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ABSTRACT 

Field mapping in the Gabbro Lake and adjacent quadrangles 

during the summer of 1974 was completed. The primary purpose of the 

field mapping was to delineate a north-south trending contact between 

the anorthositic and the troctolitic rock series. This contact 

has been relocated on the basis of modal mineralogy, texture and 

topographic lineaments. 

The troctolitic and anorthositic rocks of sections 19, 20, 

28, 29 and 30 of T62N, RIOW were also re-examined. This resulted 

in defining a distinction between the various rock types of the two 

series based on modal mineralogy, texture and topographic lineaments. 

Using these criteria, minor rock types of both series have been re

defined and mapped. 

Outcrops showing evidence of shearing are closely associated 

with topographic lineaments. The trace of these lineaments corresponds 

to boundaries between contrasting rock types, and these boundaries 

are interpreted as being fault controlled. 

Proposed methods of research on the anorthositic rock series 

are presented. 

Numbering systematics for outcrop occurrences and sample 

numbering are presented. Outcrops photographs, length-width dimensions 

of plagioclase grains, density measurements and petrography of thin 

.sections are included. 
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INTRODUCTION 

Purpose 

Since Kloos' work (1871) over 104 years ago, there has been 

continuing interest in the nature and origin of a large mafic 

igneous intrusive body in northeastern Minnesota, known as the 

Duluth Complex (see Taylor, 1964 and Phinney, 1972a, for a complete 

list of references). Much of this i n t erest is e x plained by the 

fact that the Complex is one of the largest mafic and anorthositic 

igneous bodies in the world. Recent interest in the Duluth Complex 

reflects an economic concern with t he widespread but marg i nal 

copper-nickel deposits; Bonnichsen (1974) estimated over $27 billion 

in metal resources. Though the combined, copper-nickel abundances 

are quite low (O.S ' percent), the ever increasing world demand for 

these metals make it necessary to evaluate the feasibility of 

additional mining operations in northe astern Minnesota. Legal, 

social and environmental questions will arise in the future and 

these will have to be resolved. Whatever the outcome, the metal 

resources in the Duluth Complex do e x ist, and the nature and origin 

of these deposits cannot be fully understood without a clearer 

knowledge of the entire Complex. It is the purpose of this report 

to present additional information pertinent to a more complete 

understanding of the Duluth Complex. 
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DULUTH COMPLEX 

Introduction 

The Duluth Complex is a large, stratiform, basic intrusive 

body, that extends in an arcuate pattern from Duluth to Hovland, 

(Fig. 1), a distance of 150 miles (240 km) with a maximum width 

of 30 miles (50 km). The major rock types in the area are anorth

ositic, gabbroic, troctolitic, granodioritic and granitic intrusive 

rocks. The Complex was intruded unconformably between the over

lying,Late Precambrian North Shore Volcanics and the underlying, 

Early and Middle Precambrian rocks. At Duluth, the Complex is 

overlain and underlain by the North Shore Volcanics. The radio

g'enic ' ages of the Duluth Complex and the associated North Shore 

Volcanics are contemporaneous at 1.1 billion years (Goldich, et al, 

1961; Silver and Green, 1963). 

The earliest significant reports on the area were by Grout 

(1918a, b, c, d, e), who postulated that the Duluth "Gabbro" was 

a large differentiated intrusive body occurring along the base of 

the Ke,.veenawan. He coined the word lopoli th for his proposed basin- . 

like structure. Grout envisioned the "Gabbro" as a large magmatic 

mass which, through the mechanisms of differentiation and convection, 

developed into a layered rock series. He noted the presence of 

two main rock types in the Complex but failed to distinguish 

between them, petrographically. For a complete review of the 

major studies on the Complex, see Weiblen and Morey, 1975. 
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Major Rock Types 

More recent work by Taylor (1963, 1964) characterizes differ

ences between an older, coarse-grained anorthositic gabbro and a 

younger, gabbroic-troctolitic layered series. Subsequent mapping 

by Phinney (1969, 1972) and Davidson (1972) has supported this view. 

The anorthositic gabbro forms the major portion of the upper part of 

the Complex; the gabbroic-troctolitic l ayered series domi nates 

the lower two-thirds of the Complex . Granophyres, constituting 

approximately 5 percent of the Complex , show a multitude of con

trasting petrogenetic field relationships and are largely confined 

to the upper portions of the Complex . . An olivine diabase r ock occurs 

sporadically as dikes and sills throughout the North Shore Volcanic 

Group, and makes up no more than 5 percent of the exposed rock . 

A well-studied area of outcrops, "Nathan's laye red serie s," is 

e xposed in the northeastern portion of the Complex. The overlying 

North Shore Volcanic Group consists of magnetically normal and 

reversed flows (Green, 1972). 

Gabbroic-Troctolitic Layered Series 

The layered series rocks are so named because they often 

appear as discrete alternating layers of plagioclase and olivine. 

Interpretation of chemical analyses by Snyder (1959), and mapping 

by Taylor (1963, 1964), have re-enforced the idea of a multiple 

intrusive origin for the layered series gabbroic-troctolitic 

rocks of the Duluth Complex. 
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Modal mineral variation (rhythmic layering) within the 

layered series has been interpreted by Taylor (1964) as a gravity 

stratification of crystalline phases, accumulating at the base of 

an intrusion. Evidence of cyclic banding suggests that convection 

currents were active during the intrusive stages. Taylor (1964) 

interpreted the absence of pronounced mineral phase compositional 

variations (cryptic layering) to be a result of renewed injections 

that destr oyed any compositional variations in the earlier formed 

rocks. 

A differentiated rock sequence was observed by Taylor (1964) 

in the layered series at Duluth. The sequence of rock types and 

compositional variation of the plagioclase is: 

gabbro .••. syenogabbro ... ferrogranodiorite ..• granophyre 

• An65- 60 An55 An 45 An35 An l 

The first · part of this sequence has been found in a funnel

shaped intrusion in the Gabbro Lake Quadrangle (Weiblen, 1965), 

and the complete sequence in a layered intrusion in the North 

Shore Volcanic Group, near Finland (stevenson, 1974). 

Taylor (1964) interpreted the layered series as a product 

of the fractional crystallization of a tholeiitic basalt that 

enriched the residual liquid in Fe, Si and alkalies. 

Anorthositic Gabbros 

The anorthositic gabbros are distinct from the layered series: 

they always contain greater than 75 percent plagioclase with minor 

olivine and cl"inopyr~xene. Commonly, the clinopyroxene (usually 

Ti- augite) and magnetite-ilmenite occurs as poikilitic grains. 
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~ The anorthositic gabbros commonly have fluxion structures (formed 

by flow) with a foliation (preferred orientation) of the plagio-

~ 

clase crystals. Mineral layering t o any noticeable extent has not 

been recognized. In the Duluth area , the anorthositic gabbros fonn 

sharp contacts with the layered series rocks and in some places 

are intruded by the gabbros and troctolites. Some chilling effects 

of the layered series rocks against t he anorthositic gabbros 

have been observed (Taylor, 1964), as have inclusions of anortho-

sitic gabbros in the layered series . This evidence establishes 

the age relationship between the older anorthositic gabbros and 

the gabbroic-troctolitic layered series. The rocks of t hi s series 

were interpreted by Taylor (1964) as a bot-tom accumulation of 

plagioclase crystals which was intruded as a crystalline mush. 

Felsic Serie s 

Rocks of the felsic series were originally referred to as 

"red rock" or llgranophyre" by Grout and others (1932). Davidson 

(1972) describes the felsic rocks within the Complex on the basis 

of contrasting structural habits. One type occurs as small plutons 

associated with the anorthositic series, the other type as re

latively flat-lying sheets of granophyre granite overlying the margins 

of the troctoli tic series. 

In the eastern part of the Complex the felsic intrusive 

bodies cut the anorthositic series rocks and have gradational 

contacts with the country rock. Some, however, have sharp contacts 

-4It with distinct chilled margins. The felsic rocks of this type are 

granites, syneogranites, adamellites, granodiorites and ferro-

granodiorites. 
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The felsic rocks of the second type are relatively horizontal 

sheets of granophyric granite, up to 70 meters thick and 10 kilo

meters long, occur~~ng along both contacts of the troctolitic series 

rocks. The mineralogy and texture of these felsic rocks is relatively 

uniform, and consists of granophyric intergrowths of subhedral 

alkali feldspar and anhedral quartz, with minor euhedral plagio-

clase and subhedral oxides. The rocks of this type include 

syenogranite, adamellite, granodiorite and ferrogranodiorite. 

Many of the felsic rocks within the Complex cannot be classified 

into one of the above mentioned types, e.g., two granitic bodies 

in the Greenwood Lake area which are located between anorthositic, 

troctolitic and gabbroic rocks and whose exact field relation-

ships are unknown (Bonnichsen,1972a) . 
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FIELD MAPPING 

Purpose 

The primary purpose of the field mapping undertaken during 

the summer of 1974 in the Gabbro Lake and adjacent quadrangles 

was to define distinct mappable units on the basis of mineralogy, 

texture, structures, stratigraphy and field relationships of the 

exposed rocks. Variation in these parameters are discussed below 

and define a basis for the characterization of distinct rock types. 

Study Area 

The area studied in detail consists of anorthositic, gabbroic 

and troctolitic rocks in the Gabbro Lake Quadrangle (map plate 1) • 

The associated Bald Eagle intrusive rocks of this area were pre

viously studied in detail by Weiblen (1965). A reconnaissance 

of all rock types, in addition two detailed studies, were carried 

out during the summer of 1974. 

One study was to define the exact location of the north-south 

contact between the rocks of troctolitic series and the rocks of 

anorthositic series in sections 6, 7, 18, and 19 of T61N, R10Wi 

and section 31 of T62N, R10W. This boundary represents one of the 

longest exposed segments of the contact between the two most ex

tensive rock types of the Complex. A detailed study of this 

contact is pertinent in an interpretation of the petrogenetic 

relationship between the anorthositic and troctolitic rocks. 

A second area studied in detail is the anorthositic and 

troctolitic rocks of sections 19, 20, 28, 29 and 30 of T62N, R10W. 
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tit The inexact relationships between Phinney's (Green, et al, 1966) 

AGU, ST, SP, AGO and MTA rock types warranted further examination. 

tit 

The variation in mineralogy, mode and grain size within each of 

these rock units is obscure, as is the exact field, structural 

and petrogenetic relationships between the rock types. A better 

knowledge of the petrogenetic relationships between these rock types 

could provide the basic information needed for a more complete 

understanding of the origin of the entire Complex. 

Mineralogy and Texture 

The predominant mineral in all major rock types is plagioclase 

feldspar, ranging from 55-100 percent by volume, most commonly from 

70-90 percent. Plagioclase occurs as well-developed laths with 

albite and carlsbad twinning almost always present and is commonly 

cloudy in appearance due to multiple inclusions. Plagioclase is 

an early-formed phase in all rock types commonly existing as the 

initial cumulus phase or as a co-precipitated phase with olivine; 

only rarely is plagioclase found interstitial to other phases. 

Commonly, plagioclase is well-foliated and often exists in distinct 

layers alternating with olivine-rich layers (rhythmic layering). 

Measurement of length and width dimensions of plagioclase 

grains, and the calculated length/width ratios, are presented in 

Tables 2A, B, and C. The range, mean and standard deviations 

of these measurements have also been tabulated. Plagioclase 

grains range from .1 mm to 11 mm averaging .5-3 mm. 
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Olivine is rarely absent in any rock exposure, and is present 

in 0-40 volume percent and upwards to 80-90 percent in distinct 

layers. Olivine can exist as an early cumulus phase, as small 

inclusions in plagioclase, or as a later interstitial phase sur

rounding plagioclase. It also occurs as interstitially, optically 

continuous grains (oikocrysts) a few millimeters up to several 

centimeters in diameter. Subhedral grains are common and alteration 

is restricted to a rimming by either orthopyroxene or clinopyroxene. 

The clinopyroxene phase present, ranging from 0-25 percent, 

occurs interstitially around plagioclase and olivine and often 

occurs as an alteration ri~ around olivine . Oikocrysts of clino-

pyroxene commonly develop and are a few millimeters up to several 

centimeters in diameter. Inclusions of an o x ide phase in preferred 

crystallographic directions in the clinopyrox ene (Schiller) is 

almost universal. 

Biotite is a minor phase present in the majority of rock types 

ranging up to 3 percent by volume. Commonly it occurs in' 'close 

association with an oxide phase (magnetite-ilmenite), either 

as a later stage precipitate or as a secondary alteration product. 

Biotite of this nature almost always develops a schiller structure, 

that consists of fine-grained oxide inclusions in one or two preferred 

crystallographic directions in the biotite. Some biotite occurs 

as an alteration produce in close association with olivine. Biotite 

sometimes occurs as small elongate grains which do not conform 

to the usual textural relationships. In some samples this 

-~ type of biotite appears to be epitax ial , with a particular mineral 

phase and in other samples it appears to be independent of 
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I. the igneous nature of the rock. 

• 

An oxide phase (magnetite-ilmenite) is present in most rock 

samples, but is always less than 8 percent. It can occur as oiko-

crysts but more commonly it occurs as discrete grains. Some oxides 

have developed a mymerkitic texture with an unidentified phase 

(possibly quartz) • 

A minor amount of an orthopyroxene phase which occurs as a 

rim a ·round olivine is present in a few samples. 

Density measurements on fresh portions of 39 samples are 

presented in Tables, A, B, and C with the corresponding rock 

type. 

Structure 

The structural features present in the Gabbro Lake and adjacent 

quadrangles consist of conjugate joint sets, shearing zone features 

and topographic lineaments. The joint data collected during the 

1974 summer has yet to be proven reliable for distinguishing the 

different rock types, but may aid in the interpretation of the 

structural geology of the area (see Cooper, R., 1975). 

Shear zones and the associated topographic lineaments proved 

to be the most valuable structural features used in characterizing 

distinct rock types. The topographic lineaments used . in conjunction 

with the modal mineralogy prove useful in defining the boundaries 

of distinct lithologies. 

Stratigraphy and Field Relationships 

Observed field relationships between and within different 
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lithologies include igneous-sedimentary structures, rhythmic 

layering, inclusions, intrusive dikes and igneous intrusive 

contacts. The igneous-sedimentary structures include cross

bedding, slumping and soft-material deformation. Rhythmic 

layering of plagioclase and olivine-rich segments is interpreted 

as a bottom accumulation of crystalline phases due to gravity 

settling. Inclusions of blocks of one rock type within another 

have been observed, and establish age relationships between 

different lithologies. Only two intrusive dikes were observed 

and this limits an interpretation of the succession of intrusions. 

Only one intrusive igneous contact was observed, thereby limiting 

the exact nature (intrusive vs. faulting) of the contacts between 

different. lithologies. 
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GEOLOGICAL MAPPABLE LITHOLOGIES 

Troctolitic Rock Series 

The troctolitic series is the most abundant, complex rock 

type exposed in the Gabbro Lake quadrangle. The mineralogy of these 

rocks ranges from 8-40% olivine, 0-10 % clinopyroxene, 0-5% oxides, 

0-3% biotite; the remainder being plagioclase. Common grain size 

variations for olivine is 1-3 rom, plagioclase 1-4 mm, clinopyroxene 

1-3 rom, oxides 1-2 mm and biotite 1-2 mm. 

Plagioclase, existing strictly as an early-formed phase, is 

common to most rock types. However, plagioclase most commonly 

occurs as two distinct populations: an early formed cumulate, and 

as a later stage co-precipitate with olivine. Olivine commonly 

exists as a cumulate but often as an interstitial phase as oiko

crysts (Plates l5B, l6B, & C, 36A, 39A) or as clusters (Plates 34A, 

42C, & D). Clinopyroxene, biotite and magnetite-ilmenite always 

occur interstitally. 

Jointing is present in many outcrops, and joints trend 

N60-90W and N-N30E. Shear zones and topographic lineaments are 

not pronounced. Internal features denoting up and down directions 

within individual intrusives are limited, and the best example is 

the sedimentary structures observed in the troctolitic rocks of 

Section 9, T61N, RllW (61-11-9-1, 2, 3 and 4). Features resembling 

cross-bedding (Plate 20 A and B) . are present in one outcrop 

(61-11-9-4). Any interpretation of this single outcrop would be 

inconclusive in defining upper and lower portions of this particular 

intrusive unit. The cross-bedding, associated folding (Plate 20D), 

and questionable slumping (Plate 20C) features are indicative of the par-
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tially crystalline nature of these rocks prior to their intrusion. 

Another internal feature, rythmic layering, produced by 

alternating plagioclase-rich and olivine-rich segments, is present 

in numerous outcrops (~lates lSD, 16A, 3SB). This layering is 

almost always restricted to rocks of the troctolitic series, notably 

those outcrops in the vicinity of Harris Lake and near the contact 

with the mineralized troctolite. Large scale rhythmic layering 

has also been observed (Plates 22A, 3SC, D}. 

Inclusions of one troctolite within another have been observed 

(Plate 19A), as have hornfelsic inclusions (Plates 2C, D, 3A, 

B, 37A-D) and inclusions of more anorthositic rocks (Plates 17C, 

D, lSC, 21B, C). Contacts between troctolites of contrasting 

mode and grain size have been observed (Plates 35A, B, 39C, D). 

Anorthositic Rock Series 

The anorthositic rock series is the second largest body of 

Duluth Complex rocks exposed in the Gabbro Lake quadrangle. 

Plagioclase is the predominant mineral and constitutes 75-100% 

of the rocks. Olivine ranges from 0-10%, averaging 5%. Usually 

clinopyroxene ranges from 0-25~, biotite 0-3%, and magnetite

ilmenite O-S%; however mafic-rich segregations have been noted 

(Plate 23B). Common grain size variations are plagioclase 1-5 mm, 

olivine 1-2 rom, clinopyroxene 1-3 mm, oxides 1-3 mm and biotite 

1-2 rom. Grain size variations exist within single outcrops (Plate 

7A), however. Plagioclase is always the first formed phase, and 

exists as a cumulate. Plagioclase sometimes occurs as a segregation 



-16-

within an outcrop (Plate 8C). Olivine is almost always inter-

stitial, and sometimes exists as euhedral-subhedral grains within 

the interstitial spaces, commonly as 5-15 mm clusters (Plates SA, 

llD) or as oikocrysts (Plates lOA, B). Olivine can also exist as a 

cumulus phase (Plates 7C, D, llB, C). Clinopyroxene, magnetite-

ilmenite and biotite are interstitial phases, the former two 

commonly existing as oikocrysts (Plate 8B) or as poikilitic 

clusters (Plate 34A). 

Joint sets trend approx imately N30-60W, N lO-50E, and N70-90W. 

Topographic lineaments and a few associated shear zones are 

pronounced. 

Igneous-sedimentary structures have not been observed in the 

anorthositic rock series, and rhythmic layering is rare. Hornfelsic 

inclusions and inclusions of similar rock types (Plates 19A, 23A, 

C) are widely scattered as are intrusive dikes. 

Discussion of the Distinction 
Between the Troctolitic and the Anorthositic Rock Series 

One of the critical problems encountered by myself and other 

workers on the Duluth Complex is defining and distinguishing be-

tween the rocks of the troctoli tic series and rocks of the anor""thosi tic 

series. From the criteria presented in the two previous sections, 

some rocks belong to the troctolitic series, while others are of 

the anorthositic series. However, confusion arises in the over-

lapping nature of these two series. 

Using Phinney's (1972a) classification "for troctolitic gabbroic 

rocks (fig. 2),the majority of the troctolitic rocks in the Gabbro 
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Lake quadrangle are troctolitic anorthosites, anorthositic trocto

lites and troctolites,in decreasing order of abundance. The rocks 

of the anorthositic series are troctolitic anorthosites, anorthosite s 

and gabbroic anorthosites, in decreasing order of abundance. The 

range of modal variations for the troctolitic rock series and anor

thositic rock series are outlined in fig. 2. The overlapping of 

the variation of the modes of these two rock series presents confusion 

in attempting to make a distinction between them. 

Further confusion in distinguising between the anorthositic 

rock series and the troctolitic rock series has arisen from obser

vations of outcrops showing a mix ture of contrasting rock types. 

These mixed rock types are thought to be the result of a mechanical 

mix ing of mineralogical contrasting crystalline mushes. Ex amples 

of outcrops showing varying degrees of mix ture between constrasting 

rock types have been observed in various localities (Plates lA, 

2A, 12, 13, 14, 17B, IBB). 

Measurements of length and width dimensions of plagioclase 

grains on several samples (Tables 2A, B) and the calculated length/ 

width ratios (Table 2C), has yet to show any value in distinguishing 

between these two rock series. 

Density measurements on the troctolitic and the anorthositic 

rock series are presented (Tables 3A, B, C). The average specific 

gravity on 21 samples from the troctolitic rock series (Phinney's 

SPT and SAT) is 2.86. Specific gravities on 17 samples from the 

anorthositic rock series (Phinney's AGU and AGO) averaged 2.82. 

Using Phir.ney's rock classification, there is a large variance in 

the specific gravities of the troctolitic rocks (2.72-3.13); the 
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lower values overlap the range for the anorthositic series 

(2.74-2.93). Three samples of the anorthositic series which are 

extremely high (2.87-2.93) can be explained. Sample 62-10-l7-3A 

(specific gravity - 2.92) is from an isolated area, a good distance 

away from the main mass of anorthositic rocks. Sample 62-10-28-3B 

(specific gravity - 2.87) was taken from Phinney's AGO unit located 

between rocks of the troctolitic series and the flow-structure 

troctolite. From the field mapping completed this summer, it is 

now believed that roost of the rocks of these two areas are associated 

with the troctolitic series. This interpretation is based on the 

modal mineralogy, structure and location of these rock samples. 

Sample 62-10-30-4A (specific gravity - 2.93) is from an area just 

south of the flow-structure troctolite. From the modal mineralogy 

and structure (discussed in section following), this rock type 

is interpretated as belonging to the troctolitic series. Using 

the rock classification of this report, the average density for 

rocks of the anorthositic series is 2.78. The samples of the anor

thositic series range from 2.74 to 2.84, all below the average 

specific gravity for the troctolitic ser~es (2.85). Thus, the 

specific gravities cannot strictly be used to distinguish rocks of 

the two series. However, rocks of the anorthositic series have a 

maximum density of 2.84. Included in the troctolitic series 

density measurements, are samples which may be anorthositic inclusions,. 

a modification of this table will be presented at a later date 

based on a more refined rock-type classification. 

Jointing patterns of these two rock series are for the most 

part indistinguishable. Some general trends, however, have been 

observed (Cooper, R., 1975). 
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Evidence of shearing effects were observed at various outcrops 

(notably 62-11-25-24, 38; 61-10-19-9; 62-10-19-5). These outcrops 

are closely associated with pronounced topographic lineame nts 

(see section below). 

Topographic lineaments throughout the Gabbro Lake and ad-

jacent quadrangles were observed from blueline aerial photographs. 

These lineaments are most pronounced in the large mass of anorth

ositic rocks. These lineaments trend N30-35E in the southern 

portion of the map area (sections 19 and 20 of T61N, RIOW) and 

gradually change to N25E and N5E trends in the northeastern and 

northwestern portions respectively. 

The 'major \vestern-most topographic lineament is interpreted 

as defining the N-S contact between the anorthositic and the 

troctolitic rock series. This conforms with the modal mineralogy 

of the e xposed outcrops. However, some confusion arises with 

mixtures of various rock types at the contact (Plate 32B). The 

small anorthositic rocks west of this contact, are interpreted as 

inclusions in the troctolites. The presence of these inclusions 

must have influenced Phinney's interpretation of the contact location. 

A possible stratigraphic lithology was observed which is a magnetite-

ilmenite,oikocryst-rich rock just west, within 300 feet (90m) , of 

the newly defined ,N-S con'tact. 

The northeastern-trending topographic lineament (sections 

22, 28 and 29; T62N, RIOW) , is interpreted as defining a contact 

between anorthositic rocks and troctolitic rocks. Again, the 

4It modal mineralogy supports this idea. Phinney's mapping of a 

MTA unit and an ST unit have been eliminated by including the 

rocks north of this major lineament in the troctolitic series. 
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Igneous-sedimentary structures are limited to the troctolitic 

series and rhythmic layering is better developed in them as well. 

Hornfelsic inclusions are present in both rock series. 

Intrusive contact relationships between the anorthositic 

and the troctolitic rock series have not been observed. The ac

curacy of the contact location is limited to no less than 50 feet. 

Flow-structure Troctolite 

A troctolitic rock with a high degree of preferred orientation 

of the plagioclase laths, showing evidence of flowage, occurs 

in a dike-like manner in sections 21, 22, 29, and 30 of T62N, 

RIOW (Plates 25B, 26A-D). Plagioclase is the predominant mineral, 

with olivine making up to 50 percent of the rock, and averaging 

20 percent. Plagioclase grains are 1-4 rom in length as are the 

olivine crystals. Plagioclase occurs as a primary phase, while 

olivine occurs both primarily and as a later interstitial phase. 

Minor amounts of clinopyroxene (7 percent) and magnetite-ilmenite 

(3 percent) are interstitial. Less than 2 percent of biotite is 

present. Density measurement of two samples averaged 3.01. Sharp 

contacts with the more anorthositic rock to the southeast were observed 

(Plates 24A, 27C, D, 28A-D) . . Availability of numerous outcrops 

ln this area provided for an e xcellent check on the reliability 

of the flow structure troctolite contacts as inferred by Phinney 

(Phinney's Rock Type ST). Inclusions of older anorthositic series 

rocks (Plates 25C, D) establishes the age relationship between 

these two rock types. An igneous dike intruding an apparent flow

structure was observed (Plate 29A). 
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Pegmatoidal Troctolite 

In the central portion of the dike-like flow-structur e , 

troctolite is a coarse-grained pegmatoidal rock-type (Phinney's 

SP). The mode of this rock-type is quite variable: olivine 

ranging from 3-30 percent, clinopyroxene from 1-15 percent and o xide 

2-15 percent. Plagioclase is the predominant mineral phase, 

ranging from 50-80 percent. The grain size is also quite variahle 

with plagioclase, olivine, clinpyroxene, and magnetite-ilmenite 

averaging 8 mm, with a · maximum of approximately 20 mm. Plagioclase 

and olivine are cumulate phases; some olivine occurs interstitially. 

Clinopyroxene and magnetite-ilmenite are always interstitial. 

Sharp contacts of pegmatoidal troctolite with other rock types 

are rare; one such relationship is t he contact with an anorth

ositic rock type northeast of Nickel Lake (Plate 30C, D). The 

observation of the occurrence of pegmatoidal troctolite is con

sistent with Phinney's. 

Mineralized Troctolite 

A mineralized troctolitic rock-type (Phinney's SCZ) outcrops 

in a belt 5 1/2 miles (9km) long with a max imum width of 1/2 

(800 m) in the Gabbro Lake qeadrangle and extends into the Ka.ngas 

Bay and Babbitt NE q uadrangles. Sporadic outcrops of this zone 

extend into the Babhitt-Hoyt Lakes regior (Bonnichsen, 1970, 1972a, 

b, 1974). Plagioclase, the predominant phase, and olivine (5-20 per-

,e cent) occur as early-forme d cumulates, both ranging from 1-3 rom in 
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size. Clinopyrox ene (2-8 percent) occurs interstitially around 

plagioclase and olivine. Biotite and an ox ide pha se (magnetite

ilmenite) are also interstitial, making up less than 1 percent 

and 4 percent of the rock, respectively. 

The mineralized troctolite is the only rock type of the area 

in which appreciable amounts of sulfide minerals occur. Chal

copyrite, pyrrhotite, pentalandite and cubanite are the predominant 

sulfide phases, and these occur most c ommonly in the gossans of 

this mineralized zone. 

Inclusions showing primary sedime ntary structures occur in 

the mineralized zone (62-11-26-3) a nd probably represent fragments 

of the older, Virginia Formation. Phinney (1969) also noted 

inclusions of anorthositic rock types. 

The mineralized troctolite in the Gabbro Lake quadrangle 

occurs at the base of the Complex . The contact between the 

mineralized troctolite and troctolite was mapped by Phinney 

(Green, Phinney and Weiblen, 1965) on the basis of the last occur

rence of troctolite as one proceeded towards the mineralized zone. 

This contact was field-checked e x tensively during the summer of 

1974, and our interpretation proved consistent with Phinney's work. 

Poikilitic Anorthositic Gabbro 

Rocks of this type were mapped by Phinney as AGO (Green, 

Phinney, and Weiblen, 1966), and defined as anorthositic gabbroic 

rocks containing poikilitic olivine and augite and 75-80% plagio

clase ~55-70) as the cumulus phase. From field mapping and sub-



-24-

4It sequent thin-section petrography, it has been found that these 

rocks generally contain 70-80% plagioclase, 20% clinopyroxene and 

less than 5% olivine, with minor biotite and oxides. A charac

teristic of this rock type is the nature of · the olivine, clino

pyroxene and oxides which occur as poikilitic grains. 

Phinney has mapped several areas as AGO. Field checks were 

made on the extent of the AGO rock type in sections 25, 26, 27, 

33, '34 and 26 of T62N, RllW and sections 19, 20, 29, 30 and 31 

in T62N, R10W. 

My observations concerning the extent of the poikilitic, 

anorthositic gabbro do not concur with Phiney's mapping (Green, 

Phinney, Weiblen, 1966). Several exposures within the mapped areas 

of AGO are of the poikilitic anorthositic rock type, but a large 

number of exposures are not. These exposures are interpreted as 

small isolated bodies which are segregations within the troctolitic 

series, or inclusions of the anorthositic series. 

From field observations of sheared outcrops, and interpre

tations of topographic lineaments, the westernmost boundary of the 

large AGO body in Section 30, T62N, R10W, is interpreted as fault 

control, with no implications to direction of movement. 

Because of the inexact nature concerning the extent and 

genetic relationships of the poikilitic anorthositic gabbro, the 

approximate boundaries were mapped with no implications as to which 

rock series they belong. 
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Anorthosites 

The anorthosites contain greater than 90 % plagioclase with 

minor olivine, clinopyrox ene and ox ides. Plagioclase crystals 

range from fine {Plate llA) , to medium (Plate 15C), to coarse

graine d (Plate 16D). Olivine usually occurs as small single crystals, 

and occasionally as clusters up to 15 rom in diameter (Plate 6C). 

The anorthosites of the Duluth Complex occur as two distinct 

types: as segregations within the anorthositic series and more 

noticeably in the troctolitic series. The anorthositic s egregations 

within the troctolitic rocks were mapped by Phinney as rock type 

SA. These occur as cappings of the troctolitic rocks and form 

distinct topographic highs. Anorthosite inclusions within the 

troctolitic series have been observed in several localities . 

(Plate 18C). 

The anorthositic segre gations within the troctolitic rocks 

were mapped as a distinct rock type, as were the anorthosite 

inclusions; bearing in mind their contrasting gene tic relationships 

with the other rock types. 
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PROPOSED RESEARCH ON THE N~ORTHOSITIC ROCK SERIES 

Purpose 

The anorthositic rock series represent a major but relatively 

unstudied portion of the Duluth Complex. The majority of the 

previous work done on the Complex has centered on the nature and 

origin of the petrographically more interesting troctolitic rock 

series. Though the anorthositic rocks look rather monotonous, 

it is necessary to understand the processes involved in their 

formation before one can postulate on the origin of the Duluth 

Complex. The recent upsurge in interest concerning the origin 

of anorthositic bodies throughout the world (Morse, S.A., 1971, 

1972a, b, 1973, 1974, 1975; Isachsen, Y.W., 1968) encourages 

further research on the anorthositic rock series of the Duluth 

Complex. 

Problem 

The major problems to be resolved concerning the origin 

of the anorthositic rocks of the Duluth Complex are: 

1) What are the modal mineral variations and compositional 

varaition of the mineral phases within the anorthositic 

rock series? 

2) What is the crystallization sequence of the anorthositic 

rocks, and is there any variation in this sequence? 

3) What is the petrogenetic relationship of the anorthositic 

rocks with the troctolitic rocks, the North Shore Volcanics 

and other associated rock types? 
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4) What is the nature, source and composition of the 

parental magma for the anorthositic rock series? 

5) What was the equilibrium condition that prevailed 

during the crystallization of the anorthositic series? 

6) What was the nature and mechanism of intrusion that 

produced the rocks of the anorthositic series? 

Method of Research 

During the summer of 1974, rock samples were taken across 

the strike of the anorthositic series at various locations in 

the Gabbro Lake quadrangle. These samples should contain the 

necessary information concerning the stratigraphic variations in 

the mineralogy and phase chemistry of these anorthositic rocks. The 

textural relationships between the co-ex isting mineral phases will 

provide for an interpretation of the crystallization sequence. 

A preliminary study of the textural relationships shows that for 

the anorthositic rock series, the crystallization sequence is: 

spinel, plagioclase, plagioclase + olivine, olivine, clinopyroxene, 

magnetite-ilmenite, biotite. This is in contrast to the crystallization 

sequence for the troctolitic rock series: spinel?, olivine, 

olivine + plagioclase, plagioclase, clinopyroxene, magnetite-

ilmenite, biotite. These crystallization sequences can be dia

grammatically represented on a quartz-olivine-plagioclase compo

sitional phase diagram (fig. 3). However, because of the coincidence 

of simultaneous olivine + plagioclase crystallization in both rock 



Olivine 

-28-

Sil ica 

PLAGIOCLASE 

OLIVINE 

SPINEL 

Anorthite 

Possible crystallization trend for the Anorthositic Rock Series 

Possible crystallization trend for the Troctolitic Rock Series 

(From Walker et oj , ~973) 

Fiqure 3 



-29-

series, confusion arises in regard to classifying many of the rock 

types, especially at geological contacts and in particular with the 

anorthositic inclusions. Though the textural evidence at present 

is confusing, more detailed studies are in progress. 

Quantitative analyses of mineral phase compositions, using 

electron microprobe techniques for the determination of major, 

minor, and trace element abundances in plagioclase, olivine and 

clinopyroxene have been initiated. Whole rock analyses using 

X-ray flourescence spectrosc9PY for major, minor and trace element 

abundances will commence shortly. 

Determination of the elemental abundances in samples from a 

stratigraphic section, should provide for an interpretation of 

the variation in the melt composition during crystallization. 

~ The elemental partitioning in co-existing mineral phases is necessary 

for a quantitative determination of the intensive parameters 

existing during various stages of the igneous episode. The 

abundance of major, minor and trace elements, as well as rare earth 

elements data on mineral separates, should provide information 

concerning the composition of the parental magma for the anortho-

sitic rock series. 
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APPENDIX 

Sample Numbering Systematics 

A numbering scheme has been developed in order to facilitate 

a cross reference between outcrops, associated outcrop photographs, 

rock samples, thin sections, and thin-section photographs and 

photomicrographs. This numbering scheme was inititated for field 

work completed during the summer of 1974 in the Gabbro Lake, 

Greenwood Lake, Babbitt N.E. and Forest Center Quadrangles and 

will be used for subsequent mapping in areas within the confines 

of the Duluth Complex. The data as described below is presented 

in Table 1. 

Column 1 

Exposures of bedrock will be assigned an outcrop number 

designated by the Township, Range, and Section number, in that 

order, to which it is confined plus a fourth number distinguishing 

it from other outcrops in that particular section. 

Columns 2 and 3 

Various rock types distinguished by outcrop photos and/or 

rock samples collected at a particular outcrop will be assigned 

capitalized letters in addition to the outcrop number. 

Columns 4-7 

Thin sections, full and partial thin-section photographs 

and thin-section photomicrographs of the various rock samples 

will be assigned an additional small letter. A letter designation 

represents the availability of a particular thin section, photo

graph or photomicrograph. 
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Column 8 

Length \vidth ratios: letter represents thin sections from 

which ratios were calculated. 

Column 9 

Density measurements. 
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Outcrop Photographs 

Outcrop Photo # Pl ate # Page 

60-11-19-1 l A 72 

60-11-19-1 l B 72 

60-11-19-1 lC 72 

60-11-19-1 lD 72 

60-12-24-1 2A 73 

61-9-20-1A 2B 73 

61-10-6-2 2C 73 

61-10-6-2 2D 73 

61-10-7-12 3A 74 

61-10-7-12 3B 74 

61-10-7-15A 4A 75 

61-10-7-16A 4B 75 

61-10-7-17A 4C 75 

61-10-8-10A SA 76 

61-10-8-11A 5B 76 

61-10-8-13A 5C 76 

61-10-8-14A 5D 76 

61-10-8-17A 6A 77 

61-10-8-19A 6B 77 

61-10-9-2A 6C 77 

61-10-9-3A 6D 77 
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Outcrop Photo # Plate # Page 

61-10-16 -2 7A 78 

61-10-16-2 7B 78 

61-10-16-2A 7C 78 

61-10-16-2A 70 78 

61-10-16-1A 8A 79 

61-10-16-3A 8B 79 

61-10-16-3B 8C 79 

61-10-16-3C 80 79 

61-10-18-17 9A 80 

61-10-18-18A 9B 80 

61-11-9-1A lOA 81 

61-11-9-1B lOB 81 

61-11-9-1C 10C 81 

61-11-9-10 100 81 

61-11-9-1E llA 82 

61-11-9-1F llB 82 

61-11-9-1F llC 82 

61-11-9-1G 110 82 

61-11-9-1AC 12A 83 

61-11-9-1AOE 12B 83 

61-11-9-1BO 12C 83 

61-11-9-1COF 120 83 

61-11-9-1CF 13A 84 

61-11-9 -10E 13B 84 

61-11-9-10G 13C 84 
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Outcrop Photo # Plate # Page 

61-11-9-1DG 13D 84 

61-11-9-1DG 14A 85 

61-11-9-FG 14B 85 

61-11-9-2A 15A 86 

61-11-9-2B 15B 86 

61-11-9-2C 15C 86 

61-11-9-2 D 15D 86 

61-11-9-2D 16A 87 

61-11-9-2E 16B 87 

61-11-9-2E 16C 87 

61-11-9-2F 16D 87 

61-11-9-2G 17A 88 

61-11-9-2AB 17B 88 

61-11-9-2AB 17C 88 

61-11-9-2AB 17D 88 

61-11-9-2AC 18A 89 
. 

61-11-9-2BH 18B 89 

61-11-9-2EF 18C 89 

61-11-9-2E'G 18D 89 

61-11-9-3AB 19A 90 

61-11-9-4B 20 A 91 

61-11-9-4B 20 B 91 

61-11-9-4A 20C 91 

61-11-9-4C 2 0D 91 
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outcrop Photo # Plate # Page 

62-10-20-5A 21A 92 

62-10-21-1 21B 92 

62-10-21-1 21C 92 

62-10-21-1A 21D 92 

62-10-28-3ABC 22A 93 

62-10-28-3AC 22B 93 

62-10-28-3AC 22C 93 

62-10-28-3BC 22D 93 

62-10-28-4 23A 94 

62-10-28-4 23B 94 

62-10-28-4 23C 94 

62-10-28-7A 23D 94 

62-10-28-8A 24A 95 

62-10-29-2A 24B 95 

62-10-29-10C 25A 96 

62-10-29-10D 25B 96 

62-10-29-10AC 25C 96 

62-10-29-10AC 25D 96 

62-10-29-10G 26A 97 

62-10-29-10G 26B 97 

62-10-29-10F 26C 97 

62-10-29-10DF 26D 97 

62-10-29-10G 27A 98 

62-10-29-10H 27B 98 
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Outcrop Photo # P l ate # Page 

62-10-29-10J 27C 98 

62-10-29-10J 27D 98 

62-10-29-11 28A 99 

62-10-29-11 28B 99 

62-10-29-11 28C 99 

62-10-29-11 28D 99 

62-10-29-11A 29A 100 

62-10-29-18A 30A 101 

62-1 0 -29-19A 30B 101 

62-10-29-21AB 30C 101 

62-1 0 -29-21AB 30D 101 

62-1 0 -30-6A 31A 102 

62-10-30-8A 31B 102 

62-10-30-1 7A 31C 102 

62-10-30 -2SA 31D 102 

62-1 0-31-1A 32A 103 

62 -10 -31-1B 32B 103 

62-1 0-31-1C 32C 103 

62-10-31-2A 32D 103 

62-10-31-6A 33A 104 

62-10-31-7A 33B 104 

62-10-31-8A 33C 104 

62-10-31-9A 33D 104 

62-10-31-11A 34A 105 
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Outcrop Photo # Plate # Page 

62-10-31-15A 34B 105 

62-10-32-6 A 34C 105 

62-10-32-14A 34D 105 

62-11-24-2ABC 35A 106 

62-11 - 24 - 2BC 35B 106 

62 - 11-25 - 5A 36A 107 

62-11-25-5 36B 1 07 

62-11-25 - 7A 36C 107 

62-11-25 - 11A 36D 107 

62-11-25-11B 37A 1 0 8 

62-11-25-11B 37B 108 

62-11-25 - 11B 37C 108 

62-11-25-11B 3 7D 108 

62-11-25-13A 38A 1 09 

62 -11-25-13B 38B 109 

62-11-25-13CD 38C 109 

62-11-25 - 13CD 38D 109 

62-11-25-14A 39A 110 

62-11-25-22A 39B 110 

62-11-25-22A 39C 110 

62-11-25-22A 39D 110 

62-11-25-2 3 40A 111 

62-11-25-2 6A 40B 111 

62-11-2 5 -31A 40C 111 

6 2 -11 - 25 - 32A 40D 111 
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Outcrop Photo 4f Pl a -t e # P a ge 

6 2-11-25-34A 41A 112 

62-11-34-6A 42A 113 

62-11-34-6A 42B 113 

62-11 -35-1 42C 113 

62-11-35-1 42D 113 
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PLATE 1 

Photographs o f Outcrop 60-11-19-1 

A. 60-11-19-1DG: Outcrop showing mixed rock types; olivine 
(dark mineral) content varies from 30% in the -troctoli tic 
portions (dark areas), to l ess than 5% in the anorthositic 
portions (light areas). Plagioclase is the light-colored 
mineral. 

B. 60-11-19-ID: Detail of the troctolitic portion of a mixed 
rock type. Olivine crystals (dark mineral) up to one-half 
inch in diameter surrounded by lighoter colored plagioclase. 

c. 60-11-19-1DG: Detail of the gradat ional boundary between 
troctolitic and anorthos i tic portions of a :mixed rock type. 
Dark colored minerals are olivine and clinopyroxene; light 
colored mineral is plagioclase. ' 

D. 60-11-19-1G: Detail of the ano r thositic portion of a mixed 
rock type, plagioclase crystals (""hi te mineral ) average lcm 
in length. 
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PLATE 2 

Photographs of Outcrops 

60-12-24-1, 61-9-20-11 and 61-10-6-2 

A. 60-12-24-1AB: Gradational boundary between troctolite 
(upper portion) and anorthosite (lower portion). Dark 
colored minerals are orimarly olivine with minor clino
pyrox~ne. The lighter colored mineral is ~lagioclase. 

B. 61-9-20-IA: Detail of gabbroic anorthosite; the dark 
colored mineral is clinopyroxene 10%, the lighter colored 
mineral is plagioclase. 

c. 61-10-6-2A: Hornfels inclusion (left portion of photograph) 
in troctolitic rock. Olivine (dark mineral) content in 
troctolitic varies from 20-30%, plagioclase is the white 
mineral. 

D. 61-10-6-2A: Detail of boundary between hornfels inclusion 
(upper left portion of photo) and troctolite. Note concentration 
of the dark mafic minerals (olivine a nd clinopyroxene) at 
the boundary. Plagioclase is the white mineral. 
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PLATE 3 
.. 
I 

Photographs of Outcrop 

61-10-7-12 

A. 6l-l0-7-l2AB: Large hornfels inclusion (lower right of photo) in troctolite. 
Hornfels mineralogy; quartz 50%, plagioclase 20%, mafics 30 %. Hornfels inclusion 

h a s cross-cutting anorthositic stringers. Troctolitic mineralogy; olivine 25 %, clino
pyroxene 5%, o xides 3% (which are all dark colored minerals) and plagioclase, 67 %, 
(light colored mineral) . 

B. 6l-l0-7-l2AB: Same as photo 3A. 
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PLATE 4 

Photographs of Outcrops 

61-10-7-{15, 16 and 17) 

A. 61-l0-7-15A: De tail of anorthositic troctolite: olivine 15%, 
clinopyroxen e 4%, and ox ides 3%, are the dark colored minerals. 
Plagiocla s e , 78 %, is the light colored mineral. 

B. 61-10-7-16A: Detail of troctolite; olivine 25%, clinopyroxene 
2%, and ox ides 2%, are the dark colored minerals. Plagioclase, 
71 % is the light colored mineral. 

c. 6l-l0-7-l7A: Detail of troctolite; olivine 25%, 'clinopyroxene 
2%, and oxides 1%, are the dark colred minerals . . Plagioclase, 
72%, is the light colored miperal. 
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PLATE 5 

Photographs of Outcrops 

61-10-8-(10, 11, 13, and 14) 

A. 61-10-8-10A:Detail of troctolitic anorthosite; olivine clusters 
are 5-10mm in diameter; olivine 15 %, clinopyroxene 2% , and 
oxides 3%, are the dark colored minerals. Plagioclase, 80%, is 
the light colored mineral. 

B. 61-10-8-11A: Detail of troctolitic anorthosite; olivine 7%, 
oxides 2%, and clinopyroxene 1%, are the dark colored minerals. 
Plagioclase, 90%, is the light colored mineral. 

c. 61-10-8-13A: Detail of troctolitic anorthosite; olivine 10%, 
oxides 4%, and clinopyroxene 2%, are the dark colored minerals. 
Some plagioclase crystals (light color) are up to 2cm long, 
some small segregations of plagioclase are present. 

D. 61-l0-8-14A: Detail of anorthosite; olivine 7%, oxides 1%, 
and clinopyroxene 1%, are the dark colored minerals. This 
outcrop contains a hornfels inclusion. The lighter colored 
mineral is plagioclase. 
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PLATE 6 

Photographs of Outcrops 

61-10-8-(17 and 19) and 

61-10-9-(2 and 3) 

A. 61-10-8-17A: Detail of troctolitic anorthosite; olivine 8%, 
oxides 2%, and clinopyroxene 4%, are the dark colored minerals. 
Oxide and olivine clusters are up to several cm. The lighter 
colored mineral is plagioclase. 

B. 61-10-8-19A: Detail of anorthositic troctolite: olivine 
15%, oxides 5%, and clinopyroxene 1%, are the dark colored 
minerals. Oxide oikocrysts are up to 4 cm in diameter. 
Plagioclase is the lighter colored mineral. 

c. 61-10- 9-2A: Detail of anorthosite; olivine clusters are (8 %) 
up to 15 rom in diameter and are dark colored. The white mineral 
is plagioclase. 

D. 61-10-9-3A: Detail of anorthosite, oliv ine 8%, is the dark 
colored mineral. Plagioclase, 72%, is the lighter colored 
mineral. 
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PLATE 7 

Photographs of Outcrop 61-10-16-2 

61-10-16-2AB: Outcrop 
grain size va~iations. 
portion fine-grained. 
colored minerals. The 

of troctolitic anorthosite showing 
Upper portion coarse-grained, lower 

Olivine and clinopyroxene are the dark 
lighter colored mineral is plagioclase. 

B. 61-10-16-2A: Coarse~grained troctolitic anorthosite with 
plagioclase rich (light colored) and olivine-rich (darker 
colored) segregations. 

C. 61-10-l6-2A: Detail of coarse-grained troctolitic anorthosite; 
olivine 2-Smm, 10% clinopyroxene · 2%, and oxides 1 %, are the dark 
colored minerals. Plagioclase 3-10mm, 87%, is the white mineral. 

' D. 6l-10-16-2B: Detail of finer-grained troctolitic anorthositic: 
olivine, l-2mm, is the dark mineral. Plagioclase, 1-3mm, is 
the white mineral. 
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PLATE 8 

Photographs of Outcrop 

61-10-16-(1 and 3) 

A. 61-10-16-1A: Detail of troctolitic anorthosite; olivine 10%, 
clinopyroxene 3%, and oxides 1%, are the dark-colored minerals. 
Plagioclase , 86 %, is the white mineral. 

B. 61-10-16-3A: Detail of troctolitic anorthosite, with clino
pyroxene oikocrysts 3%, oxide oikocrysts 2%, and olivine 8%, 
which are the dark-colored minerals. Plagioclase, 77%, is the 
white mineral. 

c. 61-10-16-3AB: Detail of boundary between troctolitic anortho
site (upper portion) and anorthosite (lower portion). Notice 
the coarser grain size in the anorthositic portion. The dark 
colored minerals are olivine and clinopyroxene. Plagioclase 
is the white mineral. 

D. 61-10-16-3B: Detail of coarse-grain anorthosite; olivine 4%, 
clinopyroxene 1%, and oxides 1%, are the dark-colored minerals. 
Plagioclase crystals are lcm in length and is the white mineral. 
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PLATE 9 

Phot ographs o f Outcrops 

61-10-1 8-(17 and 18 ) 

~. 61-10-18-17A: De t a il o f anorthositi c troctolite ; olivine 20%, 
clinopyroxene 2%, and oxides 2 %, are the dark-colored mineral. 
Plagiocla se, 76 %, is t he ligh t er-colo red mineral. 

B. 61-10-18-18A: Detail o f t r octolitic anorthosite; olivine 10% , 
clinopyroxene 2%, and o x i des 1 %, are the dark-colored minerals. 
Plagioclase, 87 %, is the lighter-co lored minerals. 



-81-

PLATE 10 

Photographs of Outcrop 61-11-9-1 

A. 6l-ll-9-lA: Detail o f coarse-grained troctolitic anorthosite 
with olivine oikocrysts (dark mineral). Lighter color mineral 
is plagioclase. 

B. 61-11-9-lB: Detail of me dium-grained troctolitic anorthosite 
with olivine oikocrysts (dark mineral). Plagioclase 
is the white mineral. 

c. 61-11-9-lC : Detail of medium-grained beady troctolitic 
anorthosite ; the dark mineral is olivine, the ·white mineral 
is plagioclase. 

D. 61-11-9-lD : Detail of fine-grained troctolitic anorthosite; 
the dark mine ral is olivine, the lighter-colored mineral is 
plagioclase. 
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PLATE 11 

Photographs o f Outcrop 61-11-9-1 

A. 61-11-9-1E: Detail of fine-grained anorthosite; dark mafics 
(olivine and clinopyroxene are less than 3% . The lighter colored 

mineral is plagioclase. 

B. 61-11-9-lF: Detail of pegmatoidal troctolite ; dark-colored 
mineral is olivine, plagioclase is the white mineral. 

c. 61-11-9-lF: Detail of pegmatoidal troctolite; olivine (dark 
mineral) and plagioclase (white mineral) crystals average lcm 
in length. The plagioclase crystals are lath-shaped. ; 

D. 61-11-9-IG: Detail of troctolitic anorthosite; olivine (dark 
mineral) clusters up to 15mm in diameter; the lighter-color 
mineral is plagioclase. 
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PLATE 12 

Photographs of Outcrop '61-11-9-1 

A. 61-11-9-1AC: Outcrop showing mixture of large olivine (dark 
mineral) oikocryst rock (light portions and medium-grained 
"beady " troctoli·tic anorthosite (dark portions ). The white 
mineral is plagioclase. 

B. 6l-11-9-1ADE: Outcrops showing mixture of large olivine (dark 
mineral) oikocrysts rock (upper portion of photo, ) anorthosite 
(central portion of photo) and fine-grained troctolitic anortho
site (dark portion of photo). The white mineral is plagioclase. 

c. 6l-11-9-lBD: Outcrop showing mixture of medium-grained olivine 
oikocryst troctolitic anorthosite (right portion of pho·to) and 
fine-grained troctolitic anorthosite (left portion of photo). 
Olivine is the d drk-colored mineral, plagioclase is the light~ 

I colored mineral. 

D. 61-11-9-1CDF: Ou·tcrop showing .mixture of medium-grained, 
"beady " ·troc·tolitic anorthosite (right portion of photo) r 

pegmatiodal troctolitic anorthosite (central portion of photo) . 
and fine-gra ined troc·toli tic anorthosite (left portion of 
photo). Olivine is the dark mineral; plagioclase is the white 
mineral. 
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PLATE 13 

Photographs of Outcrop 61-11-9-1 

61~11-9-1CF: Detail of pegmatoidal troctolite and me dium
grained, "beady" troctolitic anorthosite. Olivine is the 
dark-colored mineral; plagioclase is the lighter colored 
mineral. 

B. 61-11-9-1DE: Outcrop showing mixture of anorthosite (light 
portions) and fine-grained troctolitic anorthosite (d a rk 
portions). Note concentration of mafic minerals at the 
boundary between the two rock types. The dark minerals are 
olivine and clinopyroxene; the white mineral is plagioclase . 

C~ 61-11-9-1DG: Outcrop showing mixture of fine-grained 
troctolitic anorthosite and troctolitic anorthosite with 
olivine clusters (dark minerals). The lighter mineral is 
plagioclase. 

D. 61-11-9-1DG: Outcrop showing mixture of fine-grained 
troctolitic anorthosite (left portion of photo) and trocto
litic anorthosite with olivine clusters (right portion of 
photograph). The dark-colored mineral is olivine; the lighte r 
colored mineral is plagieclase. 
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PLATE 14 

Photographs of Outcrop 61-11-9-1 

A. 61-ll-9-1G: Detail of boundary between fine-grained troctolitic 
anorthosite (upper left of photo) and troctolitic anorthosite 
with olivine clusters (dark mineral) (southeast 1/3 of photo ). 
Whi-l:e mineral is plagioclase. 

B. 6l-ll-9-1FG: Outcrop showing pegmatoidal troctolite stringer 
(central portion of photo) and olivine clustered (dark mineral) 
troctolitic anorthosite. Light colored grains are plagioclase. 
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PLATE 15 

Photographs of Outcrop 61-11-9-2 

A. 61-11-9-2A: Detail of medium-grained anorthosi "tic troctolite. 
Dark minerals are olivine and clinopyroxene , plagioclase grains 
are white. " 

B. 61-11-9-2B: Detail of troctolitic anorthosite with clusters 
of olivine (dark patches) up to 2 cm in diameter . Plagioclase 
crystals are white. 

c. 61-11-9-2C: Detail of medium-grained anorthosite. Olivine and 
clinopyrox ene appear dark; plagioclase is white . 

D. 61-11-9-2D: Outcrop of troctolitic anorthosite, notice 5 cm 
wide olivine rich layer (dark band) in centr al portion of 
photograph. Plagioclase is the light colored mineral. 
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PLATE 16 

Photographs of Outcrop 61-11-9-2 

A. 61-11-9-2D: Troctolitic anorthosite with two ill-defined 
olivine-rich layers (dark bands) in central portion of photo
graph. 

B. 61-11-9-2E: Anorthositic troctolite with olivine oikocrysts 
(dark patches) ranging in size from 1-4 em in diameter. Plagio
clase is white. 

C. 61-11-9-2E: Detail of anorthositic troctolite shown in 16B. 

D. 61-11-9-2F: Coarse-grained, well foliated anorthosite, plagio
clase crystals up to 15 rom in length are grayish ln appearance. 
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PLATE 17 

Photographs of Outcrop 61-11-9-2 

A. 61-11-9-2G: Coarse -grained anorthositic troctolite, olivine 
(dark mineral) and plagioclase (gray mineral) grains up to 
2 cm in length. 

B. 61-11-9-2AB: Mixture of troctolitic anorthosite with large 
olivine clusters (light areas of photograph) and medium-graine d 
anorthositi c troctolite (dark areas of photograph). Olivine 
and clinopyro xene are the dark-colored minerals; plagiocl a s e 
is the gray-white mineral. 

C. 61-11-9-2AB: Inclusion of troctolitic anorthosite with large 
olivine clusters (center of photograph) in a medium-grai·ned 
anorthositic troctolite. Dark-col ored grains are olivine and 
clinopyroxene; light-colored grains are plagioclase. 

D. 61-11-9-2AB: Boundary between troctolitic anorthosite with 
large olivine clusters (upper portion of photograph ) and 
anorthositic troctolite (lower portion of photograph). Olivine 
and minor clinopyroxene are the dark-colored minerals, plagioclas e 
is the white mineral. 
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PLATE 18 

Photographs of Outcrops 61-ll-9~2 

A. 6l-l1-9-2AC: Boundary be·tween anorthositic troc·tolite 
(right-half of photograph) and medium-grained anorthosite 
(left-half of photograph). Plagioclase grains are light 
colored, olivine and clinopyroxene are the darker grains. 

B. 61-11-9-2BH: Mixture of troctolitic anorthosite with olivine 
clusters (light areas of photograph) and fine-grained anortho
sitic troctolite (dark areas of photograph). " The dark-colored 
minerals are olivine and clinopyroxene. The lighter colored 
grains are plagioclase. . 

C. 61-11-9-2EF: Blocky inclusions of well-foliated anorthosite 
in anorthositic troctolite with large olivine oikocrysts. 
The blocky anorthosite is composed of 100% plagioclase (gray 
mineral). The olivine oikocrysts are the dark patches. 

D. 61-11-9-2FG: Boundary between well-foliated anortho~ite 
(left 1/3 of photograph) and anorthositic troctolite with large 
olivine grains (dark mineral) (right 2/3 of photograph). 
The anorthosite consis '~almost entirely of plagioclase. 
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PLATE 19 

Photographs of Outcrop 61-11-9-3 

A. 61-11-9-3AB: Inclusion of anorthositic troctolite with large 
olivine clusters (dark mineral) i n a me dium-grained anorthositic 
troctolite. Gray grains are plagioclase. 
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PLATE 20 

Photographs of Outcrop 61-11-9-4 

A. 61-11-9-4B: Sedimentary-igneous texture of anorthositic troctolite. Layering and cross
bedding features typical of crystal-mush movement prior to complete crystallization. 

B. 61-11-9-4B: Same as photo 20A. 

c. 61-11-9-4A: Small ripple exempli~ying the semi-molten nature of the igneous intrusions. 

D. 61-11-9-4C: Folding e xemplified by pitted areas due to olivine weathering. The axial 
plane of the fold trends horizontally across the center of the photo. 
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PLATE 21 

Photographs of Outcrops 
62-10-20-5 and 62-10-21-1 

A. 62-10-20-5A: Detail of fine-grained troctolitic anorthosite. 
Dark mineral is· olivine, gray mineral is plagioclase. 

B. 62-10-21-1: Small inclusion (15cm) of coarse-grained trocto
litic anorthosite in a medium-grained anorthositic troctolite. 
Light colored mineral is plagioclase, dark minerals are olivine 
and clinopyroxene. 

C. 62-10-21-1: Large inclusion (3 feet) of · coarse-grained trocto
litic anorthosite in a medium-grained anorthositic troctolite. 
Plagioclase is white mineral, olivine and clinopyroxene are the 
dark colored grains. 

D. 62-10-21-1A: Detail of medium-grained anorthositic troctolite. 
The gray-white grains are plagioclase; the darker grains are 
olivine and clinopyroxene. 
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PLATE 22 

Photographs of Outcrop 62-10-28-3 

A. 62-10-28-3ABC: Boundary between anorthosite (upper 1/5 of 
pho-tograph) and anorthosite (le ngth of scale). Note the wavy 
boundary suggesting mechanical mix ing between the two. Boundary 
(a-t the lower end of scale) between anorthosite and anorthositic 

-troctolite with- large olivine oikocrysts (lmver 1/2 of photo
graph). The olivine oikocrysts appear as dark pitted areas. 

B. 62-10-28-3AC: Detail of boundary b e tween anorthosite (upper 
left 1/3 of photograph) and troctolitic anorthosite (iower 
right 2/3 of photograph). Plagioclase is gray, olivine and 
clinopyroxene are darker in color. 

c. 62-10-28-3AC: Detail of boundary between anorthosite (upper 
left 1/3 of photograph) and troctolitic anorthosite (lower 
right 2/3 of photograph). The-_ gray grains are plagioclase; 

- the dark grains are olivine and clinopyroxene. 

D. 62-10-28-3BC: Detail of boundary bebveen anorthosi tic trocto
lite with olivine oikocrysts (upper 1/4 o f photograph) and 
anorthosite (lower 3/4 of photograph). The '.i"hite grains are 
p~agioclase; the darker grains are olivine. 
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PLATE 23 

Photographs of Outcrops 

62-10-28-(4 and 7) 

A. 62-10-28-4: Large inclusion of olivine oikocryst (dark 
mineral) troctolitic anorthosite (left 3/4 of photo) in a 
fine-grained troctolitic anorthosite (right 1/4 of photo). 
Plagioc~ase is white. 

B. 62-10-28-4: Mafic-rich layer in troctolitic anorthositic; 
clinopyroxene 50% and oxides 20%, are dark; plagiocl~se 30 %, 
is white. All crystals are 1-5 cm in length. 

c. 62-10-28-4: Large inclusion of olivine ' oikocryst (dark 
patches) troctolitic anorthosite with large clinopyroxenes 
and oxides (upper 1/2 of photo) in a . fine-grained troctolitic 
anorthosite, note the concentration of clinopyroxene at the 
contact. The clinopyroxene and oxide grains are also dark. 

D. 62-10-28-7A: Detail of medium-grained troctolite, olivine 
30%, clinopyroxene 5%, and oxides 5% are dark-colore d grains. 
The white lath-shaped grains are plagioclase . 

. . ~ 
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PLATE 24 

Photographs of Outcrops 

62-10-28-8 and 62-10-29-2 

A. 62-10-28-8A: Detail of contact between anorthosite (lower 
2/3 of photo) and . flow-structure troctolite (upper 1/3 of photo). 
Dark grains are olivine, clinopyroxene, and oxides. The gray 
mineral is plagioclase. 

B. 62-10-29-2A: Detail of fine-grained troctolitic anorthosite. 
Brownish patches consist of olivine; lighter colored areas 
are plagioclase. 
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PLATE 25 

Photographs of Outcrops 62-10-29-10 

A. 62-10-29-10C: Detail of fine-grained trocto1itic anorthosite. Dark-colored grains 
are olivine and clinopyroxene. The white grains are plagioclase. 

B. 62-10-29-10D: Foliated troctolite, olivine 30%, clinopyroxene 5%, and oxides 5%, 
are the dark minerals. This rock type is typical of this area. 

e 

C. 62-10-29-10AC: Inclusions of fine-grained trocto1itic anorthosite in a coarse-grained 
trocto1itic anorthosite. Inclusion is 2 1/2 feet in length. The dark grains are olivine 
and clinopyroxene; the white grains are plagioclase crystals. 

D. 62-10-29-10AC: Detail of contact between 'fine-grained troctolitic inclusion (lower 
1/2 of photograph) and coarse-grained troctolitic anorthosite (upper 1/2 of photograph). 
Dark-colored grains are olivine and clinopyroxene; white grains are plagioclase. 
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PLATE 26 

Photographs of Outcrop 62-10-29-10 

A. 62-10-29-10G: Modal layering of olivine (dark bands) in a coarse-grained flow-structure 
anorthositic troctolite.. Gray mineral is plagioclase. 

B. 62-10-29-10G: Textural relationship between coarse-grained flow-structure anorthositic 
troctolite (center of photograph) and surrounding coarse-grained flow-structure 
troctolite. White grains are plagioclase crystals; dark grains are olivine and clino
pyroxene. 

c. 62-10-29-10F: Detail of concentration of clinopyroxene (dark mineral) in nose of small 
fold of flow-structure troctolite. White grains are plagioclase crystals. 

D. 62-10-29-10DF: Typical flow-structure troctolite with large clinopyroxene (dark 
mineral)grains exemplifying folding. Plagioclase is gray in appearance. 

I 
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PLATE 27 

Photographs of Outcrop 62-10-29-10 

A. 62-10-29-10G: Detail of typical flow-structur e troctolite 
with large clinopyroxene (dark mineral) crystals (up to lSmm 
in length). White grains are plagioclase. 

B. 62-10-29-10H: Detail of hornfelsic looking anorthositic 
troctolite. Dark grains are olivine and clinpyroxenei white 
grains are plagioclase . 

c. 62-10-29-10J: Contact between flow-structure anorthositi c 
troctolitic (left 1/2 of photo) and fine-grained troctolitic 
anorthosite (right 1/2 of photo). Plagioclase grains are 
white; olivine and clinopyroxene grains ·are dark. 

" D. 62-10-29-10J: Deta~l of contact between clinopyroxene (dark) 
rich segregation of the flow-structure anorthositic trocto
lite (lower 1/2 of photo) and fine-grained trocto1itic 
anorthosite (upper 1/2 of photo). Plagioclase is white. 
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PLATE 28 

Photographs of Outcrop 62-10-29-11 

A. 62-10-29-11: Contact between medium-grained trocto1itic anorthosite (upper 1/2 of 
photo) and medium-grained flow-structure troctolite (lower 1/2 of photo). Olivine 
and clinopyroxene appear as dark grains; plagioclase is white. 

e 

B. 62-10-29-11: Detail of contact between medium-grained troctlitic anorthosite (right 
1/2 of photo) and medium-grained flow-structure troctolite (left 1/2 of photo). 
Detail of photo 28A. Dark grains are olivine and clinopyroxene; white grains are 
plagioclase. 

C. 62-10-29-11: Contact between medium-grained trocto1itic anorthosite (upper 2/3 of 
photo) and flow-structure troctolite (lower 1/3 of photo). Note concentration of 
large clinopyroxene ~ (dark) crystals at the contact. 

D. 62-10-29-11: Detail of photo 28C; c1inopyrox8ne (dark) grains separating trocto1itic 
anorthosite (upper) and flow-structure troctolite (lower). ' 
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PLATE 29 

Photograph of Outcrop 
\ 

62-10~29'<"'ll 

A. 62-l0~29~11A; Igneous dike cutting troctolitic anorthosite. 
Dark colored grains are olivine and clinopyroxene; white 
grains are plagioclase. 
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PLATE 30 

Photographs of Outcrops 

62-10-29-(18, 19 and 21) 

A. 62-10-29-18A: Detail of fine-grained anorthositic troctolite, 
olivine 15%, oxides 4%, and clinopyroxene 2% are the dark
colored minerals, plagioclase 79%, is white. 

B. 62-10-29-19A: Detail of fine-grained troctolite, olivine 30%, 
clinopyroxene 1%, and oxides 3%, are dark-colored, plagioclase 
66%, is the white min~ral. 

C. 62-10-29-21AB: Contact between coarse-grained pegrnatoidal 
gabbro (left 1/2 of photo) with clinopyroxene 20%, oxides 
10%, olivine 10% (all dark-colored), and medium-grained 
troctolitic anorthosite (right 1/2 of photo). The white ,grains 
are plagioclase . . 

D. 62-10-29-21AB: Detail of photo 30e; coarse-grained pegrnatoidal 
gabbro (lower 1/2 of photo), medium-grained troctolitic anortho
site (upper. 1/2 of photo). Large dark grains are clinopyroxene 
and olivine; white grains are plagioclase. 
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PLATE 31 

Photographs of Outcrop 

62-10-30-(6, 8, 17 and 25) 

A. 62-10-30-6A: Detail of fine-grained troctolitic anorthosite 
with 1 cm olivine (dark) clusters. Plagioclase is white. 

B. 62-10-30-8A: Detail of fine-grained troctolitic anorthositic 
with 5 mm olivine (dark) clusters. The whi -te is plagioclase. 

c. 62-10-30-17A: Detail of medium-grained troctolitic anor-thositic, 
olivine 15%, oxides 2l, and clinopyroxene 1 % are dark colored; 
the white grains are plagioclase. 

-
D. 62-10-30-25A: Detail of dip slope of modal layering . of olivine 

(dark) ·in anorthositic troctolite. The plagioclase is white. 
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PLATE 32 

Ph~ographs of Outcrops 

62-10-31-(1 and 2) 

A. 62-10-31-1A: Detail of medium-grained troctolite, minor 
poikilitic clinopyroxene present. Both the olivine and clino
pyroxene are dark; the plagioclase is gray~ . 

B. 62-10-31-1B: Segregation of anorthositic and mafic portions 
in anorthositic troctlite. The dark mafic portions consist 
of olivine and clinopyroxene; the gray anorthositic portions 
consist of plagioclase. 

C. 62-10-31-1C: Large (10 cm) clinopyroxene segregations (dark 
areas) in anorthositic troctlite, white dots (center of photos) 
are reflections of oxide inclusions in the clinopyroxene~ 
Olivine present is also dark; the gray is plagioclase. 

D. 62-l0-31-2A: Detail of medium-grained troctolitic anorthosite 
with olivine and oxide clusters (both dark colored) averaging 
2-3 cm in diamter. · The white is plagioclase. 



-104-

PLATE 33 

Photographs of Outcrops 

62-10-31-(6, 7, .8 and 9) 

A. 62-10-31-6A: Detail of medium-grained troctolitic anorthosite, 
olivine 10%, oxides 5%, and clinopyroxene 1% are dark colored; 
the plagioclase 84% is white. 

B. 62-10-31-7A: Detail of medium-grained troctolitic anorthosite, 
olivine 10%, oxides 1%, and clinopyroxene 1% are dark colored; 
the plagioclase 88% is gray. 

c. 62-10-31-8A: Detail of fine-grained anorthosite, olivine 3%, 
clinopyroxene 1%, and oxides 1% are dark. Plagioclase grains, 
95%, exhibit a slight foliation and are gray in ~ppearance. 

; 

D. 62-10-31-9A: Detail of medium-grained troctolitic anorthosite, 
olivine 8%, clinopyroxene 1%, and oxides 1% are dark colored, 
plagioclase 90%, is gray. 
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PLATE 34 

Photographs of Outcrops 

62-10-31-(11 and 15) and 62-10-32-(6 and 14) 

A. 62-10-31-11A: Detail of medium-grained troctolitic anorthosite 
with olivine clusters up to 5 cm, clinopyroxene and oxide 
poikilitic clusters up to 1 cm, all of which are dark colored. 
The plagioclase is white. 

B. 62-10-31-15A: Detail of medium-grained troctolitic anorthosite; 
olivine 8%, oxides 2%, and clinopyroxene 1% are dark colored. 
The plagioclase is well folitated and makes up' 89% of the rock. 

c. 62-l0-32-6A: Detail of medium-grained troc·tolitic anorthosite, 
olivine 8%, oxides 2%, and clinopyroxene 2%, are dark colored; 
plagioclase 88% is gray. 

D. 62-10-32-14A: Detail of medium-grained troctolitic anorthosite; 
olivine 7%, oxides 2%, and clinopyroxene 1%, are the dark 
colored grains; plagioclase 90%, is grayish-white. 
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PLATE 35 

Photographs of Outcrop 62-11-24-2 

A. 62-11-24-2ABe: Detail of boundary between fine-grained trocto
lite (A) typical of the area, coarse-grained troctolite (B) 
with olivine 3-8 rom, clinopyroxene 1 cm, and hornfelsic looking 
troctolite (e). The dark grains are olivine and clinopyroxene; 
the \vhite grains are plagioclase . . 

B. 62-11-24-2Be: Detail of boundary between coarse~grained 
troctolite (B) and hornfelsic looking troctolite (e). The olivine 
and clinopyrox~ne grains are dark; the plagioclase is white. 
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PLATE 36 

Photographs of Outcrops 

62-11-25-(5, 7 and 11) 

A. 62-11-25-5A: Detail of coarse-grained anorthositic troctolite; 
olivine commonly exist as oikocrysts as does clinopyroxene 
and oxides, all of which are dark colored. The white grains 
are plagioclase. 

B. 62-11-25-5: Detail of fine-grained troctolitic anorthosite; 
olivine exists as single grains and are dark colored. The 
gray-white grains are plagioclase. 

c. 62-11-25-7A: Detail of .fine-grained troctolitic anorthosite 
with 1-3 cm oikocrysts of olivine (dark) outcrop surface is 
characterized by large pitted areas as a result of weathered 
olivine oikocrysts. 

D. 62-11-25-11A: Detail· of medium-grained anorthositic ·troctolite. 
Dark grains are olivine and clinopyroxene; the gray grains 
are plagioclase. 
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PLATE 37 

Photographs of Outcrop 62":"·11"",25-11 

. A. 62~11-25-llB; Hornfels inclusion showing original sedimentary layering and bedding 
features. Igneous country rock present in northwest portion of photo. 

B .. 62-ll-25-llB; Detail of hornfels inclusion, notice the fine lamination (less than 
1 mm) of the bedding. . 

C. 62-ll-25-llB; Small folds,. possibly soft sediment deformation, in the hornfels inclusion, 

D. 62-ll-25-llB; Fine granular texture typical of the hornfels inclusion Clower 1/2 .of 
photo) in contact with the igneous country rock (upper 1/2 of photo}. 
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PLATE 38 

Photographs of Outcrops 62-11-25-13 

A. 62-11-25-13A: Detail of medium-grained anorthositic troctolite. 
The dark grains are olivine; the gray grains are plagioclase. 

B. 62-11-25-13B: Dip slope of olivine (dark mineral) layering 
in medium-grained anorthositic troctolite. The gray grains are 
plagioclase. 

C. 62-11-25-13CD: Boundary between medium-grained anorthositic 
troctolite typical of the area (left 1/2 of photo) and fine
grained troctolitic anorthosite with 1 em olivine oikocrysts 
(right 1/2 of photo). The olivine is dark colored; the plagio
clase is white. 

_ , D. 62-11-25-13CD: Detail of photo 38C, mediwu-grained anorthositic 
troctolite . (left 1/3 of photo), fine-grained troctolitic 
anorthosite (right 2/3 of photo). 
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PLATE 39 

Photographs of Outcrops 

62-11-25-(14 and 22) 

A. 62-11-25-14A: Detail of troctolitic anorthosite with 8 mm 
olivine oikocrysts 7%, oxides 3%, and clinopyroxene ~%, which 
are the dark grains. The gray grains are plagioclase. 

B. 62-ll-25-22A: Detail of coarse-grained anorthositic troctolite; 
olivine 1 crn, clinopyroxene crystals 1 cm, and clinopyroxene 
oikocrysts 2 cm, are dark colored. The .gray grains are plagio
clase. 

", C. 62-ll-25-22AB: Detail of boundary between coarse grained 
anorthositic troctolite (northeast 1/2 of photo) and fine
grained troctolite (southwest 1/2 of photo), olivine 35% 
(dark grains). The plagioclase is gray_ 

D. 62-1l-25-22AC: Detail of boundary between coarse-grained 
anorthositic troctolite (upper 1/3 of photo) and hornfelsic 
~ooking troctolite. The dark grains are olivine and clino
pyroxene; the gray grains are plagioclase. 
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PLATE 40 

Photographs of Outcrops 

62-11-25-(23, 26, "31 and 32) 

A. ,62-11-25-23: Detail of medium-grained troctolitic pnorthpsite, 
olivine appears green on weathered surface, o livine 15%, and 
oxides 2%, are the dark grains. Plagioclase, 83%, is gray
white. 

B. 62-11-25-26A: Detail of medium-grained anorthositic troctolitie; 
olivine 20%, oxides 5%, and clinopyroxene" 3%, are dark colored, 
plagioclase 72%, "is gray-white. 

c. 62-11-25-31A: Detail of fine-grained anorthsoti c troctolite; 
olivine 20%, oxides 3%, and clinopryoxene 2%, are dark colored; 
plagioclase 75%, is gray. 

D. 62-11-25-32A: Detail of medium-grained anorthositic troctolite; 
olivine 25%, oxides 2%, and clinopyroxene 2%, are dark colored; 
plagioclase 71%, is gray. 
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PLATE 41 

Photographs of Outcrop 62-11-25-34 

A. 62-11-25-34A: Detail of medium-grained troctolitic anortho
sitici olivine 15%, oxides 2%, and clinoproxene 1 %, are dark 
colored grains. Plagioclase, 82 %, is gray colore d. 



A. 
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PLATE 42 

Photographs of Outcrops 

62-11-34-6 and 62-11-35-1 

62-11-34-6A: Detail of coarse-grained troctolitic anorthosite; 
grain size varies within this outcrop as does the modal miner
dlogy. Dark grains are olivine and clinopyroxene, light-colored 
grains are plagioclase. 

62-11-34-6A: Detail of medium-grained troctolitic anorthosite. 
Olivine and clinopyrox ene are dark-colored: plagioclase is 
white gray. 

62-11-35-1: Troctolitic anorthosite with 2 cm olivine clusters 
15%, and 2 em clinopyroxene clusters %5, which are dark in 
appearance; the gray grains are plagioclase. 

62-11-35-1: Detail of photo 42C, black, clinopyroxene clusters, 
brown-black, olivine clusters. 
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Table 2A 

Length of Plagioclase Grains (in rnm) 

Standard 
Thin Section # N Range Mean Deviation 

Troctolitic Rock Series 

61-10-18-8Aa 86 0.25-5.80 1.72 1.288 

61-10-19-3Aa 66 0.38-7.81 2.08 1.597 

61-10-19-6Aa 100 0.18-7.06 1.38 1.212 

61-11-13-4Aa 100 0.27-7.63 1.92 1.442 

61-11-13-4Ba 41 o . 70 -9. 80 2.79 2.104 

62-10-30-4Aa 100 0.16-11.36 1.74 1.702 

62-10-30-8Aa 100 0.18-5.83 1.00 0.764 

62-10-32-8Aa 99 0.19-7.81 2.16 1.704 

All Troctolitic 
Rocks 692 0.16-11.36 1.85 1.524 

Anorthositic Rock Series 

61-10-18-7Aa 100 0.22 -6.47 1.45 1.065 

61-10-19-5Aa 94 0.11-10.08 2.19 2.056 

61-10-19-7Aa 100 0.27-11.02 2.25 2.007 

All Anorthositic 
Rocks 294 0.11-11.02 1.96 1.795 

All Samples 986 0.11-11.36 1.88 1.612 
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Table 2B 

Width of Plagioclase Grains (in mm) 

Standard 
Thin Section # N Range Mean Deviation 

Troctolitic Rock Series 

61-10-18-8Aa 86 0.18-3.06 0.93 0.646 

61-10-19-3Aa 66 0.27-4.68 1.44 1.085 

61-10-19-6Aa 100 0.18-2.99 0.88 0.575 

61-11-13-4Aa 100 0.18-5.40 1.22 0.872 

61-11-13-4Ba 41 o .28-2.85 1.14 0.672 

62-10-30-4Aa 100 0.16-2.84 0.72 0.514 

62-10-30-8Aa 100 0.12-2.33 0.54 0.313 

62-10-32-8Aa 99 0.12-3.05 1.14 0.689 

All Troctoli tic 
Rocks 692 0.12-5.40 1.00 0.733 

Anorthositic Rock Series 

61-10-18-7Aa 100 0.18-3.06 1.04 0.690 

61-10-19-5Aa 94 0.11-7.27 1.47 1.255 

61-10-19-7Aa 100 0.25-3.92 1.29 0.793 

All Anorthositic 
Rocks 294 0.11-7.27 1.27 0.950 

All Samples 986 0.11-7.27 1.07 0.815 
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Table 2C 

Length/Wid th Ratios of Plagioclase Grains 

Standard 
Thin Section # N Range Mean Deviation 

Troctolitic Rock. Series 

61-10-18-8Aa 86 0.37-6 . 09 1.97 0 .960 

61-10-19-3Aa 66 0.55-3 .54 1.54 0.688 

61-10-19-6Aa 100 0.37-5. 27 1 . 60 0.851 

61-11-13-4Aa 100 0 .4 5-5 . 13 1. 77 1.042 

61-11-13-4Ba 41 1.00 -6.58 2.51 1.104 

62-10-30-4Aa 100 0.36 -8.31 2.58 1.381 

62-10-30-8Aa 100 0.70 - 6.83 2.01 1.092 

62-10-32-8Aa 99 0 . 23-5 .4 7 1.89 0 .894 

All Trocto1itic 
Rocks 692 0.23-8.31 1.98 1.077 

Anorthositic Rock Series 

61-10-18-7Aa 100 0.42-3.41 1.45 0.598 

61-10-19-5Aa 94 0.33-3.99 1.51 0.700 

61-10-19-7Aa 100 0.42-4.18 1.67 0.801 

All Anorthosi tic 
Rocks 294 0.33-4.18 1.54 0.709 

All Samples 986 0.23-8.31 1.86 1.000 . 
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Table 3A 

Density Me asurements of Troctolitic Series 

Phinney's Density 
Sample # Rock Type ( gm/cc) 

61-10-7-5A SPT 2.84 

61-10-7-10A SPT 2.87 

61-10-18-16A SPT 2.85 

61-10-19-3A SPT 3.13 

61-11-13-4A SPT 2.80 

61-11-13-4B SPT 2.86 

62-10-17-3A AGU 2.92 

62-10-17-4A AGO 2.84 

62-10-19-3A SAT 2.94 

62-10-19-5A SAT 2.81 

62-10-20-1A AGU 2.80 

62-10-28-2A AGU 2.81 

62-10-28-3B AGU 2.87 

62-10-28-4A AGU 2.83 

62-10-28-6A AGU 2.84 

62-10-30-4A AGO 2.93 

62-10-30'-8A AGO 2.77 

62-10-31-2A AGU 2.82 

62-10-31-4A SPT 2.95 

62-10-31-5A SPT 2.95 
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Table 3A, continued 

Sample # Phinney's Density 
Rock Type (gm/cc) 

62-10-31-6A ST 2.89 

62-10-31-7A ST 2.84 

62-10-31-8A SPT 2.81 

62-10-31-8A SPT 2.80 

62-10-31-9A SPT 2.83 

62-10-31-11A SPT 2.90 

62-10-31-13A SPT 2.90 

62-10-31-14A SPT 2.77 

62-10-31-15A SPT 2.79 

.e 62-10-31-17A SPT 2.77 

62-10-31-17B SPT 2.87 

62-10-31-19A SPT 2.72 

62-10-31-20A SPT 2.83 

62-10-32-8A AGU 2.80 

Mean 2.85 

Range 2.72-3.13 

Standard Deviation 0.077 
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Table 3B 

Density Measurements of Flow-Structure Troctolites 

Sample # 

62-10-29-10F 

62-10-31-24A 

Mean 3.01 

Range 2.92-3.10 

Standard Deviation 0.126 

Phinney's 
Rock Type 

ST 

ST 

Density 
(gm/cc) 

3.10 

2.92 
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Table 3C 

Density Measurements of Anorthositic Series 

Sample # 

61-10-8-16A 

61-10-8-18A 

61-10-18-7A 

61-10-19-5A 

62-10-32-13A 

62-10-33-1A 

Mean 2.78 

Range 2.74 - 2.84 

Standard Deviation 0.045 

All Samples 

Mean 2.85 

Range 2.72 - 3.13 

Standard Deviation 0.084 

Phinneyts 
Rock Type 

AGU 

AGU 

AGU 

AGU 

AGU 

AGU 

Density 
(gm/cc) 

2.81 

2.74 

2.77 

2.74 

2.84 

2.83 
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Table 4 

Petrography of Thin Sections 

Plagioclase Olivine Clinopyroxene Oxides Biotite No. of Point Counts 

61-9-20-1Aa 89.9 9.9 0.1 0.1 1575 

61-10-7-4Aa 89.7 .. 3. 7 4.9 1.4 842 

61-10-7-6Aa 78.5 16.8 1.1 2.8 0.7 1486 ° 

61-10-7-7Aa 85.6 12.2 0.1 2.1 1575 

61-10-7-8Aa 88.8 9.2 1.1 0.8 0.1 2881 

61-10-18-5Aa 83.6 11.4 2.8 2.1 0.2 1170 

61-10-18-6Aa 96.8 1.2 2.0 3068 

61-10-18-7Aa 87.7 8.4 1.4 . °· 2.4 1566 

61-10-18-8Aa 76.4 21.7 0.5 1.4 847 
I 

I--' 
N 

61-10-19-3Aa 67.9 27.4 2.1 2.6 1575 I--' 
I 

61-10-19-4Aa 90.0 8.7 0.9 0.4 1575 

61-10-19-5Aa 89.1 9.2 0.7 0.1 0.9 1563 

61-10-19-6Aa 81.4 1n.9 1.6 1405 

61-10-19-7Aa 85.2 3.2 11.6 1575 

61-11-13-4Aa 91. 0 2.3 4.4 2.2 0.2 1569 

61-11-13-4Ba 81.3 12.1 5.6 0.8 0.2 1575 

62-10-19-1Aa 69.1 18.3 11. 5 0.3 0.8 1519 

62-10-19-4Aa 64.8 5.7 23.8 4.5 1.3 1575 

62-10-19-7Aa 75.1 8.0 13.8 2.8 0.3 1457 

62-10-19-8Aa 73.3 7.1 12.8 6.4 0.5 1544 



e e e 
Table 4 
(cont. ) 

Plagioclase Olivine Clinopyro'xene Oxides Biotite No. of Point Count 

62-10-19-12Aa 71.0 4.1 14.9 9.3 0.6 1575 

62-10-19-17Ba 73.4 24.2 1.1 0.9 0.4 1392 

62-10-19-17ca 80.6 14.6 2.2 2.5 0.1 1575 

62-10-29-3Aa 78.7 13.2 3.9 3.9 0.3 1575 

62-10-30-4Aa 71.7 3.0 23.3 1.8 0.3 3122 

62-10-30-7Aa 91.3 4.2 3.4 0.9 0.1 1513 
I 

62-10-30-8Aa 72.8 12.4 12.2 2.6 0.1 1473 f-' 
!'V 
!'V 
I 

62-10-32-3Aa 89.8 9.0 1.2 0.1 1575 

62-10-32-4Aa 85.2 5.8 7.2 1.4 0.4 1575 

·62-10-32-8Aa 87.8 7.4 3.3 1.1 0.4 1575 

62-11-33-1Aa 66.4 10.8 19.2 3.3 0.3 1575 

62-11-33-1Ab 78.5 1.9 14.1 5.2 0.3 1513 

62-11-35-1Aa 75.6 6.4 15.0 2.3 0.6 1575 
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