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ABSTRACT 

Finite strain analysis and detailed mapping of 

structures in Archean volcanic and sedimentary rocks in the 

eastern Vermilion District of northern Minnesota reveal 

three deformational events, the first of which appears to be 

responsible for the measured strain. D1 produced regional 

isoclinal folds with approximately E-W trending, gently 

plunging axes, and approximately vertical axial planes. A 

strong penetrative foliation occurs parallel to the axial 

planes of these folds and clasts in conglomerates and 

volcanic rocks have been strongly flattened in the plane of 

the foliation. D2 was a dextral simple shear event with the 

shear plane oriented approximately E-W which produced 

sigmoidal tension gashes and rotational microstructures . 

Kink bands indicative of EW shortening may also have been 

produced in an EW compressive component of this event. D3 

was another simple shear event with the shear plane oriented 

E-W, dipping 60S with a sinistral sense of movement 

reflected on east-facing vertical planes or a north-side-up 

movement in plan view. Rotational microstructures and a 

local SC foliation were produced in the D3 event. 

Finite strain analysis reveals flattening strains 

consistent with D1 kinematics. Variations in measured 

strain are interpreted to be due to competence contrasts 

between strain markers and matrix. Analysis of the effects 
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of competence contrast on apparent strain recorded by 

various lithologies reveals significant variations. Strain 

analysis using conglomerate clasts of several lithologies as 

well as lithic lapilli as markers thus gives an 

approximation of finite strain but is not sufficiently 

sensitive to reflect D2 and D3 strains in the study area. 
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INTRODUCTION 

The Vermilion District is located in the northern portions 

of Lake, Cook, and St. Louis counties in northeastern 

Minnesota (Figure 1). The rocks of this district constitute 

one of the many Archean volcanic-sedimentary (greenstone) 

belts of the Canadian Shield and belong to the Superior 

Province, at least 2,700 m.y. in age. The rock assemblage 

includes mafic to felsic flows, pyroclastic rocks, elastic 

sedimentary rocks (graywacke, slate, arkose, and 

conglomerate), and chemical sedimentary rocks (chert and 

iron-formation). The district has been divided into five 

major stratigraphic units by recent workers (Morey and 

others, 1970): the Ely Greenstone is at the base of the 

section, followed by the Soudan Iron-formation which is 

_overlain by the Lake Vermilion Formation in the west and the 

Knife Lake Group in the east; and the Newton Lake Formation. 

The conglomerates and volcaniclastic rocks of this 

investigation are within the Knife Lake Group. The Knife 

Lake Group rocks form a belt one to five kilometers wide 

that extends from Ely, Minnesota, east-northeast for about 

sixty kilometers to the international border at Saganaga 

Lake. The rocks of the belt have generally been subjected 

to low-grade metamorphism and tight folding. 

Recent structural work in the western part of the district 
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Figure 1. Location map of the Vermilion District, 
northeastern Minnesota 
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has led to a reinterpretation of the geology of that area. 

Detailed mapping has led to a revised stratigraphy and has 

delineated multiple phases of deformation (Green, 1970; Sims 

and Southwick, 1980; Bauer, 1985a,b, 1986), while strain 

work has shed new light on the timing and nature of the 

deformational events (Hudleston, 1976; Schulz-Ela, 

Bauer,1984). Structural work in the easter 

part of the district was performed as part of mapping 

projects by Severson (1978), Flood (1981), and McLimans 

(1971). 

This study was undertaken to apply strain measurement 

techniques to rocks in a small area in the eastern part of 

the district to further the understanding of the geology of 

this area. Shape and orientation data were collected from 

well-exposed conglomerates and fragmental volcanic rocks on 

the shorelines and islands of Ensign Lake (Plate 1). Data 

were gathered in the field where markers were present in 

sufficient numbers. Well-developed jointing on three 

orthogonal planes allowed collection of two dimensional data 

on three planes in the field. Joint planes are oriented 

approximately NS vertical, EW vertical, and horizontal. 

Hand samples were also taken and were sawn along the same 

three planes. 

Two-dimensional strain data were analyzed using a computer 

method of Holst (1982) and by graphical methods of Lisle 

(1979), Fry (1979), and Elliott (1970). Three-dimensional 
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strain was calculated from the two-dimensional data by the 

computer method of Siddans (1980). These estimates of 

finite strain were then analyzed for systematic variation by 

location, proximity to geologic structures noted in the 

field, and lithology of strain markers. 
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REGIONAL GEOLOGY AND PREVIOUS WORK 

Introduction 

The Vermilion district is a narrow belt of low-grade 

Archean metavolcanic and metasedimentary rocks about ten to 

fifteen wide and one hundred sixty kilometers 

long (Figure 2). The belt extends east-northeast from the 

west end of Lake Vermilion, in northeastern Minnesota, to 

the vicinity of Gunflint and Saganaga lakes on the 

international border. 

The Vermilion Granite lies to the north and the Giants 

Range Granite to the south of the stratified rocks of the 

district. Whole-rock Rb-Sr isochrons date the Vermilion 

Granite at 2,680 + 95 m.y. (Peterman and Goldich, 1970) and 

the Giants Range Granite at 2,670 + 65 m.y. (Prince and 

Hanson, 1971). Both have intruded and metamorphosed the 

metavolcanics and metasediments of the Vermilion district. 

The Saganaga Granite, 2,710 m.y. (Goldich and others, 1970) 

is located at the eastern end of the belt. It is younger 

than some of the rocks of the belt, which it cuts and 

metamorphoses, but it also has contributed sediment to the 

belt and is therefore older than at least some of the 

metasedimentary rock units. The eastern portions of the 

belt are bounded on the south by the Upper Precambrian 

(Keweenawan) anorthositic-gabbroic Duluth Complex (1.1 b.y.; 
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Van Schmus and others, 1982). 

The Vermilion district is divided into blocks or segments 

by major east-northeast trending high-angle faults (Gruner, 

1941; Sims and others, 1968). Nearly all of the rocks in 

the district are intensely folded. Evidence exists for more 

than one period of folding (Morey and others, 1970; Hooper 

and Ojakangas, 1971; Bauer, 1985). The metamorphic grade of 

the rocks is generally greenschist facies, but near the 

Vermilion and Giants Range Granites the amphibolite facies 

is attained (Green, 1970). 

The long-accepted stratigraphic nomenclature for the 

Vermilion district was established by Van Hise and Clements 

(1901) and Clements (1903). Several aspects of this 

standard section have been modified by later work. Lawson's 

work (1913) on the Canadian side of the border resulted in a 

revision of the generally accepted names for the major 

series and orogenies. Grout (1933) substituted Knife Lake 

Series for Knife Lake Slates and later Grout and others 

(1951) called the succession Knife Lake Group. Gruner 

(1941) mapped stratigraphy and structure in the eastern 

Vermilion district. Goldich and others (1961) published a 

review and a revised sequence of the Precambrian rocks in 

Minnesota based in large part on radiometric age 

determinations. 

Further revisions of the stratigraphy have more recently 

been proposed. Members of the Minnesota Geological Survey 
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have, based on recent mapping, redefined the Ely Greenstone, 

the Soudan Iron-formation, and the Knife Lake Group (Morey 

and others, 1970). Rocks in the vicinity of Lake Vermilion, 

previously considered part of the Knife Lake Group, were 

assigned to the Lake Vermilion Formation. These include 

slate, metagraywacke, and volcaniclastics which may be 

contemporaneous with the Knife Lake rocks but which cannot 

be traced into the Knife Lake area. The Newton Lake 

Formation was introduced as a unit which stratigraphically 

overlies the Knife Lake Group and consists of maf ic to 

felsic metavolcanics and metasediments. A variety of 

hypabyssal intrusive rocks is associated with all the 

volcanic and sedimentary rocks of the district. The 

geologic succession given in Figure 3 is accepted as a 

generalized column for northeastern Minnesota. 

The earliest geological investigations of the Vermilion 

district were conducted in the late nineteenth century by 

members of the Minnesota Geological and Natural History 

Survey, particularly A. Winchell, H.V. Winchell, 

N.H. Winchell, U.S. Grant II, and Elftman, and also by 

Irving and Van Hise of the United States Geological Survey. 

Their work has been well summarized in an extensive review 

of the literature by Clements in his classical United States 

Geological Survey Monograph (1903), "The Vermilion 

Iron-Bearing District of Minnesota", which included further 

field work of his own. 
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Modifications to Clements' interpretation by Lawson (1913), 

Grout (1933), Gruner (1941), and Goldich and others (1961), 

have been discussed above. Following Gruner's outstanding 

contribution to the geology of the district, no further 

mapping was done in the area until a reinvestigation was 

begun in 1962 by the Minnesota Geological Survey. These 

mapping efforts included general reconnaissance (Sims and 

others, 1968) and detailed mapping of selected quadrangles 

(Gabbro Lake by Green and others, 1966; Isaac Lake by 

Griffin and Morey, 1969; Embarrass by Griffin, 1969; Tower 

by Ojakangas, Sims, and Hooper, 1978; and Soudan by Sims and 

Southwick, 1980) . The mapping in these areas indicated that 

further modifications in the stratigraphic interpretation 

were necessary. An extensive report on the rocks of the 

central part of the district, just west of the present study 

area, has been published by Green (1970). Ojakangas (1972) 

has presented a discussion on the petrography and origin of 

graywackes in the district. Radiometric age determinations 

have shed new light on the stratigraphy and structure of the 

rocks of the district and the nature of the early crust 

(Goldich and others, 1970; Peterman and Goldich, 1970; 

Prince and Hanson, 1971) . 

The eastern Vermilion district is part of the area mapped 

by Gruner (1941). Prior to his publication, portions of the 

area had been investigated by several authors. Dutton 

(1931) discussed the structure and stratigraphy of the rocks 
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south of Ensign Lake. The results of theses by Stark (1927) 

and Sleight (1933) were published in a report on the 

stratigraphy of the Kekekabic-Ogishkemuncie area (Stark and 

Sleight, 1939). Geology in the Gabimichigami Lake area was 

reported on by Howland and Thayer (1931). The structure and 

petrography of the Saganaga Granite have been described by 

Grout (1929, 1936). The Kekekabic stock has been discussed 

by Stark (1927). The structure and petrography of the 

Snowbank stock were reported on by Sanders (1932) and by 

Balk and Grout (1934). McLimans (1971, 1976) studied the 

conglomerates of the eastern Vermilion district. He 

developed a sedimentologic model and performed petrographic 

studies of the conglomerates. Severson (1978), Flood (1981) 

and Feirn (1977) mapped stratigraphy and structure in the 

eastern and northeastern parts of the district. 
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STRUCTURAL WORK IN THE WESTERN VERMILION DISTRICT 

Structural analysis in the western Vermilion district by 

Hooper and Ojakangas (1971) and by Sims (1972, 1976) 

indicated that the rocks have undergone a complex history 

involving three periods of deformation. A late-stage 

kinking (F3 ) was preceded by regional folding (F1 and F2 ) 

which the authors attributed to compression of the 

supracrustal rocks between the Lac la Croix batholith on the 

north and the Giants Range batholith on the south. However, 

Hudleston (1976) found that strain in the rocks could be 

accounted for entirely as a result of the D2 deformation and 

concluded that the F1 folds formed before the rocks were 

lithified. 

Bauer (1985a) has correlated the major structural features 

of the southern Vermilion Granitic Complex with those in the 

western Vermilion district. His work was concentrated in a 

large fault block bounded by the Vermilion and Haley faults 

where he defined four periods of folding. The F1 and F2 

folding events were correlated with F1 and F2 in the 

Vermilion district. Local F4 kinking was correlated with 

the F3 kinking described by Hooper and Ojakangas (1971) in 

the Vermilion district. The F3 folding mapped by Bauer 

(1985b) has not been observed in the Vermilion district. 

Field work and strain analysis in the western Vermilion 

district indicate that a significant component of the D2 
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deformation is the result of dextral shear (Hudleston and 

Southwick, 1984; Schultz-Ela, 1988). Features which are 

indicative of shear include ductile shear zones with 

sigmoidal foliation patterns, highly schistose zones with 

shear bands, feldspar clasts and pyrite cubes with 

asymmetric pressure shadows, and the fact that the asymmetry 

of the F2 folds is predominantly Z for at least fifteen 

kilometers south of the Vermilion fault. 

Magnitude and symmetry of strain in the western Vermilion 

district varies in east-northeast-trending parallel bands, 

which tend to be lensoid in map view, and which are oblique 

to the trace of the Vermilion fault (Hudleston and Ela, 

1986). The largest measured strains occur near the 

Vermilion fault. Flattening strains also predominate 

adjacent to the fault, then change symmetry several times to 

become homogeneous in symmetry (constrictional), 

orientation, and magnitude in the southern part of the 

district. 

The significance of these strain patterns is not clear. 

The alternating constrictional and flattening zones preclude 

an origin by homogeneous coaxial strain or progressive 

simple shear. The area of consistent constrictional strains 

in the south may represent one regional component of the 

strain. Spatial correspondence of the flattening strains 

with the Vermilion fault suggest that a simple shear 

component was added in that area. A modified model of 
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transpression (Sanderson and Marchini, 1984) may explain how 

east-plunging X axes are reoriented to become westplunging 

by a concomitant inhomogeneous progressive simple shear. 

Less than vertical plunge of the X axes may indicate some 

component of oblique motion on the fault, consistent with 

the north side being up (Sims, 1976). 

The Vermilion fault may simply be the latest, most brittle 

expression of a dextral shear regime. still further to the 

north, the Rainy Lake-Seine River fault, separating the 

Vermilion Granitic Complex from the Wabigoon belt, is also 

dextral in sense, and structures in the Wabigoon belt just 

north of the Canadian border are also suggestive of ductile 

shear (Poulsen, 1984). There is, in fact, remarkably 

widespread evidence for ductile shear, predominantly of 

dextral sense, throughout a large part of the Superior 

Province (e.g. Stott and Schneiders, 1983). 
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PRESENT WORK 

This investigation was undertaken to determine the state 

of finite strain of the rocks in the Ensign Lake area, and 

to attempt to relate the state of strain to the geologic 

structure. The area studied is a two kilometer wide by five 

kilometer long block in the western end of Ensign Lake 

(Figure 4). This area was mapped by Dutton (1931} and by 

Gruner (1941} who divided the Knife Lake Group into nineteen 

map units. The rocks considered here are Gruner's 

conglomerate number 6 (Ogishke granite pebble conglomerate}, 

and number 8 (Pink andesite conglomerate and agglomerate}. 

The objectives of the study were to map the geologic 

structures in detail, describe the rocks. on a megascopic and 

microscopic scale, measure quantitative strain data, and to 

attempt to relate_ these structural data to the tectonic 

development of the area. Geologic mapping was not a part of 

the study. The geologic map produced by Gruner (1941}, was 

used as a base, as was Green's (1970} reconnaissance map of 

the Gabbro Lake quadrangle. 
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GEOLOGY OF THE ENSIGN LAKE AREA 

Introduction 

Knife Lake Group volcanics, conglomerates, slates, and 

graywackes are well exposed along the shores and on the 

islands of Ensign Lake (Plate 1). Three or more ENE 

trending faults cut the area, converging just west of Ensign 

Lake. Beds strike nearly EW and dip nearly vertically, and 

stratigraphic tops are to the south. Cleavage is parallel 

to bedding, and kink bands and crenulation cleavage are 

locally present. Conglomerates and fragmental volcanic 

rocks exhibit obvious deformation in the form of flattening 

of clasts. Three nearly orthogonal joint sets oriented 

approximately EW vertical, NS vertical, and horizontal 

provide three-dimensional exposure of the flattened clasts 

in the conglomerate and fragmental volcanic rocks, making 

the area ideal for strain analysis. A brief description of 

rock types follows. The reader is referred to McLimans 

(1971) for a complete discussion of lithologies and a 

depositional model for these rocks. 

Lithologies 

Ensign Lake Conglomerates 
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The conglomerates in the Ensign Lake area were studied by 

Dutton (1931), Gruner (1941), and McLimans (1971). Two 

facies were recognized, a pink-pebble conglomerate and a 

granite pebble conglomerate. Gruner (1941) determined that 

the pink-pebble conglomerate (his unit 8) was younger and 

was underlain by the granite pebble conglomerate (his unit 

6). McLimans agreed with Gruner's interpretation. 

Graywackes interbedded with the conglomerates have graded 

bedding which indicates the topping direction is to the 

south or toward the pink-pebble conglomerate. 

Granite Pebble Conglomerate 

The granite pebble conglomerate (Figure 5) is composed of 

pebble to boulder size clasts of maf ic and felsic volcanic 

rocks, dacite porphyry, slate, and tonalite in a schistose 

matrix composed of quartz, feldspar, carbonate, volcanic 

rock fragments, epidote, chlorite and sericite. The matrix 

materials, as well as the clasts, are aligned in the plane 

of the cleavage. Mineral aggregates and micas wrap around 

crystals and clasts. The conglomerate is apparently 

matrix-supported, although deformation locally makes it 

appear clast-supported. Clast-to_.matrix ratio, clast type, 

and clast size vary greatly over the area. Effects of these 
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Figure 5. Outcrop (A) and photomicrograph (B) of granite 
pebble conglomerate, outcrop 4-2. Deformed clasts of dacite 
porphyry, tonalite, felsic volcanic rock, and slate can be 
seen in A. Conglomerate matrix composed of volcanic and 
sedimentary rock fragments can be seen in B (x-nicols). 
Scale is 8 cm across photo A, 20 cm across photo B. 
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variations on strain estimates are discussed in a later 

section. 

Pink Pebble Conglomerate 

The pink pebble conglomerate was described by Dutton 

(1931) as consisting primarily of subrounded to angular 

clasts of hornblende syenite. Gruner (1941) described the 

unit as a pink andesite conglomerate with local facies of 

tuff and arkosic material. This unit is interpreted to be 

of volcanic and volcaniclastic origin, being composed of 

andesite lapilli tuffs, ash tuffs, and reworked tuffs. Both 

clasts and matrix are composed dominantly of plagioclase 

crystals with lesser hornblende, quartz, and fine 

quartzo-feldspathic ash (Figure 6). Similarity of clasts 

and matrix, scarcity of mica minerals in the matrix, and 

overall andesitic composition support a dominantly volcanic 

origin for this unit. 

To the north, a zone of faulting and shearing separates 

the conglomerates from slates and siltstones of Gruner's 

(1941) unit 5. The rocks are dark to light green and range 

from phyllitic to slaty in texture, and from soft to quite 

hard. Coarser and finer-grained units alternate, the 

coarser units are lighter in color. Graded bedding is 

present locally. Beds are 2mm-2cm thick. On the east end 

20 



Figure 6. Outcrop (A} and photomicrograph (B} of pink 
pebble conglomerate (outcrop 1). Fragments of dacite-
andesite porphyry can be seen in a fine quartz-feldspar-
chlorite matrix in A. B shows a feldspar fragment in fine 
quartzo-feldspathic matrix typical of this unit (x-nicols}. 
Photo A is 20 cm across, B is 20 mm in longest dimension. 
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of the long narrow bay, near outcrop 9 (plate 1), small 

(lmm) pyrite cubes form about 10% of the rock in an outcrop 

of soft, dark green slate. 

Ensign Lake Slates, Tuffs, and Graywackes 

To the south of the conglomerates across an apparent fault 

boundary are tuf f s and volcaniclastic rocks assigned by 

Gruner (1941) to his unit 10; Ensign Lake green slates, 

tuffs and graywackes (Figure 7). They are thinly bedded to 

laminated, dark green, very fine-grained rocks which are 

locally fragmental with pink feldspar crystals and/or 

andesitic lapilli sparsely distributed in a chlorite, 

quartz, and feldspar matrix. The compositional similarity 

of these rocks to the nearby pink pebble conglomerate 

suggests derivation from a similar source. 
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Figure 7. Photograph of outcrop 3, interbedded slates, 
tuffs, and graywackes. Folded quartz veins are visible in 
upper right quadrant. Photo is 50 cm across. 
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Structure 

General Statement 

The study area lies on the northern limb of an overturned 

syncline (Figure 4) with a northwest-trending axis located 

about halfway between Ensign Lake and Snowbank Lake (Gruner, 

1941). Three roughly EW-trending faults converge near the 

western end of Ensign Lake. Bedding and foliation strike 

nearly EW and dip vertically to steeply northward. Two 

secondary foliations are locally present. Stratigraphic 

tops are to the south. Clasts in the conglomerates and 

fragmental volcanic rocks are strongly flattened in the 

plane of foliation and, more competent clasts locally 

exhibit brittle failure. Three deformational events are 

recognized. D1 produced the isoclinal folding (Figure 4) 

and foliation in a north-south compressional regime. D2 was 

a dextral simple shear event which produced sigmoidal 

tension gashes and kink bands in discrete shear zones 

oriented approximately EW. D3 was a near vertical simple 

shear event which produced an s-c foliation and rotational 

microstructures consistent with sinistral shear sense on NS 

east-facing vertical sections (viewed facing west), or north 

side up shear on vertical EW planes in map view. D3 appears 

to have obscured D2 to some extent and thus is thought to be 

the later of the two deformations, but timing of the events 
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is uncertain. Microstructures show strong flattening in the 

EW vertical plane, a local SC foliation, and two senses of 

rotational (simple) shear in the vertical plane. 

Folds 

Rocks of this study are on the northern limb of a syncline 

with an EW-trending, gently W plunging axis, and approxi-

mately vertical axial plane (Figure 4). It is separated 

from a NW-trending syncline-anticline pair to the south by 

an EW-trending steeply dipping fault which forms the 

boundary between the Kekekabic Lake structural segment to 

the north and the Ensign Lake structural segment to the 

south (Figure 8). Minor folds were noted in two locations 

(Plate 1); both have nearly EW-trending axes, near vertical 

axial planes, and plunge moderately to the east. 

Faults 

Three regional nearly EW-trending faults converge near the 

western end of Ensign Lake. To the east these faults curve 

to the NE. Previous workers have noted the faults and used 

them as boundaries between structural segments in the 
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eastern Vermilion District (Gruner,1941; Sims and 

others,1968). The study area lies in the Kekekabic 

Structural Segment (Figure 8). The faults in the Ensign 

Lake area dip steeply. Displacement of map units suggests a 

nearly vertical movement, however evidence of nearly 

horizontal dextral shear is locally present in the form of 

sigmoidal tension gashes. The faults are poorly exposed 

are expressed mainly as topographic lows and long narrow 

lakes. 

Foliation 

A strong bedding-parallel penetrative foliation striking 

nearly EW and dipping steeply north to vertically is present 

throughout the study area. The foliation is more strongly 

developed in the finer-grained slates and fine graywackes 

than in the coarser graywackes, conglomerate matrices, and 

intermediate volcanic rocks. Flattening of quartz and 

feldspar grains in the plane of foliation is apparent in all 

rocks. The foliation is defined by chlorite and biotite 

grains in the slates, lithic tuffs, and finer-grained 

graywackes (Figure 9). Cleavage domains are composed of 

fine-to-medium-grained chlorite, biotite and, locally, 

muscovite. Microlithons are composed primarily of quartz 

and feldspar in graywackes and slates and of quartz, 
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Figure 9. outcrop (A) and photomicrograph of outcrop a·· (B) 
x-nicols, showing strong foliation in fine-grained 
graywackes. Horizontal plane is shown in both photos. 
Foliation strikes E-W from left to right in photos. Lens 
cap in A is 49 mm in diameter. B is 4mm in longest 
dimension. 
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feldspar, hornblende, and epidote in volcanic and 

volcaniclastic rocks. The cleavage is locally phyllitic in 

slates. In conglomerate and fragmental volcanic rocks, 

clasts are flattened in the plane of foliation. Secondary 

foliations oriented approximately N60E,vertical and 

N60W,vertical are very weakly developed (Figure 10) and 

appear to be related to kink bands with approximately the 

same orientation. Thin sections also reveal a locally well 

developed SC foliation dipping 60° N on NS vertical, 

east-facing sections (Figure 11). A sinistral or north-up 

shear sense is indicated by this foliation. The same sense 

of shear is also indicated by asymmetric pressure shadows 

occurring around crystals and rock fragments (Figure 12). 

These pressure shadows are developed as the relatively 

ductile matrix is deformed and relatively rigid particles 

are not. Foliation is deflected around the porphyroclasts 

and strain shadows develop by recrystallization of por-

phyroclast or matrix materials. Rotation of the 

porphyroclast, commonly due to simple shear, creates an 

asymmetry in the porphyroclast pressure shadow system which 

reflects the shear sense (Figure 13), (Simpson and 

Schmid,1983; Passchier and Simpson,1986). 

In the horizontal plane, porphyroclast systems indicate a 

dextral shear sense (Figure 14). This sense is consistent 
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Figure 10. Photomicrograph of pink pebble conglomerate 
(outcrop 2) with x-nicols showing primary foliation (F1) 
oriented E-W and secondary foliation (F2) oriented N60E on 
horizontal plane. Photo is 4mm in longest dimension. 
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Figure 11. Photomicrograph of matrix of granite pebble 
conglomerate (outcrop 4-5) showing primary foliati9n (F1) 
dipping vertically and secondary foliation (F2) dipping 60 N 
on N-S vertical, east-facing sections (viewed looking west). 
Photo is 20 mm in longest dimension. 
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Figure 12. Photomicrograph of matrix of pink pebble 
conglomerate (outcrop 3) showing asymmetric pressure shadows 
developed around feldspar crystal (x-nicols). Asymmetry is 
consistent with sinistral, or north-up movement. Photograph 
is 20mm in longest dimension. 
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Figure 14. Photomicrograph (x-nicols) of matrix of granite 
pebble conglomerate (horizontal section) showing asymmetric 
pressure shadows consistent with dextral shear. These are 
a 8 -type porphyroclast systems of Passchier and simpson, 1986 
(see Figure 13). Photograph is 4mm in longest dimension. 
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with that deduced from outcrop-scale structures. A 

secondary foliation is evident in thin section only very 

locally in the horizontal plane, and porphyroclast system 

asymmetry is much less well developed than in the NS 

vertical section. 

Kink Bands and Tension Gashes 

Structural features common in brittle-ductile transition 

stress regimes are locally present in the study area (Plate 

1). Sigmoidal tension gashes oriented approximately 

N45E,vertical indicate a dextral sense of shear. Kink bands 

are locally present throughout the study area. Dextral 

kinks are oriented approximately N30E,vertical. One 

sinistral kink was observed, it is oriented N135E,dipping 

85E. These are reverse kink bands (Cobbold and others, 

1971) which commonly occur in conjugate sets in shortening 

stress regimes. The obtuse bisector of the conjugate sets 

is generally taken as the shortening direction. This would 

indicate EW shortening in the study area for the 

deformational event during which the kink bands formed. 
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STRAIN STUDY 

Introduction 

The Ensign Lake area was selected for study of finite 

strain because of the excellent exposures of deformed 

conglomerate and well-developed joints on three nearly 

orthogonal planes. Strain data were gathered in the field 

where sufficient numbers of clasts were exposed and from 

hand samples which were sawn and sectioned to expose smaller 

clasts. Dimensions and orientations of several clast types 

in several different rock types were recorded and compared. 

Two-dimensional data were analyzed by a computer method of 

Holst (1982); by graphical methods of Lisle (1979), and 

Elliott (1970); and by the centers method of Fry (1979). 

Three-dimensional strain was calculated from the 

two-dimensional data by the computer method of Siddans 

(1979). These estimates of finite strain were then analyzed 

for systematic variation by location, proximity to 

structures noted in the field, and lithology of strain 

markers. Data were collected on three planes in 25 

locations. Twenty to 100 markers were measured on each 

face, with an average of about 40 markers per face. 
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Method 

Clasts in conglomerates, pebbles in graywackes, and 

fragments in volcanic and volcaniclastic rocks have been 

used as strain markers in many previous studies e.g. 

(Hudleston,1976; Flinn,1956; Gay,1969; Hutton,1979; 

Lisle,1979; Holst,1984). In the Ensign Lake area, clasts 

are present in sufficient numbers to allow the measurement 

of finite strain at several locations (Plate 1). Shape and 

orientation data were collected from nearly NS vertical 

joint planes, nearly EW vertical cleavage planes, and nearly 

horizontal joint planes. Insufficient reliable data were 

available in the field on the EW vertical cleavage plane, so 

large hand samples were gathered and sawn on the same three 

planes. Where necessary, these samples were sectioned and 

data was collected on each section. 

Each clast on a face was approximated by an ellipse whose 

long and short axes were measured and recorded. The 

approximation to an ellipse for irregularly-shaped clasts 

was accomplished by taking the longest dimension of the 

clast as the major axis of the ellipse. The longest 

dimension perpendicular to the major axis was taken as the 

minor axis of the ellipse. The orientation of the major axis 

determined in this manner was taken as the orientation of 

the particle. The orientation was measured relative to the 

trace of cleavage on the NS vertical and horizontal faces 
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and with respect to a vertical reference line on the EW 

vertical face. Errors of approximately ±5% are estimated 

for shape data and ±2° for orientation data. Between 20 

and 100 markers were measured on each face. Where 

sufficient data points were not available from one hand 

sample, the data were grouped with those taken from other 

samples in the same immediate area. 

The shape and orientation data were plotted using the 

polar plot of Elliott (1970) and on standard Rf-¢ plots 

(Ramsey,1967; Dunnett & Siddans,1971). Two-dimensional 

strain was calculated using the method of Holst (1982) for 

determining the initially circular point on the polar plot. 

Three-dimensional strain ellipsoids were calculated using 

the two-dimensional data from three mutually perpendicular 

planes by the computer method of Siddans (1979). For each 

of the strain markers used in the study, the following 

parameters were defined and calculated: 
' Rf = long axis/short axis 

¢ = angle between long axis and reference line 

€ = 1/2 ln (long axis/short axis) 

0 = 2¢ 

Results of strain studies 

Two-dimensional Strain 
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Shape and orientation data obtained from strain markers 

were plotted on Rf - ¢ plots. The vertical axis on these 

plots is Rf, the ratio of long axis to short axis of each 

strain marker. The horizontal axis is ¢, the angle between 

the long axis of the marker and the cleavage trace. Finite 

strain and initial fabric are approximated from these plots 

by calculating best-fit values which satisfy the extremes of 

the distributions, and by determining the location on the 

plot of an initially circular point which reflects the 

finite strain recorded by the markers. The technique for 

approximating strain from these plots is illustrated 

diagrammatically in Figure 15. The plots give a good 

approximation of initial shapes and orientations of 

particles as well as the amount of strain to which they have 

been subjected. 

Analysis of Rf - ¢ plots for outcrops 4-1, 5-22, 9, and 

12 reveals some variability in both initial fabric and 

estimated strain between areas. Outcrop 4-1, a pebble 

conglomerate, shows a majority of particles with low initial 

shape ratios as well as a few particles with higher initial 

shapes of up to 2.7:1 (Figure 16). The distribution has a 

pronounced pear shape indicating a random initial fabric 
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with a good distribution of shapes throughout the range. 

These data are also shown on an Elliott Plot, where the 

radius equals 1/2 ln Rf and the polar angle equals 2 

(Figure 17). The computer method of strain analysis of 

Holst (1982) uses the geometric mean of the distribution on 

the Elliott Plot as the initially circular point in 

computing two-dimensional strain. 

Data from outcrop 9, a volcaniclastic rock containing 

clasts of hematitic and chloritic intermediate volcanic 

rock, shows a much narrower spread about the reference line 

than that for outcrop 4-1 (Figure 18). The distribution is 

centered higher on the graph with only a few low values. 

This distribution is interpreted to reflect a wider range of 

initial shapes as well as greater strain. An initial fabric 

of from 1:1 to 3.4:1 and a strain factor of 5.8 explain the 

extreme values in the distribution. A majority of the 

particles had initial shapes of 2:1 or less and after 

deformation plot close to the reference line. 

Data from outcrop 12, a pebble conglomerate, shows a 

distribution similar to that of outcrop 9 (Figure 19). The 

data are tightly clustered about the reference line and have 

a narrow pear shape. A strain of 6.5:1 applied to markers 

with initial shapes of from 1:1 to 3.1:1 accounts for this 

distribution. 
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Data from outcrop 5-21, a graywacke with shale markers, 

show a much broader spread about the reference line and a 

lower range of values (Figure 20). A strain of 3.9 applied 

to particles ranging from 1:1 to 3.3:1 would account for 

this distribution. The results for outcrop 5-21 are notable 

in that the calculated strain is much lower than that 

determined for the other areas discussed here. This may be 

due to variations in amount of strain between this location 

and others, or to variations in apparent strain due to 

variations in lithogy. Heterogeneity of strain and possible 

errors will be discussed in a later section. The effect of 

lithology on apparent strain is addressed below. 

Competence Contrast 

Different strain markers have different effective 

viscosities under conditions of ductile deformation. An 

ideal strain marker has exactly the same composition and 

grain size as the matrix within which it is enclosed. In 

actual practice some variation in effective viscosity is 

almost always present. The use of conglomerates with clasts 

of many different compositions as strain markers introduces 

some variability into the results. This problem has been 

discussed by many previous workers including Ramsay (1967), 
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Gay (1969), Lisle (1979), and Holst (1984). Analysis of 

apparent strain calculated by the method of Holst (1984) 

(Table 1), shows very close agreement with graphical results 

discussed above. In addition, it points out significant 

variations between apparent strains calculated for different 

lithologies and types of markers. Although there is 

variation within each data set, mean values for 

conglomerates and graywackes are significantly lower than 

those calculated for volcanic and volcaniclastic rocks. In 

addition, the apparent strain calculated from tonalite 

clasts is significantly lower than that calculated from all 

other types of markers in the conglomerates. It should be 

noted here that tonalite clast data were not included in 

calculating strain for conglomerates due to obvious 

competence contrasts between tonalite and both other markers 

and matrix. 

The distribution of sample locations (Plate 1) suggests 

that local strain heterogeneities are not responsible for 

the variations in apparent strain. Conglomerate samples are 

derived from widely distributed locations throughout the 

study area, while volcanic and volcaniclastic sample 

locations are fairly widely distributed throughout the 

eastern half of the area. No correlation between magnitude 

of strain and position on major structures is apparent. 
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Strain Marker Calculated Strain Ratio (l+e1/l+e2 ) 

Maf ic volcanic clasts 5.76 

Felsic volcanic clasts 10.10 

Dacite porphyry clasts 4.46 

Tonalite clasts 2.20 

Table 1: Strain ratios calculated with the method of Holst 
(1982) for various strain markers (clast types) at outcrop 
4, horizontal surface. 
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Lithologic variations are thus thought to be responsible 

for the variations in apparent strain. Such variations may 

be due to differences in clast lithology, matrix 

composition, grain size variations, or clast-to-matrix ratio 

(Ramsay,1967). 

Data from outcrops 4-0, 4-1, 4-2, 4-3, 4-5, and 4-6 were 

merged to create one data set with sufficient markers of 

different lithologies to allow comparison of apparent 

strains calculated from each lithology and thus assess the 

effect of variations in clast lithology on apparent strain. 

Results from these locations are shown on Rf -¢ plots in 

Figure 21. The outcrop 4 data show clear differences in 

apparent strain calculated from different markers. Felsic 

volcanic markers record an apparent strain of about 10:1 

with an initial shape factor of from 1:1 to about 3:1. 

Mafic volcanic markers show a 7:1 strain of markers with 

initial shapes of 1:1 to 3:1. For dacite porphyry markers, 

insufficient data are present to accurately determine 

strain, but a definite clustering of values around a 6:1 

shape factor suggests a somewhat lower strain than that 

calculated for volcanic markers. The tonalite clast data 

plot as a very broad distribution with a fluctuation of 

26°. Apparent strain on this broad distribution is 

approximately 2.5:1 with an initial shape factor of from 1:1 
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to 2:1. Competence contrasts are evident between tonalite 

clasts and matrix in the form of pressure shadows around 

clast borders and brittle deformation of clasts. Apparent 

strain estimated from all clast types grouped together is 

approximately 6:1 with an initial shape factor of from 1:1 

to 5.33:1. This distribution displays a very unusual shape 

with most slate clasts oriented along the cleavage trace but 

a large group, mostly tonalite clasts, displaying a narrow 

shape range at the bottom of the distribution and a large 

fluctuation. Removing the tonalite clast data from the 

grouped data set reveals a much more normally shaped 

distribution. Apparent strain estimated from this 

distribution is approximately 8:1 with an initial shape 

factor of from 1:1 to 4:1. 

The data from outcrops 4 and 24 were also analyzed by a 

computerized version of the method of Fry (1979). This 

graphical method approximates the strain ellipse given the 

locations of the centers of strain markers. Centers of 

conglomerate clasts (outcrop 4) and lithic lapilli (outcrop 

24) were transferred to acetate from photographs taken of 

horizontal outcrops and then entered into the computer with 

a digitizing pad. Results obtained by this method are shown 

in Figure 22. The derived plot for outcrop 4 shows a rather 

poorly defined strain ellipse with approximately a 3:1 axial 

ratio. This value is significantly lower than that 
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determined by other methods. The derived plot for outcrop 

24 shows a very well defined strain ellipse with an axial 

ratio of about 5:1. This is very close to the calculated 

value of approximately 4.6:1. Fry's method generally gives 

better results for rock fabrics with clasts in contact with 

one another than for matrix-dominated fabrics. This could 

account for the poor results for the method applied to 

conglomerates (outcrop 4) compared to those obtained from 

lapilli tuffs (outcrop 24). Fry's method requires 200-300 

data points to give good results, so it was not attempted on 

the vertical planes as sufficient numbers of markers were 

not present. 

Comparison of apparent strains calculated for outcrop 4 by 

the method of Holst (1982) reveals significant differences 

both within and between lithologic groups (Table 2). 

Conglomerates and graywackes have roughly equal average 

values whereas volcanics and volcaniclastics show 

significantly higher average apparent strains. Tonalite 

clasts in conglomerates show much lower apparent strains 

than the others. Values are most consistent for graywackes 

and most variable for conglomerates. The strongest 

correlation appears to be between small sample size and 

extreme apparent strain. If only the 8 locations with 40 or 

more clasts measured per face are considered, the range of 
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PEBBLE CONGLOMERATE TUFF 

Outcrop Strain Ratio Outcrop Strain ratio 

4-3 3.01 28 5.44 
6 2.80 26 6.78 
10 2.97 3 5.19 
12 4.50 34 6.00 
11 4.46 24A 4.48 
5-2 5.19 24B 3.31 
4-61 6.93 30 5.31 
4-0 3.75 2 5.66 

38 3.36 
Mean 4.20 9 5.85 

Mean 5.14 

GRAYWACKE CONGLOMERATE/TONALITE CLASTS 

Outcrop Strain Ratio Outcrop Strain Ratio 

5-21 3.88 4-2 2.08 
5-22 4.20 4-1 2.19 
4-1 4.53 4-5 1.87 
En5C 5.05 4-6 2.42 

12 1.57 
Mean 4.42 

Mean 2.03 

Table 2: Calculated strains ( l+-e 1/l+e2 ) grouped by 
lithology of strain markers. 
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apparent strains is reduced to from 3.9:1 to 6.5:1. Mean 

values are 4.9:1 for volcanic rocks, 4.5:1 for graywackes, 

and 7.3:1 for conglomerates. The statistical significance 

of these variations is impossible to determine from the data 

at hand, but they do seem to indicate that the different 

lithologies record different values of apparent strain. 

Larger sample sizes may also be necessary to determine 

accurately the state of strain. 

Three-Dimensional Strain Analysis 

Three-dimensional strain ellipsoids were calculated using 

the two-dimensional data from three mutually perpendicular 

planes by the method of Siddans (1979). Output from the 

two-dimensional strain program was reformatted and 

magnitudes and orientations of two-dimensional strain 

ellipses ref erred to a three-dimensional reference system to 

facilitate digitizing. These data were then analyzed by a 

three-dimensional strain program on the mainframe computer 

at UMD. This program computes the dimensions and 

orientation of the three-dimensional strain ellipsoid given 

the dimensions and orientations of the two-dimensional 

strain ellipses on three mutually perpendicular planes. 

Three-dimensional strain was calculated for 24 locations in 

the study area. 

The shapes of the strain ellipsoids are shown in Figure 
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23, a logarithmic deformation plot which displays 

three-dimensional shape data. The abscissa is e2-e3 where 

€=ln 1+e, the natural log of the ratio of the intermediate 

axis to the short axis of the strain ellipsoid. The 

ordinate is €1 -€2 , or the natural log of the ratio of the 

long axis to the intermediate axis of the strain ellipsoid. 

These parameters are ratios and thus are dimensionless. 

Ellipsoid shapes plotting near the abscissa are within the 

flattening field and have shapes similar to pancakes, 

strongly flattened in one dimension. Shapes plotting near 

the ordinate are in the field of constriction and have 

cigarlike shapes, flattened in two dimensions or elongate in 

one dimension. All strain ellipsoids calculated from Ensign 

Lake data plot within an area of the flattening field 

centered at approximately €2 -€3 = 1.52, € 1-€2 = 0.38. No 

obvious trend is evident in the the data from this plot, 

other than the somewhat diffuse nature of the distribution 

and consistent flattening strains. 

Calculated strain parameters which are in common use are 

listed in Table 3. The parameters are defined as: 

a = X/Y where X = length of long axis of 

the strain ellipsoid and 

Y = length of the intermediate axis of the 

strain ellipsoid. 

b = Y/Z where Z = length of the short axis 

of the strain ellipse. 
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Location rock type a b t, - .f .. ( .. - .i:::) k K r 

2 tuf f 1. 47 4.89 0.39 1.59 0.12 0.24 5.36 
4-0 congl. 1.05 3.22 0.05 1.17 0.02 0.04 3.27 

4-024 congl. 1.19 4.72 0.17 1. 55 0.05 0.11 4.91 
4-1 congl. 1.94 6.59 0.66 1.89 0.17 0.35 7.53 
4-1 grwke. 1.61 ' 3.75 0.48 1.32 0.22 0.36 4.36 
4-2 congl. 1.24 7.29 0.22 1.99 0.04 0.11 7.53 
4-3 congl. 1.11 3.32 0.10 1. 20 0.05 0.09 3.43 

4-61 congl. 1.59 6.26 0.46 1.83 0.11 0.25 6.85 
4-0-24 congl. 1.07 3.94 0.07 1. 37 0.02 0.05 4.01 

4-1 congl. 1.62 4.04 0.48 1.40 0.20 0.35 4.66 
4-61-2 congl. 1.29 7. 00 0.25 1. 95 0.05 0.13 7.29 

5-2 congl. 1.26 4.45 0.23 1.49 0.08 0.15 4.71 
5-21 grwke. 1.33 3.34 0.29 1. 21 0.14 0.24 3.67 
5-22 grwke. 1. 23 3.74 0.21 1.32 0.08 0.16 3.97 
EN5C grwke. 1.47 4.89 0.39 1. 59 0.12 0.24 5.36 

6 congl. 1.16 2.98 0.15 1.09 0.08 0.14 3.14 
9+9 tuf f 2.17 4.33 0.77 1.47 0.35 0.53 5.50 

10 congl. 1.36 2.65 0.31 0.97 0.22 0.32 3.01 
11-01 congl. 1.21 3.91 0 .19 1. 36 0.07 0.14 4.12 
12-01 congl. 1.21 5.04 0.19 1.62 0.05 0.12 5.25 

24V tu ff 1.95 4.13 0.67 1.42 0.30 0.47 5.08 
24L tuf f 1.49 2.89 0.40 1. 06 0.26 0.38 3.38 

26 tuf f 1.67 5.84 0.51 1. 76 0.14 0.29 6.51 
28 tuf f 1.44 5.04 0.36 1. 62 0.11 0.23 5.48 
30 tuf f 1.54 4.70 0.43 1. 55 0.15 0.28 5.24 
34 tuf f 2.06 5.30 0.72 1.67 0.25 0.43 6.36 
38 tu ff 2.30 3.10 0.83 1.13 .o. 62 0.74 4.40 

Table 3. Parameters of 3D strain - Ensign Lake Area. 
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k = (a-1)/(b-1) 

K = ln a / ln b 

r = a+b-1 

The parameters "k" and "K" represent quantifications of 

the shape of the strain ellipsoid (see Figure 23). Low 

values (<1) represent oblate, or flattened, ellipsoids. 

Values greater than 1 represent prolate, or constrictional, 

ellipsoids. The parameter "r" is a quantifigation of the 

magnitude of strain. "r" increases with increases in the 

value of any of the three principal axes of the strain 

ellipsoid. The greater the value of "r", the greater the 

strain. 

The orientations of the principal extensions are shown in 

Figure 24. The greatest principal extension (X) plots in a 

nearly EW girdle with· a strong maximum centered at about 

N90E ,60E. The intermediate principal extension (Y) plots 

along the same EW trend with a maximum near N90W,30W. The 
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orientation of the minimum principal extension (Z) is 

extremely consistent throughout the area and plots around O 

,90 • X and Y thus lie in the plane of foliation with 

varying angles of plunge in that plane. The dominant X 

direction roughly correlates with the directions of plunge 

of the two minor fold axes noted in the area. 

Orientation and magnitude of calculated strain ellipsoids 

have also been plotted on the geologic map of the Ensign 

Lake area (Plate 1) to facilitate comparison of strain 

values with structural and lithologic trends. Shapes of 

ellipsoids are represented by two ellipses. The open 

ellipses have axial ratios of Y/Z, the closed ellipses have 

axial ratios of X/Y where X>Y>Z are the principal extensions 

of the strain ellipsoid. The orientation of the X axis is 

also plotted for each ellipsoid. 
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CONCLUSIONS 

Mesoscopic and microscopic structures in the Ensign Lake 

area indicate three periods of deformation in these Archean 

rocks. D1 was a nearly NS-oriented compressional event 

which folded Knife Lake Group sedimentary and volcanic rocks 

into tight folds with EW-trending, gently plunging axes and 

nearly vertical axial planes, and created a penetrative 

foliation parallel to the axial planes of the folds. Dz 

was a dextral simple shear event oriented approximately EW 

which produced sigmoidal tension gashes and asymmetric 

pressure shadows. Tension gashes deform the D1 foliation and 

thus postdate it. The relationship between the tension 

gashes and asymmetric pressure shadows is not clear; 

however, the fact that the pressure shadows reflect the same 

kinematic regime (sense of shear) as the tension gashes 

suggests that they were produced in the same deformational 

event. Kink bands suggest a component of EW shortening 

which may be related to the Dsimple shear event. 

D3 produced a secondary foliation, local shear zones, and 

microstructures consistent with simple shear in shear zones 

oriented approximately EW, 60 S. Sinistral simple shear on 

east-facing vertical planes or north side up movement in map 

view is indicated. Dstructures do not clearly cross-cut Dz 

structures but are much better developed and are thought to 

have obscured D structures and thus to postdate Dz. The D3 
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structures are also similar in orientation to the regional 

faults which cut all other structures in the area. This may 

indicate that D3 was initiated in a ductile regime which 

evolved into a brittle regime and culminated in the regional 

EW-trending faults. 

Analysis of strain data indicates that flattening strains 

predominate throughout the study area. Variations in 

calculated strain reflect competence contrasts between 

lithologies. Systematic variations in finite strain do not 

appear to be present. Variations in strain are as great 

between adjacent outcrops as from one end of the field area 

to the other. No systematic correlation is evident between 

proximity to regional faults or other structures and finite 

strain. Strains plot within an area of the flattening field 

centered at approximately 1.52, ( 1-f 2 = 0.38. Average 

orientations of the the three-dimensional strain ellipsoid 

are: 

X = 090,60E 

Y = 270,30W 

z = 0,90 

The data for Z orientation are extremely consistent, while 

more variation exists in X and orientation. X and Y thus 

lie in the plane of foliation foliation whereas Z is 

perpendicular to it. These orientations are best explained 

by NS horizontal compression consistent with the D1 event. 

D2 and D3 did not have measurable effects on finite strain 

64 



within the limitations of the strain measurement method 

employed. 
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