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ABSTRACT

The unique late Cretaceous to early Tertiary Great Tonalite Sill (GTS) of SE
Alaska and British Columbia is a very long (c.1000km) and thin (<25km), orogen-
parallel, composite batholith, which may separate two major superterranes in the
western Cordillera: the Insular superterrane (including the Alexander and Wrangellia
terranes) from the Intermontane superterrane (including the Stikine and Cache Creek
terranes).

The steeply NE dipping, sheet-like plutons of the Great Tonalite Sill are
dominated by NW-SE striking concordant fabrics with steep lineations, which formed
within a country rock shear zone of similar dimensions - the Great Tonalite Sill shear
zone - prior to the complete crystallization of the calc-alkaline tonalitic magmas. The
steep, multiple dyke like nature of this composite body and its emplacement during
orogenic contraction, imply that ascent and emplacement have been achieved by dyke
wedging mechanisms along the deep reaching, probably crustal scale, shear zone. The
remarkable narrowness and yet persistence of the Great Tonalite Sill, is probably the
result of petrogenesis associated with a very localised zone of crustal thickening,
produced by the associated narrow shear zone extending along the orogen length.

Deformation in the Great Tonalite Sill shear zone is dominated by NE-SW
directed contraction orthogonal to the orogenic strike associated with a component of
NE over SW high angle shear. Such a shear zone of late Cretaceous to early Tertiary
age, lying along 800 km of the boundary between the Insular and Intermontane
superterranes, strongly implies that it represents the actual boundary between them.
That being the case, then terrane accretion during this interval was orthogonal and not
obliquely dextral as in some current interpretations of paleomagnetic data. NE side up
tilting of mid Cretaceous plutons may therefore be responsible for much of the

anomalous palacomagnetic data determined for these intrusions.






FOREWORD

The fieldwork described in this thesis was carried out on foot, but many
locations were inaccessible and demanded boat and helicopter support. In the Juneau
area, the work was carried out mainly on foot, but inaccessible ridge sections were
reached by helicopter and the detailed Taku Inlet section, the author worked from a
small skiff which could be beached. The fieldwork between Port Snettisham and
Walker Cove was carried out using a 22' Sea Dory cabin cruiser and landings were
facilitated by means of a 5' dinghy. This latter sea borne study lasted four weeks. The

total time spent in the field over two successive field seasons was five months.
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CHAPTER 1
GRANITOID ASCENT, EMPLACEMENT, DEFORMATION
AND ANALYSIS

1.1 Introduction

A relationship has been established between zones of tectonic activity and the
occurrence of granitic rocks. In nearly all plate tectonic environments, granitic rock
may be found, but the vast majority is located in orogenic regions, specifically
subduction-related, orogenic continental margins and continent-continent orogenic
belts. In addition, large inter-continental transcurrent shear zones have been shown to
localise granitoids (Reavy 1989, Sylvester 1988, Hutton & Reavy 1992). Granitic
magma may occur in other settings such as ocean basins and island arcs, but the
greatest volume is produced in areas underlain by continental crust. In essence,
granites and associated rocks are formed in large volumes whenever continental crust

is heated by rising hot mantle or thickened by collision processes (Fyfe 1988).

Collision. In the subduction-related western Cordilleras of North and South
America, prolonged periods of granite magmatism, giving rise to great batholiths, have
taken place throughout the Mesozoic and Cainozoic. Examples of these vast batholiths
are the Coast Plutonic Complex of Alaska and British Columbia (Roddick 1974), the
Peninsular Ranges Batholith of Baja California (Silver & Chappell 1988) and the
Coastal Batholith of Peru (Pitcher 1978), which are related to the subduction of
oceanic crust under a continental margin. Tonalite and granodiorite are the most
abundant rocks in these batholiths, which commonly contain mafic enclaves and carry a

chemical component with a mantle signature. The much more leucocratic Himalayan
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Figure 1.4 Calculation of strain in granitoids: A. This sequence of strain
increments shows progressive K = 1 strain (constant volume) in a rock
containing initially spherical markers e.g. mafic enclaves. B. Flinn
diagram: measurements of initially spherical enclaves can be used to
calculate K-values which describe the shape of the strain ellipsoid, as

discussed in the text. (modified from Ramsay & Huber 1983).
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Figure 2.1
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there is a minor amount of subgraining and quartz with strained extinction (see section
4.2 for further microstructural descriptions). As most of the deflection of these crystals
is achieved by free rotation, with only this very minor solid state deformation, they are
considered to have formed in the magmatic state at, or close to, the rheological critical
melt percentage (RCMP, Arzi 1978; 30-35% melt, van der Molen & Paterson 1979;
fig. 3.5). These types of structures have been defined as "lock-up shears” (Ingram &
Hutton, in prep). They occur when, because of increasing crystal content, the
deformation may suddenly switch from pervasive aligning of crystal laths to the
development of discrete planar shear zones at an angle to the main crystal alignment.
Further deformational aspects of these structures are discussed in sections 3.12 and

3.13.

Strain. Qualitatively, the intensity of the deformation associated with this
intrusive event is low in the country rocks and higher in the Great Tonalite Sill belt,
especially at its SW edge. This is borne out by strain analysis of the deformed shapes of
lava pillows and pillow breccia, in the country rocks, and cogenetic mafic enclaves in
the plutons. A more detailed interpretation of these data is presented in section 3.1.2,

later in this chapter.

The following subsections offer detailed descriptions of each individual pluton
in Taku Inlet, concentrating on contacts, intrusive relationships, fabrics, shears, shear
sense and qualitative aspects of strain in each case. Each of the plutons will be
described in a manner designed to stress the spatial distribution of the features. Two
traverses of Taku Inlet, on the west and east shores, were carried out in order to obtain
two representative sections through each of the plutons. Each pluton - traceable from
shore to shore across the inlet - was accessible by virtue of continuous shoreline
exposures between spring high and low water marks. In the following descriptions,
features which can be correlated between traverses will be discussed together. To aid

understanding of the accounts, reference should be made to figure 3.2, which
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Figure 3.5
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shear in profile. Rectangular crystals are feldspar phenocrysts and thin

black crystals are mafics. B. Occurrence of PFC lock-up shears in

relation to melt percentage present. Graph is similar to that used by

Arzi (1978) and van der Molen & Paterson (1979).
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Figure 3.2

127-12¢8
125126

Lithology and location map of the Great Tonalite Sill plutons at Taku
Inlet: J=Mount Juneau pluton, C=Carlson Creek pluton, A=Annex Lakes
pluton, F=Flat Point pluton, T=Turner Lake pluton (including Taku Cabin
pluton of Drinkwater et al (1990). Parallel dashes = shear zone fabric.

Dashes with ticks = gneissose fabric in country rock.



which is correlated with the medial plane of the Great Tonalite Sill shear zone. Strain
magnitudes decrease towards the NE and in this area, K = O (flattening) strains
dominate, which may be related to pluton intrusive wedging and spatial strain
partitioning. High strains are also concentrated at individual pluton or sheet
boundaries. Calculations based on the strain profile indicate that the Tonalite Sill
plutons in Taku Inlet were originally less than five times their original thickness. The
quadrimodal set (Woodcock & Underhill 1987, Underhill & Woodcock 1987) of
discrete shears implies a 0<K<1 strain with NE-SW contraction (e.g. Hancock 1985,
Underhill & Woodcock 1987) in the post-crystallization interval.

(5) Emplacement. Observations indicate that the component plutons of the Great
Tonalite Sill in Taku Inlet were dominantly emplaced by foliation-parallel sheeting
mechanisms, which occurred during regional defomation associated with the Great
Tonalite Sill shear zone. Evidence for the stoping of blocks and emplacement of melt
along shear bands has also been observed, but these processes were observed on a

smaller scale.

3.2 Juneau area: glacier and rig_ge sections

As well as the Taku Inlet fjord section, several well-exposed sections through
the Great Tonalite Sill intrusions occur above sea level in the Juneau area (fig 3.1): the
Mendenhall Glacier pluton (62Ma, Gehrels et al. 1991), the Lemon Creek Glacier
pluton and the Mount Juneau pluton. The main igneous rock types are biotite-
hornblende or horblende-biotite tonalite. The country rocks to the W, which belong
to the western metamorphic belt (Crawford et al 1987, Brew et al. 1989, 1992; Wood
et al. 1992), are mainly volcaniclastics, pelites and psammites, with minor amounts of

calc-silicate and marble, These rocks have been affected by the Great Tonalite Sill
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shear zone, which has been traced all the way from Taku Inlet NW to the Herbert
Glacier and beyond.

3.2.1 Herbert Glacier section.

The Mendenhall Glacier pluton at Herbert glacier is a gametiferous, sphene-
bearing, hornblende-biotite tonalite, which, in its SW part, is made up of at least three
steeply NE-inclined tonalite sheets, each in excess of 500m wide, separated by
metasediment screens (fig. 3.27). At the southwestern edge of the most southerly sheet
(sheet 1, measuring 650 m wide), strongly developed, NE inclined, ductile SC fabrics
(Lister & Snoke 1984) occur in the intrusives, with a shear sense of top-to-the-SW.
The metamorphosed greywackes and siltstones of the western country rocks also
contain discrete shears, indicating top-to-the-SW shear sense. The steeply NE-dipping,
intense, CPS fabrics in the southwestern "footwall" area have down-dip lineations and
are concentrated in a zone measuring 2km wide from the southwestern pluton contact,
and at individual sheet contacts. CPS fabric intensities are high at the country rock
rheological boundaries, but decrease towards the centre of individual sheets, where the
original PFC fabrics and zoning of feldspars may be discerned, and also towards the
northeast parts of the sheets and of the pluton as a whole. The CPS and PFC fabrics
are coplanar and the stereonet in figure 3.28 illustrates this.

Shear sense indicators, including S-C fabrics and sigma porphyroclasts, in the
CPS fabrics, and magmatic tiling structures (Blumenfeld & Bouchez 1988), within the
PFC fabrics, all indicate dominant top-to-the-SW movement (fig. 3.29). Thin screens
of plastically deformed country rock, which include some calc-silicates, commonly
surround asymmetric boudins of tonalite with a shear sense of top-to-the-SW.
Conjugate shears, which in some cases are filled with late but cogenetic melt, record
dextral, sinistral and reverse movement. These conjugates indicate that NE - SW

directed pure shear was also important during the latter stages of the crystallization

interval.
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Figure 3.27 Foliation map of the Mendenhall Glacier section at Herbert Glacier.

Random pattern = intrusives.

Figure 3.28 Combined PFC and CPS foliation and lineation data from Herbert Glacier.
Solid circle = CPS fabric, open square = PFC fabric, open circle = lineation.

(Lambert equal area stereonet, n = 22).







Strain estimates calculated from mafic enclaves show that, at the southwestern
edge of the second, 600 m wide, tonalitic sheet, x/z = 11.3 and K = 0.64. If this is
compared with the Taku Inlet strain profile (fig. 3.25), then this K approaching 1
component may also be interpreted as a simple shear component. A strain profile was
unobtainable, however, due to the paucity of suitable enclaves and the lack of correctly
orientated three-dimensional exposure. Qualitatively, strains decrease towards the
northeast.

The nature of the pluton implies that emplacement took place dominantly by
sheeting and dyking. The sheets of tonalite and screens of metasediment, seen at the
present exposure level, are concordant to the regional (D,) foliation trend, impling that
the sheets exploited foliation-parallel weaknesses. Although it is possible that such
large country rock screens (650m wide) and tonalite sheets (>500m wide) may have
been rotated into parallelism with the regional foliation, the author interprets, on the

basis of field relationships, that this was not a dominant mechanism.

3.2.2 Mendenhall Glacier section.

At this location (see fig. 3.1 and also the Mendenhall Glacier pluton structural
map in the back pocket of the thesis), the rock of the Mendenhall glacier pluton section
is mainly a sphene-bearing, biotite-hornblende tonalite. Its southwest edge is
dominated by the presence of intrusive sheets on many scales, measuring from
fractions of a metre to map scale sheets in excess of 100 metres thick, which are
separated by metasediment screens up to 600 metres wide (fig 3.30).

A zone of pervasive CPS foliation with top-to-the-SW shear is also
concentrated at the southwest edge (fig. 3.31) and into the volcaniclastics to the
southwest. The intense deformation has resulted in the steep, pervasive foliation
surfaces illustrated in figure 3.32. Figure 3.33 shows a close-up of the foliation surface,
with its nearly-90° pitching lineation marked by the long axes of small, stretched out

volcanic bombs. Shear sense in the country rocks is consistently top-to-the-southwest
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and is exhibited most commonly by thin, asymmetrically boudined, fine grained
volcaniclastic bands (fig. 3.34). Within the main tonalite body, the width of this zone,
measured from the main tonalite contact to its full extent northeastwards, is 500 - 600
m, and measured from the most southerly intrusive sheet, including the intervening
country rock screens, is 1.5 km. To the NE of this zone, there are well-developed,
coplanar, PFC fabrics and PFC shears with variable orientation: reverse top-to-the-NE
and -SW, and extensional top-to-the-SW. Other syn-emplacement features, apart from
the obvious PFC lock-up shears, include discrete, low angle reverse, ductile shears
which have late, but cogenetic melt intruded along them. Similar melt was detected in
some boudin necks and in a high temperature kink band, again implying that
deformation was coeval with melt availability. Late deformational structures include
discrete cataclastic/mylonitic, thin shear bands, which, in places, are grouped together
in anastomosing networks. Dextral and sinistral (fig. 3.35) shears are both represented:
the dextral shears are orientated NNW-SSE and the sinistral shears are orientated
ESE-WNW, implying that they represent two conjugate sets, which formed in
response to NE-SW directed subhorizontal shortening.

Estimates of strain, derived from the shapes of deformed mafic enclaves, in this
area indicate that x/z = 8.4 and K = 0.29. Estimates of strain from similar deformed
enclaves, but this time in porphyroclastically mylonitized tonalite at the extreme SW
edge of this pluton, give average values of x/z = 80. Many of the deformed enclaves at
this location are stretched to such a degree that measurement becomes impossible. K
values were not obtained in connection with this extreme case, but other estimates
nearby indicate x/z = 27 to 29 and K values between 0.27 and 0.33 i.e. mostly

flattening strains.

3.2.3 Lemon Creek Glacier section (including camp 17)

Foot of Lemon Creek Glacier. The homblende-biotite tonalite of the NNW-

SSE trending Lemon Creek Glacier pluton contains at its SW margin a relatively large
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number (>20) of individual sheets, each between c.lm and 100m thick. This is
e ially evident in the exposures located at the foot of Lemon Creek Glacier, which
are close to the interpreted northwestern lateral termination of the pluton (fig. 3.36).
The tonalitic sheets are separated by numerous screens of metasediments (commonly
calcareous, see figs. 3.37A & B) and minor amounts of deformed and disrupted
microdioritic synplutonic dykes. Strong, NE dipping, CPS fabrics with down-dip
transport lineations (fig. 3.38) are developed throughout this section and analyses of
crystal pressure shadows, asymmetric boudins (fig. 3.39) and melt filled shears indicate
reverse top-to-the-SW movement. Commonly, the lineation varies in plunge to indicate
a minor dextral oblique sense of movement coupled to the reverse shear sense.
However, E-W trending sinistral CPS shears and zones of sinistrally verging folds also
occur (fig. 3.40), but dextral conjugates for these, common in many other sections,
were not recorded.

In summary, this section represents a highly sheeted lateral part of the Lemon

Creek Glacier pluton, in which reverse to-to-the-SW shear sense is dominant.

Camp 17 ridge section. Country rocks in the southwest of the section are
composed of quartz-biotite-gamnet schists, biotite-hornblende schists, psammites and
quartzites, which contain ptygmatically folded leucocratic veins. The fold hinges are
parallel to the moderately plunging transport lineation, which lies within the plane of
the moderately NE inclined schistosity, At the contact on Vesper Peak, the intrusive
tonalite has a high mafic content (mostly hornblende) and contains garnets, which,
along with plastically deformed amphibole and plagioclase crystals, indicate foliation
parallel, reverse, top-to-the-SW shear sense. The intensity of the strong CPS fabric
near the contact is heterogenous and thin, highly deformed, bands occur at intervals,
with similar shear sense. The overall fabric intensity decreases northeastwards and at
approximately 300m NE from the contact relict, coplanar, PFC fabrics can be
identified. The transport lineation in the complete section plunges generally to the

northeast with a pitch angle of around 70° to 80° SE (fig. 3.41). Taken together with
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Figure 3.36  Foliation and lithology map of the Lemon Creek Glacier pluton, near

Juneau. Random pattern = intrusives.
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down temperature regime. Figure 4.17 shows an 18mm X 16mm thin section of one of
these brittle-ductile shears. On initial inspection, the most striking feature is the change
in deformation state moving from the top of the section to the bottom. The upper
portion of the section shows subhedral to euhadral laths of plagioclase, which define a
good PFC fabric, with an alignment running from the top of the picture to the bottom.
The lower portion of the section shows anhedral to subhedral porphyroclasts of
plagioclase, with much reduced grain size. Abundant subgrains of the same phase are
associated with closely spaced, microscale shear bands in this lower region. The shear
bands have an SC relationship, which indicates a top-to-the-left sense of shear.
Another obvious feature, which agrees with this shear sense, is the pronounced swing
in orientation of the plagioclase crystals' composition planes, and hence, by implication,
their original long axes. Their alignment changes form an upright orientation, at the
top, through intermediate orientations, to an approximately left-right orientation
parallel to the medial plane of the shear, at the bottom. A map of the plagioclase laths
and porphyroclasts, plus the microscale shear bands, illustrates the above interpretation
in figure 4.18. From the pattern of microscale shear bands it is possible to interpret a
simple chronology for their initiation and propagation. The first shear bands to initiate
(S,) are those which trend from top left to bottom right, At a critical stage during the
development of these, the shallower, left-right trending shear bands (S,) cut through
them, parallel to the shears zone walls. Subsequently, or contemparaneously, the shear
bands trending from top right to bottom left (S;) cut the early sets in an SC type
relationship.

More detailed analysis of the thin section reveals that dynamic formation of
quartz and feldspar subgrains were dominant deformation mechanisms. Fracturing of
feldspar grains is also common, but additionally there is much evidence for plagioclase
dissolution. Feldspar dissolution, however, is not pervasive, as original compositional
zoning is preserved, even in the medial plane of the shear (fig 4.17, bottom right).
Figure 4.19 shows a close-up of plagioclase, which has been dissolved and

subsequently recrystallized in the pressure shadow of its parent plagioclase lath.
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However, the same lath also shows evidence of fracturing. Both brittle and ductile
processes have obviously taken place during the deformation interval of this shear
zone, and hence it has been termed here a brittle-ductile shear,

Other phases present include biotite and amphibole. These are commonly
located along the microscale shear zones (especially biotite) and thus the author
interprets that the biotite stringers/ribbons, and to a lesser extent the deformed
elongate amphibole crystals, facilitated deformation more easily than the other phases,
at the implied temperature conditions: below the 500 - 550°C brittle-ductile transition

for the initiation of heterogenous deformation in granitoid rocks (e.g. Gapais 1989).

Coplanar brittle/cataclastic deformation is not recorded in the Great Tonalite
Sill plutons, but anastomosing, discordant, zones of such deformation and more
discrete faults do occur. However, these structures are not regarded here as having a
great significance with respect to the Great Tonalite Sill shear zone and its dominant

magmatic, ductile and brittle-ductile fabrics and structures.

4.8 Summary

The descriptions above indicate that the Great Tonalite Sill rocks, in general,
underwent progressive deformation during their complete crystallization and
subsequent cooling interval. Magmatic/PFC fabrics represent the initial deformation at
high temperatures and the latest deformation is in the from of lower grade, coplanar,
brittle-ductile fabrics. It has been possible to view an almost complete range in fabric
types between these two end-members in the Sill rocks.

The most intense CPS fabrics are commonly located at pluton contacts, and are
best developed in the oldest intrusives as these have been exposed to deformation for
the longest periods, or alternatively they have experienced higher strain rates, but the

latter is hard to identify. Later rocks, emplaced during the waning stages of shear zone
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movement, preserved PFC deformational structures to a much greater degree. Thus,
rocks emplaced during the intervening period will record varying degrees of
overprinting and development of CPS fabrics at the expense of early PFC fabrics.

At two points during this retrograde deformation sequence, two major
rheological transitions took place, which have been recorded and characterised by
certain fabrics and structures. In basic terms, these represent the rheological transitions
from magma to high temperature solid, and high temperature solid to low temperature
solid: the (1) PFC/CPS and the (2) brittleductile transitions respectively. The
following points summarise what the author believes is a typical chronological

sequence of fabrics, structures, textures and implied deformation mechanisms, for the

Great Tonalite Sill as a whole:

(1) Pre-full crystallization (PFC) fabrics. PFC fabrics develop in the crystallizing
magma and involve the rotation and alignment of early formed, non-equidimensional,
crystal laths, which are suspended in an uncrystallized matrix, in response to external
stresses. These fabrics continue to develop during deformation, if the melt content

remains above the Rheological Critical Melt Percentage (RCMP, 30-35% melt).

(2) PFC lock-up - the PFC/CPS transition. When the melt percentage drops to the
RCMP during crystallization, the bulk strength of the magma increases dramatically
(see chapter 1) and induces the partitioning of strain into discrete "lock-up shears". In
basic terms these shears mark the transition between homogenous PFC/magmatic state
deformation and heterogenous PFC deformation. In effect, they represent the
precursor to high temperature CPS/solid state textures and structures, which develop
after most of the remaining melt has crystallized. It is also implied here that the
development of these structures is additionally controlled by crystal grain size,
dimensions of the crystal laths and that, taken together, these factors may affect the
bulk strength of granitoid magmas. Strain rate may also have an effect upon

development of the shears.
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(3) High temperature crystal plastic strain (CPS) fabrics. These develop after the
melt content has dropped significantly below the RCMP. However, only after full
crystallization of all the remaining melt do all the phases record CPS deformation.
Early fabrics involve weak modification and further emphasis of PFC fabrics at high
temperatures. Later fabrics involve (chiefly): dynamic recrystallization and dissolution
of feldspar (Spry 1969, Tullis & Yund 1985), formation of quartz ribbons, bending and
kinking in biotite, elongation of amphibole and overall grain size reduction. In extreme
cases, intense CPS deformation results in the formation of high temperature mylonites
which have strong annealed textures. These types of fabrics develop at temperatures

geater than 500-550°C (e.g. Gapais 1989).

(4) The brittle-ductile transition. Brittle-ductile fabrics occur at or below 500-550°C
and involve brittle behaviour in plagioclase, ben_;ling/kinking of biotite and ductile
behaviour in quartz (Simpson 1985). In the Great Tonalite Sill these features are
developed most convincingly in late, brittle-ductile discrete shears, and the late brittle-

ductile mylonites located closest to the SW edge of the Sill.
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CHAPTER §
ORIGIN, ASCENT AND EMPLACEMENT OF THE GREAT
TONALITE SILL

5.1 What does the Great Tonalite Sill represent?

5.1.1 The tectonic regime

From the previous discussion, it is clear that the Great Tonalite Sill is very
long, thin and highly focused. It retains similar structures and kinematics along its
entire length, implying that the same large-scale process, leading to its genesis and
deformation, took place over a very long distance (>900 km). It is obvious that this
process has plate tectonic dimensions and that the Great Tonalite Sill belt now exposed
contains information which has a fundamental bearing on the evolution of the western
Cordillera of North America.

The plutons of the Great Tonalite Sill belt are localised along a linear structural
discontinuity, within a contractional regime (Brew 1988) in which a large pure shear
(K = 0) and a lesser, reverse, top-to-the-SW simple shear (K = 1) component were
concentrated (Hutton & Ingram 1992). Dating of the syntectonic component plutons
indicates that this regime and the resultant shear zone persisted from at least 81 Ma
(Wooden, J.L., written comm. to Brew, D.A., 1990) to 55 Ma (Brew 1988, Gehrels et
al. 1991). The cause of the contraction, and concomitant reverse shear, was the
movement of the outboard Insular superterrane northeastward against the western
margin of the Intermontane superterrane (Monger et al. 1982). The remarkable

linearity of the Great Tonalite Sill initially led Brew & Ford (1977, 1978) to imply that
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it had been emplaced along a hypothetical plate boundary. More recently, Wood et al
(1991) stated that the spatial variation in “CAr/3%Ar mineral ages for the Great Tonalite
Sill, near Holkam Biy, southeast Alaska, suggested that it was emplaced near the
boundary between hot, high grade metamorphic rocks to the east and cooler, medium
grade metamorphic rocks to the west. This again implies that it was emplaced at the
boundary between two different crustal entities, or terranes.

A further discussion of arguments for and against the Great Tonalite Sill as a

terrane boundary, is contained in section 6.5.
5.1.2 The origin of the intrusives

Introduction. The rocks of the Great Tonalite Sill belt are consistently calc-
alkaline and dominantly metaluminous and fall into the tonalite - granodiorite - quartz
monzodiorite - quartz diorite fields of Streckeisen (1973). Sill rocks with Palacocene
(c.60 Ma) ages have higher silica contents than the older sill rocks and are mostly
granodiorite, but are included in the Great Tonalite Sill grouping, due to closely similar
ages and locations (Brew 1988). The consistent composition of the magmas strongly
indicates that the source was deep and homogeneous. The chemical and isotopic
compositions of the rocks indicate that they were sourced from a combination of
subduction related magmas (Arth et al. 1988), such as those derived from the melting
of underplated mantle-derived basalts (Chappell & Stephens 1988, Fyfe 1988, Silver &
Chappell 1988) and a lesser component of partially melted ancient crustal rocks

(Samson et al 1991). The data supporting this conclusion are detailed below.

Petrographical implications. The tonalites and granodiorites of the Great
Tonalite Sill consistently contain small but significant volumes of mafic and ultramafic
rocks. These consist of older appinitic, precursors to the main intrusives and coeval
synplutonic dykes and éogenetic mafic enclaves. The appinitic suites of early intrusives

are coarse grained hornblende- and biotite-bearing rocks of ultramafic to intermediate
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composition. Rocks such as these have been interpreted as cumulates from volatile K-
rich basaltic or andesitic magma (French 1966, Hall 1967) and are commonly regarded
as relatives of the deeply sourced (i.e. mantle-derived) lamprophyric group (Hunter &
Rock 1987). Further evidence of a mantle component is the common occurrence of
mafic or dioritic, cogenetic enclaves. These enclaves occur in similar granitoid rocks
worldwide and commonly have ellipsoidal to spherical shapes, crenellate margins, fine
grained chilled margins, and are often associated with synplutonic dyking. Barbarin &
Didier (1992) indicated that the enclaves represent only 1-2% of the volume of calc-
alkaline granite plutons in general and it is widely accepted (see Ebertz & Nicholls
1988, Frost & Mahood 1987) that they represent uncrystallised mafic magma within an
uncrystallised granitoid host. Nd isotope studies from the British Caledonian plutons
(Holden et al. 1987) indicated higher ENd values (typically two units higher) in the
enclaves with respect to their host, which implied the synplutonic injection of mafic
magma into a granitoid magma. In conclusion, Hyndman & Foster (1987), Hutton &
Reavy (1992) and others suggest that the mafic material present in the granitoid
plutons represents the end product of high temperature mantle-derived magma injected
into the lower crust. This process caused partial melting and the formation of granitoid
melts which encorporated, by mixing and mingling to varying degrees, the mantle
component. For the above reasons, the author invokes a model for the Great Tonalite

Sill batholith, in which a mantle component plays a significant role in the petrogenesis.

Isotopic implications. Previous models for possible sources of the Coast
Plutonic Complex envisaged that there were two contributing end members: (1) crust
with a large mantle component and (2) crust of the adjacent accreted terranes (e.g.
Barker et al. 1986). According to Arth et al. (1988) the initial 86Sr/87Sr ratios for the
Coast Plutonic Complex as a whole, taken from samples in the Ketchikan area
(0.7041-0.7064), are similar to the overall range found in magmatic arcs at convergent
plate margins. Higher initial ratios than the Coast Plutonic Complex intrusives

(>0.710) have been found in some magmatic arc batholiths underlain by Precambrian
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crust e.g. Pioneer batholith of Montana (Arth et al. 1986), and on this basis Arth et al.
(1988) implied that the Ketchikﬁn area magmas were derived from Palacozoic or
younger crust, not from Precambrian crust. Initial strontium ratios for the Great
Tonalite Sill alone (0.70636-0.7064) indicate that these intrusives lie just outside the
field of magmatic arc plutons (fig. 5.1). The similarity in initial ratios between the
central orthogneisses of the Coast Plutonic Complex and the plutons of the Great
Tonalite Sill further allows the possibility that the former contributed partial melts to
the latter.

Neodymium isotope studies on the Sill rocks indicate that the plutons posses
€Nd values of less than -4, reflecting that a component of older, more silicic crustal
rocks was involved. Combining these Nd data with Sr data confirms that the Great
Tonalite Sill rocks indeed lie outside the island arc field. The data overall, indicate that
the sources for these plutons were dominantly mafic and contained components of
subduction-related magma and relatively immature crust (Arth et al. 1988).

More recent work (Samson et al. 1991a) indicated that the Great Tonalite Sill
rocks have higher 37Sr/86Sr ratios and lower €Nd values compared with the
surrounding terranes and MORB (fig. 5.2). This suggested, in contrast to the
implications of Arth et al. (1988), that older, Precambrian, continental crust with a
more negative ENd and higher 87Sr/%6Sr initial ratio must have been involved in the
magma production. Zircon inheritance data indicates that this older component has an
average Early Proterozoic age, and is attributable to the Yukon Tanana terrane
(Gehrels et al. 1990). This implied that the Great Tonalite Sill plutons were produced
from the melting of these ancient crustal rocks and a younger component from the
mantle or the surrounding, juvenile terranes. Taking into account the implications of
the appinite suites, the abundance of cogenetic mafic enclaves and synplutonic dyke
material present in the Sill rocks, it is most likely that the juvenile component was

derived directly from the mantle.
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Summary. In summary, the Great Tonalite Sill rocks:
(1) are calc-alkaline in composition,
(2) do not strictly represent the roots of an island arc,
(3) were produced essentially from a combination of mantle-derived magmas and
partially melted Precambrian lower crustal rocks, and
(4) were emplaced into a long, tenuous, orogen-paralle] contractional shear zone of

plate tectonic dimensions.

5.2 The tectonic model for granitoid petrogenesis

5.2.1 Shear zones and crustal thickening

In chapter 1, the temporal and spatial coincidence of zones of granitoid
magmatism and crustal shear zones was briefly discussed. In this section, the
relationship between deep crustal shear zones and granitoid petrogenesis will be
discussed in more detail, especially with regard to their role in causing the genesis of
the granitoid magmas in the first instance. In addition, aspects of shear zone control

over magma ascent and emplacement will be approached.

Transcurrent shear zones. As reviewed by Hutton and Reavy (1992), zones of
major transcurrent shear are related to granitoid magmatism both spatially and
temporally. Examples include the Hercynian shear zones of Iberia (Castro 1985, 1986,
Reavy 1989) and Brittany (Nicolas et al. 1977, Strong & Hanmer 1981), the
Caledonian of the British Isles (Hutton 1982, 1988a, 1988b, McCaffrey 1989, 1992),
Newfoundland (Hanmer 1981), Saudi Arabia (Davies 1982) and the Lachlan Fold Belt
of Australia (Morand 1988). These granitoids are syntectonic with the shear zones into
which they were emplaced. In general, the main features which demonstrate

synchroneity of magmatism and shear zone activity include: (1) elongate plutons whose
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long axes coincide with shear zones, (2) Coplanar CPS and PFC fabrics which are
parallel to, and continuous with, the fabrics in the shear zone, (3) PFC lock-up shears
in the plutons, (4) the synkinematic growth of metamorphic minerals in the thermal
aureole, and others (see section1.6.3).

The above shear zones, associated with syntectonic magmatism, are consistenly
transpressional, which means that coeval simple shear and shortening occurred across
the zones (0<K<I strains). In simple terms this means that their walls were squeezed
together during transcurrent shear and the material in the shear zones was both
shortened horizontally and extruded vertically (Sanderson & Marchini 1984) (fig. 5.3).
Hutton & Reavy explored further the possibility of granitoid petrogenesis within this
framework and produced models for: (1) plutons with a mantle component, and (2)
those without a mantle component. The former model has applications to the Great
Tonalite Sill rocks, which have an important mantle component, and will be discussed
in more detail. For reasons similar to those in section 5.1.2, the Caledonian Granites of
the British Isles were considered to have a mantle component involved in their
petrogenesis. Mantle-derived mafic material initiated partial melting of the lower

continental crust to produce these particular granitoids in NW Ireland and Scotland.

Transcurrent shear zone granitoids with a mantle component. The model of
Houseman et al. (1981), concerning the thermal evolution of continental convergent
belts, has particular relevance to the shear zones in which large amounts of shear zone
induced crustal thickening has occurred in conjunction with mantle-signature granitoid
magmatism. In essence, when crust thickens during crustal shortening, the underlying
mantle lithosphere also thickens. When this happens, a cold, dense lithospheric root is
forced into the surrounding asthenosphere (fig. 5.4). At a critical point, the thickened
layer, or root, that forms the transition from the strong lithosphere to the convecting
asthenosphere, becomes gravitationally unstable and is convectively removed, being
replaced by hotter asthenospheric material (fig. 5.5). This exposes the overlying crust

and remaining lithospheric mantle to asthenospheric temperatures, leading to
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metamorphism, rapid uplift of the crust and the generation of magmas with a
significant mantle component.

Hutton & Reavy (1992) applied this model to the British Caledonian Granites
and stressed that thickening of the lithosphere was synchronous with the granite
emplacement and sinistral shear in this province. In addition to overall thickening of
the lithosphere, the thickening of the continental crust is accentuated in the vicinity of
the principal terrane-bounding faults, causing the formation of downward
protuberances, or corrugations, at the base of the crust. Convective removal of the
lithospheric mantle keel will generate mantle melts, which will rise and selectively melt
the corrugations at the base of the crust. The melts produced from these protuberances
will hybridise and/or mingle with the mantle melts and ascend along the adjacent shear
zones. The final emplacement mechanisms of these granitoid melts will be controlled

by shear zone kinematics.

Contractional, reverse shear zomes. In their model, the above authors
conclude that it is the crustal thickening that causes the magmatism, not the existence
of the shear zones directly. This therefore implies that granitic magmatism will be
initiated in zones of crustal thickening, regardless of the kinematics of the attendant
shear zones. Reverse shear zones, in which there is a large component of pure (K<1)
shear, may also cause thickening of the lithosphere. This means that during reverse,
simple shear, the walls of the shear zone are squeezed together, causing coeval
contraction across the shear zone and vertical extension (fig. 5.6). This is equivalent to

the transpression model of Sanderson & Marchini (1984) translated into the reverse

shear scenario.
5.2.2 Crustal thickening in the northwestern Cordillera.

Previous work has documented the existence of an extensive orogenic and

magmatic belt in the northwestern Cordillera (the Coast Mountains orogen), which is
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related to a major crustal thickening event. This event occurred during the collision
interval of the Intermontane and Insular superterranes, from mid Cretaceous to early
tertiary time. The Great Tonalite Sill was emplaced into the thickened crustal pile
along an extensive shear zone, some 10 to 15 Myr after the initial thickening began,
and represents some of the oldest plutons of the Coast Plutonic Complex (Crawford et
al. 1987, Brew et al. 1989, Gehrels et al. 1991a).

The Intermontane/Insular superterrane boundary represents a fundamental
crustal boundary separating the two largest allochthonous fragments in the North
American Cordillera. Structural, stratigraphic and geochronological relations along this
boundary indicate that substantial west-vergent compression and concomitant crustal
thickening occurred there in mid-Cretaceous time. The zone of orogeny associated
with this period of deformation extends for more than 1200 km along strike in
southeast Alaska, British Columbia and northern Washington (Rubin et al. 1990) (fig.
5.7). Previous structural field studies (Misch 1966, Crawford et al. 1987, Rubin et al.
1990, McClelland et al. 1992) indicated that a mid Cretaceous fold and thrust belt was
localised along the eastern margin of the Alexander terrane (Insular supeterrane). This
belt now consists of an imbricate series of thrust sheets with a total thickness of over
20 km, which have remarkable similarities in timing and kinematics along the extensive
1200 km strike length. One of these thrusts, the Sumdum-Fanshaw fault, has been
traced from Juneau to the Ketchikan-Prince Rupert area and, according to McClelland
et al. (1992), is believed to represent the major superterrane-bounding fault (fig. 5.8).
Structural studies carried out by the author confirm the occurrence of brittle, west-
vergent thrusts in the schists, slates and fine grained volcaniclastics of the Taku terrane
and Gravina belt rocks immediately to the west of the Great Tonalite Sill in the Juneau
area (fig. 5.9). It seems unlikely that this type of deformation was restricted to only
one side of the terrane boundary and it is therefore probable that thrusting also
occurred in terranes belonging to the Intermontane superterrane.

Timing of these thrust belts in southeast Alaska is constrained by plutons, in the

Alexander terrane and the Gravina belt, whose compositions range from ultramafic,
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Figure 5.7
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Figure 5.8
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shading = Taku terrane, unshaded = Yukon Tanana terrane (Gehrcels

et al. 1990), Random shading = Coast Plutonic Complex.
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through tonalite, to granodiorite. The 95-101 Ma plutons are cut by the west-vergent
thrusts, indicating a lower age limit of 95 Ma, but the 90 Ma plutons cut the thrusts
(Rubin et al. 1990, McClelland et al. 1992a), thus providing a mid Cretaceous upper
limit for the thrusting. Thrusting and folding also occurred at the same time in a
parallel, east vergent, belt to the east of the Cordilleran orogen (e.g. Rusmore &
Woodsworth 1988), thus indicating symmetry of vergence across the orogen, the axis
lying within the Coast Plutonic Complex. Fabrics and structures, associated with the
Great Tonalite Sill and its associated shear zone, truncate the west-vergent thrusts
(e.g. McClelland et al. 1992), and indicate a Late Cretaceous to early Tertiary interval
in which deformation and plutonism were concentrated at the southwest edge of the
Coast Plutonic Complex.

Overall, the deformational structures indicate a regime of widespread
compression and a protracted history of contractional deformation, associated with
coeval calcalkaline arc plutonism. Rubin et al. (1990) suggested two models to explain
the origin of the mid Cretaceous thrust belt: (1) The first model implies that a
subduction zone and a marginal basin existed between the Insular and Intermontane
superterranes, prior to mid Cretaceous, and that thrusting was associated with their
initial collision (fig. 5.10). The synchroneity of the deformation, along 1200 km of
strike length, indicates that the two superterranes were approximately parallel, with
nearly linear edges; (2) The second model implies that the mid Cretaceous contraction
occurred in an intra-arc setting, and that thrusting was caused by collapse of a series of
marginal basins and a magmatic arc (fig. 5.10). A subduction zone between the Insular
and Intermontane superterranes did not exist prior to thrusting and the thrust system
overprinted a pre-exisiting tectonic boundary. Contractional deformation was
contemporaneous with arc magmatism reflecting an intra-arc tectonic scenario.

McClelland et al. (1992b) state that there is extensive mid Cretaceous and
younger tectonic overprinting and disruption, which masks pre-mid Cretaceous
structures. On the basis of proposed similarities between arc-related, late Jurassic to

early Cretaceous basinal strata, which lie in an extensive belt between the Intermontane
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Figure 5.10 Tectonic model for the origin of mid Cretaceous deformation within
the Coast Plutonic Complex (Rubin et al. 1990). Model 1) adapted
from Goodwin (1975) and Monger et al. (1982). Model 2) adapted
from Berg et al. (1972), Monger et al. (1972), Armstrong (1988)
and Van der Heyden & Woodsworth (1988).
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and Insular superterranes, they suggested that the initial collision occurred in mid
Jurassic time. In their model, the mid Cretaceous thrusting event was associated with
contractional deformation brought about by changes in subduction zone parameters.
This is in general agreement with (2) above. In both (1) and (2), after the mid
Cretaceous deformation, magmatism was concentrated at the boundary of the two
superterranes, resulting in the formation of the Coast Plutonic Complex.

Crawford et al. (1987) indicated that the Coast Plutonic Complex between
Prince Rupert and Terrace, British Columbia, developed in two stages between mid
Cretaceous and mid Eocene. The initial stage involved crustal thickening during
contractional deformation, attributed to the collision of the Insular and Intermontane
supeterranes, between 100 Ma and 70 Ma i.e. mid Cretaceous collision. Continued
uplift of the orogen during this period, in response to east-dipping subduction, is
evidenced by syn- to post-orogenic marine and non marine, upper Cretaceous,
foredeep sequences (Rubin et al. 1990). The earliest recognised events associated with
crustal thickening in the core of the orogen, involve pervasive ductile deformation
associated with the emplacement of tonalitic sills, from about 85 Ma to 50 Ma. During
orogeny, supracrustal rocks were buried to depths of 25-30 km (also McClelland et al.
1991a) and the total crustal thickening associated with the initial event may have
exceeded 60 km (Crawford et al. 1987). The second stage in the development .of the
Coast Plutonic Complex involved uplift between 60 Ma and 48 Ma, associated with
coeval voluminous tonalitic magmatism, anatexis, and the development of ductile shear
zones, which raised the deeply buried rocks to shallow crustal levels. It is this second
stage of deformation and tonalitic magmatism which produced the Great Tonalite Sill

rocks in British Columbia.
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5.2.3 The Great Tonalite Sill and tectonics.

Considering the main points contained in the preceeding sections, a tectonic
model for the petrogenesis of the Great Tonalite Sill rocks must take into account
some important points. The Great Tonalite Sill plutons: (1) are calcalkaline, (2) do not
strictly represent the roots of an island arc, (3) contain a large mantle component, (4)
contain a lesser Precambrian lower crustal component and (5) are associated with a
long, thin, contractional (0<K<1), reverse, crustal scale shear zone (the Coast Shear
Zone), situated in an extensive zone of contractional and crustal thickening, into which

they (6) were emplaced syntectonically, and (7) at depths greater than 20 km.

The Great Tonalite Sill shear zone. The Great Tonalite Sill shear zone and its
correlatives e.g. Coast Shear Zone, Work Channel Lineament, is a dominant structural
feature of the Coast Mountains of southeast Alaska and British Columbia. The Work
Channel Lineament, for example, marks a metamorphic discontinuity of 3-5 kbar in the
Prince Rupert area, between the Intermontane and Insular supeterranes and it therefore
represents a major crustal break (Crawford & Hollister, 1982), which most probably
reached the base of the crust during active deformation. Excepting minor local
variations, the Great Tonalite Sill shear zone exhibits consistent kinematics along its
entire length. The rocks so deformed indicate the presence of: (1) a pure shear (K=0),
orogen-normal, component of strain, and (2) a simple shear (K=1) component of
strain, which was associated with transport of the rocks to the northeast over rocks to
the southwest (see section 3.1.2). Together, these components describe a reverse,
"transpressional” shear zone (fig. 5.6). Within the Coast Mountains orogen, this
represents a zone of exceptionally high shear strains and crustal thickening, which is

likely to have had an added topographic effect at the base of the crust.

The genesis of the Great Tonalite Sill. Considering the petrogenetic model of
Hutton & Reavy (1992), the extra crustal thickening associated with the Great
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Tonalite Sill shear zone produced a narrow downward projecting feature at the base of
the crust, superimposed upon an already overthickened lithosphere. After convective
removal of the unstable lithospheric root, this corrugation was exposed to mantle melts
at asthenospheric temperatures and was preferentially melted. The subsequent melts
hybridised and mingled with the mantle melts and were channelled by the Great
Tonalite Sill shear zone, before final emplacement higher in the crust. The sequence of
events leading to the genesis of the Great Tonalite Sill magmas is modelled as follows

(see fig. 5.11):

(1) Crustal thickening and orogeny associated with the collision of the Insular and
Intermontane superterranes, plus the initial development of the Great Tonalite Sill

shear zone.

(2) Further development of the Great Tonalite Sill shear zone at the
Insular/Intermontane superterrane boundary, to produce an important corrugation at

the base of the crust and correspondin g downward deflection of the mantle

lithosphere.

(3) Removal of the overthickened lithospheric root into the mantle and its replacement

by asthenospheric material.

(4) Exposure of the base of the crust and the Great Tonalite Sill shear zone

corrugation to asthenospheric material and temperatures.
(5) Production of granitoid rocks with mantle and lower crustal components.

(6) Ascent and emplacement of the tonalitic rocks along the Great Tonalite Sill shear

Zone.
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Figure 5.11

—— shear zone

MOHO

<3

Petrogenetic model for the Great Tonalite Sill. L is lithospheric
mantle; A is asthenosphere. The lithospheric mantle keel (shaded) is
destroyed by convecting asthenosphere and mantle diapirs rise up to
melt off the Moho topography created by focused crustal thickening
at the base of the Great Tonalite Sill shear zone. The tonalites thus
formed rise up the shear zones as dykes to emplacement levels

higher in the crust.
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5.3  Ascent of the Great Tonalite Sill magmas

A mechanism for the ascent of the Great Tonalite Sill plutons must be able to
transport mafic magmas, and granitoid magmas with a high mafic component, from the
base of the thickened crustal pile, high into the mid to upper crustal levels. The
petrological, chemical and isotopic compositions of the Sill rocks, indicate that they
have large mantle and lesser ancient lower crustal components. This indicates that
there was limited contamination of the magmas with other crustal rocks during ascent
and that, with respect to true granites, they may have had relatively low viscosities. In
turn, this implies that ascent of the magmas was relatively rapid. The ascent mechanism
should therefore be able to accommodate rapid transport of the magmas through the

crust, and allow only limited interaction with the host rocks.

5.3.1 Diapiric ascent

According to Marsh (1982), diapirism as an ascent mechanism through the
lithosphere, is a slow process and works best in unusually hot, viscous wall rock, such
as that encountered in the lower crust and upper mantle. The main restriction on
upward movement is drag exerted on the diapir, which is controlled by the value of the
viscosity at the contact. To allow an acceptable ascent velocity, the roof rock must be
heated to at least its solidus temperature, which permits a certain degree of mixing
between the wall rock and the ascending magma. It has been concluded that unless
bodies of magma have radii >10 km, they cannot penetrate singly through the
lithosphere and will reach equilibrium, and death, deep in the crust. Repeated ascent
along the same path is needed for a successful traverse of the lithosphere. In addition,
Marsh (1982) concluded that for diapiric ascent through the lithosphere, the viscosity

of the wall rock in contact with the magma must be in the order of 105 to 106 Pas,
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which gives rise to an ascent velocity for the inital diapir of 5 x 10 ms-!. Later diapirs,
ascending along the same path, will have ascent velocities in the order of 1 x 107 ms-1,

As a result of calculations such as these, the applicability of diapirs for the
ascent of large volumes of magma through the lithosphere has been questioned
(Bateman 1984, Brun et al. 1990, Hutton 1992). In the example of the Flamanville
pluton of NW France, Brun et al (1990) indicated that formation of the pluton, within
soft sediments of the shallow upper crust, probably resulted from in situ expansion of a
granitic body, fed by magma injected through the brittle crust (e.g. by dykes), rather
than from ballooning related to diaprirism. Bateman (1984) implied that the lack of
descriptions of structures formed during the passage of granitoid magmas, suggests
that they ascend in a manner which leaves a minimal trace e.g. dykes. He added that
ascent often occurs while the magma is acting, in rheological terms, as a fluid and
stressed that there is a paucity of real evidence for the diapiric ascent of such fluids.

It seems that the main factor in determining whether ascent occurs as dykes or
diapirs, is the viscosity of the ascending magmas. In essence, highly viscous magma
will ascend as diapirs and magma with low viscosity will ascend as dykes. Bateman
(1984) therefore concluded that only bodies with a high crystal content and enough
heat, to create a partially molten carapace of country rocks, could ascend as diapirs.
This implies that the magma has already crystallised to a high degree (>50% crystals)
when its forms a diapir and therefore has a very limited lifespan, before its death at the
RCMP (75% crystals), the point at which ascent is arrested.

Although recent work has shown that granitic diapirs do exist (e.g. England
1992), much work implies that they do not represent an effective mechanism by which

large volumes of magma may ascend through the lithosphere.

5.3.2 Ascent by dyking

In contrast to diapirism and other transport mechanisms, such as porous flow

through a partially molten matrix (Sleep 1974, McKenzie 1984), rapid transport of
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magma through the lithosphere occurs via a dyking or sheeting process. Work
concerning dykes and their propogation has generally been concentrated on those with
mafic compositions, as these are observed in abundance both in oceanic and
continental crust and in many different tectonic settings. The widespread occurrence of
dykes suggests that magma driven fracture, or sheeting, is the dominant mechanism for
magma tré.nsport through the crust and lithosphere. This process is capable of rapidly
transporting magma through cold and brittle rock without extensive solidification
(Lister & Kerr 1991).

In previous papers e.g. Spence & Sharp (1985) and Spence & Turcotte (1985),
workers have derived theoretical solutions for the propogation of magma driven
fractures in which it has been assumed that buoyancy forces of the rising magmas are
negligible. Although these are relevant to sill formation higher in the crust, they do not
address the formation of dykes fully, as density differences between melt and host rock
are neglected. Later theoretical work on dyke propogation took into account three
important factors: (1) elasticity, (2) ﬂﬁid mechanics and (3) buoyancy (Spence et al.
1987, Lister 1990, Lister & Kerr 1991).

Lister & Kerr (1991) conclude that vertical transport in dykes is dominated by
a balance between two main opposing forces: (1) the buoyancy head, caused by the
density difference between the magma and host, which drives the magma upwards, (2)
the viscous drag, or viscous pressure drop, caused by friction at the walls of the dyke,
which resists the upward motion of the magma towards the dyke tip, caused by (1). If
(1) is always greater than (2), then the dyke will continue to propogate upwards. These
authors also concluded that: (3) flow may also be driven by gradients in the
overpressure of the magma. However, provided the tectonic stress perpendicular to the
plane of the dyke does not vary significantly with depth, internal overpressure will
remain constant and will therefore the magma flow will not be affected, (4) the
resistance of the host rock to fracture is only important during nucleation of a dyke and
may be generally neglected, (5) elastic forces exerted by the host rocks are only

significant near the dyke tip and have a very minor role, (6) cessation of dyke
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propogation is only likely to be related to crystallisation of magma in the dyke tip,
triggered by e.g. a drop in pressure caused by a drop in velocity of the upwelling
magma, (7) the level of neutral buoyancy (LNB) is the point at which the magma has a
greater density than its host and motion ceases, causing crystallisation of the magma.
Some overshooting of the LNB may occur, depending on the width of the dyke and
the supply rate of the magma from below. Another important conclusion states that (8)
it is not possible to close an already filled dyke by squeezing together the wall rocks,
since infinitely large elastic pressures would be required. In such a scenario the dyke
will instead decrease in width until the contents fully crystallize.

Dykes, once established, are therefore difficult to arrest unless the upward
force cause by the buoyancy head is exceeded by the frictional drag. Conclusions (4)
and (5) above indicate that, overall, elastic forces exerted by the host rocks are not
important. This has implications for magma transport and emplacement in
compressional regimes, such as those in which plate tectonic stresses are present at
convergent margins. Following on from the model of dyke propogation by
overpressure induced wedging (Anderson 1951), Pollard & Johnson (1973) calculated
that the country rock at the tip of a dyke, or sill, experiences extremely high localised
extension, which allows rapid propogation of the dyke along a plane continuous with
the length of the sill. Quantitative calculations indicate that the yield strength, of the
host rock at the dyke tip, required to resist ductile failure is in the region of 1800 times
the driving pressure of the magma (fig. 5.12). Conclusion (7) above implies that once
the dyke has propogated in the manner just described, it will be impossible to close it

again by exerting pressure normal to its walls.

Solitons. Experimental modelling by Whitchead & Helfrich (1990) indicated
that solitary waves may be supported in pre-existing magma conduits and that they
behave nearly like solitons (solitary waves that are conserved upon collision with any
other waves). Theoretically, these waves have closed streamlines and will retain a

constant surface area (i.e. there is no turbulence) and they are preferable to diapirs as
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Figure 5.12 Contours of values of yield stress required to resist ductile failure at
a sill termination, assuming the magma pressure=1 (after Pollard &

Johnson 1973).
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they represent a much more efficient mode of transport. Calculations suggest that a
substance transported by solitons, from some deep mantle source, might be chemically
or isotopically unaltered by the time it arrives at high levels in the crust. This has
enormous implications for granitic magmas with mantle signatures and little crustal
contamination. |

The applicabilty of solitons to transport in dykes has not as yet been
approached fully, as the above modelling concerns only one-dimensional conduits.
Further work in two dimensions is required, in order to address the feasability of rapid

vertical transport in dykes with minimal crustal contamination.

5.3.3 Discussion

Flow in magma. From Lister & Kerr (1991), a form of Poiseuilles equation in

the laminar flow regime is as follows:
u = -(w2/31)Ap

where u = mean velocity, ® =dyke width, n} = magma viscosity, Ap = pressure
gradient.

Table 5.1 shows a variety of dyke widths, viscosities and pressure gradients for
a number of hypothetical dykes. It can be seen from these examples that, for a given
ascent velocity, magma travelling through a narrow dyke must have a lower viscosity
compared to magma travelling in a wider dyke. However, as pointed out by Lister &
Kerr (1991) and Hutton (1992), the ascent velocity must be sufficiently rapid to

prevent the magma crystallising in the dyke, thus preventing further ascent.

Field data. From field data collected in southeast Alaska, it can be seen that
the widths of the elongate, dyke- or sill-like, plutons of the Great Tonalite Sill may
vary from a few hundred metres, to several kilometres. However, the plutons

themselves cannot be regarded as self-contained dykes because they are made up from
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Dyke width w
(metres)

0.5

100

500

1000

Viscosity n

(Pas)

102

107

100

107

109

107

10°

Press. grad. Ap
(Pa/m)

10
100

10
100

10
100
10
100
10
100
10
100
10
100
10
100

10
100

Velocity u
(m/s)

8.33 x 10-4
8.33 x10-3
8.33 x 10-2
8.33 x 10-7
8.33 x 10-6
833 x 10-5
8.33 x 10-9
8.33 x 10-8
8.33 x 10-7

3.33x 104
3.33x10-3
3.33x10-2
3.33 x 102
3.33 x10-1
3.33

8.33 x 10-3
8.33 x 10-2
833 x 10-1
8.33 x 10-1
8.33

83.33

3.33 x 10-2
3.33 x 10-1
3.33

3.33

33.33
333.33

Table 51




many smaller sheets. It is these sheets which may be regarded as individual dykes, as
they constructed the plutons during repeated ascent along similar paths.

The present exposure level in southeast Alaska represents a slice through the
crust at 20-30 km depth at the time of magma ascent. Essentially, this level records
data concerning both the ascent and emplacement mechanisms and therefore
implications for both these processes may be deduced, side by side. Field evidence
indicates that component sheets in the plutons may vary in width from <1 m to in
excess of 50 m. The sheets, or dykes, recorded at the lower end of the scale, indicate
that granitoid magmas may easily propogate along narrow dykes, without causing
premature crystallisation and arrest of propogation. It is these narrow granitoid dykes
which cast some doubt on previous assumptions concerning the average values for the
viscosities of granitoid magmas. It has been generally accepted that granitic magmas
are several orders of magnitude higher in viscosity than basaltic magmas: the viscosity
of basaltic magma (e.g. Lister & Kerr 1991) is commonly assumed to be 102 Pas and
that of granitoid magma, 107 Pas (e.g. Pitcher 1979). Observations of internal sheeting
within the Mount Juneau pluton, north of Juneau, indicate that sheets <1 m in width
can develop during the transport and emplacement of tonalitic magma. As Table 5.1
shows, velocities calculated using a velocity of 107 Pas for dykes of <1 m are much too
slow to allow propogation of a dyke, without crystallisation of the magma. In fact
these rates are similar in magnitude to those calculated for the diapiric rise of large
magma batches (15 cm/yr, Marsh 1982). Therefore the ficld data implies that the

velocity must be greater and the effective viscosity must be lower (see also Hutton

1992).

Petrographic implications for viscosity. It is clear that the tonalitic magmas of
the Great Tonalite Sill contain a large mafic component in addition to a lower crustal
component. The magmas are not granite sensuo stricto but are at the more mafic end

of the scale. Implications from field studies of these rocks suggest that tonalitic to
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dioritic magmas have much lower viscosities than those envisaged by Bottinga & Weill

(1977), Pitcher (1979) and Hall (1987) for granites in general.

5.4 Emplacement of the Great Tonalite Sill

As mentioned in section 5.3.3, the present exposure level in southeast Alaska
permits observation of the ascent and emplacement mechanisms, for the Great Tonalite
Sill plutons, at the same level. Field observations indicate that the magmas rose
through the crust and were emplaced as steeply inclined dykes, or sheets. Plutons were
essentially formed by the coalescence of many granitic sheets, implying that
construction was a by product of the repeated ascent, crystallisation and arrest of such
sheets. At certain levels, notably higher structural levels, the interaction of the
propogating magma batches with pull-apart structures and other crustal anisotropies
becomes more important. Perhaps most important of all, the elongate Great Tonalite
Sill plutons are intimately associated with a transpressional (reverse sense) shear zone,
which is believed to traverse much of the crust. Their spatial relationship is consistent
along its entire length and implies a direct relationship between tectonics and granitoid

emplacement in southeast Alaska.

5.4.1 Emplacement into a contractional shear zone

The Great Tonalite Sill was emplaced into an active, contractional shear zone
(Great Tonalite Sill shear zone) with a simple shear component of NE over SW. The
fact that granitic magma can intrude crust that is actively undergoing compression,
leads to the conclusion that space does not need to be created to permit emplacement.
There is no space problem and a relatively simple mechanism is invoked. Emplacement
of granitoids into transcurrent and extensional shear zones has already been

documented (e.g. Hanmer 1981, Castro 1985, Hutton 1988, Hutton et al. 1990,
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McCaffrey 1989, McCaffrey 1992, Reavy 1989) and now the Great Tonalite: Sill fills
the the third category of emplacement into a contractional/ thr;lst regime, thus
completing the trinity of syntectonic, shear zone-related, end-members.

As previously stated, the Great Tonalite Sill is composed of many coalesced,
steeply-dipping, tonalitic plutons, which are themselves made up from many individual,
steeply-dipping, sheets. Strain studies (section 3.1.6) indicate that the plutons,
although highly deformed in particular areas, do not owe their present shape to
excessive shear zone-related deformation, but were originally long, narrow and
sheetlike. The pluton contacts, both W and E, are sheeted and individual sheets vary in
thickness from <1 metre to in excess of 50 metres. As reviewed by Hutton (1992),
granite emplacement mechanisms in transcurrent, extensional and contractional (thr;st
sense) shear zones may be dominated by multiple granitic sheeting parallel to the walls
and the deformation fabrics. The Great Tonalite Sill plutons provide abundant evidence
for such foliation-parallel sheeting processes, related to both ascent and emplacement
mechanisms. The sheets and plutons were emplaced obliquely or at high angles to the
principal stress directions and are not of the type invoked by Anderson (1951) (fig.
5.13). In the case of the Great Tonalite Sill, the maximum principal stress is orientated
almost at right angles to the shear zone walls (fig. 5.14). This implies that the
magmatic wedging stress of the propogating sheets must overcome the compressional
stresses of the shear zone. Pollard and others (Pollard & Johnston 1973, Roberts 1970)
indicated that excess pressure of the magma over the compressive wall-rock stresses
creates very high localized tensile and shear stresses at a propogating dyke tip, which
easily overcome the wall-rock strength and allow rapid propogation of the dyke tip
(fig. 5.12) (see also Hutton 1992).

Structural and metamorphic observations confirm that foliation-parallel, reverse
dip slip movement occurred during emplacement of the magma sheets. Stated simply,
this means that the sheets propogated along shear planes. The sheets appear to have
exploited active shear planes for the following reasons: (1) they represent structural

anisotropies, and (2) the rock along their medial planes is constantly deforming and
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MAGMA WALL ROCK

Figure 5.13 Classic Andersonian dyke and the orientation of its associated

principal stresses.

Figure 5.14 Emplacement into a contractional regime: Orientation of principal

stress axes with respect to the intrusive sheet (after Hutton, 1992).
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therefore weak (see also Hutton 1992). Shear planes are therefore long, narrow zones
of weakness, and as such are energetically favourable to a propogating dyke or sheet
tip. It is probable that the plutons of the tonalite sill belt were emplaced by such sheet
wedging mechanisms.

At a higher level in the Mount Juneau Pluton (on Mount Juneau), occur
moderately NE-dipping primary magmatic sheets with one-way chilled contacts, at
least 30 m long and varying in thickness upwards from 0.3 m (see section 3.2.4 for
details). The pattern of chilling, in addition to other intrusive relationships and
geometries, invokes an emplacement mechanism in which dilatant releasing bends or
thrust flats are exploited by intruding magma (fig. 5.15). This emplacement style has
been observed on small outcrop to full pluton scale in southeast Alaska. A similar
emplacement mechanism has previously been described by Rykkelid (1987), who
indicated that the gabbro and granodiorite of the Sunnhordland Batholith, west
Norway, had been emplaced into such a releasing bend (fig. 5.16). Two-way chilled
contacts between the gabbro and granodiorite, plus the presence of load structures
indicate that the magmas had passively filled the space. In contrast, the Mount Juneau
pluton exposed at Mount Juncau represents a combination of both 'forceful' and
‘permitted’ emplacement: It is proposed that the invading melt actively helped to wedge
open the thrust flat via repeated injections of granitic magma. It is probable that early

sheets were split in two by subsequent sheets to form the pattern of one-way chilled

contacts.

Small scale emplacement features. Additionally there is much outcrop data
which indicates that melt is drawn into active shears, which deform either magmas
close to their rheological critical melt percentage (RCMP), or anatectic, migmatitic,

.country rock. Many shallow, reverse, top-to-the-SW shears cut the sill rocks and the
country rocks close to the pluton contacts and, often, these shears have incipient
granitic melts emplaced along them. This implies that the shears may link up the

interstitial pockets of melt, drawing them into concentrations along the shear planes.
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DILATIONAL EMPLACEMENT
STRUCTURES
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Figure 5.15 Dilational emplacement structures within an overall contractional

regime.
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Figure 5.16 Models for granitoid emplacement into a thrust flat: (A) Stolmen
gabbro, Greenland, passively emplaced into thrust releasing bend

(modified from Rykkelid 1987) (B) Mount Juneau Pluton, emplaced

by wedging and sheeting into a dilational thrust flat.
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Other, more minor emplacement mechanisms include small-scale marginal stoping,

veining and general veining features consistent with emplacement into fracture

systems.

5.5 Conclusions

5.5.1 The Intrusives

The Great Tonalite Sill rocks are calc—alkaiine (Brew 1988) and were sourced
form rocks with a large mantle component and partially melted ancient crustal rocks
(Arth et al. 1988, Samson 1991a). Evidence for these components comes from three
main areas:

@)) Significant quantities of mafic and ultramafic rocks occur in the tonalitic
plutons e.g. appinites, cogenetic mafic enclaves and synplutonic dykes, and these are
likely to have mantle signatures. They also indicate the coexistence of mafic and
granitoid magma: indeed, the cogenetic mafic enclaves/synplutonic dykes, in particular,
imply the synplutonic injection of mafic magma into a granitoid magma.

(2)  Negative eNd values indicate that the Great Tonalite Sill intrusives contain a
component of older, more evolved silicic crustal rock, in addition to the mantle
component (Samson et al. 1991a).

(3) In addition to (2), the Sill rocks have higher 87Sr/26Sr initial ratio values than
their surrounding terranes and M.O.R.B., again indicating that older continental crust
was involved (Arth et al. 1988, Samson et al 1991a).

Although the strontium initial ratios for the Coast Plutonic Complex as a whole
indicate that the plutons represent the roots of a magmatic arc, the Great Tonalite Sill
signature plots outside this field (Arth et al. 1988). This, along with the remarkable
fucused linearity of the plutonic belt, indicates that the Great Tonalite Sill does not

represent the roots of an island arc. Instead, it delineates a deformation zone.
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5.5.2 Petrogenesis

(1) The general model. Transpressional shear zones cause crustal thickening, which
in turn causes the formation of a mantle lithosphere topography (Hutton & Reavy
1992). When this thickened lithospheric root develops to a critical point, it may be
convectively removed and replaced by hotter asthenospheric material, which exposes
the base of the crust to elevated mantle temperatures (Houseman et al 1981). This
induces the anatexis of lower crustal material which then mixes and mingles with
mantle melts, producing granitoid magma with a substantial mantle component (Hutton

& Reavy 1992).

(2) The specific model. Crustal thickening has occurred extensively in the NW
Cordillera, associated with the mid Cretaceous to Palaeocene collision interval, and
suggests strongly that formation of a lithospheric root in response to this was likely.
The Great Tonalite Sill is associated with an intensely focused late Cretaceous to
Palacocene crustal scale shear zone, with a pure shear (K = 0) orogen normal
component and a simple shear (K = 1) component of strain. This shear zone (the Great
Tonalite Sill shear zone) probably reached the base of the crust and caused focused
crustal thickening along 800 km or more. Thus a perturbation or corrugation was
produced at the base of the crust, which was preferentially melted after removal of the
lithospheric root, and the subsequent melts migrated along the adjacent shear zone,

forming the Great Tonalite Sill.

5.5.3 Ascent of the magmas

The Great Tonalite Sill shear zone must have transported the mantle-derived
melts rapidy through the crust, along the shear zone, in order ro prevent excessive

solidification in the conduit and contamination with juvenile crust.
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Diapirs. It has been concluded that diapiric ascent is a slow process (Marsh
1982), thus facilitating significant interaction of magma with continental crustal rocks
and much solidification after relatively little movement. This is not a plausible ascent

mechanism for the Sill magmas.

Dykes. Ascent by dyking is a rapid process and magmas may be transported
through the crust and lithosphere without extensive solidification and contamination
(Lister & Kerr 1991). Dykes propogate due to extremely high localised tensile stresses
at their tips and are difficult to arrest unless the upward buoyancy force is exceeded by
the frictional drag. They exploit inisotropies in rocks, such as zone weakened by
shearing, and theoretical modelling indicates that, once formed, they are impossible to
close again. The width of dykes and the velocity of transport are determined by the
viscosity of the magma: low viscosity leads to rapid propogation rates and narrow
dykes. The present outcrop represents both the ascent and emplacement level: the
component sheets exposed within the plutons have widths (<1 to >50 metres) which
imply that the effective viscosity of tonalitic magmas may be significantly lower than

those previously published for true granites.

5.5.4 Emplacement

The Great Tonalite Sill magmas ascended and were emplaced dominantly as
non-Andersonian dykes/sheets. Emplacement of the sheets took place along a
compressional shear zone axis, implying that space does not need to be created to
accomodate granitoids. At deep levels the sheets propogated along shear zone
weaknesses and, perhaps more commonly at higher levels, in dilational pull aparts
(dilational flats) within ramp-flat shear zone geometries. The higher level emplacement

mechanisms may, in part, be related to closer interaction of the shear zones with the

free surface.
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CHAPTER 6
THE IMPLICATIONS FOR PLATE TECTONICS

6.1 Allochthonous terranes

During the opening of the Pacific Ocean, from latest Precambrian through the
early Palaeozoic, the western edge of North America was a passive continental margin,
across which grew, undisturbed, a miogeoclinal wedge, for at least 700 million years.
Since Triassic to middle Jurassic time, the margins of the Pacific Ocean have been
dominated by convergent or transform movements. Subduction related to these
movements consumed all of the Palacozoic Pacific ocean, leaving behind offscraped,
accreted, allochthonous, Palaeozoic terranes. It follows that younger outboard terranes
must also be regarded as allochthonous, unless proven otherwise (Coney et al. 1980).

On the basis of differences in faunal diversity between separate belts in the
western Canadian Cordillera, Monger and Ross (1971) originally suggested that two
different ecological belts had been broken and juxtaposed, by implied dextral
movements parallel to the north American margin. Faunal and lithological studies (e.g.
Monger & Ross 1971, Monger et al. 1972, Monger & Price 1979) indicated that upper
Paleozoic stratigraphic sequences in the Insular and Intermontane superterranes (see
section 2.1.2) may have belonged to the Tethyan faunal realm and are atypical of, and
therefore allochthonous to, the continental interior of North America. Monger et al.
(1982) suggested that tectonic accretion of the Intermontane superterrane to the North
American craton, and the Insular superterrane to the Intermontane superterrane,
caused the formation of two major regional tectonic welts in the Canadian Cordillera:

the Omenica Crystalline belt and the Coast Plutonic Complex respectively (see chapter
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2). Concentrated within these belts were intense deformation, regional metamorphism,
granitoid magmatism, uplift and erosion. The Coast Plutonic Complex formed in
response to this deformation mainly in Cretaceous to Tertiary time and, during the late
Cretaceous to early Tertiary, emplacement of the Great Tonalite Sill took place along
its southwestern edge. The Great Tonalite Sill therefore provides a valuable record of
the kinematics and deformation prevalent during the accretion interval subsequent to
initial collision of the Intermontane and Insular superterranes.

The following sections provide a brief review of extant data and models
concerning plate and terrane motions and regional tectonics. Subsequently, these will

be considered in the light of new geological data acquired during this study.

6.2 Existing plate trajectory modelling

The plate model of Engebretson et al. (1985) formed the basis of a computer
program developed by Debiche et al. (1987), which was designed to simulate the
position of terranes with time as they were driven by the oceanic plates. The terrane
(plate) trajectories were calculated by back modelling and the main variables which
define this are: 1) the stage poles describing the motion of oceanic plates with respect
to the continent, 2) the sequence of plates carrying the terrane, 3) the time of docking
of the terrane, 4) the coordinates of the point of docking. For docking times of 120Ma
and 90Ma the most striking feature is the presence of a strong easterly component of
plate motion with respect to Cordilleran North America. This is capable of transporting
terranes with equatorial faunas to North America, especially Alaska, from the western
Pacific. The plate trajectories are directed largely orthogonally (fig. 6.1), with a lesser
component of dextral movement, relative to the North American margin. However, the
model indicates that if terrane docking times of 60 Ma and 30 Ma are chosen, the

northerly component of motion becomes dominant reflecting a regime in oblique

dextral transpression.
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Depending on the plate reconstruction model chosen, the dextral component of
motion can be increased or reduced for particular terranes. In particular, around 85Ma,
when the Kula plate is interpreted to have broken away from the Farallon plate
(Woods & Davies 1982), there is uncertainty about the location of the ridge separating
them. The southern ridge option of Engebretson et al. (1985) was chosen by Debiche
et al. (1987) in part because this provides rapid northerly transport during the Late
Cretaceous, as required by paleomagnetic results from terranes (fig. 6.2, see section
6.5). However, if the northern ridge option was chosen, a terrane located in the area
between the two options would continue to move with the Farallon plate orthogonally
towards the North American margin. This is an example of ambiguity inherent in such
modelling techniques and suggests that, although the gross movement of plates and
terranes may be deduced from these studies, details concerning the collision dispersion
tectonics at the time of docking are lacking and cannot be accurately modelled using
this method.

From the mapping of Palacocene to middle Eocene magnetic anomalies over
oceanic crust that accreted at the Kula-Pacific spreading centre, Lonsdale (1988)
indicated that, prior to 57Ma, relative motions between the Kula plate and the North
American margin were orthogonal, and that NE-directed underthrusting related to
these motions took place along the Pacific Northwest Subduction Zone (fig 6.3).
Oblique subduction did not occur until after 55Ma in his model, which assumes a
slower rate of northward motion compared with Engebretson et al (1985). The 55 Ma
switch in the plate movement vector coincided with the birth of the Aleutian
subduction zone, which most likely changed the slab-pull stresses on the oceanic
lithosphere. Strike slip faults developed as a result of this and caused the rapid, post 55
Ma, northward movement of allochthonous terranes. Recent data derived from large-
scale fluid migration studies also supports the view that oblique subduction did not
occur until after 55-56 Ma. This particular study identified a significant, rapid,

dewatering event at this time, which Goldfarb et al. (1991) suggest was caused by
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determined by backward modelling every 5Ma from the arrival time of
90Ma (From Debiche et al. 1987).
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Figure 6.2 Reconstruction, in fixed hotspot reference frame, of plate motions at

c.80Ma. Length of arrows is proportional to velocity. Shaded area =
uncertainty: 1 = northern option for Kula-Farallon ridge, 2 = southern
option (velocity arrows numbered accordingly). Solid circles: Hawaiian
(H) and Yellowstone (Y) hotspots; solid square: Euler pole for relative
motion of Pacific and Kula plates. Modified from Engebretson et al.
(1985).
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increased crustal permeabilities, related to a shift from convergent to partly
transcurrent tectonics.

It is apparent, from the above examples, that the assumed northward velocity
of the Kula plate has a great bearing on the implied tectonic regime at the Kula/North
America boundary, and hence the relative motions of allochthonous terranes, with
respect to the North American margin. Engebretson et al (1985) used a faster
northward velocity than Lonsdale (1988) for the Kula plate and from this he implied
that the convergence took place in a dextrally transpressive regime. Lonsdale (1988),
using the slower Kula plate velocity, implied that the late Cretaceous to Palaeocene
Kula-North America convergence was normal to the continental margin.

One of the main aims of this thesis is to usc the geological field data from the
Great Tonalite Sill to help to resolve uncertainties such as these. Modelling, using the
techniques discussed above, can only be as accurate as the assumptions encorporated
into them. This conclusion underlines the importance of testing models such as these
with detailed field studies, focused at plate and terrane boundaries: the deformation
zones containing structures from which relative terrane movements during, and

subsequent to docking may be deduced.

6.3 The Great Tonalite Sill as a kinematic record

In chapters two and five, the value of the Great Tonalite Sill, as an accurate
record of the kinematics prevalent during its emplacement, has been already stressed.
From the conclusions of chapter three, it is clear that, together, the structures along
this belt show a remarkable consistency, unparalleled in other parts of the Coast
Mountains. The Sill has plate tectonic dimensions and, as such, the structures
contained within it have more than local importance. Chapter five drew upon this
conclusion and, within it, the origin, ascent and emplacement of the batholith was

modelled in terms of large scale, contractional plate tectonics. This section seeks to
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expand on these themes and make conclusions about the exact nature and timing of the
contractional kinematics along the belt as a whole. From this it will be possible to make
important inferences concerning the relative movements between the Insular and
Intermontane superterranes and hence the relative movements of the Kula and Farallon
plates with respect to the North American margin.

Firstly, the the overall structure and kinematics of the belt will be briefly

reviewed.

6.3.1 Structure and kinematics

Essentially, the Great Tonalite Sill belt is a steeply NE-inclined ductile shear
zone, separating the Intermontane and Insular superterranes. It was intruded by
tonalitic magmas with mantle and lower crustal signatures, in late Cretaceous to early

Tertiary times, during active deformation.

PFC deformation. The deformation which was incurred in the magmatic state
(detailed in chapter three) is displayed in the Great Tonalite Sill as (1) PFC fabrics and
lineations, (2) tiling fabrics, (3) PFC lock-up shears, and (4) strained mafic enclaves.
The present orientations of these features indicate that a regime of dominant NE-SW
directed contraction and concomittant 0<K<1 pure shear, accompanied by lesser NE
over SW directed reverse simple shear, was in effect during the crystallization interval

of the deforming magma. No evidence for major strike slip movements was recorded.

CPS/solid state deformation. CPS/solid state deformational structures, and
their implications for large scale kinematics, are similar to, and coplanar with, those

detailed above, although these structures formed subsequent to full crystallization of

the plutons.

These structures, incurred in both the magmatic and solid states, have been

shown to occur along an extensive strike length, in excess of 750 kilometres. This
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implies, in basic terms, that the movement of the Insular superterrane, during part of its
accretion interval, was directed orthogonally with respect to the Intermontane
superterrane (fig. 6.4). There is no evidence in support of either major sinistral or
major dextral movements within this belt, either during or after emplacement. and full

crystallization, of the Great Tonalite Sill magmas.

6.3.2 Timing of kinematics

Gehrels et al. (1991a) carried out an extensive U-Pb geochronological survey
of the plutons of the Great Tonalite Sill in southeast Alaska, and their paper represents
the latest and most accurate dating of these plutons. Additionally, their paper includes
areview of other relevant geochronological work previously carried out on the Sill belt
and table 6.1 summarises the combined data.

These U-Pb dates indicate that the deformation, which affected the plutons
during their crystallization intervals, occurred from at least 83 Ma (82.6 = 2.4) to
around 55 or 57 Ma, i.e. late Cretaceous to Early Tertiary (Palacocene). There is a
certain degree of implied diachroneity of magma emplacement along the strike of the
Great Tonalite Sill: older dates are found in the north and become younger
. southwards. This suggests that the edges of the two superterranes were probably
originally slightly irregular, and that magma emplacement was first initiated in the
north, perhaps linked to the earliest contractional event. However, all the plutons in the
above table, regardless of their age, contain PFC fabrics, lineations and structures,
which consistently indicate that contraction and reverse shear occurred in the
magmatic state. Abundant evidence exists indicating that the older plutons were more
pervasively affected by prolonged, progressive deformation into the down-temperature
regime, in the form of coplanar and colinear CPS/solid state fabrics, than the younger

plutons. Younger plutons often contain the well developed PFC fabrics, but later post-
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Pluton
Ferebee (Haines)

Mendenhall (Bemners B.)
Annex Lakes (Taku)
Carlson Creek E. (Taku)
Carlson Creek W. (Taku)
Mount Juneau (Taku)

Mount Juneau

Tracy Arm
Endicott Arm
Thomas Bay
LeConte Bay
Quottoon (B.C.)
northern end

northern end

U-Pb age (Ma)
68 (disc) and
82.6 + 2.4 (disc)
61.5 £ 1.5 (disc)
58.5 £ 2.5 (disc)
66.4 10.8
67.4+0.8

71.6 £ 1.2 (disc)
81 (disc)

60.4 + 1.3 (disc)
59.3+0.8
63.5%1

595+1
586+0.8

55

571

(disc = discordant)

Author

Barker et al. (1986)
Gehrels et al. (1991a)
Gehrels et al. (1991a)
Gehrels et al. (1991a)
Gehrels et al. (1991a)
Gehrels et al. (1991a)
Gehrels et al. (1991a)
Wooden (pers. comm. to
Brew, 1990)

Gehrels et al. (1991a)
Gehrels et al. (1991a)
McClelland et al. (1990)
McClelland et al. (1990)
Gehrels et al. (1991a)
Arth et al. (1988)
Saleeby & Rubin (1989)

Table 6.1 U-Pb dating of the Great Tonalite Sill plutons.

crystallization CPS deformation is poorly developed, or absent. These data indicate

that, although there is an implied diachroneity in the magma emplacement, and hence

deformation, from north to south, there is no evidence for a diachronous change in the

implied kinematics from north to south. Thus it is concluded here that a consistent

regime in orthogonal contraction and concomittant NE over SW reverse shear was

active, along the whole length of the Great Tonalite Sill belt, between 83 and 55 to 57

Ma (late Cretaceous to early Tertiary).
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6.4  The Great Tonalite Sill - does it mark a major terrane boundary?

6.4.1 Contrasts across the Great Tonalite Sill.

The Great Tonalite Sill is the most extensive, continuous, composite granitoid
batholith in the Coast Mountains and is associated with the most extensive known
shear zone, the Great Tonalite Sill shear zone. Both features extend for at least 700km
along strike, more probably greater than 1000km. The shear zone has been intruded by
the Great Tonalite Sill plutons, whose petrological, chemical and isotopic compositions
indicate that they were sourced from a combination of subduction related magmas
(Arth et al. 1988), which were probably underplated beneath the crust (Chappell &
Stephens 1988, Fyfe 1988, Silver & Chappell 1988), and a component of partially
melted, ancient lower crustal rocks (Samson et al. 1991b). The known length of the
combined Great Tonalite Sill and its shear zone, far outstrips the known length of any
other feature lying between the Intermontane and Insular superterranes and therefore it
is suggested here that, together, they represent the effective terrane boundary. In
support, the work of Wood et al. (1991) on the spatial variation in 40Ar/3Ar mineral
ages for the Great Tonalite Sill near Holkam Bay, SE Alaska, suggested that it was
emplaced near the boundary between hot, high grade metamorphic rocks to the E and
cooler, medium grade metamorphic rocks to the W, In the southern part of the belt the
Work Channel Lineament and Quottoon pluton of British Columbia (Crawford &
Crawford 1991), marks a similar discontinuity active during the early Tertiary, which
shows uplift of rocks to the east of the Great Tonalite Sill (relative to the west) of
about 15 km between 60 Ma and 50 Ma (Crawford & Hollister 1982). A probable
northern extension of the Great Tonalite Sill, within the Maclaren Metamorphic Belt,
south Central Alaska, was also emplaced within a deep-crustal shear zone (Valdez
Creek shear zone). Systematic differences in metamorphic grade across this dyke-like

pluton, indicate that it marks the boundary across which hot, upper amphibolite facies
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rocks, previously accreted to North America, were emplaced over cooler, lower grade
rocks, equivalent to the Insular superterrane (Davidson et al. 1992). Other
metamorphic studies by Himmelberg et al. (1991) indicated the presence of an inverted
sequence of Barrovian metamorphic isograds, west of the Great Tonalite Sill (Juneau
area), which increases in grade eastwards, towards a maximum, located at the western
margin of the Sill. Here the metamorphic data indicates a thermal peak of about 750°C,
with pressures of about 9-11 kbar. The inverted gradient is attributed to contractional
deformation and thermal metamorphism associated with the collision of the Insular and
Intermontane superterranes, combined with the subsequent thermal metamorphism
caused by the initial stages of tonalite emplacement in a NE dipping shear zone.
Metamorphism caused by the final emplacement phase of the Great Tonalite Sill,
during uplift, re-equilibrated the country rock geobarometers nearest to the contact at
depths corresponding to 5-6 kbar (Himmelberg et al. 1991).

Collectively, these data indicate that there is indeed a significant, metamorphic,
contrast across the Great Tonalite Sill. The Sill is fundamentally associated with a
major shear zone, which essentially separates low grade rocks (to the west) from high
grade (to the east), and marks a zone across which large vertical (east side up)
movements have taken place. Other data show that the magmas, which coalesced to
form the Great Tonalite Sill, were emplaced syntectonically and were derived partly
form the lower crust and partly from the mantle. As such, these magmas must have
traversed the crust and it is highly likely that their transport took place along a major

crustal break, i.e. a terrane boundary.

6.4.2 Links across the Great Tonalite Sill.

Gehrels et al. (1990) and McClelland et al. (1990) placed the fundamental
boundary between the Intermontane superterrane and the Insular superterrane west of
the Great Tonalite Sill, along a thrust fault system (Sumdum-Fanshaw fault system)

which they have traced from the Juneau area at least as far as the Ketchikan - Prince
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Rupert Region. On the basis of general similarities between basinal sequences, small
highly metamorphosed conodont faunules, U/Pb discordia from detrital zircons and
Sm/Nd data indicative of Proterozoic derivation, they correlated rocks immediately
west of the Sill with the Yukon-Tanana terrane, which underlies a large portion of
Yukon and eastern Alaska (Samson et al. 1991b, McClelland et al. 1991a, McClelland
et al. 1991b, Rubin & Saleeby 1991, Gehrels et al. 1992). This terrane is a product of
episodic continental arc magmatism and the latest phase of this took place in late
Triassic to early Jurassic time. The Yukon Tanana terrane thus belongs to the
Intermontane superterrane. The work of Gehrels et al. (1990) and McClelland et al.
(1990) therefore suggests that the Great Tonalite Sill does not separate different
terranes. McClelland et al. (1991a) suggested that the rocks either side of the
Sumdum-Fanshaw Fault system were juxtaposed at depths corresponding to 7.1-11.8
t 1 kbar and temperatures of 465-890°C, during the collision of the Insular and
Intermontane superterranes, in the middle Cretaceous, Following this, in the late
Cretaceous to Paleocene, the fault system was truncated by the steeper Great Tonalite
Sill and Great Tonalite Sill shear zone features, at depths corresponding to 7.5-7.7 £ 1
kbar. Their work therefore suggests that the Great Tonalite Sill is a minor feature,
which does not represent the boundary separating the Insular and Intermontane

superterranes.
6.4.3 The Great Tonalite Sill: evidence for a major crustal break.

Recent work by Wood et al. (1991) has documented a systematic decrease in
“Ar/*Ar mineral ages from west to east across the Great Tonalite Sill, which is
consistent with its emplacement between higher grade rocks of the Coast Plutonic
Complex and lower grade rocks of the western metamorphic belt, to the west. They
suggested that, during uplift, the Coast Plutonic Complex would have been effectively
decoupled from the western metamorphic belt, until the Great Tonalite Sill had fully
crystallized. These data therefore indicate that the Great Tonalite Sill, which is

259



fundamentally linked to the only major, plate tectonic scale, ductile shear zone in the
Coast Mountains (the Great Tonalite Sill shear zone - correlated with parts of the
Coast Shear Zone), represents a major crustal break. This is corroborated by chemical
and isotopic data from the Sill (Arth et al. 1988) and implications from the tectonic
models for granitoid petrogenesis and ascent (sections 5.2 & 5.3). Together, these
indicate that the magmas originated from deep levels (the upper mantle), implying that
the shear zone which sourced them traversed the crust. It is possible that this steep
shear zone represents the reactivation of a major crustal ramp which was connected to
the flat represented by the Sumdum-Fanshaw fault of Gehrels et al. (1990) and
McClelland et al. (1990) (see fig. 6.5). However, there is no direct evidence to support
this. The known length of the Great Tonalite Sill combined with its associated shear
zone is longer than any other feature lying between the Intermontane and Insular

superterranes, and therefore it is concluded here that this probably represents the

effective terrane boundary.

6.5 Palaeomagnetic data from the western Cordillera

6.5.1 Anomalous palaeomagnetic inclinations - dextral strike slip?

Paleomagnetic data recorded from the western Cordillera are consistent with
large northward displacements of tectonostratigraphic terranes along the ancient North
American coastline. A body of paleomagnetic data has been built up over the past
decade (e.g. Monger & Irving 1980, Beck et al. 1981, Stone et al. 1982, Irving et al.
1985, Rees et al. 1985), which indicates that the Insular and Intermontane
superterranes contain anomalously shallow paleomagnetic inclinations, with respect to
the continental interior of North America. Simple interpretations of these data indicate
that the terranes originated between 2000 and 3000 km south of their present

locations, and that, during northerly transport, clockwise rotations also took place.
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However, these interpretations are based on certain strict assumptions inherent in the
paleomagnetic analytical techniques, which are discussed in section 1.8, and if these
break down, then more complex movements than simple northward motion may also
provide equally satisfactory explanations for the anomalous data.

Modelling (Umhoefer 1987, Umhoefer et al. 1989), using existing
palacomagnetic data bases, suggests that most of SE Alaska, SW Yukon, western
British Columbia and NW Washington were originally located more than 2000km
south, around the lattitude of Baja California, in the mid Cretaceous. Large dextral
movements are inferred to have taken place between 90 and 55 Ma (e.g. Thrupp and
Coe, 1986). Irving et al. (1985) recorded paleomagnetic data from mid Cretaceous
plutons in British Columbia, which suggested that a composite block (named 'Baja
British Columbia’ by E. Irving), composed of Wrangellia, the Coast Plutonic Complex,
the Cascade Terrane, Stikinia and perhaps Quesnellia, probably underwent northerly
displacement of about 2400km and clockwise rotation of 40-70°, between the Late
Cretaceous and Early Tertiary, with respect to North America. They also discovered
that the present lattitudes of Cordilleran terranes are more dispersed than their
apparent paleolattitudes and, on this basis, suggested that the composite 'Baja B.C.'
block was fragmented and 'smeared out' during northward transport along the edge of

cratonic N. America, during late Cretaceous-Early Tertiary times.

6.5.2 Anomalous palaeomagnetic data - regional tilt?

Stratigraphic, geochronological, metamorphic and structural data indicate post-
Mid Cretaceous NE-over-SW tilting of extensive areas of the Coast Plutonic Complex
and Northern Cascades. This can account for much of the discordance recorded in
paleomagnetic poles from the western Cordillera, especially Cretaceous plutons within
the Coast Plutonic Complex. It is important to stress that the majority of the data
collected form the Coast Plutonic Complex are from plutonic rocks. It is generally held

that plutons are the rock formations of last resort with regard to paleomagnetic
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sampling (Cox & Hart 1986) because it is rarely possible to determine how much a
pluton has been tilted subsequent to emplacement. Nevertheless, one of the
assumptions made by paleomagnetic workers when sampling plutons is that present
horizontal equals palacohorizontal. Rarely, it is possible to calculate the
palacohorizontal from e.g. overlapping sediments, but usually it is not possible. Tabor
et al. (1982) recorded SW-dipping Eocene sediments overlapping the Mt. Stuart
batholith in the Cascades. When this Eocene tilt is restored to horizontal, the
anomalous palaeopole returns to concordance with the Cretaceous reference pole. NE-
increasing depths of metamorphism, NE-decreasing K-Ar ages and relative uplift of
15km to the NE of the Spuzzum pluton (Bartholemew, 1979), also indicates tilting to
the SW. The NE-decreasing “Ar/®Ar dates, which also decrease with higher altitude,
in the Holkam Bay area of southeast Alaska (50km SE of Juneau, Wood et al. 1991)
suggest that the entire Coast Plutonic Complex underwent rapid uplift and cooling
during early Tertiary time. Crawford & Hollister (1982) recorded a metamorphic
discontinuity of 3-5kb, at about 700C, across the Work Channel Lineament in British
Columbia, which indicates rapid E-side-up movement of the Intermontane
Superterrane with respect to the Insular Superterrane during the Eocene. Structural
studies indicate the presence in SE Alaska and British Columbia of a long (>800km)
and relatively narrow (<30km) high angle reverse shear zone (the Great Tonalite Sill
shear zone), with a top-to-the-SW simple shear component, located at the SW edge of
the Great Tonalite Sill (Hutton & Ingram 1992, Ingram & Hutton 1992 in prep), which
was active from ¢.90Ma to ¢.60Ma. Considering the model of Irving et al. (1985),
large amounts of dextral strike slip kinematic indicators would be expected within the
Great Tonalite Sill belt, which is interpreted here to be a zone of major crustal
weakness. However, although the Great Tonalite Sill was emplaced during the same
period, it records no major strike slip kinematic indicators. In addition, no significant
amounts of clockwise block rotation have been documented by geological field studies

over a protracted strike length, to account for the rotation of the anomalous

palacopoles. Considering the assumptions made when acquiring palacomagnetic
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samples, the assumption that palaeohorizontal equals present horizontal (e.g. Cox &
Hart 1986, Umhoefer 1987, Umhoefer et al. 1989) totally breaks down within the
areas affected by the shear zone. This suggests that paleomagnetic studies of mid

Cretaceous to Tertiary plutons, located near or within it, must take into account tilting

on an axis parallel to it (striking 320 degrees).

Recently, Butler et al. (1989 & 1991) concluded that much of the anomalous
paleomagnetic data recorded in the Coast Plutonic Complex and Northern Cascades
(e.g. Irving et al., 1985) did not require large scale northward translation (as suggested
by e.g. Beck et al. 1989, Irving et al. 1985, Umhoefer 1987 and Umhoefer et al. 1989),
but are more reasonably explained by NE-side-up tilting of the sampled plutons.
Considering figure 6.6 one can appreciate the discordance of a representative sample
of the palacopoles, from the '‘Baja British Columbia' block, with respect to the
Cretaceous reference palacomagnetic pole. This diagram also illustrates the two end-
member mechanisms which would account for this: (1) around 60° clockwise rotation
and 18° flattening of the expected palaeopole, or (2) 29° northeast-side-up rotation of
the expected palacopole, about a horizontal axis parallel to the North American
margin. Butler et al. (1991) highlight paleomagnetic data from Jurassic volcanic rocks
of the Santa Lucia-Orocopia and Baja-Borderland allochthons of coastal California and
Baja California, which, after revisions to the Mesozoic apparent polar wander path for
North America are taken into account, indicate that their paleolattitudes are
concordant. Studies by Ross (1985) and James & Mattinson (1988), which took into
account post-25Ma strike-slip offsets, indicated that basement rocks of the coastal
allochthons can be correlated with basement rocks directly across the San Andreas and
related fault systems, and therefore the large dextral displacements suggested by other

workers are unnecessary.
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Figure 6.6 A. Cretaceous reference pole (K) and discordant poles from Spuzzum
and Porteau plutons (SP), Captain Cove and Stephens Island plutons (CS), and Mount
Stuart Batholith (MS). B. Equal area projection of expected direction of mid
Cretaceous magnetic field shown by triangle with surrounding circle of 95%
confidence. Observed palacomagnetic direction from Suzzum and Porteau plutons
shown by solid circle with circle of 95% confidence. Observed direction is diverted
from expected direction by clockwise rotation (R) about a vertical axis by 57.1° and
flattening of inclination (F) by 17.7°. C. Observed direction is diverted from expected
direction by northeast side up rotation of 29° about horizontal axis with azimuth =
329° (trom Butler et al. 1989).
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6.5.3 Palaeobarometric determinations of tilt

Recently, it has been suggested by Ague & Brandon (1992) that new methods,
based on hornblende barometry (Hammarstrom & Zen 1986), may be used to
determine the palacohorizontal in granite batholiths, and therefore to correct
palaecomagnetic data for tilting effects. Their studies indicated that the mid Cretaceous
plutonic rocks of the Peninsular Ranges Batholith of Coastal southern and Baja
California, and the Mount Stuart Batholith of the Cascade Range in northern
Washington, have palaeohorizontals that are not equal to present horizontal. However,
the tilt corrections implemented by Ague & Brandon (1992) for these batholiths do not
account for the anomalous palacomagnetic inclinations, without significant additional
northward migration of the host plutons.

Their results indicated that the Northern Peninsular Ranges batholith has indeed
been tilted by significant amounts: 19 * 5.4° to the west (western part) and 15 + 3.3°
to the west (eastern part) along axes striking 160 £ 5.5° and 161 1 7.9° respectively
(fig. 6.7). The Mount Stuart Batholith yielded results which suggested that it had been
tilted by 8 £ 3° to the southwest along an axis striking 055 + 38.1°. They conclude that
the Peninsular Ranges Batholith and the Mount Stuart Batholith originated at the same
latitude in mid Cretaceous and were transported northwards by 1000 + 450 km and
2,900 £ 700 km to their present positions, respectively, with about 300 km of this
movement being attributable to Neogene opening of the Gulf of California. Thus Ague
and Brandon (1992) advocate both considerable northward migration coupled with
significant northeast over southwest tilting, since the mid Cretaceous for both these
batholiths.

However, the above results are based on the assumption that the trend of the
calculated contours of palaecodepth are parallel to the actual trend of the tilt axis of the
plutons. If this is not the case, then tilting may have occurred along an axis with a
different strike orientation. Previous work has shown that tilting of the Peninsular

Ranges Batholith by 21° along an axis with an azimuth of 320° (Butler et al. 1991), the
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Figure 6.7 Contour maps of height from present sea level to best fit palacosurface for
the Peninsular Ranges and Mount Stuart batholiths (Ague & Brandon
1992). +, o: samples with residual errors (average 1.2 km, maximum 3.74
km) above and below the best fit surface, respectively. A. Northern
Peninsular Ranges Batholith (PRB) California (see arrow on right). SA =
San Andreas Fault System. Dashed line = major fault. B. Mount Stuart
Batholith (MSB), Washington. SC = Straight Creek Fault. Regional
metamorphism masks the NE part. Contoured as in A. Diagonal shading

(far right) indicates approximate palacolatitude for PRB and MSB.




palacopole direction will rotate into coincidence with the expected mid Cretaceous
palaeopole. Further support for the latter argument comes from the structural geology
of the area: in the case of the Peninsular Ranges Batholith region, the mean structural
trend is approximately 320° and thus it would seem reasonable to elect to choose a tilt
axis which is parallel to this trend, in preference to one at an oblique angle
(approximately 23° clockwise) to it, such as that provided by the palacodepth
contours. It is difficult to interpret the trend of the Mount Stuart Batholith palaeodepth
contours, as the quoted error is so large (55 + 38.1°).

In conclusion, the studies by Ague & Brandon (1992) do not resolve the tilt
versus northward transport controversy, but they provide valuable evidence that east
side up tilting of plutons in the Western Cordillera of America has taken place. Thus,
the orientation of palaeohorizontal in the plutons of the Peninsular Ranges and Mount

Stuart Batholiths cannot be assumed to coincide with present horizontal.

6.6  Field data - northward migration or regional tilt?

Following the above discussion of current models for the evolution of the
Western Cordillera, based on results from palacomagnetic studies, it is now
appropriate to compare the models with the geology in the field. The following
sections briefly compare and contrast conclusions drawn from present and extant field

geological studies with the modelling.

Dextral strike slip. If the anomalous palacomagnetic data, recorded in the
Insular and Intermontane superterranes, do indicate that large dextral (> 2000 km)
movements took place in the western Cordillera, then this should be amply reflected by
major dextral faults and shear zones affecting rocks in the field. However, although
much effort has been expended in search of major dextral shear zones, there has been

limited success in this respect. There have been difficulties regarding the
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accommodation of large northward displacements, inferred by the dextral strike slip
models, along known faults in western North America. Field observations on major
faults (e.g. Gabrielse 1984, Price & Carmichael 1986) have only recorded cumulative
dextral offsets in excess of approximately 1000km, and this falls well short of the
offsets required by the anomalous palacomagnetic data. The Great Tonalite Sill is
therefore of vital importance in this regard, as it was emplaced during the interval of
implied rapid dextral terrane movements. The synmagmatic deformation of this body is
of considerable interest, since strain was focused into this rheologically weak zone,
thus forming structures which recorded the ambient, large scale tectonics. However,
the data recorded during this study indicate that there is no significant dextral strike
slip movement anywhere along the Great Tonalite Sill, or in its adjacent wall rocks.
The author concludes, from this data set, that northward displacements of terranes
during northward displacement on this shear zone and superterrane boundary did not
occur during late Cretaceous and early Tertiary times. If this structure is in any way
representative of the regional picture, severe doubts must exist as to the general

concept of large northward movement and dextral shear.

Field evidence supports tilting. Conclusions, derived from voluminous field
structural and kinematic data, indicate that the Great Tonalite Sill represents an
influential zone, in which significant downbending of the rocks to its NE and
upbending of rocks to its SW has occurred. This essentially created a wide area in
which effective NE-side-up tilting and concomittant shallowing of the palacopoles
occurred (figure 6.8). It is evident, from the published maps of Umhoefer (1989) and
Butler et al. (1989), that the plutons sampled for palacomagnetic study are in close
proximity to the Intermontane/Insular superterrane boundary and, although the area
studied for this thesis has not been the subject of a major palacomagnetic effort, the
terranes in question are regarded by all concerned to continue into this area. It is
equally likely that the Great Tonalite Sill shear zone continues southeastwards into the

area in which most of the palacomagnetic determinations have been made. Hence, by
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Figure 6.8 A. location map of the Great Tonalite Sill and its shear zone. B. Cross
section running NE-SW across the Great Tonalite Sill shear zone, showing
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implication, the area in which the palacomagnetic determinations were made was
influenced by the shear zone associated with the Great Tonalite Sill. If true, this
immediately rules out the possibility that the palacohorizontal in the sample localities
was equal to the present horizontal: one of the major assuptions built into the
palacomagnetic analytical technique. This implication is strongly supported by evidence
for significant westward tilting of the Peninsular Ranges Batholith (Ague & Brandon
1992).

In conclusion, the extant palacomagnetic data cannot discriminate between
large northward translation and westward tilting, without recourse to detailed field
structural data. Further, there are additional palacomagnetic data which independently
suggest that westward tilting is a more likely explanation. It therefore seems likely here
that NE-over-SW tilting was a more important factor in creating the anomalously

shallow palaeopoles, rather than major northward translations.

6.7 _ Strain and kinematic partitioning

The above sections suggest that the Great Tonalite Sill carries a complete
record of all the kinematic indicators associated with dispersion tectonics at the
Insular/Intermontane superterrane boundary, for the period during and immedialtely
after pluton emplacement. It is now necessary to entertain the possibility that a so far
unidentified, kinematic component has been partitioned into another geographically
separate zone. This hypothetical zone may lie on the eastern (continental) side, or the
western (Pacific) side of the Sill. A short review of current thinking on kinematic and

strain partitioning, and further appraisal of the Great Tonalite Sill, is set out below.

Kinematic and strain partitioning. In oblique convergent zones, kinematic

partitioning may be temporal, in which case, for example, an early phase of strike slip
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may be overprinted by a later phase of orogen-normal compression or partitioning may
be spatial and arranged in order to allow simultaneous orogen-parallel and -normal
motion, or it may be a combination of both (Holdsworth & Strachan 1991, Strachan et
al. 1992). Alsop & Hutton (1992) suggest that although the concept of strain
localisation and partitioning gathers support, original lithological variability may have
an influence on the localisation of deformational processes and geometries in the mid

crust.

The Great Tonalite Sill. In the case of southeast Alaska, the juxtaposition of
two superterranes and the subsequent intrusion of large amounts of rheologically weak
tonalitic melt, at or near their actively deforming boundary, has probably been
responsible for the partitioning of high contractional strains into the Great Tonalite Sill
and its associated shear zone. According to Engebretson et al. (1985), the boundary
between the Kula and North American plates was dominated by highly oblique dextral
transpression, during the emplacement - and crystallization interval.
According to foliation and transport lineation data from Haines to Prince Rupert (fig.
6.9) the Great Tonalite Sill, its shear zone and adjacent rocks to the E and W record
only orogen-normal contraction. It is possible that a dextral component was taken up
along another, spatially removed, zone, but such a zone has not yet been described or
linked with the Great Tonalite Sill and the Great Tonalite Sill shear zone. Possibilities
include the Tintina fault and Rocky Mountain Trench, which lies at least 350km to the
E, but spatial partitioning of strike slip and orogen-normal contraction has not
previously been documented over such a wide zone. In addition it is possible that strike
slip movements have been accommodated along faults outboard of the present North
American margin, but again, serious possibilities in this area have not been thoroughly
documented, although the USGS has carried out reconnaissance scale field studies
within this area for at least fifteen years (D.A. Brew, pers comm.). It is concluded here

that, although there is a distinct possibility for partitioning strike slip movement into
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Figure 6.9 Total foliation and lineation data from Haines (Alaska) to the Skeena
River (B.C.). Contour intervals = 1.5, 3, 5, 9.5, 14 percent.
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other areas, it is unlikely that this would take place while an uncrystallized,
rheologically weak, Great Tonalite Sill was in existence.

6.8 Summary

This chapter illustrates the importance of applying the results of field geological
observations to extant and generally accepted models, for large scale tectonics and
plate movements based largely on remote sensing techniques and laboratory work.
Obviously, if a tectonic model is good, the rock structures seen in the field will amply
reflect this. In the case in point, field data are in opposition to plate tectonic models
based on apparently facile interpretations of anomalous palacomagnetic data
advocating large scale northward transport. They tend to support a more "fixist"
mechanism, invoking orthogonal collisions/tectonics and coeval tilting of the
palaeohorizontal downwards towards the west, which equally accounts for the
anomalous palacomagnetic patterns.

The following points reiterate the salient conclusions and implications from

previous work and the work of the author:

(1)  Plate modelling. Cretaceous plate modelling, based on stage poles of rotation,
invokes dextral oblique subduction of the Kula plate under the North American plate.
However, Palaeocene' to mid Eocene magnetic anomaly interpretations invoke

orthogonal subduction, until 55 Ma.

(2)  Great Tonalite Sill - kinematic record. It records NE-SW directed pure
(flattening) shear with coeval NE over SW reverse simple shear, at the

Insular/Intermontane superterrane boundary, from 83 to 55 Ma.
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(3)  Great Tonalite Sill - terrane boundary. 1t is likely to be associated with a
crustal scale shear zone and lies between the Insular and Intermontane superterranes. It

is the dominant feature at this boundary and therefore represents the boundary.

(4  Palaeomagnetic data. Anomalous palacomagnetic data indicates either: in
excess of 2000 km northward movement of terranes with clockwise rotations, or NE
over SW tilt of the sampled plutons over a wide area. Field geology supports the tilt

hypothesis.

(5)  The Great Tonalite Sill - Kinematic/strain partitioning. In the absence of
any other detailed information, the Great Tonalite Sill appears to record the actual
relative movements between the Intermontane and Insular supeterranes, and hence the
Kula/North America relative movements, during late Cretaceous and early Tertiary.

There is no data to support the idea of kinematic partitioning during this period.
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CHAPTER 7
CONCLUSIONS

The Great Tonalite Sill of southeast Alaska and British Columbia is a
syntectonic batholith (Brew & Ford, 1981) and detailed structural studies indicate that
it was emplaced into an active compressional shear zone, during prograde regional
metamorphism (Hutton & Ingram, 1992). The plutons making up the Great Tonalite
Sill were emplaced at depths corresponding to pressures of about 5 to 7 kb (Hollister
1982, Crawford & Hollister 1982, Hollister et al. 1987, Stowell 1989, McClelland et
al. 1991, Wood et al. 1991, Davidson et al 1992) dominantly by sheeting and diking
mechanisms. Available U-Pb geochronology of the Great Tonalite Sill and western
Coast Plutonic Complex suggests that the plutons were emplaced between around 81
Ma to around 57 Ma (Wooden, J.L., written comm. to Brew 1990, Gehrels et al.
1991). The intruding magma sheets overcame the compressional plate tectonic stresses
by wedging apart their wall rocks whilst propogating along rheologically weak shear
zones. In addition, emplacement took place in zones of net dilation, such as thrust flats
or releasing bends. The plutons inherit a composite structure due to the periodic
sheeting process, and therefore a range of crystallization dates should be expected
within a single composite pluton.

The Great Tonalite Sill and its associated shear zone represent a lineament
along which high contractional strains, associated with the collision of the
Intermontane and Insular superterranes, were partitioned. The shear zone is dominated
by NE-SW-directed pure shear, but there is also a component of NE-side-up reverse
shear. The Great Tonalite Sill did not record any significant strike-slip kinematic
indicators during its emplacement into the orogen-parallel shear zone and magmatic-

state structures (e.g. PFC fabrics, lineations and lock-up shears; tiling fabrics) indicate

276



that the maximum compressive stress acting upon it was directed orthogonally. The
present horizontal is not equivalent to palacohorizontal within the areas affected by the
Great Tonalite Sill shear zone, as it essentially represents a zone of flexure which tilted
palacohorizontal downwards towards the SW, affecting both the hangingwall and
footwall rocks. The paleomagnetic inclinations would be shallowed by such a zone and
biased towards apparently low paleolattitudes.

It is highly likely that the Great Tonalite Sill represents a terrane boundary: a
major crustal discontinuity which decoupled at a basic level the Intermontane
superterrane from the Insular superterrane. It is concluded, from the deformation and
geochronological data, that its emplacement was associated with a major orthogonally-
convergent event, during late Cretaceous to early Tertiary times. This kinematic model
is in opposition to those based on paleomagnetic data, which envisage large (up to
2400km) dextral movements taking place between ¢.90 Ma and c.57 Ma (e.g. Irving et
al. 1985, Umhoefer 1987, Umhoefer et al. 1989 and Thrupp & Coe 1986). It
corroborates the model of Lonsdale (1988), which indicates that the Kula plate,
between its birth (initiation) at 85 Ma and death (subduction) at 55 Ma, was subducted
orthogonally beneath the North American plate.

The following sections will now expand on this general summary, detailing
specific conclusions from relevant chapters, and finally detailing a genetic model for
the Great Tonalite Sill:

7.1  Main conclusions from chapter 3

7.1.1 The Shear Zone

The Great Tonalite Sill plutons are concordant to a steeply NE-inclined
regional shear zone, here called the Great Tonalite Shear zone. This shear zone has

magmatic and high temperature ductile deformation associated with it and was active
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during emplacement of the Sill. Its length is in excess of 750 km and its width is, at
most, 20 km.

The shear zone fabrics, both magmatic/PFC and solid state/CPS, define a
remarkably consistent, NE dipping regional D, fabric, associated with an equally
consistent down dip (nearly 90° pitch) stretching lineation. Whilst variations in
lineation plunge do occur in some sections, which may show SE or NW pitches and
implied sinistral or dextral components, these appear to have no overall tectonic
significance, as no correlation exists between such areas and large scale, low angle
deflections in the trace of the Sill. Shear sense associated with the magmatic and high
temperature ductile deformation is consistently top-to-the-SW.

In terms of overall strain, both magmatic/PFC and and solid state/CPS fabrics
are dominantly flattening (0<K<1). This essentially suggests a pure shear flattening
with Z orientated subhorizontally NE-SW. However, a component of simple shear
dominates at the SW edge of the Sill, with X plunging steeply NE, associated with NE
over SW movement. Northeast of this, the flattening strain component dominates and
its magnitude gradually decreases northeastwards.

Quantitative strain studies in Taku Inlet indicate that if strain is removed from
the deformed plutons, they would not extend to more than five times their present

widths.

7.1.2 Shear sense,

Shear sense associated with the homogenous magmatic and high temperature
deformation in the Great Tonalite Sill shear zone, which was incurred during the
emplacement and crystallization of the Sill magmas, is consistently top-to-the-SW.
Other workers (Gehrels & McClelland 1988, Crawford et al. 1989, McClelland et al.
1992) have recorded east-side-down indicators in areas correlated with this shear zone,
such as the Coast Shear Zone, and hence it is concluded here that these indicators do

not strictly belong to the Great Tonalite Sill shear zone as descibed by the author. It is
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likely that these latter shear sense indicators were related to later, down-temperature
overprinting events, after full crystallization of the Great Tonalite Sill.

Shear sense is also exhibited by discrete shears and these often form conjugate
arrays. The early PFC lock-up shears define a basic conjugate pattern, which amply
demonstrate that NE-SW directed shortening and pure shear strains were incurred
before the Great Tonalite Sill was fully crystallized. Ductile discrete shear arrays
follow the basic PFC pattern and define quadrimodal sets, which indicate NE-SW
directed pure shear (flattening) strains. These shears developed throughout the
crystallization interval and form a progression, from early melt-filled shears, through to
later ductile or brittle-ductile types. The latter are most prominently developed as flat

or gently NE inclined shears, with consistent top-to-the-SW shear sense.

7.1.3 The plutons

Petrography. The plutons have heterogenous compositions, but a medium to
coarse grained hornblende-bioitie tonalite is dominant, with garnet and sphene
commonly occurring as accessory phases. Granodiorites, medium grained diorites,
plentiful synplutonic dykes and microdioritic enclaves are also found. Early, coarse
grained appinitic rocks, found near pluton contacts, are though to represent the
precursors of the main tonalitic intrusions. Small amounts of dense, dark green,
retrogressed ultramafic rocks also occur as xenoliths, and these are interpreted here as

mantle derived material, brought up by the tonalites during emplacement.

Pluton structure. The Great Tonalite Sill batholith is composed of many
individual elongate tonalitic plutons, whose contacts are concordant to the steeply NE
dipping regional foliation. Individual plutons have deformed widths which vary from
300 m to 8 km or more, and the width of the Sill as a whole varies from around 2 km
to around 20-25 km. Sheets making up the plutons have widths ranging from <1 metre

to >100 metres and are most easily recognised at pluton contacts, separated by country
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rock screens. Internally, the plutons are heterogenous: screens of country rock, zones
of high strain, internal contacts, zone abundant in mafic enclaves and petrographic
variations are dominant features. Spectacularly well developed sheeting was observed
in one well exposed pluton, which indicates that sheet wedging mechanisms, similar to
those implied in sheected dyke complexes, may have been important in pluton
construction. Overall, there is abundant evidence in all the plutons and their country
rocks which supports a strong genetic relationship between active shears and the
concentration of magma. This relationship is evident from centimetre scale to plate

tectonic scale in the Great Tonalite Sill belt.

The author concludes that the ¢.450 km long section of the 2-20 km wide
Great Tonalite Sill, between Juneau and Walker cove near Ketchikan, was intruded
along the axis of a ductile shear zone (Great Tonalite Sill shear zone) of similar
dimensions. The shear zone is dominated by flattening strains, with Z orientated
subhorizontally NE-SW and X plunging steely NE. There is also a simple shear
component concentrated at the SW edge of the Sill which indicates NE over SW
movement. Contemporaneity of Great Tonalite Sill emplacement and deformation
indicates that this regime was active between 83 and 55 Ma (Late Cretaceous to early

Tertiary, Gehrels et al. 1991a).

7.2  Main conclusions from chapter 4

The Great Tonalite Sill rocks experienced progressive retrograde deformation
during their complete crystallization and subsequent cooling interval. Magmatic/PFC
fabrics represent the initial deformation at high temperatures (above the tonalite

solidus), and the latest deformation is in the form of lower grade, coplanar, brittle-
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ductile fabrics. The range in fabric types between these two end-members have been

viewed in the Sill rocks during this study.

Strain intensity. The most intense CPS fabrics are commonly located at pluton
contacts, and are best developed in the oldest intrusives, as these have been exposed to
deformation for the longest periods. Later rocks, emplaced during the waning stages of
shear zone movement, preserved PFC deformational structures to a much greater
degree. Thus, rocks emplaced during the intervening period will record varying
degrees of overprinting and development of CPS fabrics at the expense of early PFC

fabrics.

Rheological Transitions. At two points during this deformation sequence, two
major rheological transitions took place, which have been recorded and characterised
by certain fabrics and structures. In basic terms, these represent the rheological
transitions from magma to high temperature solid (the granitoid solidus), and high
temperature solid to low temperature solid: the (1) PFC/CPS and the (2) brittle-ductile
transitions respectively. The following points summarise a typical retrograde sequence
of fabrics, structures, textures and implied deformation mechanisms, for the Great

Tonalite Sill as a whole:

(1) Pre-full crystallization (PFC) fabrics. PFC fabrics develop in the crystallizing
magma and involve the rotation and alignment of early formed, non-equidimensional,
crystal laths, which are suspended in an uncrystallized matrix, in response to external
stresses. These fabrics continue to develop during deformation, if the melt content

remains above the Rheological Critical Melt Percentage (RCMP, 30-35% melt).

(2) PFC lock-up: the PFCICPS transition. When the melt percentage drops to the
RCMP during crystallization, the bulk strength of the magma increases dramatically

(see chapter 1) and induces the partitioning of strain into discrete "lock-up shears”,
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which mark the transition between homogenous PFC/magmatic state deformation and
heterogenous PFC deformation. They represent the precursor to high temperature
CPS/solid state textures and structures, which develop after most of the remaining melt
has crystallized. The grain size and dimensions of the crystals may also have an

important effect upon bulk strength..

(3) High temperature crystal plastic strain (CPS) fabrics. These develop after the
melt content has dropped significantly below the RCMP. However, only after full
crystallization of all the remaining melt do all the phases record CPS deformation.
Early fabrics involve weak modification of PFC fabrics at high temperatures, but later
fabrics involve (chiefly): dynamic recrystallization and dissolution of feldspar (Tullis &
Yund 1985), formation of quartz ribbons, bending and kinking in biotite, elongation of
amphibole and overall grain size reduction. In extreme cases, intense CPS deformation

results in the formation of high temperature (> 500-550°C) mylonites.

(4) The brittle-ductile transition. Brittle-ductile fabrics occur at or below 500-550°C
and involve brittle behaviour in plagioclase, bending/kinking of biotite and ductile
behaviour in quartz (Simpson 1985). In the Great Tonalite Sill these features are
developed most convincingly in late, brittle-ductile discrete shears seen throughout the
Sill, and the late brittle-ductile orthomylonites (wise et al. 1984), which are coplanar to

the regional foliation, located closest to the SW edge of the Sill.
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7.3  Main conclusions from chapter 5

7.3.1 The Intrusives

The Great Tonalite Sill rocks are calc-alkaline (Brew 1988) and were sourced
form mantle-derived rocks and partially melted ancient crustal rocks (Arth et al. 1988,
Samson 1991a). Evidence for these components comes from three main areas:
¢)) Significant quantities of mafic and ultramafic rocks occur in the tonalitic
plutons e.g. appinites, cogenetic mafic enclaves and synplutonic dykes, and these are
likely to have mantle signatures. They also indicate the coexistence of mafic and
granitoid magma: indeed, the cogenetic mafic enclaves/synplutonic dykes, in particular,
imply the synplutonic injection of mafic magma into a granitoid magma.

(2)  Negative €\q values indicate that the Great Tonalite Sill intrusives contain a
component of older, more evolved silicic crustal rock, in addition to the mantle
component (Samson et al. 1991a). |

3) In addition to (2), the Sill rocks have higher #7Sr/8¢Sr initial ratio (SIR) values
than their surrounding terranes and M.O.R.B., again indicating that older continental
crust was involved (Arth et al. 1988, Samson et al 1991a).

Although the SIRs for the Coast Plutonic Complex as a whole indicate that the
plutons represent the roots of a magmatic arc, the Great Tonalite Sill signature plots
outside this field (Arth et al. 1988). This, along with the remarkable focused linearity
of the plutonic belt, indicates that the Great Tonalite Sill does not represent the roots

of an island arc. Instead, it delineates a deformation zone.
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7.3.2 Petrogenesis

(1) The general model. Transpressional shear zones cause crustal thickening, which
in turn causes the formation of a mantle lithosphere topography (Hutton & Reavy
1992). When this thickened lithospheric root develops to a critical point, it may be
convectively removed and replaced by hotter asthenospheric material, which exposes
the base of the crust to elevated mantle temperaﬁues (Houseman et al. 1981). This
induces the anatexis of lower crustal material which then mixes and mingles with
mantle melts, producing granitoid magma with a substantial mantle component (Hutton

& Reavy 1992).

(2) The specific model. Crustal thickening has occurred extensively in the NW
Cordillera, associated with the mid Cretaceous to Palacocene collision interval, and
suggests strongly that formation of a lithospheric root in response to this was likely.
The Great Tonalite Sill is associated with an intensely focused late Cretaceous to
Palacocene crustal scale shear zone, with a pure shear (K = 0) orogen normal
component and a simple shear (K = 1) component of strain. This shear zone (the Great
Tonalite Sill shear zone) probably reached the base of the crust and caused focused
crustal thickening along 800 km or more. Thus a perturbation or corrugation was
produced at the base of the crust, which was preferentially melted after removal of the
lithospheric root, and the subsequent melts migrated along the adjacent shear zone,

forming the Great Tonalite Sill.

7.3.3 Ascent of the magmas

The Great Tonalite Sill shear zone must have transported the mantle-derived
melts rapidy through the crust, along the shear zone, in order ro prevent excessive

solidification in the conduit and contamination with juvenile crust.
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Diapirs. It has been concluded that diapiric ascent is a slow process (Marsh
1982), thus facilitating significant interaction of magma with continental crustal rocks

and much solidification after relatively little movement. This is not a plausible ascent

mechanism for the Sill magmas.

Dykes. Ascent by dyking is a rapid process and magmas may be transported
through the crust and lithosphere without extensive solidification and contamination
(Lister & Kerr 1991). Dykes propagate due to extremely high localised tensile stresses
at their tips and are difficult to arrest unless the upward buoyancy force is exceeded by
the frictional drag. They exploit anisotropies in rocks, such as zones weakened by
shearing, and theoretical modelling indicates that, once formed, they are impossible to
close again. The width of dykes and the velocity of transport are determined by the
viscosity of the magma: low viscosity = rapid propagation and narrow dykes. The
present outcrop represents both the ascent and emplacement level. Component sheets
exposed within the plutons have widths (<1 to >50 metres) which imply that the
effective viscosity of tonalitic magmas must be significantly lower than those

previously published for true granites.
7.3.4 Emplacement

The Great Tonalite Sill magmas ascended and were emplaced dominantly as
non-Andersonian dykes/sheets. Emplacement of the sheets took place along a
compressional shear zone axis, implying that space does not need to be created to
accomodate granitoids. At deep levels the sheets propagated along shear zone
weaknesses and, at higher levels, in dilational pull aparts (dilational flats) within ramp-
flat shear zone geometries. The higher level emplacement mechanisms may, in part, be

related to closer interaction of the shear zones with the free surface.
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7.4  Main conclusions from chapter 6

7.4.1 Plate modelling

Mid Cretaceous (120-90 Ma) plate modelling, based on stage poles of rotation,
indicates that plates were directed largely orthogonally with respect to the North
American margin, although dextral oblique subduction of the Farallon plate is
proposed around 90 Ma’ (Debiche et al. 1987, Engebretson et al. 1985), and hence
northward transport of terranes. Another model, this time based on the mapping of
magnetic anomalies, invokes dominantly orthogonal relative motion of the Kula plate
relative to the North American plate, from around 85 Ma (birth of Kula) to around 55
Ma, after which increasingly oblique convergence of the Kula and North American
plates took place. Thus Lonsdale (1988) indicated that the northward transport of

terranes took place post-55 Ma.
7.4.2 The Great Tonalite Sill as a kinematic record

The Great Tonalite Sill is a crustal scale shear zone with plate tectonic
dimensions (800 x 20 km), and it provides us with a record of the relative motions
between the Insular and Intermontane superterranes. Thus, it provides information
about the relative motions which took place between the Kula and North American
plates.

The PFC structures and coplanar overprinting CPS structures exhibited by the
plutons, indicate that a regime of NE-SW directed pure shear was active during the
late Cretaceous to early Tertiary (83 to 55 Ma) crystallization interval. No transcurrent
shear was recorded during the same period. Thus the Great Tonalite Sill data supports
the model of Lonsdale (1988), which advocates orthogonal subduction of the Kula

plate under the North American plate margin.
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7.4.3 The Great Tonalite Sill - a terrane boundary

The Great Tonalite Sill is associated with the only plate tectonic scale,
magmatic and ductile shear zone in the Coast Mountains. It lies between the
Intermontane and Insular superterranes and marks a major, NE-dipping, metamorphic
discontinuity across which high grade rocks, to the NE, were uplifted relative to lower
grade rocks, to the SW. This shear zone sources mantle melts, implying that it must
have traversed the entire crust in order to do so. Although another shear zone
(Sumdum-Fanshaw fault sysytem) exists a short distance outboard of the Great
Tonalite Sill, it is concluded here that the Great Tonalite Sill shear zone is dominant

and represents the superterrane boundary.

7.4.4 Palaeomagnetic data

Anomalously shallow Cretaceous palacomagnetic inclinations from SE Alaska,
British Columbia and Washington may be explained by either: (1) northward
movements of terranes in excess of 2000 km, with clockwise rotations, or (2)
systematic NE over SW tilting of the sampled plutons.

The extant palacomagnetic data cannot distinguish between these models due
to uncertainties concerning the attitude of palaeohorizontal in the sample localities.
Field geological data have not revealed the existence of major zones of dextral shear
invoked by (1) above. On the contrary, kinematic data from the Great Tonalite Sill
show consisitent orogen normal, NE over SW reverse shear, which caused more
widespread flexure of the palaeohorizontal down towards the SW, both in its
hangingwall, to the NE and it footwall, to the SW. Thus field evidence supports the tilt
hypothesis. In support, recent barometric determinations (Ague & Brandon 1992)
indicate that tilting of the Peninsular Ranges and Mount Stuart batholiths has occurred

and thus their palacohorizontals do not coincide with the present horizontal.
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7.4.5 Kinematic/strain partitioning

It is possible that a strike slip kinematic component, linked to the Great Tonalite Sill
shear zone, exists and has not been identified. However, it is unlikely that such zones
would have been initiated whilst an uncrystallized Great Tonalite Sill was in existence.
Thus the PFC structures and kinematic indicators in the plutons reflect the actual
relative plate movement which took place between 83 and 55 Ma (late Cretaceous to
early Tertiary). In opposition to extant oblique subduction models, these structures

invoke orthogonal subduction of Kula under the North American plate.
7.4.6 The Great Tonalite Sill - the plate tectonic model

The Great Tonalite Sill contributes data which the author believes (also Ingram
& Hutton 1992, in prep.) brings together existing work into a single, elegant model
which explains salient features of this orogenic belt, between the late Cretaceous and
early Tertiary. This model contains the following points:
(1)  The Great Tonalite Sill marks the Insular/Intermontane superterrane boundary
and, as such, its structures record the actual movement along this boundary, hence
reflecting the Kula/NorthAmerica motion.
2) Between 85 and 55 Ma, the relative motion of the subducting Kula plate to the
North American plate was orthogonal (Lonsdale 1988). This is substantiated by the
deformed Great Tonalite Sill plutons, whose emplacement initiated around 83 Ma and
ceased betweeﬁ 57 and 55 Ma. These dates for the Sill tie in closely with the birth
(initiation) and death (subduction) of the Kula plate. Therefore there is a genetic
relationship between changes in plate movement and episodes of magmatism
(Engebretson et al. 1984, Lonsdale 1988).
(3)  The anomalous Cretaceous palacomagnetic data seen in the Intermontane and

Insular superterranes, has been caused by systematic flexure of the crust either side of

288



the Great Tonalite Sill shear zone, which tilted palaeohorizontal downwards towards
the SW. Dextral strike slip models were based on misinterpretations of data from the
period in question.

(4)  Dextral strike slip began at 55 Ma, after the final phase of Great Tonalite Sill
emplacement, and coincides with the birth of the Aleutian trench (Engebretson et al.
1984). At this time, movement on brittle dextral faults was initiated, causing dispersion
of terranes in the region of 1000 km. Movement was accomodated along faults such as
the Northern Rocky Mountain Trench, the Denali Fault and the Coast Range
Megalineament (Gabrielse 1985, Goldfarb 1991).
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APPENDIX

MAFIC ENCLAVE STRAIN DATA:
SHAPE RATIOS, HARMONIC MEANS AND K-VALUES
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XENOLITH DATA COLLECTED IN 1990

LOCATION 17: MENDENHALL GLACIER

x/z
41.43
95.00
23.33
8.67
3.7

1.75
30.00
34.00
38.00

8.71
61.43
14.17
16.00
§2.50

8.00
2.7
52.00

5.25

8.33

3.67
26.25

6.82
36.25

9.44
13.75

25.41
2.18

80.00
105.88
10.33
75.00
26.00
100.00
824
20.00
18.57
10.00
112.50
100.00
48.33
130.00
51.67
€0.00
42.86
44.00

y z y/z 1/ty/2) x z
71.00 2.00 35.50 0.03 29.00 0.70
15.00 1.00 15.00 0.07 38.00 0.40
45.00 200 25 - 0.04 28,00 1.20
11.50 250 4.60 0.22 13.00 1.50
32.00 1.00 32.00 0.03 25.00 0.70
16.00 0.80 20.00 0.05 13.00 200
11.50 1.00 11.50 0.09 10.50 6.00
8.00 1.00 8.00 0.13 30.00 1.00
38.00 1.00 38.00 0.03 17.00 0.50
15.00 1.00 15.00 0.07 38.00 1.00
25.00 0.80 31.25 0.03 20.00 3.50
29.00 1.00 29.00 0.03 43.00 0.70
2.00 0.70 3143 0.03 17.00 1.20
10.50 1.50 7.00 0.14 16.00 1.00
23.00 2.00 11.50 0.09 42.00 0.80
23.00 2.00 11.50 0.09 20.00 2.50
16.00 2.00 8.00 0.13 18.00 0.70
16.00 1.00 16.00 0.06 26.00 0.50
10.00 1.50 6.67 0.15 10.50 2.00
6.00 1.40 4.29 0.23 14.00 1.50
26.50 3.00 883 0.11 5.50 1.50
23.00 1.50 15.33 0.07 21.00 0.80
9.50 1.50 6.33 0.16 15.00 220
11.00 1.30 8.46 0.12 29.00 0.80
8.50 1.00 8.50 0.12 17.00 1.80
11.00 3.00 3.67 0.27 11.00 0.80
5.00 1.30 3.85 0.26
10.50 250 420 0.24
22.00 200 11.00 0.09
18.00 0.70 25.71 0.04
17.00 0.80 21.25 0.05
29.00 3.00 9.67 0.10
Average y/z 15.17 Average x/z
St Deviation y/z 10.17 St Deviation x/z
Average 1/(y/2) 0.10 Average 1/(x/z)
Harmonic mean y/z 9.55 Harmonic mean x/z
HARMONIC: Calculated x/y value 1.08
Calculated K-value 0.034
LOCATION 18: MENDENHALL GLACIER
y z yfz 1/{y/z) x z
27.00 1.00 27.00 0.04 120.00 1.50
11.00 0.50 22.00 0.05 180.00 1.70
42.00 1.50 28.00 0.04 31.00 3.00
8.50 0.40 21.25 0.05 45.00 0.60
15.00 1.70 8.82 0.1 26.00 1.00
12.00 1.20 10.00 0.10 100.00 1.00
17.00 3.00 5.67 0.18 14.00 1.70
12.00 2.00 6.00 0.17 30.00 1.50
28.00 3.00 9.33 0.11 13.00 0.70
31.00 1.50 20.67 0.05 30.00 3.00
33.00 2.00 16.50 0.06 45.00 0.40
31.00 0.50 62.00 0.02 60.00 0.60
29.00 2.00 14.50 0.07 29.00 0.60
20.00 0.50 40.00 0.03 65.00 0.50
7.50 1.00 7.50 0.13 31.00 0.60
33.00 1.50 22.00 0.05 60.00 1.00
13.00 1.50 867 0.12 30.00 0.70
38.00 2.00 19.00 0.05 22.00 0.50
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1/(x/2)
0.02
0.01
0.04
0.12
0.03
0.15
0.57
0.03
0.03

0.10
10.30

1/0d2)
0.0t
0.01
0.10
0.01
0.04
0.01
0.12
0.05
0.05
0.10
0.01
0.01
0.02
0.01
0.02
0.02
0.02
0.02
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60.00 2,00 30.00 0.03 §7.00 1.00 57.00 0.02
19.00 1.00 19.00 0.05 37.00 0.80 46.25 0.02
15.00 1.20 12.50 0.08 40.00 0.90 44.44 0.02
26.00 1.00 26.00 0.04 18.00 1.20 15.00 0.07
12.00 0.80 15.00 0.07 12.00 0.50 24.00 0.04
11.50 0.80 14.38 0.07
8.00 0.50 16.00 0.06
8.00 0.70 11.43 0.09
12.00 1.70 7.06 0.14
70.00 3.00 23.33 0.04
20.00 1.00 20.00 0.05
20.50 0.70 28.29 0.03
Average y/z 19.10 Average x/z 5§3.48
St Deviation y/z 11.65 St Deviation x/z 36.46
Average 1/(y/z) 0.07 Average 1/(x/z) 0.04
Harmonic mean 13.93 Harmonic mean 28.57
HARMONIC: Calculated x/y value 205
Calculated K-value 0.27
LOCATION 19: MENDENHALL GLACIER
x z x/z 1/(x/z) y z yiz 1/ly/z)
37.00 1.00 37.00 0.03 14.50 1.10 13.18 0.08
19.00 0.50 38.00 0.03 28.00 2.00 14.00 0.07
25.00 0.40 62.50 0.02 11.00 1.60 6.88 0.15
18.00 0.80 22.50 0.04 28.00 1.40 20.00 0.05
32.00 0.70 45.71 0.02 18.00 1.80 10.00 0.10
23.00 1.20 19.17 0.05 13.00 0.80 16.25 0.06
30.00 0.30 100.00 0.01
50.00 1.20 41.67 0.02
68.00 1.70 40.00 0.03
16.00 0.40 40.00 0.03
§3.00 1.50 35.33 0.03
57.00 1.20 47.50 0.02
94.00 1.30 72.31 0.01
27.00 1.30 20.77 0.05
38.00 4.40 8.64 0.12
55.00 5.00 11.00 0.09
24.00 1.30 18.46 0.05
32.00 0.80 40.00 0.03
145.00 250 58.00 0.02
32.00 0.90 35.56 0.03
24.00 1.70 14.12 0.07
60.00 3.00 20.00 0.05
36.00 1.00 36.00 0.03
Average x/z 37.58 Average y/z 13.38
St Deviation x/z 21.29 St Deviation y/z 4.61
Average 1/(x/2) 0.04 Average 1/(y/z) 0.08
Harmonic mean x/z 26.65 Harmonic mean y/z 11.90
HARMONIC: Calculated x/y value 224
Calculated K-value 0.33
LOCATION 39: JUNEAU ISLAND
X z x/z 1/(x/z) y 2z x/z 1/lyfz)
420 1.50 2.80 0.36 570 250 2.28 044
6.50 1.20 5.42 0.18 4.00 3.50 1.14 0.88
4.30 1.90 226 0.44 4.50 3.00 1.50 0.67
6.00 1.60 3.75 027 2.00 1.80 1.11 0.90
4.00 1.70 235 043 250 2.00 1.25 0.80
4.50 1.50 3.00 0.33 3.50 1.50 233 0.43
3.40 1.30 262 0.38 4.00 2.50 1.60 0.63
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7.70 2.00 3.85 0.26 4.00 1.20 333 0.30
3.50 1.50 233 043 5.50 3.00 1.83 0.55
7.00 200 3.50 0.29 3.00 1.30 2.31 0.43
7.50 450 1.67 0.60 4.50 200 225 0.44
6.50 2.50 260 0.38 6.00 2.50 240 0.42
7.00 4.00 1.75 0.57 5.00 1.50 3.33 0.30
4.50 0.80 5.63 0.18
6.00 1.00 6.00 0.17
3.00 2.00 1.50 0.67
Average x/z = 3.19 Average yfz = 205
St Deviation x/z = 1.42 St Deviation = 0.74
Average 1/(x/z) = 0.37 Average 1/(y/z) = 0.55
Harmonic mean = 270 Harmonic mean = 1.81
HARMONIC: Calculated x/y value 1.49
Calculated K-value 0.67

LOCATION 58: SUNNY POINT

ROCK SAMPLE 58 (MM)
x z x/z 1/(x/z) y z yliz 1/(y/z)
11.00 1.20 9.17 0.1 11.00 200 5.50 0.18
20.00 1.10 18.18 0.06 16.00 3.00 5.33 0.19
15.00 1.00 15.00 0.07 2.00 4.00 5.50 0.18
22.00 1.50 14,67 0.07 23.00 450 5.11 0.20
12.00 250 4.80 0.21 7.00 1.50 467 0.21
9.00 1.00 9.00 0.11 13.00 200 6.50 0.15
19.00 2.00 9.50 0.11 7.00 1.50 4.67 0.21
17.00 2.00 8.50 0.12 11.50 1.50 7.67 0.13
22.00 4.00 5.50 0.18 8.00 3.00 2.67 0.38
34.00 3.50 9.71 0.10 9.00 2.00 450 022
15.00 1.20 12.50 0.08 9.00 250 3.60 0.28
15.00 1.70 8.82 0.11 12.00 2.00 6.00 0.17
18.00 1.60 11.25 0.09 7.00 1.50 467 0.21
23.00 250 9.20 0.1 7.00 1.00 '7.00 0.14
33.00 3.00 11.00 0.09 5.00 2.00 250 0.40
9.00 1.20 7.50 0.13 6.00 2.00 3.00 0.33
15.00 1.30 11.54 0.09 11.00 2.00 5.50 0.18
18.00 3.00 6.00 0.17 12.00 200 6.00 0.17
12.00 1.10 10.91 0.09 23.00 5.00 4.60 0.22
14.00 2.00 7.00 0.14 14.00 3.00 467 0.21
20.00 1.60 12.50 0.08 7.00 1.50 4.67 0.21
21.00 0.70 30.00 0.03 9.00 2.00 4.50 0.2
31.00 8.00 388 0.26 11.00 2.50 4.40 0.23
10.50 2.80 3.75 0.27 10.00 1.60 6.25 0.16
15.00 1.50 10.00 0.10 13.00 2.00 6.50 0.15
14.00 1.40 10.00 0.10 9.00 2.00 4.50 0.22
8.00 1.00 8.00 0.13 8.50 1.00 8.50 0.12
20.00 1.20 16.67 0.06 8.00 1.50 5.33 0.19
11.00 1.20 9.17 0.11 12.00 2.00 6.00 0.17
10.00 120 8.33 0.12 6.50 0.50 13.00 0.08
39.00 2.50 15.60 0.06 22.00 4.00 5.50 0.18
10.00 1.00 10.00 0.10 6.00 1.00 6.00 0.17
21.00 1.20 17.50 0.06
19.00 1.30 14.62 0.07
11.00 0.90 12.22 0.08
Average x/z = 10.91 Average y/z = 547
St Deviation x/z = 4.94 St Deviation y/z = 1.96
Average 1/(x/z) = 0.11 Average 1/(y/z) = 0.20
Harmonic mean = 9.08 Harmonic mean = 4.95
HARMONIC: Calculated x/y value 1.84
Calculated K-value 0.38
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LOCATION 79: TAKU INLET

XENS1.XLS

y 2 yfiz 1/ly/z) X - z
80.00 21.00 3.81 0.26 63.00 17.00
106.00 24.00 4.42 0.23 40.00 18.00
54.00 14.00 3.86 0.26 70.00 23.00
120.00 23.00 522 0.19 60.00 17.00
48.00 10.00 4.80 0.21 110.00 24.00
175.00 28.00 6.25 0.16 60.00 15.00
30.00 15.00 2.00 0.50 60.00 14.00
90.00 12.00 7.50 0.13 16.00 10.00
95.00 15.00 6.33 0.16 130.00 3.00
147.00 23.00 6.39 0.16 120.00 17.00
60.00 20.00 3.00 0.33 100.00 17.00
52.00 23.00 226 0.44 110.00 20.00
120.00 16.00 7.50 0.13 50.00 10.00
140.00 33.00 424 024 80.00 12.00
170.00 45.00 3.78 0.26 40.00 16.00
170.00 19.00 8.95 0.11 40.00 12.00
36.00 5.00 7.20 0.14 87.00 10.00
140.00 26.00 5.38 0.19 65.00 18.00
5§0.00 14.00 3.57 0.28 70.00 14.00
90.00 25.00 3.60 0.28 40.00 10.00
90.00 2.00 4.09 0.24 160.00 26.00
25.00 7.00 357 0.28
135.00 18.00 7.50 0.13
150.00 25.00 6.00 0.17
140.00 26.00 5.38 0.19
Average y/z = 5.06 Average x/z =
St Deviation y/z = 1.81 St Deviation x/z =
Average 1/{y/z) = 0.23 Average 1/(x/z) =
Harmonic mean = 441 Harmonic mean =
Now = x/z
HARMONIC: Calculated x/y value 1.09800764
Calculated K-value 0.06725136
LOCATION 80: TAKU INLET
y z yz  yhR) X z
30.00 10.00 3 0.33 65.00 15.00
23.00 6.00 3.83 0.26 .00 4.00
32.00 7.00 457 022 60.00 10.00
22.00 6.00 3.67 0.27 35.00 8.00
26.00 8.00 325 0.31 11.00 250
60.00 9.00 6.67 0.15 30.00 7.00
§5.00 12.00 458 022 26.00 8.00
23.00 7.00 3.29 0.30 36.00 4.50
32.00 12.00 2.67 0.38 35.00 10.00
45.00 7.00 6.43 0.16 25.00 5.00
120.00 19.00 6.32 0.16 40.00 6.50
35.00 6.00 5.83 0.17 26.00 7.00
29.00 8.00 3.63 0.28 15.00 250
30.00 6.00 5.00 0.20 21.00 3.00
30.00 8.00 3.75 0.27 28.00 4.00
18.00 6.00 3.00 0.33 30.00 9.00
25.00 7.00 3.57 0.28 70.00 9.00
€5.00 9.00 7.22 0.14 19.00 4.00
40.00 12.00 3.33 0.30 45.00 7.00
23.00 5.00 4.60 0.2 20.00 5.00
40.00 11.00 364 0.28 80.00 19.00
35.00 9.00 3.89 0.26 20.00 6.00
35.00 10.00 3.50 0.29 24.00 5.00
120.00 13.00 9.23 0.11 40.00 9.00
35.00 8.00 4.38 0.23 35.00 10.00
32.00 10.00 3.20 0.31 46.00 8.00
24.00 8.00 267 0.38 36.00 8.50

x/z
3.7
222
3.04
3.53
4.58
4.00
4.29
1.60

43.33
7.06
5.88
5.50
5.00
6.67
2.50
3.33
8.70
3.61
5.00
4.00
6.15

6.37
8.64

X/z
4.33
5.50
6.00
4.38
4.40
4.29
3.25
8.00
3.50
5.00
6.15
37
6.00
7.00
7.00
333
7.78
4.75
6.43
4.00
4.21
3.33
4.80
4.44
3.50
5.7
424

1/(x/z)
0.27
0.45
0.33
0.28
0.22
025
023
0.63
0.02
0.14
0.17
0.18
0.20
0.15
0.40
0.30
0.11
0.28
0.20
0.25
0.16

0.24900898
4.01591944
Now =yfz

1/(xf2)
0.23
0.18
017
0.23
0.23
0.23
0.3t
0.13
0.29
0.20
0.16
0.27
017
0.14
0.14
0.30
0.13
0.21
0.16
0.25
024
0.30
0.21
0.23
0.29
017
0.24
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35.00 8.00 4.38 0.23 37.00 7.00
20.00 4.50 4.44 0.23 22.00 9.00
33.00 10.00 3.30 0.30 28.00 10.00
Average y/z = 4.36 Average x/z =
St Deviation y/z = 1.52 St Deviation x/z =
Average 1/(y/z) = 0.25 Average 1/(x/z2) =
Harmonic mean = 3.98 Harmonic mean =
HARMONIC: Calculated x/y value 1.12
Calculated K-value 0.08
LOCATION 89: TAKU INLET
X z Xz 1/(x/z) y z
12.00 3.00 4.00 0.25 65.00 17.00
47.00 13.00 3.62 0.28 27.00 4.50
8.50 2.50 3.40 0.29 18.00 3.00
16.00 2.50 6.40 0.16 17.00 3.50
25.00 4.50 5.56 0.18 12.00 3.00
18.00 4.00 4.50 0.22 36.00 4.50
20.00 6.00 4.00 0.25 10.00 3.00
10.00 4.00 250 0.40 13.50 3.00
30.00 8.50 3.53 0.28 8.00 3.50
214.00 15.00 14.27 0.07 5.50 1.70
35.00 7.00 5.00 0.20 8.00 1.50
31.00 5.00 6.20 0.16 36.00 12.00
13.50 4.50 3.00 0.33 17.00 2.00
25.00 8.00 278 0.36 30.00 4.50
30.00 6.00 5.00 0.20 20.00 2.50
16.00 6.50 2.91 0.34 16.00 3.00
13.00 4.00 325 0.31 10.00 3.50
77.00 13.00 592 0.17 30.00 5.00
18.00 4.50 4.00 0.25 17.00 6.00
70.00 17.00 4.12 0.24 34.00 10.00
26.00 4.50 678 0.17 16.00 4.00
56.00 10.00 5.60 0.18 18.00 4.50
75.00 25.00 3.00 0.33 20.00 4.50
14.00 4.00 3.50 0.29 20.00 4.00
26.00 11.00 2.36 0.42 10.00 2.50
26.00 3.50 7.43 0.13 9.00 2.50
56.00 14.00 4.00 0.25 50.00 20.00
19.00 5.00 3.80 0.26 10.50 4.00
21.00 6.00 3.50 0.29 14.00 2.00
20.00 6.00 3.33 0.30 30.00 9.00
104.00 9.00 11.56 0.09 10.00 250
20.00 5.00 4.00 0.256 7.00 2.50
Average x/z = 474 Average y/z =
St Deviation x/z = 2.50 St Deviation y/z =
Average 1/(x/z) = 0.25 Average 1/(yfz) =
Harmonic mean = 4.04 Harmonic mean =
HARMONIC: Calculated x/y value 1.01
Calculated K-value 0.0t
LOCATION 90: TAKU INLET
x y xly 1/(xfy)
1.20 0.40 3.00 0.33
0.70 0.25 2.80 0.36
3.50 0.80 4.38 023
1.60 0.50 a 320 0.31
2.00 0.50 4.00 0.25
2.00 0.75 267 0.38
1.10 0.40 275 0.36
4.30 1.20 3.58 0.28
1.80 0.50 3.60 0.28
240 1.00 240 0.42
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529
244
2.80

4.85
1.45

ylz

3.82
6.00
6.00
4.86
4.00
8.00
3.33
4.50
229
324
5.33
3.00
8.50
6.67
8.00
5.33
2.86
6.00
283
3.40
4.00
4.00
4.44
5.00
4.00
3.60
250
263
7.00
3.33
4.00
2.80

4.54
1.71

0.19
0.41
0.36

0.22
445

1/(y2)
0.26
0.17
0.17
0.21
0.25
0.13
0.30
0.22
044
0.3t
0.19
0.33
0.12
0.15
0.13
0.19
0.35
0.17
0.35
0.29
0.25
0.26
0.23
0.20
0.25
0.28
0.40
0.38
0.14
0.30
0.25
0.36

025
4.00



4.50
230
5.50
450
3.50
6.50
7.50
9.00

1.30
0.75
1.80
260
220
1.20
1.90
200

total xfy

stdev xfy
Average 1/(xfy) =
Harmonic mean =

LOCATION 106: TAKU INLET

X z
14.00 350
3.50 0.80
30.00 4.50
10.00 1.00
38.00 5.00
33.00 7.50
85.00 8.00
30.00 3.00
30.00 2.50
57.00 5.00
8.00 2.00
29.00 2.50
20.00 3.00
50.00 3.00
12.00 1.50
34.00 3.00
24.00 3.50
100.00 5.00
16.00 4.00
50.00 3.50
16.00 3.50
35.00 3.00
7.00 200

Average x/z =
St Deviation x/z =
Average 1/(x/z) =

Harmonic mean =

LOCATION 107: TAKU INLET

30.00
7.00
7.00

12.00

20.00

26.00

2.00

13.00
9.00
8.50

33.00
7.00

15.50

63.00

12.50

14.00

15.00
8.50

24.00
7.50

4
7.00
2.00
1.00
3.50
4.00
6.00
6.00
1.50
1.50
1.50
9.00
2.50
5.50

11.00
4.00
3.00
3.00
200
3.00
2.00

3.46
3.07

1.73
1.59
5.42
385
4.50

59.14
0.96

4.00
4.38
6.67
10.00
7.60

10.63
10.00
12.00
11.40

4.00
11.60

6.67
16.67

11.33
6.86
20.00
4.00
14.29
457
11.67
3.50

8.88
4.43

429
3.50
7.00
3.43
5.00
4.33
3.67
8.67
6.00
5.67
3.67
280
282
573
3.13
467
5.00
4.25
8.00
3.75

XENS1.XLS

0.29
0.33
0.33
0.58
0.63
0.18
025
0.22

0.33
3.00

1/xf2)
025
0.23
0.15
0.10
0.13
0.23
0.09
0.10
0.08
0.09
0.25
0.09
0.15
0.06
0.13
0.09
0.15
0.05
0.25
0.07
0.22
0.09
0.29

0.14
6.93

1/xR)
0.23
0.29
0.14
0.29
0.20
0.23
0.27
0.12
0.17
0.18
0.27
0.36
0.35
0.17
0.32
0.21
0.20
0.24
0.13
0.27

Average xfy =

317

X
160.00
150.00

7.00
7.50
10.50
9.00
16.00
18.00
18.00

y Xy
10.00 16.00
14.00 10.71
13.3571429
Average 1/(xfy) =
Harmonic mean =
z yiz
2.00 3.50
3.00 2.50
1.50 7.00
6.00 1.50
9.00 1.78
3.50 5.14
2.00 9.00

1/6)
0.0625
0.09333333

0.07791667
12.8342246

1/lyf2)
0.29
0.40
0.14
0.67
0.56
0.19
0.11



Average x/z = 4.77 Averagey/z =
St Deviation x/z = 1.65 St Deviation y/z =
Average 1/(x/z) = 0.23180742 Average 1/(y/z) =
Harmonic mean = 4,31392584 Harmonic mean =
HARMONIC: Calculated x/y value 1.45643908
Calculated K-value 0.34626617
LOCATION 109: TAKU INLET
X z x/z 1//2) y z
25.00 4.00 6.25 0.16 13.00 200
11.00 0.70 15.71 0.06 12.00 0.80
33.00 1.40 23.57 0.04 10.00 1.50
14.00 1.50 9.33 0.11 12.00 0.60
16.00 1.30 12.31 0.08 9.00 1.00
36.00 1.00 36.00 0.03 18.00 3.50
23.00 1.50 15.33 0.07 4.50 1.00
28.00 1.60 17.50 0.06 15.50 3.00
27.00 0.80 33.75 0.03 12.80 2.50
16.00 1.20 13.33 0.08 7.00 2.50
24.00 250 9.60 0.10 21.00 250
.00 1.50 14.67 0.07 10.00 0.70
20.00 1.50 13.33 0.08 8.50 1.50
60.00 7.00 8.57 0.12 30.00 250
34.00 1.60 21.25 0.05 7.00 1.00
30.00 1.50 20.00 0.05 12.00 3.00
23.00 1.60 14.38 0.07 38.00 7.00
22.00 1.50 14.67 0.07 22.00 4.00
31.00 0.70 44.29 0.02 9.00 1.50
16.00 0.50 32.00 0.03 24.00 5.00
45.00 3.50 12.86 0.08 23.00 2,00
14.00 1.00 14.00 0.07 16.50 0.80
16.00 1.20 13.33 0.08 6.00 1.50
24.00 0.50 48.00 0.02 31.00 250
17.00 2.50 6.80 0.15 12.00 1.50
51.00 1.30 39.23 0.03 7.00 1.30
30.00 2.50 12.00 0.08 19.00 4.50
29.00 1.00 29.00 0.03 13.00 3.00
20.00 250 8.00 0.13 15.00 7.00
34.00 1.00 34.00 0.03 14.00 2.00
Average x/z = 19.77 Average y/z =
St Deviation x/z = 11.69 St Deviation y/z =
Average 1/(x/2) = 0.07 Average 1/(y/2) =
Harmonic mean = 14,62 Harmonic mean =
Measured x/y value = 11.39
HARMONIC: Calculated x/y value 2.50
Calculated K-value 0.52

XENS1.XLS

LOCATION 109: TAKU INLET (CONTINUED)

X
80.00
35.00
23.00
55.00

246.00
27.00
63.00

10.00
41.00
64.00
60.00
78.00
28.00

Y
11.50

250
3.50
6.50
25.00
3.00
4.00
2.00
3.50
10.00
4.00
5.00
4.00

xly
6.96

14.00
6.57
8.46
9.84
9.00

15.75
5.00

11.71
6.40

15.00

15.60
7.00

1/6)
0.14

0.07
0.15
0.12
0.10
0.11
0.06
0.20
0.08
0.16
0.07
0.06
0.14
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4.35
283

y/z
6.50
15.00
6.67
20.00
9.00
5.14
4.50
5.17
5.00
2.80
8.40
14.29
5.67
12.00
7.00
4.00
543
5.50
6.00
4.80
11.50
20.63
4.00
12.40
8.00
538
4.22
4.33
2.14
7.00

7.75
4.71

0.33761338
2.96196793

1/4/2)
0.15
0.07
0.15
0.05
0.11
0.19
0.2
0.19
0.20
0.36
0.12
0.07
0.18
0.08
0.14
0.25
0.18
0.18
0.17
0.21
0.09
0.05
025
0.08
0.13
0.19
0.24
0.23
047
0.14

0.17118851

5.84



XENS1.XLS

30.00 8.00 375 0.27
44.00 4.00 11.00 0.09
95.00 5.50 17.27 0.06
43.00 1.50 28.67 0.03
50.00 250 20.00 0.05
25.00 250 10.00 0.10
51.00 6.00 8.50 0.12
100.00 7.00 14.29 0.07
17.00 2.00 8.50 0.12
32.00 370 8.65 0.12
total xfy 261.92
Average Xy = 11.39
St Deviation xfy = 11.40
total 26.07
Average 1/(xfy) = 0.11
Harmonic mean = 9.21
LOCATION 118: TAKU INLET
X z x/z 1/(x/z)
14.00 2.00 7.00 0.14
30.00 1.20 25.00 0.04
20.00 0.60 33.33 0.03
56.00 0.60 93.33 0.01
27.00 0.80 33.75 0.03
18.00 0.30 60.00 0.02
19.00 0.80 23.75 0.04
13.00 2.00 6.50 0.15
43.00 6.00 747 0.14
6.50 0.50 13.00 0.08
18.00 1.50 12.00 0.08
60.00 2.00 30.00 0.03
18.00 1.50 12.00 0.08
43.00 0.50 86.00 0.0t
54.00 1.00 54.00 0.02
110.00 3.00 36.67 0.03
16.00 0.80 20.00 0.05
17.00 2.00 8.50 0.12
19.50 250 7.80 0.13
17.00 0.40 42.50 0.02
36.00 3.00 12.00 0.08
20.00 0.80 25.00 0.04
20.00 1.00 20.00 0.05
21.50 1.50 14.33 0.07
16.00 1.50 10.67 0.09
36.00 1.00 36.00 0.03
12.00 0.70 17.14 0.06
13.00 1.00 13.00 0.08
17.00 3.50 4.86 0.21
6.00 1.70 3.53 0.28
Sum total x/z = 768.83
Average x/z = 25.63
St Deviation x/z = 22.61
Average 1/(x/z) = 0.07
Harmonic mean = 13.34
HARMONIC: Calculated x/y value
Calculated K-value

y z
34.00 6.00
3.50 1.00
7.00 1.50
6.00 1.50
6.00 2.00
11.00 2.50
18.00 2.00
9.50 1.50
10.00 6.50
8.00 250
18.00 4.50
11.00 1.50
20.00 3.50
9.00 0.70
10.00 1.20
9.50 1.50
8.00 2.50
15.00 2.50
9.00 3.00
13.00 4.00
7.00 2.50
9.00 1.00
14.00 5.00
9.50 1.50
9.00 1.80
16.00 1.50
12.00 4.00
15.00 8.00
11.50 1.00
Sum total x/z =
Average yfz =
St Deviation y/z =
Average 1/(y/z) =
Harmonic mean =
321
0.82
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yiz
5.67
3.50
4.67
4,00
3.00
4.40
9.00
6.33
1.54
3.20
4.00
7.33
571
12.86
8.33
6.33
3.20
6.00
3.00
325
2.80
9.00
2.80
6.33
5.00
10.67
3.00
1.88
11.50

158.30
5.46
295

/1)
0.18
0.29
0.21
025
0.33
0.23
0.1
0.16
0.65
0.31
0.25
0.14
0.18
0.08
0.12
0.16
0.31
017
0.33
0.31
0.36
o.M
0.36
0.16
0.20
0.09
0.33
053
0.09

0.24
4.15



LOCATION 123: TAKU INLET

y
100.00

45.00
25.00
17.00
13.00
26.00
20.00
34.00
8.00
26.00
92.00
13.00
16.00
33.00
30.00
70.00
200.00
9.50
21.00
6.50
12.00
12.00
7.50
40.00
34.00
13.00
23.00

Average y/z =

HARMONIC:

LOCATION 124: TAKU INLET

25.00
38.00
20.00
23.00

7.00
26.00
12.00
14.00
20.00
18.00
19.00
18.00
18.00
14.50
15.00

8.00
16.00
14.00
28.00
16.00
18.00

9.00
14.00
12.00

z

220
0.70
1.00
1.20
1.00
1.00
1.70
1.00
1.20
0.70
0.50
0.50
1.50
1.00
1.00
1.80
0.80
1.00
0.60
1.20
1.00
1.00
1.50
0.50
0.60
0.70
2.00
0.60
1.20
0.80

Average 1/(x/z) =
Harmonic mean =

31.00
4.00
7.00

20.00
8.00
4.00
270
1.20
4.00
1.00
250
220
5.00
3.50
0.60
1.50
2.80
1.00
8.50
250
0.50
2.50
3.00

z y/z 1/y/f2) X
1.50 66.67 0.02 46.00
2.00 2250 0.04 40.00
1.50 16.67 0.06 26.00
1.00 17.00 0.06 37.00
1.50 8.67 012 50.00
1.50 17.33 0.06 70.00
1.30 15.38 0.07 2,00
2,00 17.00 0.06 71.00
0.70 11.43 0.09 28.00
1.50 17.33 0.06 35.00
1.50 61.33 0.02 13.00
1.00 13.00 0.08 36.00
1.00 16.00 0.06 102.00
1.00 33.00 0.03 78.00
1.50 20.00 0.05 22.00
2,00 35.00 0.03 52.00
9.00 2.2 0.05 8.20
1.00 9.50 0.11 24.00
1.20 17.50 0.06 25.00
0.50 13.00 0.08 30.00
0.50 24.00 0.04 14.00
0.90 13.33 0.08 22.00
1.50 5.00 0.20 2.00
2.00 20.00 0.05 20.00
3.00 11.33 0.09 40.00
1.00 13.00 0.08 18.00
1.50 15.33 0.07 59.00
7.50
29.00
12.00
20.46 Average x/z =

Average 1/(y/z) = 0.07
Harmonic mean = 15.29

Calculated x/fy value 167
Calculated K-value 0.19

4 ylz 1/y/2) b
3.00 8.33 0.12 113.00
4.50 8.44 0.12 50.00
3.50 571 0.18 23.00
1.70 13.53 0.07 160.00
1.30 5.38 0.19 60.00
1.70 16.29 0.07 23.00
1.20 10.00 0.10 16.00
1.50 9.33 0.11 10.00
6.50 3.08 0.33 10.00
2.50 7.20 0.14 50.00
3.50 543 0.18 15.00
270 6.67 0.15 27.00
1.50 12.00 0.08 22.00
3.00 4.83 0.21 11.00
3.00 5.00 0.20 30.00
1.70 471 0.21 22.00
3.00 533 0.19 21.00
6.00 233 0.43 15.00
9.00 3.1 0.32 70.00
3.00 5.33 0.19 13.00
2.80 6.43 0.16 15.00
2,00 4.50 0.22 7.50
2,00 7.00 0.14 18.00
3.50 3.43 0.29 19.00
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5.50

x/z

20.91
57.14
26.00
30.83
50.00
70.00
12.94
71.00

24.17

35.74

3.65
12.50

8.00
7.50
575
5.93
8.33
250
50.00
6.00
12.27
4.40
3.14
50.00
14.67
7.50
15.00
824
5.20
30.00
3.00
6.00
3.45

1/(x/2)
0.05
0.02
0.04
0.03
0.02
0.01
0.08
0.01
0.04
0.02
0.04
0.01
0.01
0.01
0.05
0.03
0.10
0.04
0.02
0.04
0.07

0.07
0.03
0.02
0.04
0.03
0.08
0.04
0.07

0.04
25.56

1/xf2)
0.27433628
0.08
0.30
0.13
0.13
0.17
0.17
0.12
0.40
0.02
0.17
0.08
0.23
0.32
0.02
0.07
0.13
0.07
0.12
0.18
0.03
0.33
017
029



13.00 1.00 13.00 0.08 11.00 1.30
18.50 5.00 3.70 0.27 107.00 5.00
10.00 3.50 2.86 0.35 38.00 1.50
36.00 4.00 9.00 0.11 23.00 1.50
105.00 15.00 7.00 0.14
9.50 2.00 475 0.21
Average y/z = 6.76 Average x/z =
St Deviation y/z = 3.34 St Deviation x/z =
Average 1/(y/z) = 0.18 Average 1/(x/z) =
Harmonic mean = 541 Harmonic mean =
~HARMONIC Calculated x/y value 1.21
Calculated K-value 0.1
LOCATION 130: TAKU INLET
X z x/z 1/6/2) y z
21.00 5.00 4,20 0.24 39.00 5.00
6.00 1.50 4.00 0.25 11.00 0.80
24.00 1.50 16.00 0.06 8.00 1.00
15.00 2.00 7.50 0.13 14.00 2.00
24.00 1.50 16.00 0.06 20.00 1.80
28.00 2.00 14.00 0.07 18.00 3.50
18.00 1.00 18.00 0.06 16.00 1.50
14.00 1.00 14.00 0.07 9.00 0.80
8.00 1.00 8.00 0.13 16.00 1.50
8.00 1.30 6.15 0.16 32.00 11.00
27.00 2.00 13.50 0.07 10.00 4.00
14.50 2.50 5.80 0.17 14.00 2.00
7.50 1.50 5.00 0.20 11.00 0.70
29.00 1.00 29.00 0.03 8.00 0.80
17.00 3.00 567 0.18 19.00 1.50
16.00 2.00 8.00 013 22.50 1.70
11.00 2.00 5.50 0.18 13.00 1.20
14.00 0.80 17.50 0.06 19.00 1.00
18.00 1.00 18.00 0.06 10.00 1.30
10.00 1.30 7.69 0.13 28.00 8.00
6.00 1.50 4.00 0.25 23.00 1.50
50.00 250 20.00 0.05 14.00 1.00
8.00 1.00 8.00 0.13 11.00 200
15.00 2.50 6.00 0.17 21.50 1.80
19.00 1.50 12.67 0.08 16.00 200
16.00 1.00 16.00 0.06 13.00 2.00
10.00 1.50 6.67 0.15 14.00 1.50
10.00 2.00 5.00 0.20 18.00 1.40
26.00 1.30 20.00 0.05 14.00 7.00
17.00 1.50 11.33 0.08 5.00 2.00
Average x/z = 11.11 Average y/z =
St Deviation x/z = 6.29 St Deviation y/z =
Average 1/(x/z) = 0.12 Average 1/(y/z) =
Harmonic mean = 8.20 Harmonic mean =
HARMONIC: Calculated x/y vaiue 1.25
Calculated K-value 0.12
LOCATION 134: TAKU INLET
X z X/z 1/(x/2) y z
2.00 1.50 14.67 0.07 6.00 0.60
11.00 0.80 13.75 0.07 9.00 0.60
19.00 1.50 12.67 0.08 17.00 1.50
21.00 1.20 17.50 0.06 20.00 1.50
13.00 1.20 10.83 0.09 30.00 220
17.00 1.00 17.00 0.06 10.00 0.60
26.00 1.50 17.33 0.06 25.00 2.00
21.00 0.70 30.00 0.03 19.00 2.00
11.00 1.00 11.00 0.09 19.00 1.00
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8.46
21.40
2533
15.33

12.39
12.65

yiz

13.75
8.00
7.00

1.1
5.14

10.67

11.25

10.67
29
250

15.71
10.00
12.67
13.24
10.83
18.00

7.69

3.50
15.33
14.00

5.50
11.94

6.50
9.33
12.86
2.00
250

9.28
4.36

10.00
15.00
11.33
13.33
13.64
16.67
12.50

9.50
19.00

0.12
0.05
0.04
0.07

0.15
6.53

1/yfz)
0.13
0.07
0.13
0.14
0.0
0.19
0.09
0.08
0.09
0.34
0.40
0.14
0.06
0.10
0.08
0.08
0.09
0.05
0.13
0.29
0.07
0.07
0.18
0.08
0.13
0.15
0.11
0.08
0.50
0.40

0.15
6.58

1/yfz)
0.10
0.07
0.09
0.08
0.07
0.06
0.08
0.11
0.05



42.00 1.50 28.00 0.04 8.00 0.50
12.00 0.80 15.00 0.07 9.00 0.40
26.00 1.30 20.00 0.05 11.00 0.70
24.00 1.20 20.00 0.05 6.00 0.50
17.00 1.50 11.33 0.09 18.00 1.00
29.00 200 14.50 0.07 9.00 210
20.00 1.10 18.18 0.06 13.00 0.70
19.00 0.90 21.11 0.05 7.00 0.80
16.00 0.80 20.00 0.05 19.00 1.40
18.00 1.00 18.00 0.06 11.50 1.60
14.00 1.00 14.00 0.07 12.00 0.70
18.00 1.00 18.00 0.06 6.00 0.90
26.00 1.20 21.67 0.05 13.00 0.80
11.00 0.80 13.75 0.07 6.00 0.40
21.00 1.20 17.50 0.06 19.00 0.70
10.00 1.40 7.14 0.14 23.00 3.00
11.00 1.80 6.11 0.16 9.00 1.10
31.00 2.00 15.50 0.06 9.00 0.50
12.00 1.50 8.00 0.13 9.50 0.60
31.00 220 14.09 0.07 13.00 1.50
25.00 1.00 25.00 0.04 21.00 0.80
17.00 1.10 15.45 0.06 22.00 0.80
25.00 1.00 25.00 0.04 8.00 1.00
Average xfz = 16.63 Average y/z =
St Deviation x/z = 5.58 St Deviation y/z =
Average 1/(x/2) = 0.07 Average 1/(y/z) =
Harmonic mean = 14.62 Harmonic mean =
HARMONIC: Calculated x/y value 1.23
Calculated K-value 0.08
LOCATION 139: TAKU INLET
X b4 xfz 1/(x/z) y z
§2.00 9.00 5.78 017 23.00 410
8.00 270 2.96 0.34 6.50 220
4.00 200 2.00 0.50 18.00 2.50
7.00 3.00 2.33 043 6.50 200
10.00 4.50 222 0.45 4.20 2.00
16.00 5.50 291 0.34 24.50 8.00
17.00 6.00 283 0.35 13.50 3.00
12.00 3.50 3.43 0.29 7.00 1.70
19.00 4.50 422 0.24 26.00 4.50
6.00 2.00 3.00 0.33 21.00 4.00
8.00 1.50 5.33 0.19 25.00 4.00
11.50 7.00 1.64 0.61 7.50 250
7.00 2.30 3.04 0.33 9.00 2.00
11.00 2.50 4.40 0.23 9.00 2.80
6.00 3.00 2.00 0.50 9.00 240
5.00 2.00 2.50 0.40 17.50 7.80
3.00 1.80 1.67 0.60 19.00 7.00
17.00 3.00 5.67 0.18 13.50 2.00
13.50 3.00 4.50 0.22 30.00 7.00
7.00 1.80 3.89 0.26 12.00 3.20
6.00 1.00 6.00 0.17 15.00 2.50
11.00 4.00 2.75 0.36 4.50 1.20
7.50 3.00 2.50 0.40 18.00 2.20
10.00 4.50 2.22 0.45 13.00 4.00
11.00 8.00 1.38 0.73 12.00 4.50
9.50 4.50 211 0.47 14.00 1.50
2.00 7.50 293 0.34 120.00 20.00
8.50 200 425 0.24
22.50 5.50 4.09 0.24
6.50 2.00 325 0.31
Average y/z = 3.26 Average x/Z =
St Deviation y/z = 1.29 St Deviation x/z =
Average 1/(y/f2) = 0.36 Average 1/(x/2) =

322

16.00
2.50
15.71
12.00
18.00
429
18.57
8.75
13.57
719
17.14
6.67
16.25
15.00
2714
767
8.18
18.00
15.83
8.67
26.25
27.50
8.00

14.37
5.95

y/z
5.61
295
7.20
3.25
210
3.06
4.50
412
578
5.25
6.25
3.00
4.50
321
3.75

233

27
6.75
4.29
3.75
6.00
3.75
8.18
3.25
267
9.33
6.00

4.58
1.87

0.06
0.04
0.06
0.08
0.06
0.23
0.05
0.1
0.07
0.14
0.06
0.15
0.06
0.07
0.04
0.13
0.12
0.06
0.06
0.12
0.04
0.04
0.13

0.08
11.92

1/y/z)
0.18
0.34
0.14
0.31
0.48
0.33
0.22
0.24
017
0.19
0.16
0.33
0.22
0.31
027
0.43
0.37
0.15
0.23
0.27
017
0.27
0.12
0.3t
0.38
0.11
0.17

025



Harmonic mean = 281

HARMONIC: Calculated x/y value
Calculated K- value

LOCATION 143: TAKU INLET

y z yz k)
12.00 4.00 3.00 0.33
12.00 4.70 255 0.39
12.00 2.00 6.00 017
7.00 250 2.80 0.36
14.00 6.00 233 043
6.00 1.50 4.00 0.25
14.00 5.50 255 0.39
6.00 3.00 2.00 0.50
4.50 220 2.05 0.49
11.00 4.00 275 0.36
12.00 4.50 267 0.38
10.00 3.40 294 0.34
17.00 5.00 3.40 0.29
8.00 3.50 229 0.44
14.00 4.50 3.11 0.32
26.50 10.50 252 040
174.00 106.00 1.64 0.61
6.00 250 240 0.42
4.00 2.00 2.00 0.50
5.50 280 1.96 0.51
4.00 1.50 267 0.38
66.00 19.00 3.47 0.29
9.00 5.00 1.80 0.56
9.00 470 1.91 0.52
9.00 3.00 3.00 0.33
18.00 3.20 5.63 0.18
11.00 2.00 5.50 0.18
5.50 2.00 275 0.36
15.00 5.00 3.00 0.33
14.00 7.50 1.87 0.54
Average y/z = 2.89
St Deviation y/z = 1.10
Average 1/(y/z) = 0.38
Harmonic mean = 2,60
HARMONIC: Calculated x/y value
Calculated K-value

LOCATION 154: TAKU INLET

X z x/z 1/{x/z)
49.50 41.00 1.21 0.83
5.00 5.00 1.00 1.00
3.50 220 1.59 0.63
19.00 16.00 1.19 0.84
7.00 4.00 1.75 0.57
5.00 3.00 1.67 0.60
7.00 220 3.18 0.31
4.00 2.00 2.00 0.50
20.00 13.00 1.54 0.65
6.20 3.00 207 0.48
15.00 15.00 1.00 1.00
8.00 7.50 1.07 0.94
12.00 11.00 1.09 0.92
7.00 2.80 2.50 0.40
6.00 4.00 1.50 0.67
13.00 5.00 2.60 0.38
11.50 5.50 2.09 0.48
20.00 17.00 1.18 0.85
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Harmonic mean =

Average x/z =

1.40
0.33
X F4
9.50 5.00
5.00 1.50
9.00 1.50
14.00 2.80
5.50 1.30
14.50 3.50
24.00 6.00
40.00 15.00
7.00 1.80
3.50 1.00
5.50 200
4.50 250
10.00 250
9.00 3.00
19.50 3.50
9.00 3.50
16.00 4.50
11.00 2.00
16.00 2.40
7.50 1.00
9.00 1.00
8.50 3.50
12.50 2.50
19.00 7.20
10.00 2.00
6.50 220
7.00 1.50
19.50 9.50
7.50 1.50
8.20 2.00
9.00 4.50
St Deviation x/z =
Average 1/(x/z) =
Harmonic mean =
1.33
0.30
y z
520 2,50
2.60 1.30
9.50 7.10
13.50 7.50
5.50 3.50
11.20 5.00
6.50 4.00
9.00 7.00
4.00 1.50
16.00 12.00
6.00 2.00
4.50 3.20
11.50 10.00
10.00 7.00
9.00 7.00
7.00 4.80
5.00 320
350 2.80

x/z
1.90
3.33
6.00
5.00
4.23
4.14
4.00
267
3.89
3.50
275
1.80
4.00
3.00
557
257
3.56
6.50
6.67
7.50
9.00
243
5.00
264
5.00
295
4.67
205
5.00
4.10
2.00

4.08
1.70

2.08
2.00
1.34
1.80
1.57
224
1.63
1.29
267
1.33
3.00
1.41
1.15
1.43
1.29
1.46
1.56
1.25
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1/6/2)
053
0.30
0.17
0.20
0.24
0.24
0.25
0.38
0.26
0.29
0.36
0.56
0.25
0.33
0.18
0.39
0.28
0.18
0.15
0.13
0.1
0.41
0.20
0.38
0.20
0.34
0.21
049
0.20
0.24
0.50

0.29
347

1/yfR)
0.48
0.50
0.7
0.56
064
0.45
0.62
0.78
0.38
0.75
0.33
0.71
0.87
0.70
0.78
0.69
0.64
0.80



6.50 4.00 1.63 0.62 61.00 51.00
3.80 1.50 253 0.39 13.00 7.00
4.40 2.60 1.69 0.59 5.00 1.80
30.00 18.00 1.67 0.60 3.60 3.40
16.00 12.00 1.33 0.75 13.00 3.80
23.00 14.00 1.64 0.61 6.70 4.00
7.00 3.60 1.94 0.51 5.50 250
3.40 220 1.55 0.65 7.00 4.20
- 820 4.00 205 0.49 4.60 4,20
5.00 200 250 0.40 6.00 3.00
4.00 3.00 1.33 0.75 6.50 3.80
240 1.00 240 042 230 10.50
8.00 3.00 267 0.38
5.50 250 220 0.45
12.00 5.50 218 0.46
Average x/z = 1.80 Average y/z =
St Deviation x/z = 0.55918297 St Deviation y/z =
Average 1/(x/z) = 0.61 Average 1/(y/2) =
Harmonic mean = 1.64 Harmonic mean =
HARMONIC: Calculated x/y value 1.01
calculated K-value 0.02
LOCATION 157: TAKU INLET
x 4 xfz 1/(x/2) y z
19 45 422 0.24 3.80 22
9.5 4 238 0.42 9,00 8
) 3 1.67 0.6 3.50 25
8 5 1.6 0.63 3.00 25
12.5 8 1.56 0.64 3.00 2
105 6 1.75 0.57 4.20 3
13 7 1.86 0.54 4.50 3.2
11 6.5 1.69 0.59 7.50 5.8
25 19 1.32 0.76 420 23
7 25 28 0.36 9.00 47
14 7 2 05 6.50 45
6.5 3 217 0.456 6.50 4
4.2 25 1.68 0.6 350 2
7 35 2 05 5.00 32
85 6 1.42 0.71 5.50 22
55 45 1.22 0.82 7.00 6.5
95 6 1.58 0.63 7.00 6
15.5 6.5 2.38 0.42 6.00 4
9.5 8 1.19 0.84 4.00 2.7
10.5 4 263 0.38 3.80 25
12.5 5 25 0.4 8.00 4
7.5 5 1.5 0.67 4.50 2.6
9 6 1.5 0.67 30.00 16
6 4 1.5 0.67 7.00 4
7 3 233 043 3.50 2
6.5 45 1.22 0.82 3.00 22
55 4.5 1.22 0.82 11.80 8
8 3 267 0.38 3.00 21
55 35 1.57 0.64 5.80 36
12 95 1.26 0.79 8.00 57
Average x/z = 1.88 Average y/z =
St Deviation x/z = 0.65 St Deviation y/z =
Average 1/(x/z) = 0.58 Average 1/(y/z) =
Harmonic mean = 1.72 Harmonic mean =
HARMONIC: Caiculated xjy value 1.14
Caiculated K-value 0.32
LOCATION 158: TAKU INLET
y 2 yiz 1/y/f2) X 2z
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1.20
1.86
2.78
1.06
3.42
1.68
220
1.67
1.10
200
1.7

212

1.78
0.59

yiz
1.73
1.13
14
1.2
1.5
1.4
1.41
1.29
1.83
1.91
1.44
1.83
1.75
1.56
25
1.08
117
1.5
1.48
1.4

1.73
1.88
1.75
1.75
1.36
1.44
1.43
1.61

1.4

1.55
0.3

x/z

0.84
0.54
0.36
0.94
0.29
0.60
0.45
0.60
0.91
0.50
0.58
0.47

0.62
1.62

1/4/2)
0.58
0.89
0.7
0.83
0.67
0.71
0.71
0.77
0.55
0.52
0.69
0.62
0.57
0.64

0.4
0.93
0.86
0.67
0.68
0.71

05
0.58
0.53
0.57
0.57
073

o7

0.7
0.62
o7

0.66
1.51

1/xf2)



45 13.5 3.33 03 17.00 35 4.86

67 23 291 0.34 40.00 8 ]
25 55 0.45 22 15.00 2 75
7.5 3 25 04 15.00 3 5

10 25 4 0.25 31.00 3.6 8.61

16.5 4 413 024 18.00 2 9
12 5 24 042 10.00 1.3 7.69
11 25 44 0.23 12.50 25 5

245 9 272 0.37 9.00 15 6
13 1.4 9.29 0.11 12.00 25 48

5 1.2 4.17 0.24 16.00 1 16
17 55 3.09 0.32 12.50 1 125
15 45 3.33 0.3 16.00 1 16
7 35 2 05 12.00 22 5.45

24 8 3 0.33 10.00 15 6.67

13 45 2.89 0.35 15.00 45 3.33

105 3 3.5 0.29 9.50 2 4.75

5 3 1.67 06 13.50 2 6.75
8 3 267 0.38 9.00 1.6 5.63
16 25 6.4 0.16 9.00 25 36
11 4 275 0.36 11.00 1.2 9.17
7 25 28 0.36 130.00 40 3.26
6 2 3 0.33 29.00 6.5 448
85 2 425 024 16.00 3 5.33
9 1.3 6.92 0.14 16.00 3 5.33

8 3 267 0.38 29.00 45 6.44
9 35 257 0.39 37.00 8 463

14 3 4.67 0.21 20.50 6 342
85 2 275 0.36 36.00 1.6 25
75 6 1.25 08 15.00 5 3
161 80 201 05

Average y/z = 3.37 Average x/z = 7.06
St Deviation y/z = 1.7 St Deviation x/z = 44
Average 1/(yfz) = 04 Average 1/(x/z) =
Harmonic mean = 25 Harmonic mean =
HARMONIC: Calculated x/y value 223
Calculated K-value 0.87

LOCATION 162: TAKU INLET

Flat Surface : Vertical Surface :

b 4 z x/z 1/(x/2) y z yfiz
10 14 7.14 0.14 5.00 1.2 4.17
6 14 429 0.23 4.50 0.6 75
13 3 433 0.23 14.00 46 3.04
40 4.2 9.52 0.11 13.00 22 5.91
12 21 5.71 0.18 9.50 1.3 7.31
10 0.6 16.67 0.06 6.50 22 295
45 2 2.5 0.04 15.50 42 3.69
20 1.6 125 0.08 7.00 1.4 5
15 23 6.52 0.15 15.00 1.4 10.71
6 1 6 0.17 23.00 7.8 295
10 2 5 0.2 28.00 95 295
8 1.5 5.33 0.19 10.50 24 4,38
6 0.8 75 0.13 17.00 2 8.5
44 46 9.57 0.1 15.00 4.4 3.41
2 1.9 11.58 0.09 17.00 43 3.95
9 21 429 0.23 11.00 1.7 6.47
13 1.3 10 0.1 4.00 1.4 286
54.5 27 20.19 0.05 8.00 1 8
21 51 4.12 0.24 8.00 1.4 5.71
30.5 7 4.36 0.23 19.00 32 594
15 1 15 0.07 9.00 07 12.86
25 4 6.25 0.16 8.00 22 3.64
19 22 8.64 0.12 11.00 28 3.93
6 1 6 0.17 28.00 14 20
24 4 6 0.17 12.00 36 3.33
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0.21
0.2
0.13
0.2
0.12
o.M
0.13
0.2
0.17
021
0.06
0.08
0.06
0.18
0.1
03
0.21
0.15
0.18
0.28
0.11
0.31
0.2
0.19
0.19
0.16
022
0.29
0.04
0.33

0.18
5.57

1yf2)

024
0.13
0.33
0.17
0.14
0.34
0.27

0.2
0.09
0.34
0.34
0.23
0.12
0.29
0.25
0.15
0.35
0.13
0.18
017
0.08
0.28
0.25
0.05

0.3



12 1.8 6.67 0.15 6.50 34
9 2 4.5 0.22 19.00 42
21 1.8 11.67 0.09 7.50 1.2
i3 4 3.25 0.31 15.00 1.4
29 7 4.14 0.24 12.00 1.5
Average x/z = 8.31 Average yfz =
St Deviation x/z = 49 St Deviation y/z =
Average 1/(x/2) = - 015 Average 1/(y/z) =
Harmonic mean = 6.47 Harmonic mean =
HARMONIC: Calculated x/y value 1.4
Calculated K-value 0.22
LOCATION 163: TAKU INLET
X z x/z 1/(x/2) y z
33 4 825 0.12 18.00 14
55 0.6 9.17 0.1t 6.00 8
1" 22 5 0.2 6.80 15
123 1.7 7.24 0.14 8.00 1.4
26 3.2 8.13 0.12 7.20 1.5
9 1.5 6 0.17 8.00 2
29 2 14.5 0.07 46.00 53
23 3.9 5.9 0.17 11.20 22
33 14 23.57 0.04 30.00 22
38 1.7 2.35 0.04 7.00 5
33 4 8.25 0.12 5.00 8
18.5 0.3 61.67 0.02 13.50 3
8.5 1 85 0.12 4.00 1
315 1.4 2.5 0.04 7.00 1
85 1.4 6.07 0.16 5.50 1
19 2 95 0.11 24.00 3
16 3 633 0.19 5.00 1
25 32 7.03 0.14 26.00 32
145 3.2 4.53 0.2 32.00 4
19 6 317 0.32 8.00 1.2
32 1 R 0.03 41.00 6
6.5 04 13.75 0.07 7.50 3
9.5 0.6 15.83 0.06 15.50 25
15.5 1.9 8.16 012 7.60 1
5 0.9 5.56 0.18 15.50 1.2
14 3 4.67 0.21 30.50 2
105 4 2.63 0.38 8.60 2.6
17 2.6 6.54 0.15 16.50 1.8
40 4 10 0.1 9.00 6
-4 07 31.43 0.03 15.00 3
Average x/z = 12.24 Average y/z =
St Deviation x/z = 10.84 St Deviation y/z =
Average 1/(x/z) = 0.13 Average 1/(y/z) =
Harmonic mean = 7.55 Harmonic mean =
HARMONIC: Calculated x/y value 220
Calculated K-value 0.64
LOCATION 165: TAKU INLET
X z x/z 1/(x/2) y z
37 25 14.8 0.07 50.00 35
39 35 11.14 0.09 24.00 55
43 32 13.44 0.07 6.50 1.2
3R 4 8 0.13 16.00 3
23 3 7.67 0.13 12.00 1.2
37 1.2 30.83 0.03 36.00 6
23 25 9.2 0.1 120.00 5.5
27 5 54 0.19 42.00 1.5
25 1.3 19.23 0.05 18.00 3
87 3 29 0.03 16.50 17
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1.91
452
6.25
10.71

6.02
.77

yR
12.86
0.75
453
571
48

8.68
5.09
13.64

8.13

6.67
6.83
25
6.2

12.92
15.25
3.31
9.17
1.5

6.31
3.74

yiz
14.29
4.36
542
5.33
10

21.82

9.71

0.52
0.22
0.16
0.09
0.13

022
4.59

1/yfz)
0.08
1.33
0.22
0.18
0.21

0.12

0.2
0.07
0.

1.6
0.22
0.25
0.14
0.18
0.13

02
0.12
0.13
0.15
0.15

04
0.16
0.13
0.08
0.07

0.3
0.11
0.67

02

0.29
343

1/yf)

0.07
0.23
0.18
0.19

0.1
0.17
0.05
0.04
0.17

0.1



18.5 4
96 4
28 35
2 6

255 6
17 2
] 45

25 1.5
7 1.5
2 13
18 1.5

130 155
3 3
20 4
24 2
70 17
36 38
21 2
53 45
95 2

Average x/z =
St Deviation x/z =
Average 1/(x/z) =

Harmonic mean =

4.63
24

3.67
4.25
85
5.11
15
18
223
12
8.39
7.67

12
4.12
9.47
10.5

11.78
47.5

12.35
9.73

0.22 18.00 1.5
0.04 11.50 3
0.13 10.00 25
0.27 30.00 25
0.24 14.00 1
0.12 27.00 1.5

0.2 27.00 2
0.07 20.00 1.2
0.06 14.00 2
0.45 33.00 55
0.08 8.50 1.2
0.12 .00 4
0.13 2.00 4

0.2 43.00 3
0.08 47.00 45
0.24 37.00 2
0.11 24.00 1

0.1 23.00 3
0.08 7.50 1.8
0.02 59.00 4

Average yfz =
St Deviation y/z =
0.13 Average 1/(y/z) =
7.81 Harmonic mean =
NOW =Y/Z

HARMONIC MEANS INDICATE INITIAL Y/Z > INITIAL X/Z
THEREFORE INITIAL X'Z = Y/Z ; INITIAL Y/Z = X/Z

HARMONIC: Calculated x/y value 1.04
Calculated K-value 0.02
LOCATION 169: TAKU INLET
y z yiz 1/lyfz) X z
17 2 8.5 0.12 15.00 1
45 2 2.5 0.04 15.00 1.5
1" 6.5 1.69 0.59 15.00 3.6
1 4 275 0.36 13.00 14
10 2 5 0.2 19.00 3
5 1 5 0.2 15.00 1
45 0.8 5.63 0.18 95.00 21
90 28 3.21 0.31 103.00 22
12 0.8 15 0.07 4.50 1
54 35 15.43 0.06 16.00 0.4
115 2 575 0.17 12.00 1.2
25 4 6.25 0.16 90.00 26
5 1.7 294 0.34 9.00 26
9 1.6 5.63 0.18 2.00 1.2
8 1 8 0.13 9.00 22
15 1 15 0.07 28.00 25
16 1 16 0.06 40.00 1.3
2 1 20 0.05 80.00 1.6
25 1.5 16.67 0.06 62.00 4
48 6.5 7.38 0.14 26.00 2.7
10 0.7 14.28 0.07 23.00 0.8
31.5 7 45 0.22 36.00 4
9 1.5 6 0.17 20.00 1.5
10 3.5 2.86 0.35 74.00 3
1 3.5 3.14 0.32 8.00 0.7
8 1.7 4.7 0.21 19.00 1.5
28 1.5 18.67 0.05 29.00 1.5
13 2 6.5 0.15 23.00 1
1" 1 1" 0.08 13.00 0.7
16 1.5 10.67 0.09 5.00 0.7
Average y/fz = 9.02 Average x/z =
St Deviation y/z = 592 St Deviation x/z =
Average 1/(y/z) = 017 Average 1/(y/z) =
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12 0.08

3.83 0.26
4 025
12 0.08
14 0.07
18 0.06
135 0.07
16.67 0.06
7 0.14
6 0.17
7.08 0.14
8 0.13
55 0.18
14.33 0.07
10.44 0.1
18.5 0.05
24 0.04
7.67 0.13
417 0.24
14.75 0.07
11.08
6.38
0.12
8.14
NOW = X/Z
xfz 1/(x/z)
15 0.07
10 0.1
417 0.24
9.29 0.11
6.33 0.16
15 0.07
45.24 0.02
46.82 0.02
45 0.22
40 0.03
10 0.1
3.46 0.29
3.46 0.29
18.33 0.05
4.09 0.24
1.2 0.09
30.77 0.03
50 0.02
15.5 0.06
9.63 0.1
28.75 0.03
9 0.11
13.33 0.08
24.67 0.04
11.43 0.09
12.67 0.08
19.33 0.05
23 0.04
18.57 0.05
7.14 0.14
17.36
13.37
0.1



Harmonic mean = 5.75

HARMONIC: Calculated x/y value

Caiculated K-value

LOCATION 170: TAKU INLET

X z x/z 1/(x/2)
16 1.2 13.33 0.08
20 1.1 18.18 0.06
37 4 9.25 0.11

7 1.7 412 0.24
100 2 50 0.02
33 28 11.79 0.08
17 1 17 0.06
8 1.1 7.27 0.14
23 1.5 15.33 0.07
20 2 10 0.1
13 1.6 813 0.12
o} 1.5 13.33 0.08
60 25 24 0.04
2 25 88 0.11
50 36 13.89 0.07
23 1.6 14.38 0.07
28 9 3.11 0.32
100 5 sl 0.05
20 1.7 11.76 0.09
7 2 13.5 0.07
54 6.5 8.31 0.12
43 4.4 9.77 0.1
13 1 13 0.08
18 0.6 30 0.03
0 2 10 0.1
a2 135 6.07 0.16

125 1.5 833 0.12
17 1 17 0.06
24 0.6 40 0.03
47 7 6.71 0.15

Average x/z = 14.55
St Deviation x/z = 10.14
Average 1/(x/2) = 0.1
Harmonic mean = 10.26
HARMONIC: Calculated x/y value

Calculated K-value

LOCATION 174: TAKU INLET

y z ylz 1/(yf2)
13 6 217 0.46
12 23 522 0.19

15.5 3 517 0.19
6 24 25 0.4
36 28 1.29 0.78
15 1 15 0.07
20 55 3.64 0.28
44 15 293 0.34
13.5 22 6.14 0.16
32 1 32 0.03
85 2 425 0.24
127 25 5.08 0.2
25 1.5 217 0.46
19 22 8.64 0.12
18.5 36 5.14 0.19
8 1.8 4.44 0.23
23 22 10.45 0.1
15 26 577 0.17
28 45 6.22 0.16

Harmonic mean = 9.89
1.72
0.31
y z yz 1/y/z)
10.50 1.6 6.56 0.15
15.00 1.7 8.82 0.1
12.00 0.9 13.33 0.08
28.00 1.5 18.67 0.05
50.00 4 12.5 0.08
40.00 1.5 26.67 0.04
67.00 4 16.75 0.06
24.00 25 9.6 0.1
24.00 22 10.91 0.09
22.00 1 2 0.05
28.00 3 9.33 0.11
50.00 6.5 7.69 0.13
16.00 1.5 10.67 0.09
14.00 25 56 0.18
14.00 7 2 0.5
25.00 1.6 15.63 0.06
20.00 35 s8N 0.18
26.00 2 13 0.08
Average y/z = 11.97
St Deviation yfz = 6.2
Average 1/(y/z) = 0.12
Harmonic mean = 8.42
1.22
0.09
X z Xz 1/(4/z)
73.00 11 6.64 0.15
26.00 1.5 17.33 0.06
5.00 17 294 0.34
13.50 37 3.65 0.27
10.50 4 2.63 0.38
25.00 75 3.33 0.3
66.00 5 13.2 0.08
13.00 21 6.19 0.16
10.00 8 1.25 0.8
3.20 28 1.14 0.88
11.00 25 44 0.23
8.50 2 425 0.24
60.00 1.3 46.15 0.02
21.00 4 5.25 0.19
15.00 0.7 21.43 0.05
13.00 4 3.25 0.31
31.00 1.1 28.18 0.04
17.00 4 425 0.24
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17.5 23 7.61 0.13

6.5 1.6 4.06 0.25
20 6.2 3.85 0.26
1.5 1.3 8.85 0.1
35 6 6.83 0.17
17 3 5.67 0.18
15.5 1 165 0.06
13 25 52 0.19
34 45 7.56 0.13
16 28 5.7 0.18
36 5.5 6.55 0.15
Average y/z = 6.82 Average x/z = 9.75
St Deviation y/z = 577 St Deviation x/z = 11.8
Average 1(yfz) = 0.2 Average 1/(x/z) = 0.26
Harmonic mean = 4.56 Harmonic mean = 3.82
NEW X/Z NEW Y/2

HARMONIC MEANS INDICATE: INITIAL X/Z = Y/Z : INITIALY/Z = X/Z

HARMONIC: Caiculated x/y value 1.20
Calculated K-value 0.13

LOCATION 175: TAKU INLET

b e z x/z 1/(x/z)
19.5 1.5 13 0.08
18.5 1.2 15.42 0.06

28 07 40 0.03
7 0.7 10 0.1
R 13 24.62 0.04
29 5 58 0.17
29 0.7 41.43 0.02
13 0.7 18.57 0.05
10 0.5 2 0.05
11 1.5 7.33 0.14
30 1 30 0.03
24 1.5 16 0.06
125 0.7 17.86 0.06
75 0.7 10.71 0.09
7 0.6 11.67 0.09
21 0.8 26.25 0.04
15 0.8 18.75 0.05
14 1 14 0.07
32 1 32 0.03
35 1.5 23.33 0.04
17.5 0.7 25 0.04
21 0.6 35 0.03
39 1 39 0.03
15 0.8 18.75 0.05
31 1.3 23.85 0.04
Average x/z = 21.53
St Deviation x/z = 10.19
Average 1/(xfz) = 0.06
Harmonic mean = 16.65

LOCATION 183: TAKU INLET

y z yiz 1/(y/z) X z Xz 1/(x/2)
60 3 20 0.05 12.50 2 6.25 0.16
24.5 35 7 0.14 19.00 1 19 0.05
16.5 1.8 9.17 0.11 8.50 1 85 0.12
175 1.8 9.21 0.11 17.00 1.1 15.45 0.06
16 1.5 10.67 0.09 16.00 1.2 13.33 0.08
12 2 6 017 10.00 1 10 0.1
18 22 8.18 0.12 11.50 13 8.85 0.11
155 27 5.74 017 22.00 1.1 20 0.05
19 1.6 11.88 0.08 16.00 1 16 0.06
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16.5 4 413 024 35.00 25
16 1 16 0.06 21.00 1
10.6 1 10.6 0.09 20.00 1
15 1.3 11.54 0.09 43.00 4
16 1.6 10 0.1 8.00 1.6
127 2 6.35 0.16 33.50 2
26 35 7.43 0.13 18.00 1.3
46.5 1.2 38.75 0.03 15.00 2
1 22 5 0.2 25.00 25
6.2 2 3.1 0.32 19.00 1.1
11 1.5 7.33 0.14 13.00 1
17 1.2 14.17 0.07 11.00 1.8
37 3.8 9.74 0.1 40.00 35
75 1 75 0.13 30.00 1.3
8 1 8 0.13 18.00 1
18 1.6 11.25 0.09 12.00 26
23 28 8.21 0.12 21.00 1.1
12 25 48 021 20.00 12
7.5 27 278 0.36 17.00 0.5
33 4.5 7.33 0.14
7 1.2 5.83 0.17
Average y/z = 9.59 Average x/z =
St Deviation y/z = 6.65 St Deviation x/z =
Average 1/(y/2) = 0.14 Average 1/(x/z) =
Harmonic mean = 7.26 Harmonic mean =
HARMONIC: Calculated x/y value 1.56
Calculated K-value 0.23
LOCATION 190: TAKU INLET
y z yiz 1/y/z) X z
12.50 2.50 5.00 0.20 8.50 1.00
5.00 0.80 6.25 0.16 30.00 270
29.00 9.50 3.05 0.33 16.00 0.60
16.00 1.80 8.89 0.1 34.00 1.30
9.50 1.70 5.59 0.18 84.00 2.00
6.50 1.70 382 0.26 10.50 1.30
5.50 1.10 5.00 0.20 23.00 1.30
16.00 250 6.40 0.16 62.00 0.80
20.00 4.00 5.00 0.20 17.00 1.60
13.00 220 591 0.17 20.00 1.50
14.00 230 6.09 0.16 13.00 1.20
27.00 6.00 4.50 0.22 15.00 1.20
23.00 3.50 6.57 0.15 11.50 0.70
5.50 1.60 3.44 0.29 20.00 0.60
9.00 1.70 529 0.19 43.00 1.00
12.00 1.50 8.00 0.13 28.00 1.50
10.00 0.80 12.50 0.08 §2.00 1.30
6.50 0.70 9.29 0.11 30.00 3.70
11.50 3.00 3.83 0.26 12.00 2.00
20.00 5.00 4.00 0.25 27.00 1.60
12.00 1.30 9.23 0.1 12.00 2.50
8.00 1.50 5.33 0.19 16.00 0.70
59.00 6.00 9.83 0.10 5.00 0.70
2.50 2.30 9.78 0.10 10.50 1.20
11.50 2.00 575 0.17 34.00 1.30
32.00 220 14.55 0.07 7.00 1.10
10.00 1.70 5.88 0.17 30.00 2.00
7.00 1.70 4.12 0.24 29.00 5.00
34.00 1.70 20.00 0.05 14.00 1.50
22.50 5.00 4.50 022 13.00 280
Average y/z = 6.91 Average x/z =
St Deviation y/z = 3.67 St Deviation x/z =
Average 1/(y/z) = 017 Average 1/(x/z) =
Harmonic mean = 573 Harmonic mean =
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14

10.75

16.75
13.85
75
10
17.27
13
6.11
11.43
23.08
18
4.62
19.09
16.67

14.27
6.5

8.50
11.11
26.67
26.15
42.00

8.08
17.69
77.50

10.63 -

13.33
10.83
12.50
16.43
33.33
43.00
18.67
40.00
8.1
6.00
16.88
4.80
22.86
7.14
8.75
26.15
6.36
15.00
5.80
9.33
464

18.61
15.81

0.07
0.05
0.05
0.09

0.2
0.06
0.07
0.13

0.1
0.06
0.08
0.16
0.09
0.04
0.06
0.22
0.05
0.06
0.03

0.09
11.35

1/ixf2)
0.12
0.09
0.04
0.04
0.02
0.12
0.06
0.01
0.09
0.08
0.09
0.08
0.06
0.03
0.02
0.05
0.03
0.12
0.17
0.06
0.21
0.04
0.14
0.11
0.04
0.16
0.07
0.17
0.1
0.2

0.09
11.33



HARMONIC: Calculated x/y value 1.98
Calculated K-value 0.39
LOCATION 193: TAKU INLET
y z yz 1/yfz) X z Xz
8.50 1.80 472 0.21 36.00 1.60 22.50
7.00 2.00 3.50 0.29 20.00 10.50 1.90
14.30 2.80 5.11 0.20 17.00 1.60 10.63
8.00 1.10 7.27 0.14 14.00 1.50 9.33
12.50 2.00 6.25 0.16 7.50 1.80 4.17
10.50 1.80 5.83 0.17 16.00 1.80 889
9.00 1.50 6.00 017 57.00 540 10.56
26.00 250 10.40 0.10 150.00 4.00 37.50
12.00 1.50 8.00 0.13 57.00 2.30 24.78
22.00 3.00 7.33 0.14 10.00 1.00 10.00
12.00 2.80 4.29 0.23 10.00 1.00 10.00
5.50 2.50 220 0.45 58.00 4.00 14.50
9.50 1.50 6.33 0.16 28.00 2.00 14.00
9.00 3.00 3.00 0.33 12.00 1.00 12.00
22.00 4.50 489 0.20 24.00 1.00 24.00
14.50 1.50 9.67 0.10 14.00 2.00 7.00
13.00 2.50 5.20 0.19 31.00 2.50 12.40
9.00 2.50 3.60 0.28 14.00 1.50 9.33
10.50 2.00 5.25 0.19 51.00 1.00 51.00
20.00 6.00 3.33 0.30 110.00 4.00 27.50
14.50 3.50 4.14 0.24 20.00 3.00 6.67
4.50 3.50 1.29 0.78 21.00 1.50 14.00
8.00 1.00 8.00 0.13 12.00 1.00 12.00
13.00 2.00 6.50 0.15 20.00 1.50 13.33
17.50 4.00 438 0.23 60.00 5.00 12.00
12.00 220 5.45 0.18 44.00 2,00 22.00
10.50 2.50 4.20 0.24 34.00 1.20 28.33
6.50 1.00 6.50 0.15 61.00 0.90 67.78
14.00 3.00 467 0.21 42.00 0.70 60.00
6.00 1.50 4.00 0.25 70.00 0.60 116.67
Average y/z = 5.38 Average x/z = 249
St Deviation y/z = 2.04 St Deviation x/z = 23.88
Average 1/(y/z) = 0.22 Average 1/(x/z) =
Harmonic mean = 4.48 Harmonic mean =
HARMONIC: Calculated x/y value 246
Calculated K-value 0.60
LOCATION 216: MENDENHALL GLACIER
y z ylz 1/(yfz)
140 22 63.64 0.02
56 1 56 0.02
150 0.5 300 0
41 1 4 0.02
76 1 76 0.01
126 21 60 0.02
210 1 210 V]
51 0.8 63.75 0.02
250 1 250 [v]
205 2.5 82 0.01
OTHER XENOLITHS TOO LONG TO MEASURE
Average 1/(y/2) = 0.01
Harmonic mean = 78.27
LOCATION 222;: MENDENHALL GLACIER
y z ylz 1/(yfz) X z x/z
20 1.7 11.76 0.09 40 2 20
55 1 5.5 0.18 50 135 37
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1/(x/2)
0.04
0.53
0.09
0.1
024
0.11
0.09
0.03
0.04
0.10
0.10
0.07
0.07
0.08
0.04
0.14
0.08
0.11
0.02
0.04
0.15
0.07
0.08
0.08
0.08
0.05
0.04
0.01
0.02
0.01

0.09
11.03

1/(xf2)
0.05
0.27



11.33
1

85.71
10.45

7.27
19.23
10
18.57
6.67
12.92
484
11.43
55
5§75
6.75
21.67
13.67
10.63
12.18
55
5.22
7.33

13.05
13.32

0.12
8.39

121 1.6 7.56 0.13 17 1.5
10 22 4.55 0.22 77 0.7
7.6 1.6 4.75 0.21 12 2
8 0.4 20 0.05 60 0.7
6.5 1.1 5.91 0.17 1ns 1.1
52 1.5 347 0.29 15 25
21.6 15 144 0.07 8 11
3.2 1.9 1.68 0.59 25 1.3
6 0.7 8.57 0.12 20 2
13 0.7
10 15
155 1.2
15 3.1
24 21
1 2
115 2
27 4
26 12
2.5 1.5
85 0.8
19.5 1.6
1 2
12 23
1 1.5
Average y/z = 8.01 Average x/z =
St Deviation y/z = 5.41 St Deviation x/z =
Average 1/{yfz) = 0.19 Average 1/(x/z) =
Harmonic mean = 52 Harmonic mean =
HARMONIC: Calculated x/y value 1.61
Calculated K-value 0.29
LOCATION 227
y z y/z 1/(y/z)
8 1 8 0.13
105 0.7 15 0.07
25 1.9 13.16 -~ 0.08
11.5 1 115 0.09
10 0.8 125 0.08
12 0.5 24 0.04
10 0.4 25 0.04
205 0.6 3417 0.03
7 0.3 23.33 0.04
16.5 05 33 0.03
10 1.1 9.09 0.1
10 1 10 0.1
7 0.7 10 0.1
1.7 1.2 1.42 0.71
12 1.5 8 0.13
9.5 1 9.5 0.11
9 0.7 12.86 0.08
14 6 233 0.43
8 1 8 0.13
14 0.7 20 0.05
19 0.5 38 0.03
6 0.5 12 0.08
6.5 0.7 9.29 0.1
9 0.8 11.25 0.09
15 1 15 0.07
10 0.4 25 0.04
55 1.4 3.93 0.25
115 07 16.43 0.06
7 1.3 5.38 0.19
12 14 8.57 0.12
Average y/z = 14.52 Averagel/(y/z) =
St Devistion y/z = 9.35 Harmonic mean =

332

0.09
0.09
017
0.01

0.1
017
0.14
0.05

0.1
0.05
0.15
0.08
0.21
0.09
0.18
0.17
0.15
0.05
0.07
0.09
0.08
0.18
0.19
0.14

0.12
835



HARMONIC MEAN (X/2) =

Xy =

K = LOG10(X/Y)/LOG10(Y/2)

K=

1.42

0.20

LOCATION 256 PORT SNETTISHAM

X
37.00
37.00
30.00
100.00
70.00
80.00
85.00
90.00
80.00
41.00
25.00
35.00
26.00
66.00
55.00
43.00
76.00
70.00
43.00
87.00
84.00
100.00
147.00
201.00
25.00
21.00
100.00

HARMONIC MEAN (X/2) =

TRACY ARM LOCATION #1

Z XZ

1.00 37.00
0.60 61.67
1.30 23.08
2.00 50.00
0.70 100.00
1.70 47.06
1.30 65.38
1.30 69.23
1.10 72.73
0.40 102.50
0.30 83.33
0.80 43.75
1.50 17.33
1.00 66.00
0.80 68.75
0.50 86.00
0.60 126.67
3.50 20.00
0.80 53.75
1.80 48.33
1.50 56.00
210 47.62
7.50 19.60
4.50 44.67
0.80 31.25
0.80 26.25
1.80 55.56

MEAN(1/X/2) =

CALCULATION OF X/Y :

XY = (X2NY/Z)

XY = 1.08

8.21

1/(X72Z)

0.03
0.02
0.04
0.02
0.01
0.02
0.02
0.01
0.01
0.01
0.01
0.02
0.06
0.02
0.01
0.01
0.01
0.05
0.02
0.02
0.02
0.02
0.05
0.02
0.03
0.04
0.02

0.02

43.37

PHOTOGRAPH: measurements in millimetres

X
14.88
11.34
24.11
20.92
8.00
9.44
11.00
5.18
5.30
14.06
9.18
5.52
5.46
11.88
13.20
8.40
8.92

¥4

264
1.84
2.06
9.62
1.56
1.62
1.86
1.28
1.38
244
212
1.68
1.06
248
3.40
0.94
1.38

X/Z
5.64
6.16
11.70
217
5.13
5.83
5.91
4.05
3.84
5.76
4.33
3.29
5.15
4.79
3.88
894
6.46

1X2)

0.18
0.16
0.09
0.46
0.20
0.17
0.17
0.25
0.26
0.17
0.23
0.30
0.19
0.21
0.26
o.11
0.15

HARMONIC MEAN (Y/2) =

Y 2
126.00 200
100.00 200
34.00 1.00
42,00 0.40
54.00 0.40
62.00 0.40
130.00 1.80
19.00 1.00
37.00 1.30
38.00 2.00
30.00 0.80
58.00 2.00
52.00 220
35.00 1.10
62.00 2.50
125.00 2.50
54.00 1.50
90.00 1.50
110.00 1.20
70.00 1.50
24.00 0.60
28.00 0.60
100.00 1.50
80.00 1.80
MEAN(1/(Y/2)) =
HARMONIC MEAN(Y/Z) =

CALCULATION OF K - VALUE :
K = LOG10(X/Y)/LOG10(Y/2Z)

K=

0.02

YZ
63.00
50.00
34.00

105.00
135.00
155.00
72.22
19.00
28.46
19.00
37.50
29.00
23.64
31.82
24.80
50.00
36.00
60.00
91.67
46.67
40.00
46.67
66.67
44.44

5.80

W(Y72)
0.02
0.02
0.03
0.01
0.01
0.01
0.0t
0.05
0.04
0.05
0.03
0.03
0.04
0.03
0.04
0.02
0.03
0.02
0.0t
0.02
0.03
0.02
0.02
0.02

0.02

40.08



XENOLITH DATA COLLECTED IN 1991

LOCATION 254 PORT SNETTISHAM

X b4
22,00 7.50
7.00 1.80
9.50 1.70
6.50 0.70
10.50 230
5.00 1.90
7.50 1.70
9.00 2.20
7.00 2.50
5.00 1.50
12.00 2.50
4.40 1.20
6.00 1.70
15.00 3.20
23.00 4.00
19.00 3.70
10.00 2.80
11.00 4.30
11.00 2.00
MEAN(1/(X/2) =

HARMONIC MEAN =

Xz
293
3.89
5.59
9.29
4.57
263
4.41
4.09
2.80
3.33
4.80
3.67
3.53
4.69
5.75
5.14
3.57
2.56
§.50

LOCATION 255 PORT SNETTISHAM

X

20.00
20.00
27.00
30.00
10.00

7.00

8.00

8.00

7.00
10.00

5.50
15.00
17.00
15.00
39.00
17.00
24.00
20.00
10.00

9.50
18.00
28.00
28.00
14.00
16.00
13.00
18.00
15.00
14.00
32.00

z
2.00
1.75
3.50
2.00
2.00
0.50
0.70
200
2.50
0.70
0.40
2.10
2.00
270
220
2.50
3.00
2.30
1.80
0.70
2.00
1.80
3.00
1.00
210
1.50
1.80
1.50
1.50
3.80

MEAN 1/(X/2) =

b {74
10.00
11.43
.7
15.00
5.00
14.00
11.43
4.00
2.80
14.29
13.756
7.14
8.50
5.56
17.73
6.80
8.00
8.70
5.56
13.57
9.00
15.56
9.33
14.00
7.62
8.67
10.00
10.00
9.33
8.42

1/(X72)

0.34
0.26
0.18
0.11
022
0.38
023
0.24
0.36
0.30
0.21

0.27
0.28
0.21

017
0.19
0.28
0.39
0.18

0.25

3.85

1/(X72)
0.10
0.09
0.13
0.07
0.20
0.07
0.09
0.25
0.36
0.07
0.07
0.14
0.12
0.18
0.06
0.15
0.13
0.12
0.18
0.07
0.11
0.06
0.11
0.07
0.13
0.12
0.10
0.10
0.11
0.12

0.12

23.00
12.00
18.00

8.50
40.00
20.00

5.00
38.00
26.00

6.00

6.00
18.00
10.00

9.00
19.00
11.00
19.00
10.00
25.00
69.00
20.00
31.00
18.00
23.00
20.00
11.00
41.00

250
1.50
5.00
4.00
7.00
3.50
1.80
1.20
6.00
2.00
1.50
1.20
2.00
1.00
200
220
3.50
1.20
1.30
8.00
1.50
1.50
8.00
4.00
1.80
1.20
3.50

MEAN(1/(Y/2) =

Yz
9.20
8.00
3.60
213
5.7
5.71
3.33
31.67
4.33
3.00
4.00
15.00
5.00
9.00
9.50
5.00
5.43
8.33
19.23
8.63
13.33
20.67
225
5.75
1.1
9.17
11.71

1(Y12)
0.11
0.13
0.28
047
0.18
0.18
0.30
0.03
0.23
0.33
0.25
0.07
0.20
0.1
0.11
0.20
0.18
0.12
0.05
0.12
0.08
0.05
0.44
0.17
0.09
0.11
0.08

0.17



1.10
1.2
1.22

20.56
10.00
9.88
MEAN 1/(X/2) =

HARMONIC MEAN =

TRACY ARM LOCATION #2

PHOTOGRAPH: measurements in millimetres

X Zz Xz
6.60 2.06
5.10 1.24
8.10 1.82
6.70 348
9.38 3.50
3.56 0.76
522 1.08
5.28 1.44
8.94 0.52

13.46 1.80
12.60 1.76
438 1.00
6.78 1.04
24.72 256
11.02 4.06
9.20 404
36.18 468
6.82 206
15.28 1.00
14.62 1.34
9.00 282
7.12 200
9.20 354
16.04 1.20
6.16 1.22
37.56 2.86
10.00 2.56
12.14 208
10.52 114
7.82 1.34
6.58 1.79
35.36 2.92
42.52 1.64
13.26 1.48
5.08 1.10
5.32 1.74
7.82 224
7.70 290
7.38 204
9.54 1.52
5.00 1.48
6.96 1.26
MEAN 1/(X/Z) =
HARMONIC MEAN =

TRACY ARM LOCATION #3

PHOTOGRAPH: measurements in millimetres

X b4 Xz
3.64 1.52
8.40 234
4.66 1.44

18.69 0.05
8.20 Q.12
8.10 0.12

0.19

5.18

/(X2

3.20 0.31
4.11 0.24
445 0.2
1.93 0.52
268 0.37
468 0.21
4.83 0.21
3.67 0.27

17.19 0.06
7.48 0.13
7.16 0.14
4.38 0.23
6.52 0.15
9.66 0.10
27 0.37
228 0.44
7.73 0.13
3.31 0.30

15.28 0.07

10.91 0.09
3.19 0.31
3.56 0.28
260 0.38

13.37 0.07
5.05 0.20

13.13 0.08
3.91 0.26
5.84 0.17
9.23 0.11
5.84 017
3.68 0.27

12.11 0.08

25.93 0.04
8.96 0.11
4.62 0.22
3.06 0.33
3.49 0.29
2.66 0.38
3.62 0.28
6.28 0.16
3.38 0.30
5.52 0.18

022
455

1(X72)
239 0.42
3.59 0.28
3.24 0.31
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6.08
12.34
5.10
7.48
6.60
5.08
7.28
11.64
6.48
5.14
5.58
17.92
7.47
10.10

1.62 3.75
3.74 3.30
1.54 3.31
1.92 3.90
251 263
1.88 270
246 2.96
230 5.06
220 285
1.22 4.21
1.66 3.36
433 4.14
218 343
3.68 274
MEAN 1/(X/2) =
HARMONIC MEAN =

TRACY ARM LOCATION #4
PHOTOGRAPH: measurements in millimetres

X
10.57

10.62°

20.20
26.18
16.10
7.92
7.35
9.18
4.77
3.70
5.90
13.07
29.54
4.86
5.83
9.51
7.68
3.74
4.48
7.04
11.60
5.17
438

Zz Xz
278 3.80
3.58 297
3.94 5.13
8.48 3.09
5.61 287
1.67 4.74
1.852 484
1.29 7.12
1.44 3.3
1.50 247
230 2.57
5.69 2.30
9.04 3.27
232 2.09
2.96 1.97
3.26 292
347 2.21
1.25 299
1.08 4.15
1.80 3.91
3.28 3.54
1.30 398
1.89 232
MEAN 1/(X/2) =
HARMONIC MEAN =

TRACY ARM LOCATION #5
PHOTOGRAPH: measurements in millimetres

X

6.88

8.12
12.83
14.42
12.58
12.10
21.82
11.10
12.80

6.80
14.00

z
1.46
1.92
220
3.08
2.30
258
21
1.14
1.57
1.13
1.05

Xz
4.7
423
5.83
4.68
5.47
4.69
10.34
9.74
8.15
6.02
13.33

0.30
0.30
026
0.38
0.37
0.34
0.20
0.34
024
0.30
0.24
0.29
0.36

0.31

327

1(X12)
0.26
0.34
0.20
0.32
0.35
0.21
0.21
0.14
0.30
0.41
0.39
0.44
0.31
0.48
0.51
0.34
045
0.33
0.24
0.26
0.28
0.25
0.43

0.32

3.09

1\(X72)
0.21
0.24
0.17
0.21
0.18
0.21
0.10
0.10
0.12
0.17
0.08

336



18.32
12.16
14.42
10.91
5.00
8.78
7.46
26.25
18.26
8.00
11.06
8.25
16.48
14.08
18.40
4.60
15.70
8.82
7.11

LOCATION 258 FORD'S TERROR INLET

1.40 13.09
0.75 16.21
1.58 9.13
1.20 9.09
1.52 3.29
1.92 457
1.48 5.04
3.54 7.42
248 7.36
218 367
0.80 13.83
0.92 8.97
1.98 8.32
0.63 235
1.32 13.94
0.62 7.42
0.78 20.13
0.86 10.26
0.86 8.27
MEAN 1/(X/2) =
HARMONIC MEAN =

X z
6.20 0.70
11.00 0.40
28.00 7.50
20.00 4.00
30.00 2.20
6.00 0.50
13.00 2550
8.00 1.80
19.00 1.90
18.00 2.60
15.00 3.80
11.00 1.90
15.00 1.30
22.00 2.70
38.00 9.00
27.00 5.40
23.00 5.20
7.00 120
26.00 2.20
19.00 0.80
40.00 2.80
12.00 2.30
9.00 2.30
8.50 1.80
10.00 1.30
7.50 2.60
34.00 450
15.00 5.50
6.00 0.90
8.50 1.90
8.00 1.00
9.00 1.80
MEAN (1/(X/2)) =
HARMONIC MEAN(X/2) =

XZ
8.86
27.50
373
5.00
13.64
12.00
5.20
4.44
10.00
6.92
3.95
5.79
11.54
8.15
4.22
5.00
4.42
5.83
11.82
23.75
14.29
522
3.91
4.72
7.69
2.88
7.56
273
6.67
4.47
8.00
5.00

0.08
0.06
o1
0.1
0.30
022
0.20
0.13
0.14
0.27
0.07
0.1
0.12
0.04
0.07
0.13
0.05
0.10
0.12

0.14

7.08

1/(X72)
0.11
0.04
0.27
0.20
0.07
0.08
0.19
0.23
0.10
0.14
0.25
0.17
0.09
0.12
0.24
0.20
0.23
0.17
0.08
0.04
0.07
0.19
0.26
0.21
0.13
0.35
0.13
0.37
0.15
0.22
0.13
0.20

0.17

5.89
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18.00
7.50
13.00
15.00
11.50
11.00
5.00
3.70
8.00
6.00
7.00
60.00
14.00
10.00
7.00
5.50
11.50
6.50
7.50
8.00
7.00
13.50
8.00
12.00
34.00
8.50
11.50
11.60
39.00
22.00
12.00
21.00
20.00
8.50
8.50
10.20
16.00

210
260
3.70
0.50
2.50
1.60
1.00
210
210
1.30
1.00
3.50
1.20
0.80
1.00
1.30
210
1.00
1.10
1.60
1.10
1.20
1.50
0.80
2.00
1.40
0.60
1.90
3.70
1.00
250
0.80
1.80
1.20
0.50
0.40
4.40

MEAN(1/(Y/Z)) =

Y/Z

288
3.51
30.00
4.60
6.88
5.00
1.76
3.81
4.62
7.00
17.14
11.67
12.50
7.00
4.23
5.48
6.50
6.82
5.00
6.36
11.25
533
13.33
17.00
6.07
18.17
6.11
10.54
22.00
4.80
23.33
1.1
7.08
17.00
25.50
3.64

(Y1)
0.12
0.35
0.28
0.03
0.22
0.15
0.20
0.57
0.26
0.22
0.14
0.06
0.09
0.08
0.14
0.24
0.18
0.15°
0.15
0.20
0.16
0.09
0.19
0.08
0.06
0.16
0.05
0.16
0.09
0.05
0.21
0.04
0.09
0.14
Q.06
0.04
0.28

0.16



LOCATION 262 FORD'S TERROR INLET

X b4
50.00 4,00
90.00 4,50
64.00 5.30
30.00 3.00
110.00 2.00
16.00 1.20
20.00 1.80
7.50 1.10
80.00 7.30
79.00 7.20
180.00 12.50
69.00 4.20
22.00 2.00
20.00 2.20
76.00 4.50
40.00 1.70
80.00 4.30
36.00 1.70
17.00 1.00
16.00 0.80
21.00 1.20
30.00 1.30
20.00 0.60
42.00 1.30
20.00 1.00
11.00 1.70
42.00 3.00
20.00 2.10
26.50 2.50
126.00 8.00
33.00 2.50
59.00 4.40
26.00 2.10
37.00 2,70
37.50 270
32.00 1.80
MEAN (1/(X/2)) =
HARMONIC MEAN(X/Z) =

LOCATION #1: FORD'S TERROR INLET
PHOTOGRAPH: measurements in millimetres

X
10.00
8.20
6.80
9.40
7.30
12.20
18.20
4.30
7.00

SWAP AXES :
NEWY/Z =
NEW X/Z =

Z
4.40
4.00
1.90
4.80
3.90
280
4.40
1.40
0.60

Xz
12.50
20.00
12.08
10.00
§5.00
13.33
1.1

6.82
10.96
10.97
14.40
16.43
11.00

9.09
16.89
23.53
18.60
21.18
17.00
20.00
17.50
23.08
33.33
32.31
20.00

6.47
14.00

9.52
10.60
18.75
13.20
13.41
12.38
13.70
13.89
17.78

XZ
227
205
3.58
1.96
1.87
4.36
4.14
3.07
11.67

5.89
6.42

HARMONIC MEAN(Y/2) =

CALCULATION OF X/Y :
XN = (XD/(Y/2)
XY = 1.09

CALCULATION OF K - VALUE :

K- VALUE =

1/(X/2)
0.08
0.05
0.08
0.10
0.02
0.08
0.09
0.15
0.09
0.09
0.07
0.06
0.09
0.1
0.06
0.04
0.05
0.05
0.06
0.05
0.06
0.04
0.03
0.03
0.05
0.15
0.07
0.1
0.09
0.06
0.08
0.07
0.08
0.07
0.07
0.06

0.07

13.84

H(X72)
0.44
0.49
0.28
0.51
0.53
0.23
0.24
0.33
0.09

338"

b 74

05

6-10
11-15
16-20
21-25
26 -30
31-35
36 - 40
41-45
46 - 50
51-585

0.08

FREQUENCY
0

(4}

- 00 O0ONOWOWM

6.42



5.10 1.80 283 0.35

12.60 240 5.25 0.19
6.00 1.30 462 0.2
6.00 2.00 3.00 0.33
6.50 1.40 464 0.2
13.30 6.20 215 0.47

15.50 1.70 9.12 0.11
5.20 1.60 3.25 0.31

12.20 220 5.55 0.18
18.00 1.90 9.47 0.11
6.30 . 240 263 0.38
11.60 2.30 5.04 0.20
8.30 1.40 5.93 017
8.70 2.20 3.95 0.25
7.90 2.60 3.04 0.33
14.50 5.10 2.84 0.35
8.80 3.20 275 0.36
16.80 7.20 2.33 0.43

20.50 3.30 6.21 0.16

MEAN 1/(X/2) = 0.29
HARMONIC MEAN = 3.39

LOCATION #2: FORD'S TERROR INLET
PHOTOGRAPH: measurements in millimetres

X z XZ 1/(X/2)

12.00 2.70 4.44 0.23
7.10 1.30 5.46 0.18
17.60 250 7.04 0.14
10.60 250 4.24 0.24
23.60 1.40 16.86 0.06
7.60 0.90 8.44 0.12
18.20 2.90 6.28 0.16
4.30 1.70 253 0.40
8.00 1.50 5.33 0.19
14.00 2.20 6.36 0.16
10.30 1.30 7.92 0.13
15.30 2,60 5.88 0.17
12.10 1.90 6.37 0.16
16.80 4.80 3.50 0.29
9.00 2.80 3.21 0.31
36.20 3.20 11.31 0.09
10.10 2,50 404 0.25
6.30 2.10 3.00 0.33
MEAN 1/(X.2) = 0.20
HARMONIC MEAN = 5.02

LOCATION #3: FORD'S TERROR INLET
PHOTOGRAPH: measurements in millimetres

X Zz XZ 1/(X/2)
10.60 1.50 7.07 0.14
34.90 10.00 3.49 0.29
27.70 3.70 7.49 0.13
12.40 1.70 7.29 0.14
70.60 5.10 13.84 0.07

9.80 1.40 7.00 014
12.40 1.90 6.53 0.15
56.80 1.00 56.80 0.02
10.30 1.10 9.36 0.11

9.00 1.20 7.50 0.13
26.40 1.30 20.31 0.05
21.50 260 8.27 0.12

339



220
29.30

8.90
18.80
13.20
19.60
21.60
24.60

8.20

6.20
10.20
39.90
25.00
21.30
20.40
38.80

LOCATION #4: FORD'S TERROR INLET
PHOTOGRAPH: measurements in milimetres

X

8.30
13.00
17.70
49.20
30.00
11.80
12.00
11.00
17.60
14.60
14.30
11.90

6.80

9.20
10.40

9.20
10.20

7.90
10.30

7.10
14.30
15.10
17.50
12.30
17.50

8.00

6.50

1.20 18.50
210 13.95
0.70 12.71
200 9.40
230 574
230 852
1.80 12.00
1.40 17.57
1.10 7.45
1.50 4.13
210 4.86
4.50 8.87
200 12.50
2.30 9.26
210 8.71
2.00 19.40
MEAN 1/(X/2) =
HARMONIC MEAN =

Zz
1.30
250
1.50
2.80
2.00
1.20
1.60
220
6.40
6.10
210
1.80
0.90
0.70
7.90
0.70
1.30
0.80
1.50
0.80
290
260
1.00
1.20
3.30
1.70
0.60

MEAN 1/(X/2) =

) 974
6.38
5.20
11.80
17.57
15.00
9.83
7.50
5.00
275
239
6.81
6.61
7.56
13.14
1.32
13.14
7.85
9.88
6.87
8.88
4.93
5.81
17.50
10.25
5.30
47
10.83

HARMONIC MEAN =

LOCATION 302: BURROQUGHS BAY

X
20.00
11.00
29.00
32.00
38.00
38.00
22.50

Zz
200
1.20
1.40
3.70
3.00
6.40
3.30

X/Z
10.00
9.17
20.71
8.65
12.67
5.94
6.82

0.05
0.07
0.08
0.11
0.17
0.12
0.08
0.06
0.13
0.24
0.21
0.11
0.08
0.11
0.10
0.0

0.12

8.55

1(X1Z)
0.16
0.19
0.08
0.06
0.07
0.10
0.13
0.20
0.36
0.42
0.15
0.15
0.13
0.08
0.76
0.08
Q.13
0.10
0.15
0.11
0.20
0.17
0.06
0.10
0.19
0.21
0.09

017

584

1/X72)
0.10
0.11
0.05
0.12
0.08
0.17
0.15

340.

20.00
10.50
17.00
9.00
7.00
18.00
8.00

1.50
1.60
2.50
3.60
1.40
7.20
1.20

YiZ
13.33
6.56
6.80
250
5.00
250
6.67

1/(Y1Z)
0.08
0.15
0.15
0.40
0.20
0.40
0.15



MEAN 1/(X/2) =
HARMONIC MEAN (X/2) =
CALCULATED X/Y =

K-VALUE = 0.45

LOCATION 303: BURROUGHS BAY

X

19.00

8.00
12.00
12.00
10.00
18.00
27.00

y4 b {74
3.20 5.94
2.50 3.20
200 6.00
210 5.71
270 3.70
0.80 2.50
1.60 16.88
MEAN 1/(X/2) =

HARMONIC MEAN (X/2) =

LOCATION 304: BURROUGHS BAY

X

19.00
20.00
20.00
10.00
18.00
12.00
15.00

9.00
21.00
20.00
20.00
23.00
40.00
31.00

z Xz
2.00 9.50
5.50 3.64
1.20 16.67
2.00 5.00
0.50 36.00
1.60 7.50
3.20 4.69
1.10 8.18
2.00 10.50
1.50 13.33
0.50 40.00
0.70 32.86
3.20 12.50
3.30 9.39

MEAN 1/(X/2\) =

HARMONIC MEAN (X/2) =

LOCATION 306 BURROUGHS BAY

X V4 X/Z
48.00 6.00 7.67
17.00 3.00 5.67
26.00 3.00 8.67
26.00 4.00 6.50
69.00 5.00 13.80
10.00 2.00 5.00

MEAN 1/(X/2) =
HARMONIC MEAN(X/Z) =

XY = (XDI(Y/D)

XY = 1.75

K- VALUE =

LOCATION 308: BURROUGHS BAY

0.11
9.13

1.99

1/(X/2)
0.17
0.31
017
0.18
0.27
0.04
0.06

0.17

5.85

1/(X2)
0.11
0.28
0.06
0.20
0.03
0.43
0.21
0.12
0.10
0.08
0.03
0.03
0.08
0.1

0.1

9.04

1/X72)
0.13
0.18
0.2
0.15
0.07
0.20

0.14

7.07

0.40

341

MEAN1/(Y/Z) =

HARMONIC MEAN (Y/2) =

Y z
61.00 14.50
24.00 3.10
11.00 4.00
8.50 220
MEAN 1/(Y/Z) =
HARMONIC MEAN Y/Z =

Yz

4.21
7.74
275
3.86

022

4.59

1(¥/2)
0.24
0.13
0.36
0.26

0.25

4.04



17.00 3.00 5.67
8.00 3.00 267
6.00 1.50 4.00

13.50 5.00 270

MEAN (X/2) =

HARMONIC MEAN (X/2) =

LOCATION 318: WALKER COVE

Y z YZ
42.00 3.70 11.35
30.00 1.70 17.65
11.50 3.20 359
14.50 2.10 6.90
15.00 1.60 9.38
38.00 4.00 9.50
15.00 3.50 429
32.50 220 1477

1.80 3.00 0.60
11.00 1.80 6.11
12.00 1.40 8.57
12.00 1.30 9.23
9.50 210 452
31.00 6.30 492
19.00 320 594
MEAN 1/(Y/2) =

HARMONIC MEAN (Y/2) =

HERBERT GLACIER LOCATION 322

Y ¥4 Yz
7.50 1.80 4.17
33.50 3.40 9.85
10.00 2.00 5.00
6.00 1.70 353
8.00 210 3.81
10.00 250 4.00
6.00 1.70 3.53
5.50 1.30 4.23
6.00 0.80 7.50
9.00 1.60 5.63
23.00 3.00 7.67
4.70 1.60 294
6.00 1.00 6.00
20.00 200 10.00
15.00 1.80 8.33

MEAN 1/(Y/2) =
HARMONIC MEAN =

LOCATION 328: LEMON CREEK GLACIER

X z Xz
17.00 1.10 15.45
36.00 1.70 21.18
20.00 1.70 11.76
29.00 4.00 7.25
12.00 1.80 6.67

9.00 1.80 5.00
17.00 200 8.50
18.00 210 8.57

1/
0.18
0.38
025
0.37

0.29

3.41

Yz
0.09
0.06
0.28
0.14
0.1
0.11
0.23
0.07
1.67
0.16
0.12
0.11
0.2
0.20
0.17

0.25

4.02

1/(Y/Z}
0.24
0.10
0.20
0.28
0.26
0.25
0.28
0.24
0.13
0.18
0.13
0.34
017
0.10

- 012

0.20

4.96

1.X12)
0.06

0.05
0.09
0.14
0.15
0.20
0.12
0.12

342



34.00 250 13.60

4.00 5.20 0.77
19.00 1.70 11.18
32.00 260 12.31
25.00 250 10.00
36.00 3.40 10.59
18.00 1.00 18.00
15.00 1.90 7.89
10.50 1.20 8.75

7.00 1.20 5.83

MEAN 1 (X/Z) =

HARMONIC MEAN (X/2) =

0.07
1.30
0.0
0.08
0.10
0.09
0.06
0.13
0.11
017

0.17

5.76

LOCATION 338: WEST MENDENHALL GLACIER

X z XZ
43.00 0.0 47.78
30.00 0.80 37.50

5.50 0.50 11.00
29.00 1.70 17.06
MEAN 1/(X/2) =

HARMONIC MEAN (X/2) =

LOCATION 348: GRANITE CREEK TRAIL

X Y X/Y
11.50 5.20 2.21
16.50 7.00 2.36

9.50 4.40 2.16
8.50 3.40 2.50
9.50 3.00 317
8.00 4.00 2.00
13.30 5.00 2.66
12.00 9.50 1.26
13.00 9.50 1.37
11.00 7.50 1.47
MEAN 1(XY) =

HARMONIC MEAN (X/Y) =

LOCATION 360: HERBERT GLACIER

X ¥4 Xz

7.50 1.90 3.95
10.00 1.60 6.25
54.00 3.20 16.88
57.00 2.50 .80
14.00 0.90 18.56
10.00 0.80 12.50
20.00 2.00 10.00

9.50 1.00 9.50
13.00 2.00 6.50

7.00 0.80 875
10.00 1.00 10.00
23.00 0.60 38.33
21.00 1.10 19.09
16.00 1.10 14.55
36.00 0.50 72.00

5.00 0.40 12.50
11.50 1.90 6.05
17.00 1.50 11.33
17.50 0.90 19.44

V(X2
0.02
0.03
0.09
0.06

0.05

20.29

1/(X/Y)
0.45
0.42
0.46
0.40
0.32
0.50
0.38
0.79
0.73
0.68

0.51

1.95

WX1Z)
0.25
0.16
0.06
0.04
0.06
0.08
0.10
0.11
0.15
0.11
0.10
0.03
0.05
0.07
0.01
0.08
0.17
0.09
0.05

9.00
8.00
4.50
17.50
14.50
12.20
5.50
1.00
5.00
18.00
9.50
7.00
9.00
4.50
16.00
17.00
11.00
6.50
5.00

1.30
1.30
0.80
7.50
2.00
1.80
0.80
1.00
0.70
1.50
1.00
0.60
0.90
0.50
4.30
4.00
2.00
1.60
1.30

Y/Z
6.92
6.15
5.63
233
725
6.78
6.88
1.00
7.14
12.00
9.50
11.67
10.00
9.00
3.72
4.25
5.50
4.06
3.85

1.(v/2)
0.14
0.16
0.18
0.43
0.14
0.15
0.15
1.00
0.14
0.08
0.11
0.09
0.10
0.1
0.27
0.24
0.18
0.25
0.26



LOCATION 390: CAMP 17, LEMON CREEK GLACIER

X

18.00
20.00

9.00
13.00

62.00
74.00
46.00
§2.00
36.00
75.00
72.00
5§3.00
33.00
27.00
50.00
60.00
87.00
90.00
26.00
32.00
20.00
44.00
38.00
36.00
20.00
19.00
37.00
15.50
12.00
39.00
46.00
29.00
13.00

1.00
0.80
1.10
0.40

MEAN 1/(X/Z) =

18.00
25.00
8.18

STD DEVIATION =

HARMONIC MEAN (X/2) =

XY =258

Zz
200
5.50
1.60
1.80
1.00
1.30
200
3.50
3.50
1.20
1.00
1.00
1.90
6.50
270
1.00
1.20
0.90
1.80
220
1.50
3.50
1.50
1.60
1.00
200
210
1.70
0.70

MEAN 1/(X/2) =

X2z
31.00
13.45
28.75
28.89
36.00
§7.69
36.00
15.14

9.43
22.50
50.00
60.00
45.79
13.85

9.63
32.00
16.67
48.89
21.11
16.36
13.33

5.43
24.67

9.69
12.00
19.50
21.90
17.06
18.57

STD DEVIATION 1/(X/Z) =
HARMONIC MEAN (X/2Z) =

XN =

1.73

0.06
0.04
0.12
0.03

0.09
0.06

11.34

K=064

1/(X/2)
0.03
0.07
0.03
0.03
0.03
0.02
0.03
0.07
0.11
0.04
0.02
0.02
0.02
0.07
0.10
0.03
0.06
0.02
0.05
0.06
0.08
0.18
0.04
0.10
0.08
0.05
0.05
0.06
0.05

Y

200 11.00 200
7.00 1.10 6.36
8.00 250 320
8.00 1.80 4.44

15.00 250 6.00
6.50 210 3.10
9.00 0.90 10.00
8.00 3.50 229

44.00 7.00 6.29

16.00 3.00 5.33

12.00 1.70 7.06

16.00 a70 432

10.00 2.00 5.00

MEAN 1.(Y/2) =
STD DEVIATION =

HARMONIC MEAN (Y/2) =

Z Y/Z

35.00 250 14.00
15.00 1.40 10.71

9.50 1.20 7.92
19.00 270 7.04
26.00 2.50 10.40
26.00 1.90 13.68
20.00 4.00 5.00
24.50 3.50 7.00
16.00 1.50 10.67
25.00 3.00 8.33
44.00 2.30 19.13
26.00 2.50 10.40
17.00 1.00 17.00
40.00 2.00 20.00
19.00 1.70 11.18
23.00 1.30 17.69
15.00 250 6.00
24.00 270 8.89
12.00 1.50 8.00
57.00 4.00 14.25
40.00 1.80 21.05
18.00 1.60 11.28
46.00 1.00 46.00
23.00 1.70 13.53
22.50 1.30 17.31
18.00 210 8.57
20.00 1.40 14.29
24.00 2.00 12.00
14.50 0.40 36.25
35.00 1.40 25.00
26.00 2.00 13.00
10.00 1.40 7.14
34.00 1.30 26.15
13.50 1.80 7.50
17.50 1.80 9.72

8.50 1.70 5.00
24.00 3.40 7.06
12.00 1.70 7.06
21.00 2.50 8.40
14.00 1.30 10.77

MEAN 1/(Y/2) =

STD DEVIATION 1/(Y/2) =
HARMONIC MEAN (Y/2) =

0.23

0.50
0.16
0.31
0.23
017
0.32
0.10
0.44
0.16
0.19
0.14
0.23
0.20

0.23
0.17

4.38

(Y12
0.07
0.09
0.13
0.14
0.10
0.07
0.20
0.14
0.09
0.12
0.05
0.10
0.06
0.05
0.09
0.06
0.17
o1
0.13
0.07
0.05
0.08
0.02
0.07
0.06
0.12
0.07
0.08
0.03
0.04
0.08
0.14
0.04
0.13
0.10
0.20
0.14
0.14
0.12
0.0

0.10
0.04
10.39
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