to accommo- 
date kinking. The kink-bands are best developed in 
shales and siltstones and only very rarely developed in 
silty sandstones. There is no alignment of mineral phases 
with the fold axial surfaces of the kink-bands, and no 
new mineral growth is seen to be associated with kink- 
ing. The axial surfaces are parallel for lengths typically 
greater than the width of the outcrop (exceeding 1-10 
m). The kink-bands terminate by the low-angle conver- 
gence of the axial surfaces, forming a very elongate 
lenticular morphology. Small-scale kink-bands are also 
terminated by short (less than 2 cm long) microfaults 
with offsets smaller than 2 mm. These faults are parallel 
to and are continuations of the axial surface. Both the 
kink-bands and microfaults have the same shear sense. 

Most kink hinges are angular and sharp in outcrop. In 
thin section the axial surface ($3, Fig. 3) is planar to 
curviplanar and also rarely bifurcates. The kink hinge 
zone is most commonly a single axial surface but may 
also comprise an en 6chelon set of discontinuous axial 
surfaces inclined at low angles. In thin section some of 
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Fig. 4. Histogram summarizing all data on kink-band widths from the 
region mapped in detail. Only kink-bands with widths below 8 cm are 

included. 

the kink hinges are not perfectly angular but slightly 
rounded and typically form a hinge zone of up to 0.4 mm 
wide. More rounded hinges comprising a wider hinge 
zone (up to 3 mm) have been observed in outcrop. 

Orthogonal to the axial surface both sinistral and 
dextral kink-bands range in width (Fig. 3) from 1 to 200 
mm with very few over 40 mm. The average sinistral 
kink-band width is 23 mm and the average dextral kink- 
band is 21 mm wide (Fig. 4). Kink-bands have been 
traced for up to 10 m in length, the limit of the exposure, 
and may be considerably longer. These dimensions are 
of the same order as those described by Lennox (1980) 
from the region immediately south of our study area. 
Second-order kink-bands, 1-10 m wide, are known to 
occur from changes in the orientation of Sj between 
successive outcrops. These kinks cannot be mapped 
because of the lack of continuity between outcrops. This 
scale of kinking is not common and only recognized in 
domain C (Fig. 5), and not treated further in this study. 

The number of small-scale kink-bands per metre 
along sections parallel to the local $1 strike has been 
recorded from 23 localities. The range is 0.33-4.00 kink- 
bands m-I  and the average is 2.11 kink-bands m ~. 
Some outcrops have no kink-bands (especially in 
domain A), and these values therefore only give an 
indication of the maximum spatial density of kink-bands 
for the region mapped in detail. 

Sinistral kink-bands are tightly constrained in strike 
throughout the region mapped in detail, averaging 032 ° . 
All kink-bands dip steeply (70-90 °) and display no 
asymmetry in the direction of dip (Fig. 6). The average 
sinistral $3 strike in each domain ranges between 031 ° 
and 045 ° (Fig. 7). The dextral kink-bands are subvertical 
(85-90 °) but have a significant range in strike throughout 
the area (48-127°). The average dextral $3 strike is 89 ° 
(Fig. 6). The strike of dextral kink-bands in domain C is 
ENE,  whereas in the SSE-NNW-domains (A and D) 
they strike ESE. Similarly sinistral kink-bands in 
domain C strike anticlockwise of those in the SSE- 
NNW-domains (Fig. 7). This suggests that both sinistral 
and dextral small-scale kink-bands were rotated in 
association with the bulk rotation of domain C as a result 

of megakinking (Fig. 5). Consequently, the small-scale 
kink-bands may have formed earlier than the mega- 
kinks. 

The proportion of sinistral to dextral kink-bands (sin./ 
s in.+dext.)  varies between structural domains. For 
example only sinistral kink-bands are found in the E - W  
domain B (Fig. 5). SE-NW domain C has the next 
highest proportion of sinistral kink-bands (92%) and the 
average of all SSE-NNW domains (A, D, E, F and G) 
has the lowest proportion of sinistral kink-bands (64%) 
(Appendix 1). Thus the domains that have experienced 
greatest sinistral rotation due to megakinking have a 
greater dominance of sinistral kink-bands relative to 
dextral kink-bands. 

Conjugate pairs of kink-bands are only rarely seen in 
outcrop. This is either because outcrops are typically 
small (less than 0.25 m 2) or conjugate pairs are rare. 
Conjugate kink-bands are reported by Threader  (1967) 
and Lennox (1980) from within the area mapped in 
detail and further to the south. Thus, the steep sinistral 
and dextral kink-bands of NE Tasmania are considered 
to have formed together as conjugates. 

The orientation of the kink axial surface with respect 
to the Sj foliation outside the kinked domain is defined 
by the acute angle ~ (Fig. 3). Average a from each 
structural domain ranges from 65 ° to 78 ° in sinistral kink- 
bands and 50-83 ° in dextral kink-bands (Fig. 8 and 
Appendix 1). a-values increase progressively from 
within SSE-NNW to SE-NW and to E - W  domains (Fig. 
8 and Appendix 1). The orientation of the internal SI 
foliation with respect to the kink axial surface is the 
angle fl (Fig. 3). fl is always adjacent to the angle a, andfl 
can potentially have values exceeding 90 ° typically in the 
case of 'normal' kink-bands (a + fl > 180°). Small-scale 
"normal' kink-bands arc, however, absent in the region 
studied. Average fl angles from sinistral kink-bands of 
different structural domains range 58-73 ° (Fig. 8 and 
Appendix 1). The angle of rotation of the internal S~ 
cleavage as a result of kinking is defined by the angle ~/, 
(Fig. 3). The angle ~ is very tightly constrained to 36-45 ° 
for both sinistral and dextral kink-bands from all 
domains (Appendix 1 ). Measurements of a and fi angles 
from small-scale kink-bands plot as a wide scatter either 
side of the constant w)lume (a = fl) line (Fig. 9). Most of 
the spread in this data is towards a > ft. This scatter 
indicates that the kink-bands have experienced volume 
loss, possibly by progressive shortening across the kink- 
band. 

On a microscopic-scale, there are two distinct geom- 
etries of quartz-veinlets associated with the small-scale 
kinking. 

(1) En +chelon sets of short discontinuous lentieular 
veinlets form within and at consistently inclined low 
angles to the kink axial surface, These have ragged edges 
indicating ripping apart of phyllosilicates and dilation 
along an axis at a low angle to the S1 cleavage. Such 
veinlets are thought to be due to brittle fracture and 
dilation in the hinge of the kink. 

(2) Less commonly, long (up to 5 mm) but very thin 
planar quartz veinlels and trains of lenticular veinlets 
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Fig. 6. Lower-hemisphere equal-area stereoplots of small-scale kink- 
band orientations from the area mapped in detail. Solid dots and 
contours are poles to kink-band axial surfaces ($3); mean strike is 

given as a dashed line. Open circles are kink-band axcs, 

occur throughout the internal volume of the kink-band. 
These are oriented near-perpendicular to the kink axial 
surface. The axis of dilation associated with these vein- 
lets is consistent with their formation in the earliest 
stages of kinking, with later rotation to their present 
orientation by the subsequent development of the kink- 
band. 

D3 principal shortening direction derived from small- 
scale kink-bands 

The orientation of kink-bands, either single or as 
conjugate sets, is directly related to the relative orien- 
tation (q), Fig. 3) of the principal shortening direction 
(Z) of the strain ellipsoid and the external S~ cleavage 
surface (Gay & Weiss 1974). Only in the case of pure 
shear is Z coincident with the principal compressive 
stress (oj); such cases are rare in natural systems (Pater- 
son 1989, Stubley 1990). Two methods have been used 
to estimate the palaeo-D3 principal shortening direction 
based on average small-scale kink-band geometries in 
different domains. 

(1) Kinking experiments performed by Gay & Weiss 
(1974) on a card deck and slate, define the relationship 
between both ¢p and a, and ¢p and ¢p. Average a and q~ 
values of small-scale sinistral kink-bands for each 
domain from the area mapped in detail have been 
compared with the experimental data of Gay & Weiss 
(1974) (Fig. 10). These yield two estimates of ~p and 
consequently two solutions for the Z-direction with 
respect to the external S~ (Appendix 1). Z-directions 

based on a-data are consistently clockwise of and within 
5-27 ° of those based on q>data from the same domain 
(Fig. 11 and Appendix I). The principal shortening axis 
can be assumed to be horizontal because of the steep 
nature of kink-bands throughout the major part of NE 
Tasmania. 

(2) The orthogonal bisector between conjugate sinis- 
tral and dextral kink-bands approximates (_+20 °, Stub- 
ley 1990) the Z-axis (Ramsay 1962). The trend of the Z- 
axis was estimated for most domains based on the 
bisector of the average strike of sinistral and dextral 
kink-band populations in each domain (Fig. 11 and 
Appendix 1). This method assumes coeval generation of 
sinistral and dextral kink-bands. This has not been 
confidently established, though it is thought to be the 
case because Z-axes by this method are consistent with 
results based on the data of Gay & Weiss (1974). 
Furthermore,  conjugate kink-bands reported from 
domain C (Threader 1967) formed by 140°-trending 
shortening, which is coincident with estimates in this 
same domain by this study (Appendix 1). 

The results of all three methods for each domain and 
group of domains have been listed in Appendix 1 and 
presented in Fig. I1. These data illustrate a systematic 
spread of the axes from SSE-NNW to ES E-W N W  for 
results derived progressively from SSE-NNW to SE-  
NW and to E-W domains (Fig. 11). This is consistent 
with the small-scale kink-bands having been rotated by 
the megakinks, indicating progressive deformation up in 
scale with time. 

To define the regional shortening direction during 
small-scale kinking the effect of late-stage megakinking 
needs to be removed by unfolding to the regional pre- 
megakmking S~-strike (157°: the strike in SSE-NNW 
domains). The effect of megakinking on Z-axes have 
been removed in domains B (unfolded 44 °) and C 
(unfolded 17 ° ) (Appendix 1 and Fig. 11). These 
unfolded Z-directions are identical to those in the SSE- 
NNW domains (those not rotated by megakinking). The 
average Z-direction for all SSE-NNW domains and 
unfolded B and C domains are; 178 °, 161 ° and 158 ° for 
the methods based on ~z-data, ~/,-data and conjugate sets, 
respectively. Consequently, the principal shortening 
axis during small-scale kinking trends 166 ° _+ 10 ° in a 
horizontal phme. This is close to the N-S-shortening that 
gave rise to megakinks (Powell et al. 1985) and small- 
scale kink-bands (Stubley 1990) in the Lachlan Fold 
Belt. 

The spread in Z-direction for any given method and 
from different domains is small ((v-21 °) compared to the 
potential errors inherent in the methods used (i.e. the 
large spread in Gay & Weiss (1974) experimental data 
and assumptions pertaining to the pure shear model of 
Ramsay (1962). Thus the internal consistency of our 
orientation suggests that this result is reliable. 

It should be noted that estimates of the Z-direction 
derived from conjugate kink-bands (Ramsay 1962) give 
orientations consistently anticlockwise of estimates cal- 
culated by the method of Gay & Weiss (1974) based on 
(~-data (Fig. 11). This suggests that the geometry of 
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Fig. 8. Distribution of a and/3 angle (Fig. 3) measurements in each domain and groups of domains from the area mapped in 
detail. Means and standard deviations are given for sinistral data only. 
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Fig. 9. Plot of a vs fl from small-scale kink-bands from the area 
mapped in detail (circles). Megakink (a, fl) data given by squares, 
unreliable megakink data indicated by (?) (see Appendix 2). Solid 
symbols are dextral data, open symbols are sinistral data((plot modi- 

fied after Suppe (19851). 

individual kinks in the area studied may display a con- 
sistent deviation from the pure shear kinking model of 
Ramsay (1962). This variation is also indicated by both @ 
and a being greater than for the ideal (constant volume) 
case. This is illustrated by the kinks plotting offthe a =/3 
line in the volume-loss field (Fig. 9). This may indicate 
that the small-scale kinks formed in a non-coaxial en- 
vironment and not by pure shear (Stubley 1990). 

Bulk shear strain and shear environment during small- 
scale kinking 

The shear strain within an individual kink-band can be 
calculated if the rotation of the internal foliation with 
respect to the external foliation (V)) is assumed to be due 
to simple shear (Fig. 3). In such a model the kink axial 
surfaces are equivalent to the shear plane and shear 
strain is given by the relationship: 

9 0  

c~ 80 oa 

v 

60 

I 

E 

ii iii! 
20 

10 F 
, ili | I I 1 I 

0 20 

Fig. 10. Plot of the best-fit lines (solid) relating ~ to c( and V~ angles 
after the experimental data of Gay & Weiss (1974). Dashed lines are 
95% confidence limits. Arrowed lines outline estimates of (,b for 
specific domains and groups of domains from average a and ~, data 

(Appendix 1 ). 

x x 

x x 
x 

= , \ \ x \  

x 

\ ~ \ \ x  

I i I I I i 
/.0 0 20 40 

(degree) 

,,' -- tan V~ (Ramsay & Graham 1970). (1) 

Shear strain across the small-scale kink-bands have 
been calculated and plotted in Fig. 12. The average of 
the total group is approximately 0.92, which is consistent 
with constant volume kink-band formation (7 ~< 1). A 
significant proportion of small-scale kink-bands have 
shear strains exceeding 1 (Fig. 12). This is due to either 
late-stage rotation of the kink-band as a whole with 
respect to the external foliation (Kimura etal. 1989) and/ 
or a result of tightening of the kink-band past the 
optimum constant volume (a =/3) geometry (Fig. 9) by 
further rotation of the internal foliation. 

Rotation of the kink-band as a whole, with respect to 
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Fig. 11. Summary of the average relationship between average sinistral and dextral small-scale kink-bands in each domain 
(Fig. 5) and the calculated principal shortening axes (Z) indicated. Principal shortening axes in domains B and C have been 

rotated below to restore the Z-axes to before megakinking. 
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Fig. 12. Histogram of shear-strain data from individual small-scale 
kink-bands, calculated by the method of Ramsay & Graham (1970) by 

the analogy of the kink-band being a zone of simple shear. 

the external foliation, to give rise to increasing ~ values 
(and thus shear strain) would involve a decrease in a 
whilst fl remained constant. The Tasmanian kink-bands 
however show a general scatter of decreasing fl and 
increasing a values (Fig. 9) and so do not support late- 
stage rotation of the kink-band with respect to the 
external foliation. However, the a > fl kink-band geom- 
etry is consistent with tightening of the kink-band during 
kinking. Progressive tightening would result in rotation 
of the internal foliation to ~p values >45 ° with a minimal 
change in orientation of the kink-band with respect to 
the external foliation. Thus the shear-strain values for 
small-scale kink-bands (Fig. 12) are suggestive of pro- 
gressive deformation with further strain being par- 
titioned into pre-existing kink-bands; possibly during 
megakinking. 

It is argued that the progressive tightening of the 
small-scale kink-bands is due to their formation by non- 
coaxial progressive deformation and not by pure shear. 
The predominance of sinistral kink-bands over dextral 
kink-bands and paucity of conjugate sets is due to the Z- 

direction being slightly oblique and consistently clock- 
wise of the external St foliation (Gay & Weiss 1974, 
Stubley 1990). This is born out by the average Z- 
direction being 9 ° clockwise from the regional $1 strike. 
This obliquity and dominance of sinistral kink-bands is 
not consistent with pure shear experiments and so 
suggests a non-coaxial flow environment by comparison 
to the experimental work of Williams & Price (1990). 
The a > fl morphology of the small-scale kink-bands 
indicates that they experienced progressive rotation of 
the internal $1 foliation after initial kink-band forma- 
tion. Such a geometry differs from natural and experi- 
mental kink-bands formed in pure shear environments 
(Paterson & Weiss 1962, 1966, Anderson 1964). This 
difference is possibly due to kinking occurring in a non- 
coaxial environment (Kimura et al. 1989, Stubley 1990) 
and not by pure shear. 

It is proposed that the progressive non-coaxial flow 
that was experienced by small-scale kink-bands 
occurred during the latter-stage megakinking. The inter- 
nal volume of the megakink (i.e. the rotated domain) 
can be considered as a zone experiencing non-coaxial 
flow during megakinking. Thus during megakinking 
additional strain was partitioned into pre-existing small- 
scale kink-bands as rotation by megakinking created 
domains of non-coaxial flow. 

MAP-SCALE MEGAKINKING 

General features 

A very high density of S 1 readings in the Mathinna 
Group was obtained from the region mapped in detail in 
the central portion of NE Tasmania. These data were 
sufficient to accurately outline a series of kilometric- and 
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Fig. 13. Structural trend map of Sl-cleavage in the Mathinna Group from throughout NE Tasmania. Data compiled from 
the following 1: 50,000 and 1: 63,000 geological map sheets published by the Tasmanian Department of Mines: Noland Bay, 
Boobyalla, Eddystone, Blue Tier, Ringarooma, Pipers River, Launceston, Ben Lomond, St Helens, St Marys, Alberton 

and Snow Hill. Structural domains referred to in Fig. 14 are indicated. 

decametric-scale kink-bands (Fig. 5). Kink-band bound- 
aries are defined by relatively sharp changes in S1 orien- 
tation and the kink-bands have an angular monoclinic 
geometry. The structural domains bounded by the fold 
axial surfaces of these megakinks have tightly con- 
strained S1 orientations, typically with standard devi- 
ations of 1-13 ° (Fig. 7). These structural domains have 
been divided into groups on the basis of their average $1 
strike (Fig. 5 and Appendix 1). 

Similar scale megakinks have been documented by 
Turner in McClenaghan et al. (1982) and Turner & 
Calver (1987) from the southeast part of NE Tasmania 
and immediately north of the study area. All published 
$1 cleavage orientation data from the Mathinna Group 
of NE Tasmania have been summarized in Figs. 13 and 
14. These data show large regions of relatively constant 

S1 orientation (_+12-20 ° variation in each domain) 
bound by sharp planar zones across which the $1 orien- 
tation has rotated ('9) between 11 ° and 42 ° averaging 28 ° 
(Appendix 2). Consequently, the boundaries between 
these domains define the axial trace of megakinks. Like 
small-scale kink-bands, the axial surface of the mega- 
kinks are thought to also dip subvertically because of 
their straight traces across significant topographic relief. 
Megakink axial surfaces can be followed as far as 35 km 
along strike. Isolated megakink surfaces can be extrapo- 
lated through granitoid batholiths to connect with other 
axial traces of the same rotation sense and trend, making 
up a single axial surface trace as long as 100 km (Fig. 13). 

There is no evident map-scale effect of D 3 megakink- 
ing on the Upper Devonian granitoid batholiths. The 
majority of D 3 strain is envisaged to have been par- 
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Fig. 14. Lower-hemisphere equal-area projections of poles to Sl (dots and contoured) from NE Tasmania and poles to 
axial surfaces of small-scale kink-bands in domain 9 only (48 readings, contoured). Location of domains (labelled upper left- 
hand comer) indicated in Fig. 13. Contour intervals are 1, 3, 7 and 10%, 1% area, no 1% contour in domain 9. Dashed lines 
are average strike of $1 cleavage. Data from Longman & Everard (1966), Marshall et  al. (1969), Gee et al. (1979), Lennox 

(1980), McClenaghan et  al. (1982), Baillie et al. (1986) and Turner & Calver (1987). 

titioned into the Mathinna Group ,  being the less com- 
petent  and having the pre-existing anisostropy of $1. 
Any component  of  D3 strain that was part i t ioned into 
the batholiths would not have involved ductile defor- 
mation of the batholiths as a whole because of their large 
size and subsequent shapes. The envisaged mode  of any 
potential  D3 deformat ion of the granitoids is of a more  
localized nature,  such as the development  of faults and 

shear zones. Gee  & Groves  (1974) report  a conjugate 
sets of thin (1-40 mm)  mylonitic shear zones in the 
Piccanniny Point Adamelli te.  It  is not known if these 
shears formed during D3 kinking. 

Conversely,  the granitoid bodies themselves undoubt- 
edly had an influence on the geometry of the megakinks.  
This is suggested by the broad range of megakink geom- 
etries (Appendix 2) when compared  to the tightly con- 
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Fig. 15. Simplified map of megakink boundaries in NE Tasmania with the regions rotated from thc regional NNW-SSW 
trend outlined (stippled) and labelled. The approximate geometric parameters of rotated regions are summarized in 
Appendix 2. The principal shortening direction is derived from small-scale kink-bands (Fig. 11 and Appendix 2). Section 

lines trend 157 ° parallel to the regional pre-kinking S~ trace. 

strained geometries of small-scale kink-bands (Fig. 9 
and Appendix 1). Furthermore,  the E - W  domain I (Fig. 
5) is most plausibly due to a relatively high degree of N-S 
shortening at the southern margin of the Blue Tier 
Batholith. 

We can determine which of the domain groupings 
constitute the rotated domains (i.e. megakink-band) 
and which constitute the non-rotated domains (the pre- 
kink $1 trend) by analysis of $1 trends across NE Tasma- 
nia. The SSE-NNW domains are held to represent the 
pre-kinking structural trend in NE Tasmania since: 

(1) the average strike of outcrop-scale sinistral kink- 
bands (032 ° ) (Fig. 6) is identical to the overall trend of 
domain IIIl and III3 (Fig. 15) which also displays sinis- 
tral rotation with respect to the adjacent structural 
domains. Consequently, these domains are considered 
as a sinistral megakink-band; 

(2) the N-S domains; II2, IV1, IV2 and IV 4 (Fig. 15), 
have experienced dextral rotation and the domains 
themselves trend E N E - W S W  like the small-scale dex- 
tral kink-bands. Thus these domains are interpreted as 
dextral megakink-bands and the adjacent SSE-NNW 
domains have not rotated appreciably. 

The domains that experienced bulk rotation relative 
to adjacent SSE-NNW domains during megakinking are 

shaded and labelled in Fig. 15 and interpreted as 
megakink-bands. The SI strike of each of the non- 
rotated domains lie between 144 ° and 167 ° and the 
average is 157 ° (Appendix 2) which is thus the average 
prc-kinking trend of S~ for the whole of NE Tasmania. 

Principal shortening direction 

The approximate geometrical parameters, as 
smoothed out on a regional-scale, of the megakink- 
bands labelled in Fig. 15 are collated in Appendix 2. The 
range of ~x, fl and ¥, values of all these megakinks is larger 
than the range of the small-scale kink-bands. This re- 
flects both the gross simplification of reducing these 
large structures to average parameters and the inaccur- 
acy in constraining the trend of the axial trace of many of 
the kink folds (Fig. 15 and Appendix 2). The amount of 
rotation of S~ during megakinking (average ~k' = 28°; 
Appendix 2) is very low compared with the rotation of $1 
by the small-scale kinking (average ~p = 42°; Appendix 
1). This indicates lesser bulk-shear strains and shorten- 
ing across individual megakinks compared with that in 
the small-scale kink-bands (Appendix 1 and 2). a angles 
for megakink-bands are in the same range as for small- 
scale kink-bands. However,  the combination of low 7 i , 
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angles and slightly higher a angles in some megakinks, 
results in some megakink fl angles exceeding 90 ° (Fig. 9). 
Consequently, some megakink-bands have 'normal' 
geometry in contrast to the 'reverse' kink-band geom- 
etry displayed by small-scale kink-bands (Fig. 9). 

'Normal' megakink-bands are restricted to the most 
easterly and western sections of megakink-band II and 
to V. The orientation of the axial surface of these 
'normal' megakink-bands (and thus the a and fl angles) 
are not well constrained (Fig. 15, compare to Fig. 13). 
Thus the geometric parameters presented for megakink- 
band domains 111, II3 and V1 are possibly meaningless in 
terms of distinguishing these as having 'normal' or 
'reverse' geometries. The best constrained axial surfaces 
of megakink-bands are in the central section through NE 
Tasmania (Fig. 15 and Appendix 2); these have 'reverse' 
geometries and orientations similar to the small-scale 
kinks. Consequently, the megakinks are interpreted to 
have formed in the same strain field as the small-scale 
kink-bands, with a 166°-trending principal shortening 
axis. 

Relative timing of  small-scale and mega-scale kinks 

The relative timing of megakinking with respect to 
small-scale kink-bands can only be postulated on geo- 
metric arguments. Powell et al. (1985) argue that the 
constant angular relationships of small-scale kink-bands 
relative to the external $1 (i.e. a angles) in all domains is 
consistent with their formation before and not during 
megakink rotation. Average strike of both sinistral and 
dextral small-scale kink-bands in domains B and C are 
consistent with their rotation due to megakinking after 
their original formation in orientations equivalent to 
those in the non-rotated SSE-NNW domains. 

An early phase of formation of small-scale kink-bands 
and their subsequent rotation by megakinking is also 
supported by the principal shortening axis derived from 
small-scale kink-bands in different structural domains 
(Fig. 11). For example, calculated Z-axes in domains B 
and C, when megakink effects have been removed, are 
unfolded to orientations coincident to the Z-axis in non- 
rotated domains (Fig. 11). Furthermore, small-scale 
kink-bands have geometries consistent with progressive 
shortening after initial formation, this is compatible with 
late-stage megakinking. Progressive kinking up in scale, 
such as this, was also postulated by Powell et al. (1985) 
for the Lachlan Fold Belt. 

Da BULK SHORTENING 

We derive the following relationship (Goscombe & 
Findlay 1989) for the shortening across a kink-band, 
along an axis parallel to the external $1 strike, assuming 
constant $1 length: 

shortening ratio = 1 - cos ~0 (Fig. 3). (2) 

Shortening values across individual megakinks in NE 
Tasmania are listed in Appendix 2. These range from 3 

to 29% and average 12.7%. The results in Appendix 2 
have been used to calculate the crustal shortening due to 
megakinking along three sections parallel to the regional 
$1 trend (157°), through NE Tasmania (Fig. 15). The 
proportion of the length of each of these three sections 
that involved megakink rotation ranges 44)--47%. This 
data combined with the shortening ratios of individual 
megakinks gives rise to shortening values of 4.2, 3.3 and 
2.2% for sections A, B and C, respectively. 

Average shortening across individual small-scale 
sinistral kink-bands is of the order of 25% (Appendix 2). 
The average width of small-scale kink-bands is 23 mm. 
The average spatial density is 2.11 kink-bands m-  1 along 
a section parallel to $1. These values give rise to an 
average shortening across NE Tasmania by small-scale 
kink-bands of only 1.5%. This compares with the short- 
ening by small-scale kink-bands in the Lachlan Fold 
Belt, estimated by Cudahy (1986) to average 2-5% at 
individual localities and to be between 1 and 3% re- 
gionally (Powell et al. 1985). 

The sum of the shortening due to both small-scale and 
mega-scale kinking across NE Tasmania is in the order 
of 4-5%. This is considered a minimum estimate be- 
cause shortening due to kinks of 1-10 m scale have not 
been considered. However, intermediate scales of kink- 
ing are rare and only developed in domains that were 
rotated during megakinking, thus possibly contributing 
<1% of shortening. Consequently, total D3 shortening 
of NE Tasmania along a 157°-trending section is 
approximately 4-5%, which is equivalent to only 5-6 km 
of shortening across the region. This is compatible with 
the 5% total N-S-shortening in the Lachlan Fold Belt 
during kinking (Powell et al. 1985). 

DISCUSSION AND CONCLUSIONS 

Profuse small-scale kink-bands and mega-scale kink- 
bands occur throughout the Ordovician-Devonian 
Mathinna Group in NE Tasmania. Both scales of kink- 
ing occurred under 166°-trending bulk shortening and 
formed together in the same orogeny. Domains of small- 
scale kink-bands were rotated by megakinks, indicating 
progressive deformation up in scale. Progressive tight- 
ening of small-scale kink-bands was accommodated by 
further rotation of the internal $1 foliation, after initial 
kink-band formation, in a non-coaxial flow environ- 
ment. This additional tightening may be due to addi- 
tional strain being partitioned into pre-existing small- 
scale kink-bands during late-stage rotation of domains 
by megakinking, these rotated domains themselves 
being zones of non-coaxial flow. 

Kinking post-dates Middle Devonian granodiorite 
batholiths and pre-dates the Parmeener Supergroup; 
that is D3 kinking occurred between 300 and 375 Ma 
(and possibly <356 Ma). The principal shortening direc- 
tion during D3 kinking trended 166 ° + 10 ° in a horizontal 
plane. D1 tight folding and DE over-thrusting both in- 
volved intense shortening along a ENE-WSW-trending 
horizontal axis. D1 occurring prior to the St Marys 
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Porphyri te  (i.e. before 388 Ma) and  D2 immedia te ly  
after. Thus  D3 kinking occurred both  as a temporal ly  
distinct event  and  in a strain field near ly  or thogonal  to 

that  dur ing  Dj and  D e. Consequen t ly ,  k inking  in NE 
Tasman ia  cannot  be considered a late-stage episode of 
the same tectonic cycle as D ~ - D 2  but  as a new tectonic 
event .  

Bulk shor ten ing  of 4 - 5 %  during D3 kinking is very 
small part icularly in compar i son  to the possible maxi- 
m u m  shor ten ing  of 30-55% during Dl .  Such a small 
c o m p o n e n t  of crustal shor tening could not  result in 
th ickening of the crustal profile. Fea tures  indicative of 
di lat ion parallel  to the kink axes (such as veinlets  ortho- 
gonal to kink axes and stretching l ineat ions)  have not  
been  recognized,  thus it is assumed there was no exten- 
sion parallel  to the kink axes. Because kink axes are 
subvert ical ,  all of the S S E - N N W  D3 shor ten ing  must  
have been  accommodated  by E N E - W S W  crustal exten- 

sion with no vertical thickening.  
All features of D3 kinking are similar to those in the 

Lachlan Fold Belt ,  where cent imetre-  and ki lometre-  
scale k inking  occurred at approximate ly  330 Ma unde r  
N-S-d i rec ted  shor ten ing  of only 5 %. The recogni t ion of 
this same tectonic event  not  only th roughout  the Lach- 
lan Fold Belt  but  as far south as Tasmania ,  supports  the 
suggestion of Powell et al. (1985) that D3 k inking in- 
volved a cont inent -wide  stress field. This fur ther  sup- 
ports  the hypothesis  that N N W - S S E - s h o r t e n i n g  in 
eas tern  Aust ra l ia  may be related to the N-S-shor t en ing  
in central  Austra l ia  dur ing the Carboni fe rous  Alice 

Springs Orogeny  (Powell et al. 1985). 
The  D3 kinks in central  NE Tasman ia  formed at 

crustal levels of 120 _+ 45 MPa pressure (4.2 km depth).  
At these crustal levels, t empera tures  of only 79-173°C 
are exper ienced for a normal  crustal geo therm of 30°C 
k m -  1. Such shallow crustal levels are ent i rely consistent  
with the concept  of kinks as brit t le and ' ins tantaneous"  
structures.  The small c o m p o n e n t  of shor ten ing  (4 -5%)  
responsible  for D3, suggests that  kinks developed in NE 
Tasman ia  only as a consequence  of the acute angle (9 °) 
be tween  the principal  shor ten ing  axis and  the t rend  of 
the pre-exis t ing Sj cleavage. Kinks would not  have 
developed if bu lk  shor ten ing  was directed at a high angle 
to the S~ cleavage, resul t ing instead in f lat tening across 
the St cleavage. Consequen t ly ,  steeply p lunging mega- 
kinks may be typical of late-stage shallow crustal tec- 
tonics involving min imal  shor ten ing  only if the principal  
shor ten ing  axis is a l igned at very low angles to the pre- 
existing structural  grain of the region. 
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APPENDIX 1 
T a b l e  A 1 .  A v e r a g e  g e o m e t r i e s  o f  sma l l - sca le  k i n k - b a n d s  a n d  e s t i m a t e s  o f  t he  t r e n d  o f  t he  p r inc ipa l  s h o r t e n i n g  axis  f o r  i nd iv idua l  d o m a i n s  a n d  
g r o u p s  o f  d o m a i n s  f r o m  the  a r e a  m a p p e d  in de ta i l  (Fig .  5) .  A v e r a g e  s h e a r  s t r a ins  a n d  s h o r t e n i n g  e s t i m a t e s  a r e  a l so  i n c l u d e d .  Al l  o r i e n t a t i o n s  a re  

wi th  r e s p e c t  to  t r u e  n o r t h .  T h e  s a m p l e  se ts  f o r  fl r e a d i n g s  a re  o f t e n  less t h a n  the  to t a l s  a t  t he  t o p  o f  t he  t ab le .  S t a n d a r d  d e v i a t i o n s  in Fig .  7 

D o m a i n  A B C D E F G D + E + F M e a n s  

D o m a i n  g r o u p i n g  S S E - N N W  E - W  S E - N W  ~1 . . . . . . . . . . . . . .  S S E - N N W  . . . . . . . . . . . . . .  • 

n = s in is t ra l  (s in . )  36 2 151 - -  4 3 4 7 
n = d e x t r a l  (dex t . )  21 - -  13 3 - -  - -  2 3 
s in . / (s in .  + dex t . )  0 .63  1.00 0 .92 0 .00  1 .00 1.00 0 .67  0 .70  

A v e r a g e  e x t e r n a l  $1 s t r ike  157 ° 113 ° 140 ° 150 ° 152 ° 154 ° 155 ° - -  

A v e r a g e  $3 s t r ike  s in i s t ra l  033 ° 031 ° 031 ° - -  045 ° 036 ° 041 ° 038 ° 032 °* 
A v e r a g e  $3 s t r ike  d e x t r a l  095 ° - -  083 ° 104 ° - -  - -  081 ° 104 ° 089 °. 

A v e r a g e  a s in is t ra l  065 ° 078 ° 073 ° - -  077 ° 075 ° 075 ° 076  ° 
A v e r a g e  a d e x t r a l  060 ° - -  058 ° 050 ° - -  - -  083 ° 050  ° 

A v e r a g e  fl s in i s t ra l  073 ° 059 ° 067 ° - -  058 ° - -  069 ° 058 ° 
A v e r a g e  fl dex t r a l  150 ° - -  071 ° - -  - -  - -  058 ° - -  

A v e r a g e  ~0 s in is t ra l  44.5  ° 45 .0  ° 45 .0  ° - -  38 .0  ° - -  35.7  ° 38.0  ° 0.41 ° 
A v e r a g e  ~p d e x t r a l  44 .0  ° - -  44 .3  ° - -  - -  - -  37 .0  ° - -  0 .42  ° 

Z - d i r e c t i o n  a f t e r  G a y  & Weis s  (1974) ,  b a s e d  o n  a v e r a g e  s in is t ra l  k i n k - b a n d  a d a t a .  
(Fig.  10) 9 ° 30 ° 22 ° - -  30 ° 26 ° 26 ° 27 ° 

S t r ike  o f  Z -ax i s  166 ° 143 ° 162 ° - -  182 ° 180 ° 181 ° 179 ° 
U n f o l d e d  s t r ike  o f  Z 166 ° 187 ° 179 ° - -  182 ° 180 ° 181 ° 179 ° 178 ° 

Z - d i r e c t i o n  a f t e r  G a y  & Weis s  (1974) ,  b a s e d  o n  a v e r a g e  s in is t ra l  k i n k - b a n d  ~p d a t a .  
(Fig .  10) 3 .9  ° 2 .9  ° 2 .9  ° - -  8.3 ° - -  10.7 ° 8.3 ° 

S t r ike  o f  Z -ax i s  161 ° 116 ° 143 ° - -  160 ° - -  166 ° 160 ° 
U n f o l d e d  s t r ike  o f  Z 161 ° 160 ° 160 ° - -  160 ° - -  166 ° 160 ° 161 ° 

Z - d i r e c t i o n  a f t e r  R a m s a y  (1962) ,  b i s e c t o r  o f  c o n j u g a t e  set  o f  a v e r a g e  k i n k - b a n d  s t r ikes .  
S t r ike  o f  Z -ax i s  154 ° - -  147 ° - -  - -  - -  152 ° 161 ° 
U n f o l d e d  s t r ike  o f  Z 154 ° - -  164 ° - -  - -  - -  152 ° 161 ° 158 ° 

S h e a r  s t r a in  (7) fo r  a v e r a g e  k i n k - b a n d s  a f t e r  m e t h o d  o f  R a m s a y  & G r a h a m  (1970) .  7 = t a n  ~ .  
M e a n  ~, s in is t ra l  1 .039 1 .016 0 .904  - -  0 .781 
M e a n  7 d e x t r a l  0 .966  - -  2 .740  - -  - -  

S h o r t e n i n g  pa ra l l e l  to  e x t e r n a l  $1 ac ros s  a v e r a g e  s in is t ra l  k i n k - b a n d  = (1 - cos  ~p). 
S h o r t e n i n g  (us ing  ~ a b o v e )  2 8 . 7 %  2 9 . 3 %  2 9 . 3 %  - -  2 1 . 2 %  
M e a n  ~p ( =  180 - ( a  + f l ) ) t  42 ° 43 ° 400 __  45 ° 
S h o r t e n i n g  (use  m e a n  ~ )  2 5 . 7 %  2 6 . 9 %  2 3 . 4 %  - -  2 9 . 3 %  
S h o r t e n i n g  ( a v e r a g e  o f  b o t h )  2 7 . 2 %  2 8 . 1 %  2 6 . 3 %  - -  2 5 . 2 %  

0 .726  0 .781 0 .921 
0 .754  - -  0 .957  

18 .8% 2 1 . 2 %  
36 ° 46 ° 

1 9 . 1 %  3 0 . 5 %  
1 8 . 9 %  2 5 . 9 %  2 5 . 3 %  

* A v e r a g e  o f  to ta l  d a t a s e t ,  see  Fig .  6. 
t M e a n  ~ is c a l c u l a t e d  f r o m  the  a v e r a g e  a a n d  fl va lues ,  no t  the  a v e r a g e  o f  ~p r e a d i n g s .  
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