





TABLE OF CONTENTS

Page
Abstract...c.icieeceiecaorsonncscsacssscacsovoas i
Introduction. ccceeecseeccesossscnsssoonsanonss
Purpose of Investigation...ieeeeeiicaoanans
Location.scoieeeaeoecsosssonossnsoosconssnes
Field and Laboratory Methods....ecveeeesoes
Previous WorK..sieseoscsarsescoscssscaonacse
Acknowledgments. .. ceeiiecncecesvsvesccocaas
Geologic Settingeceeeececacaseoscssssssconaaas
Introduction, coveessrcssncsarossscccaccasas
Thomson Formation,..esceeecesercoscsacascsse
Nopeming Formation....cceeeeeseecccsncanaass 10
The Duluth Gabbro CompleX.iieeecerersssassaas 10
Pleistocene DeposSitS..iceeessecscsaacsansaas 11
Igneous Petrology.cceeesscccsscsassosssscansas 13
Introduction.eceeceecencesoescosancncscaans 13
Criteria For Distinguishing Between Flows.. 13
Primary Structures of the Flows......ce.0.. 1k
Primary Igneous MineralsS....ceeescecesveea. 16
Chemical and Physical Characteristics...... 2
Petrography and Alteration......eceveeeeee. 36
o 3 S S 1
FlOW Biviveteracaesoctasoesnoscnconsoncenee U0
FlOW Cuvivvaoovocsonosesuasssosoncassanneas 4O
FIOW Divrvvrvoaocosnorasanenosaorascoansneas Ll
FloW Euvevieoreoeoonsoossoaasasnocancessass U5
FlOW Fuverrnecoetoaeononceeasenuassacensees U8
UNit Guvvveroaoceoaoncossovonconssansoneesas U9
Flow Hivveeieooenooaseacasonsosnnssescaacasas 5l
Flows IoP.iiescvansettacecsscconsscesasaeans 56
Mafic DiKeS:ieeiareoeeccrcsooscoccansnnsssosns O
Diabasic Intrusion.veseecescccscersesaccanas 58
Interflow SedimentsS..ceeiceencievencsescacees 5
Microgranitic DikeS.cieecesenveresancacsaass 99
Petrographic Description of the Basal
Flows on Lucille Island...ceeeeeeceecaass 60
Correlation.ee e sceeiesresarencscessssnasaaas 62
Variation Diagrams and Differentiation
TrendS.seeeeeioeeronsosasoseesssscssaasaa 65
Crystallization History....eeeeseecescaeass 66
Parent Magma.e.eeeeeeercesoeescencasossaneres 68
DisCuSSIONicacesacecsscoarascasscassssansnea (1
Mecamorphic PetroOlogyeeesesscessssssssscansens 13
Introduction..ciceeeereesesnssnssscanscaasnses (3
Innermost Contact Zon€... ..ececeveeeesease Th
Middle Contact Zone..cieeeeeiaoecncvccaaces 19
Outermost Zom€..iceeeveesierrvencsceanacacos 5

O OOV WMNDNNH















INTRODUCTION

Droemara of Investigation

This study was undertaken to thoroughly characterize the Lower
Keweenawan Ely's Peak basalts (Green, 1972), in order to determine the
petrogenetic and structural relations at the inception of Keweenawan
volcanism in the Duluth area, to provide a basis for lithic correlation,
end for interpreting the post-depositional history and enviromment of
these rocks. These basalts are very distinctive mineralogiéally, because
no other flows like them are believed to exist anywhere else above the
basal flows in the Lake Superior region. The Ely's Peak basalts are
unigque because they occupy the base of the igneous pile in the Duluth
area anud mark the beginning of the igneocus activity that occurred ia
Lower Keweenawan time. Therefore, a knowledge of the petrography, strat-
igraphy, and structure of the basal flows, and their relationship to
overlying flows and associated igneous rocks, is necessary if the igneous

history of the entire area is to be well understood.

Location

The study area is located from less than one mile up to four miles
west of the Duluth city limits and is bisected by U. S. Highway €1 (see
Figure 1). The area extends from where the unit wedges out three-guarters
of & mile north of Adolph southward for about eight miles to where it ends
in the Short Line Park area overlooking Fond du Lac and Gary. It is

widest at its southern limit, being up to one and one-half miles wide,



The Ely's Peak basalts underlie portions of Sections 29, 30, 31 and 32
of T 50 N, R 15 W; Sections 5, 6, 7, 8, 17, 20, 21, 28, 29, 32 and 33
of T k9 H, R 15 W; and Sections 4 and 5 of T 48 N, R 15 W, St. Louis

County, Minnesota,

Field and Laboratory Methods

Approximately six weeks were spent in mapping the flows during the
summer of 19T71. A detailed, flow by flow investigation was carried out
where possible; however, this was limited in the central portion of the
mapping area due to discontinuity of exposure. Despite this, actual
flow by flow mapping was accomplished in the northern part of the study
area in the vicinity of the Cloguet water supply tank and in the southern
part of the area from Magney Park to the area around Ely's Pesak. VWhere
possible, thicknesses of fiows were determined by the Brunton and pace
method. Where rugged topogrephy limited this method, the flow thicknesses
were determinea by painstakingly working up steep slopes as nearly per-
pendicular to strike as possible and counting body lengths all the way
up. All of the existing outcrops of the Ely's Peak basalts are believed
to have been visited and studied.

Mapping was done on topographic maps at a scale of 1:24,000. The
study area covered portions of the Adolph, Esko, and West Duluth U. S.
Geological Survey quadrangles. Taylor's geologic map (1964) of the Duluth
area was used as a supplement to the topographic maps and was s valuable
aid in locating outcrops, as were aerial photographs supplied by J. C. Green.
The map presented with this study is at a scale of 1:12,000.

A total of 135 samples of flows and associated rocks were collected

during the field work for petrographic study. Forty-three of these samples





































































Table 3 (continued)

N-1 From Flow C, augite basalt porphyry,
SE 1/h, SW 1/k4, Sec. 1T of T 49 N, R 15 W.

N-L From Flow F, ophitic basalt,
NW 1/L, SE 1/k4, Sec. 20 of T 49 N, R 15 W

N-51 From Flow E, plagioclase porphyritic basalt,
SE 1/4, SW 1/L4, Sec. 20 of T 49 N, R 15 W

N-89 From Unit G, ophitic basalt,
NW 1/4, SW 1/4, Sec. 28 of T 49 N, R 15 W

N-100 From Flow K, ophitic basalt,
SW 1/k, NW 1/4, Sec. 33 of T 49 N, R 15 W

N-124  From Flow O, subophitic basalt,
SE 1/4, sW 1/k, Sec. 33 of T 49 N, R 15 VW
D oo
ES-T From Flow B, subophitic basalt,
NE"L/b, ¥WW 1/4, Sec. 20 0f T 4O N, R 15 W
1/ ,Jﬁml/‘,cec 290 9 N, R 15
nee o,
ES-10 From Flow Azlaugite porphyritic basalt,
NE 1/4, NW 1/4, Sec. 20 of T LO N, R 15 W

FP-106 Augite porphyritic basalt from Lucille Island,
near Grand Portage, Minnesota

Chemical analyses of Ely's Peak basslts were done for this
study at the University of Manitoba, Winnipeg, Canada.















EXCESS PYROXENE PHENOCRYSTS

PP-16B PP-16A ES-10B [ES-10A N-1B N-1A -
Si0p 48.55 46.65 47.65 LW6.Th . L7.55 45.96
Al,504 9.02 .68 8.31 8.15 6.7h 6.52
Fe 0, 2.63 4.68 1.49 2.15 1.37 1.33
FeO 10.20 9.45 11.80 11.56 11.3k 10.97
MgO0 11.69 11.2k 10.99 10.77 13.07 12.63
Ca0 11.29 10.86 11.84 11.61 1h.21 13.7h
Nas0 1.62 1.57 1.98 1.95 1.13 1.09
K0 0.71 1.26 0.88 1.27 0.45 0.95
H,0 1.75 3.11 1.92 2.77 1.89 3.98
Cop 0.02 0.03 0.4 0.63 0.k2 0.88
Ti0, 1.86 1.80 1.93 1.89 1.38 1.34
Po0g 0.25 0.kk 0.23 0.33 0.20 0.43
Mno 0.2l 0.23 0.19 0.18 0.20 0.18
TOTAL. 99.83  100.00 99.65  100.00 99.95  100.00
NOTE: "B" after the sample number indicates bulk composition before
subtraction, and "A" after the sample number indicates com-
rosition after subtraction and recalculation to 100%.
Table 6
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on Lucille Island, near Grand Portage, Minnesota. The results of
these calculations are shown in Table 6, along with the bulk rock
compositions of the porphyritic rocks. By plotting these recalculated
percentages on the'figures of Kuno and MacDonald and Katsura, it can
be seen that the original composition of the porphyritic rocks changes
toward the alkali basalt field in each figure.

The alkali basslts (Flows B, E, G, and K), are fine-to medium-
grained and form flows which vary in thickness from about 10 to just
over 100 feet. Modal and normative values are listed in Tables 7 and
L respectively. A key for these tables is shown in Table 8 where the
flows are listed together with the representative thin section from
each flow. As can be seen in the table of mcdes, the alkali basalts
contain about 437 to LE% plagioclase. Olivine phenocryst pseudomorphs
are present as are intergranular olivine pseudomorphs. These, together
with actinolite after augite, form subophitic and ophitic textures.
Flows over 30 feet thick are usually ophitic, whereas flows under 30
feet thizk are commonly subophitic.

Chemical analyses of the alkali basalts (N-51, N-89, N-100 and
ES~T) show, with the exception of N-51, a low silica content of about
k5% to L6%; and all four of these flows contain between 3% and 5% total
alkalis. Structures within'these flows include level, ropy surfaces,
bent and straight pipe vesicles, straight vesicle cylinders and vesi-
cular tops. These structures and the low silica content suggest a low
viscesity of the lavas.

The tholeiitic basalts are generally fine-to medium-grained, but
flows over about 50 feet thick are coarse-grained._ Most of thgse flows

are between 30 and 90 feet thick. Four flows of this type are chemically










































Petrography: This flow is very similar to the basal flow, and the
reader is referred to the description for Flow A. The only note-
worthy difference is that the plagicclase is much fresher in thics
flow and has s compositioﬂ of Anh8-56' Since this flow is only sbout
one-third of a mile from the base of the gabbro, the plagioclase may
be recrystallized.

A chemical analysis was obtained for sample N-l from this flow,
and the results are shown in Teble 3. Chemically, this flow is classi-
fied as a tholeiitic basalt, based on MacDonald and Katsura's (196k)

classification.

Field Observations: Unit G is a composite of several flows, the con-

tacts of which cannot be accurately established from field work due
to scarcity and discontinuity of exposure. This unit is probably some
500 feet thick and is truncated by the gabbro to the east and north.
To the west, the lowermost flow of this unit directly overlies Flocw F.
The first occurrence of these flows is just to the south of Highway 061
where a large dome-like hill (SW 1/4 of SE 1/L4, Sec. 20, T 49 N, R 15 W)
shows three distinect flows. Tracing these flows to the south is diffi-
cult due to lack of outcrop; however, about 1,500 feet north of Magney
Park a few north-south trending outcrops occur and these appear very
similar to those seen at the northernmost outcrop.

In the field, the rocks coﬁposing this unit are recognized as
gray, fine-to medium-grained, massive subophitic or poikilitic basalts.
Where contacts between flows occur, the tops sre commonly rubbly and

always amygdaloidal. Basal portions are somevhat amygdaloidal and
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flow of Unit G. In its upper portions, Flow H is fine-grained and
amygdaloidal with chlorite filling the vesicles.

Petrography: Thin section study of this flow shows a poikilitic tex-
ture with magnetite and actinolite after augite being the principal
ferromagnesian minerals. The actinolite, making up about 30% of the
rock, occurs as pseudomorphs of ophitic augite crystals which range
in size from 3 to 6 mm in diameter.

Also present in this flow are olivine pseudomorphs. The present
mineral appears to be an oxidized serpentine or chlorite showing mod-
erately weak birefringence, up to first order yellow and orange. The
size of these crystals is roughly that of the actinolite. No fresh
olivine remains, %hereas a few relict augite oikocrysts are still
present.

Platy ilmenite crystals up to 1.5 mm long are present and show
alteration corresponding to the zone I type of Hubbard and others
(1970). Magnetite appears &as intergranular material less than 1 rm
in diameter. It also shows altersation of the zone 1 type mentioned
above. Some of the plagioclase laths, which are up to 2 mm long, are
fresh and others are dusty; in many cases they are fresh on the periph-
eries and dusty in the middle portions. They show either Carlsbad or
elbite twinning and compositions range from An38 to Any),.

Other minerals present include chlorite and sphene in association
with alteration of the ferromasgnesian minerals.

A chemical analysis was obtained for sample N-89 from this unit,
and the results are shown in Table 3. Chemically, this flow is classi~

fied as an alkali basalt, based on MacDonald and Katsura's (1964) clas-

sification.
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Mafic Dikes

Field Observations: A swarm of mafic dikes intrudes the flows in

the southern portion of the map area. These dikes are vertical and
follow a K 30° E joint set and can be recognized because they have
been preferentially eroded, leaving pronounced trench-like lineaments
in the topography. Outcrops of only five dikes were seen in the
field; however, other pronounced lineaments running parallel to these
dikes constitute strong evidence that at least eight dikes, and pos-
sibly more, are actually present in the area. They are part of a.
swarr: that cuts the Thomson Formation for at least si¥ miles to the
weét (Wright, Mattson, and Thomas, 1970).

"The dikes are black, fine-~grained basalts which weather to &
reddish color. No colﬁmnar joints were seen but the dikes have a
blocky joint system. Chilled margins are only one or two inches wide,
and thicknesses of the dikes vary from about 10 feet to about 50 feet.
Petrography: Thin section stﬁdy of the mafic dikes reveals that they
are subophitic basalts. Plagioclase makes up about 53% of the rock
and has a composition of Angg s¢. Some phenocrysts of plagioclase up
to 2 mm long are present; however, these total only one percent of the
rock. The plagioclase is only slightly dusty and much is partly al-
tered to chlorite.

The primary ferromagnesisn minerals appear to be completely re-
placed by a green pleochroic layer silicate mineral. Birefringence
of the mireral (about 300 mu) is too low for biotite and too high for
chlorites; end a small 2V and negative sign indicsate that the mineral

could. be biotite, chlorite, or vermiculite. Vermiculite appears to
























Veriation Disgrams and Differentiation Trends

In Figure 11, the differentiation trend of the Ely's Peak basalts
is shown on an alkali-iron enrichment diagram and is compared with
trends of the Skaergsard Intrusion (Wager, 1960), the tholeiitic and
alkalic trends of Hawaii (MacDonald and Katsura, 1964), and the Thing-
muli Volcano of Iceland (Carmichael, 196L). As can be seen on the
diagrem, the general trend is the same for the Skaergasard, Thingmuli,
Hawaiian tholeiites and Hawaiian alkali basalts, though the latter
show much~less iron enrichment. BSince no intermediate to felsic flows
are present in the Ely's Peak basalts, it is not known whether the same
trend exists for this group. However, the plot does show that there is
g general enrichment in iron and total elkalis and a depletion of mag-
nesia. The average chemical analysis of the augite phenocrysts is also
plotted on the diasgram and falls near the magnesia corner., Since twe
of the flows {represented by N-1 and ES-10) are augite-porphyritic, and
since the average composition of the phenocrysts from these flows ere
plotted on the diagram, a trend line can be drawn between the average
phenocryst composition and the points representing the composition of
the flows.

In Figure 12A, lime is plotted against total alkalis; and in Figure
128, magnesia is plotted against total alkalis. The trends of the Ely's
Peak baselts are plotted, es are the trends of the Skaergazrd Intrusion,
Thingmuli Volcano, Haweiian tholeiites and Haweiian alkali basealts.
Inspection of the diagrams shows similar trends of lime and magnesia
impoverishment with increase in total alkalis for all the groups plotted.

The Hawaiian tholeiites do not have a well-developed trend since they

have a limited range of Ca0 and Mg0O content.
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Based on structures within the flows, such as ropy surfaces, pipe
vesicles, and crystal settling, it can be inferred that nearly all

of the lavas probably had low viscosity. From the grain size of the
flows and general lack of crystal orientation, it appears likely that
crystallization in most flows occurred after flowage had ceased. Thus,
the development of some medium-to coarse-~grained flows was permitted by
static crystallization. A generalized crystallization history of the
two main flow types (porphyritic flows and ophitic and subophitic flows)
will now be presented.

Pyroxene-Porphyritic Flows: The pyroxene-porphyritic basalts show clear

evidence of two periods of crystallization. The first period of crystal-
lization was prior to extrusion of the flows when pyroxene crystallized
early at high temperatures and shallow depths. After extrusion of the
flows and subsequent cessation of flowage, the lava was apparently vis-
cous enough to allow some settling of the pyroxene phenocrysts. The
second period of crystallization was marked by simultanecus crystalli-
zation of plagioclase, clinopyroxene, and probably ilmenite to form a
subophitic groundmass.

Non-Porphyritic Flows: The non—porphyriﬁic flows include ophitic and

subophitic basalts, some of which contain pseudomorphs of olivine. In
these flows, it can be inferred that olivine crystallized early (probably
shortly after flowage ceased) and was quickly followed by simultaneous
crystallization of plagioclase and clinopyroxene. In flows where il-
menite and megnetite occur as small phenocrysts, they probably crystallized
early; but moré often they occur as intergranuler material indicating late

crystallization and, therefore, iron-enrichment of the residual fluid.
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Parent Magma

The Ely's Pesk basalts have been classified as either tholeiitic
or alkalic basalts according to the classification scheme of MacDonald
and Kstsura (196%) (see Table 5). If this comparison is valid, then
by using Green, Green, and Ringwood's (1967) experimental results on
the origin of basaltic magma, it should be pessible to deduce something
about the magma from which the Ely's Peak basalts were derived.

According to the model of Green, Green, and Ringwood (1967}, ba~
saltic parent magma is derived by partial melting from a pyrolite mantle.
The alkali basalts originate from magma segregation or fractional crys-
tallization processes at depths of 35 to 60 km. If a fairly large degree
of partial melting of pyrolite takes place, the magma segregation at
these depths would yield an olivine tholeiite magma. If a smaller degree
of partial melting takes place at these depths, the resulting megme is
alkali besalt. Both of these magmas could undergo fractional crystal-
lization upon rising to produce different lava types.

For comparison of flow types in other well-studied areas and the
Ely's Pesk basalts, Table 9 presents chemical eanalyses of Hawaiian
tholeiitez, Thingmuli Volcano guartz tholeiites, lunar KREEP samples,
and different flow types of the Ely's Peak basalts. From these analyses,
it can be seen that the alkali basalts and the augite-porphyritic basalts
of the Ely's Peak flows are chemically similar to the Hawalian tholeiites;
and also, the guartz tholeiites of the Ely's Peak basalts are chemically
sirilar to the Thingmuli Volcano quartz tholeiites. It can be seen from
the analyses cn this table that each flow type has its own chenical aifin-

ities that reflect the physical conditions of magma generation. For
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example, quaft“ tholeiite basalts, according to Green, Green, and
Ringwood (1967}, undergo magma segregation at depths of 15 ¥m or less.
They indicete that quartz tholeiites could also form by fractional
crystallization of & high-alumina basalt megma, slkali besalt magma,

or olivine tholeiite magma at depths of 0 to 15 kn.

(1) (2) (3) (4) (5) (6)
Si0p 49,36 50.20 48.13 50.45 46.71 k8.2
Ti0, 2.50 3.19 1.48 1.13 2.37 1.9
Al505 3.9 12.90 9.96 13.58  13.68 15.5
Fep03 3.03 3.31 1.53 3.54 3.73 e
FeO 8.53  11.86 11.10 10.13  10.23  10.7
MnO 0.16 0.27 0.15 0.19 0.18 ——ee
Mg0 8. 44 L.78 10.55 6.9% G.82 7.8
Ca0 10.30 9.27  11.57  10.13 8.65  10.9
Has0 2.13 3.07 2.00 2.1 3.25 0.45
K50 0.3 0.57 0.78 0.71 1.12 1.2
P50g 0.26 0.58 0.22 0.25 0.37 0.7
TOTAL $9.03 100.01  99.98  99.h7  99.80  97.35

(1) Average of 181 Hewaiian tholeiites (MacDcnald and Katsura,
1964, p. 12hLy
(2) Average of 7 (guartz) tholeiites, Thingmuli Volcano (Csrmichaecl,

1964, p. h439)
(3) Average of 3 augite-porphyritic tholeiites from Ely's Peak
basalts
(4) N-b, quartz tholeiite from Ely's Peak bassalts
(5) Aversge of U alkali basalts from Ely's Peak basalts
(5) Average of 22 fragments of KREEP glass (Hubbard et al.,

p. 343)

Table 9

Based on the chemical nature of the flows, that is, alkali basalts,
it is thought that the Ely's Peak basalts were derived by a smell degree
of partial melting of pyrolite at depths of 35 to 6C km. It is possitle,
though, that fractionation of this "original" parent magma took place,
upon rising, tc produce flows with different chemical and mineralogical

characteristics such ss olivine tholeiite and quertz tholeiite basalts,

whichk are flow types present in the Ely's Peak Dasaltis.
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The actual flow types that could represent the parent magma are
the non-porphyritic alkali basalts such as N-83 from Unit G and N-100
from Flow K. On the variation diagrams of Figure 12, it can be seen
that when the compositions of these twc basalts are plotted, they fall
close to each other. In addition, when subtraction calculations are
done of the excess pyroxene phenocrysts, the augite-porphyritic tholeiite
flow types (N~1l from Flow C and ES-10 from Flow A) plot near the same
area as the alkeli basalts because the readjusted chemical analyses
bear close resemblance to alkali basalts and may represent the compo-

sition of the original msagma.

Other chemical characteristics of the Ely's Pezk basalts are slight
enrichment of P0g and Kp0 which compare to the "KREEP" rocks brought
back from lunar expeditions (see Table 9). The word "KREEP" denotes
rocks which Hubbard and others (1970) found to be rich in potassium,
rare earth elements, and phosphorous. Average Ko0 content in the lunar
"KREEP" samples is about 1.2%, and average Pp0Og content was found to be
about 0.7%. (For rare earth element analyses, see Hubbard and others,
1970).

Although no rare earth studies have been done on the Ely's Peazk
basalts, they could conceivably contain significant amounts of rare
earth elements similar to the amounts in the "KREEP" samples. Hubbard
and others (1970) suggest that the "KREEP" rocks originated by extreme
differentiation of an igneous liquid or a liguid produced by very small
degrees of partial melting. This theory is consistent with the idea that
the alkali basalts formed by small degrees of partial melting as put forth
earlier for the origin of the parent magma that produced the Ely's Pesk

baselts.
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Discussion

The North Shore Volcanic Group has been referred to by White
(1960) as flood basalts. Since the Ely's Peak basalts form the besal
part of the North Shore Volcanic Group, they are included in this clas~
sification és flood basalis. Although the flows appear to have been
extruded in sheet-like messes, one on top of the other, care must be

exercised in labeling them as flood basalts. This is simply because

not enough exposure exists so that they can be traced for long distances,

and, typicselly, flood basalts are characterized by their wide areal ex-
tent. The area encompassing the Ely's Peak basalts (ebout 8 miles by

1 mile) could hardly be called a large geographic area, and thus, the
actual development of large sheets of basalts cannot be substantiated.
The farthest distance an individuel flow could be traced in this area
vas about three miles; but the limits are imposed by the lack of ex-
posures, not by demonstrable endings of individual flows. These flows
may be flood basalts; but in the writer's opinion, they cannot be posi-~
tively classified as such on the basis of field observations alone.

If 8 chemical comparison is made to other areas where known flood
basalts occur, then classification as flood basalts mey be partially
based on chemical characteristics. In general, the Ely's Peak basalts
do nct bear close fesemblance to the basalts of the Columbia Platesu or

the Deccan Plateau (which are known to be flood basalts) because of

higher silica content in the latter two (see chemical analysis, Table 10).

The Ely's Peak basalts bear a close chemical resemblance to the flood
basalts in Iceland (see Table 10) and on this criterion the Ely's Peak
basalts may be classified as flood basalts chemically similar to the

Iceland flood basalts.
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(1) (2) (3) (4)
Si0p L8.75 53.8 50.61 b7.71
Alx04 12.12 13.9 13.58 12.1h
Fey03 L. 64 2.6 3.19 2.88
FeO 9.6i 9.2 9.92 10.3;
MnO 0.2 0.2 0.1 0.1
Mg0 5.L6 4.1 5.46 8.24
Ca0 2.71 7.9 9.45 9.93
TiOo 2.85 2.0 1.91 1.88
Nas0 2.95 3.0 2.60 2.68
K50 0.k49 1.5 0.72 0.9k
P205 0.48 0.4 0.39 ——
H,0 0.82 1.2 2.13 e
COo 0.23 -— —— —
TOTAL 99,45 99.8 100.12 96.90

(1} Average chemical analyses of 10 olivine-tholeiite and tholeiite
lavas from Thingmuli Volcano, Iceland (Carmichael, 196kL)

(2) Average chemical analyses of 5 Yakima basalts from the Tieton
River and Rattlesnake Creek sreas, Weshington (Swanson, 1967)

(3) Average of 11 Deccan basalts (Turner and Verhoogen, 1960, p. 208)

(4) Average of 8 Ely's Peak basalts

Table 10

T2



METAMORPHIC PETROLOGY

Introduction

The basal flows forming the Ely's Peak basalts have undergone
at least one and possibly two types of metamorphism -- contact meta-~
morphism of the albite-epidote hornfels facies, hornblende hornfels
facies, and pyroxene hornfels facies or regional buriasl metamorphism
of the greenschist facies. The metamorphism of the flows 1s most ap-
parent within about 300 yards of the contact with the gabbroc. At
distances greater than about 300 yards from the contact, the flows
retain their primary igneous textures; and it is mors difficult to

determine the type of metamorphism (contact vs. regional).

ct

The contact metamorphism was caused by intrusion ¢f the adjacen
Duluth Complex. In this type of meteamorphism, the basalts are partly
or completely recrystallized, and a granoblastic texture is imparted
to the rock which is marked by the disappearanéc of primary igneous
textures. Hovever, most primary igneous structures such as amygdules,
flow contact, and pipe vesicles are still preserved in the hornfels,

The regional metamorphism is thought to have been produced by
rising pressures and temperatures resulting from the deposition of
overlying flows and perhaps sediments. This alteration is a hydro-
thermel type of regional metamorphism and no metamorphic foliation was
developed in the flows. In most of the rocks, primery igneous struc-
tures and textures are still preserved.

Since the minerals which make up the greenschist facies and the

elbite-epidote hornfels facies (outermost zone of contact metamorphism)

T






up the rocks of the innermost zone. These are celcic plagioclese,
clinopyroxens, and olivine. Temperatures at the contact can be in-
ferred from the nature of the intrusive rock. The temperature of the
magma itself was probebly about 1100° C. This produced temperatufes
of about 600° C to 700° C which metemorphosed the basalts in the
innermost zone. These metamorphic temperatures are based on general
temperature conditions set forth by Turner (1968) for the pyroxene-

hornfels facies.

Middle Contact Zone

The middle zone of contact metamorphism is about 150 to 200 yards
wide. The innermost zone grades imperceptibly into the middle zone
which is marked by the appearance of biotite and minor hornblende
with the disappearance of olivine and clinopyroxene. In this zone,

‘the plagioclase 1s fresh and completely recrystellized. Near the
innermost zone, the plsgioclase is granular but toward the outermost
zone it retains its primary lathy appearance. Temperatures of meta-
morphism are estimated to have been from about L400° C to 600° C. These
are based on general temperature conditions set forth by Turner (1968)

for the hornblende-hornfels facies.

OQutermost Zone

The outermost zone is the widest zone and encompasses all of the
flows outside the zone of hornblende-hornfels metamorphism. The middle
contact zone grades imperceptibly into the outer zone. The flows in

the outer zone have been either contact metamorphosed to the albite-
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epidote-hornfels facies, or hydrothermally metémorphosed to the green-
schist facies, or both. Textural and mineralogical evidence of regional
hydrothermal or contact metamorphism in the Ely's Peak bassalis will now
be presented in order to establish a basis for estimating the physical
conditions of the low-grade metamorphism.

For the most part, the flows retain their original igneous textures
up to about 250 to 300 yerds from the contact with the Duluth Complex;
but, &s mentioned above, in the area between this generel limit and
the contact (herein called the contact zone), the flows are recrystal-
lized to a fine-grained, granoblastic granofels completely lacking any
original igneous textures. This latter texture can be used as evidence
for contact'metamorphism; however, no real textural evidence is preseunt
(e.g. foliation or recrystallization) 1o indicate whether the {lows
outside of the contact zone have been regionally or contact metamorphosed.

Mineralogically, the flows show an approach to greenschist facies
or albite«epidote;hornfels facies becavse the primary igneous minerals
in the flows outside the contact zone are altered to minerals typical
of these two facies. Many of the rocks in the outer zone contain rei-
ict minerals or grains that show incomplete reaction. It is assumed
that the alteration of the minerals in this zone reflect the physical
conditicns to which the rocks were exposed and to which they were
edjusting. Plagioclase often appears dusty, and exhibits & range in
composition from calcic oligoclase to sodic andesine., Olivine alter-
ation is complete. with only pseuvdomorphs remaining. These vseudomorphs
are composed of chlorite and/or serpentine which is often oxidized to
an unusually birefringent type. In general, the clinopyroxene hss been

altered to actinclite. The phenocrysts of clinopyroxene show the least



alteration, usually cnly altering along grain boundaries, cracks,
cleavage traces, and to some extent along concentric zones of lamellae
within the crystals. Intergranular and poikilitic grains of clino-~
pyroxene show a greater degree of replacement by actinolite and are
in many cases completely replaced. Opaqﬁe minersls, usually magnetite
and ilmenite, were also hydrothermally altered. Skeletal magnetite
and ilmenite are commonly altered to sphene and hematite. The alter-
ation of the opaques seems to correspond to the type I established by
Hubbard, Palmer, and Ade-Hall (1971). This implies hydrothermal alter-
ation at temperatures of about 300° C. N

Thus, the mineral assemblage produced in the basalt by hydrothermal
alteration or corntact metamorphism is:

Sodic Plagioclase + Actinolite + Chlorite + Sphene + Hematite
It is quite possible that this assemblage was produced by metamorphism
by hydrothermzl solutions, The source of these sgolutions is highly
speculstive, but the writer concurs with White (1957), whc suggests
that the rubbly flow tops could have acted as a partial trap for water.
Also, since the basal flow 1s pillowed, it is thought to have been de-
posited in water. This could, therefore, be another source of the hydro-
thermal sclutions which formed when the lavas were buried by overlying
flows.

The following are some general, idealized reactions which may have
taken place during metamorphism to transform the primary igneous min-
erals into the observed mineral assemblage:

Plagioclase Reaction:
Nas0 + L4Si0, + CaAlsSinOg -2NaA18i30g + Ca0

Clinopyroxene to Actinolite Reaction:
5CaMg8in0g + Hp0 —> CapMgsSigloo(OH)o + 3Ca0 + 2530,



CaQ

~

Anorthite= CaA1281208
Prehnite= Ca2A123i3010(0H)2

(Clino)zoisite=Ca2Al3Si3O12(OH)

Wairekite= CaAlySi),07p.2H0

Wairakite

ﬁJZF)S

‘%42§)

Figure 13. CaO—A1203—H2O plot of the common calcium aluminum

silicates that occur in the Ely's Peak Basalts.
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Ilmenite to Sphene + Hematite Reaction:
2FeTiOg ¢ 2810, + 2Cal + 1/205 — Fep03 + 2CaTiSi0g

Olivine to Chlorite-Serpentine Reaction:
3(Mg, Fe)p5i0), + LHS0 + 5i0, — (Mg, Fe)gSi)0,4(0H)g

It should bte emphasized that these reactions are very ideal,
and it has been observed that all but one (olivine to chlorite-
serpentine) represent reactions which have not gone to completion
"because it is common to find unaltered, primery pyroxene, cpagues,
and unalbitized plagioclese in the Ely's Pesk basalts. Thus, there
is & possibility that disegquilibrium assemblages wvere produced which
are typical of the albite-epidote hornfels facies and possibly the
greenschist facies (Turner, 1968).

Other mineral asscmblages which may be characteristic of low-
grade contact or regionel metamorphisin are obgerved in amygdvles and
veins within the flows. These assemblages sre:

Vein Assemblages
Calcite + Wairakite
Prehnite + Quartz + Calcite 4 Epidote

Veirakite + Quartz + Epidote
Adulsrisa + Calcite + Quartz

Amygdule Assemblages

Epidote + Cslcite + Sphene + Chlorite + Plagioclase +

Magnetite + Diopside
Calcite + Epidote + Chlorite + Adularia + Actinolite
Quartz + Actinolite + Epidote + Sphene + Plagioclase
Celcite + Epidote + Actinolite + Quartz + Chlorite
Prehnite + Epidote + Queartz + Actinolite
Plagioclase + Hornblende

It should be noted that these mineral eassemblages do not show eny
type of zonation with distance from the contact with the Duluth Gabbro,
except that the more hydrous phases do not exist within 250 to 300 yards
of the contact with the gabbro. In general, for amygdule mineral assem-
blages the calcium~-rich phases, e.g. plagioclase, epidote, and prehnite

are found on the peripheries of the amygdules whereas the ferromagnesian



mineral chlorite is most common further in toward the centers. In
veins, the calcite and prehnite are coften on the peripheries with
epidote, wairskite, and chlorite occurring further in from these
phases.

By considering only quartz bearing assemblages in the system
Cal, A1203, 8i0p, Ho0, and CO, the chemographic relaticns can be
plotted on e triangular diagrem of CaO - Alp0O3 - Hp0 as in Figure 13
to determine if they might be compatible. It should be noted thet
510, and COp are considered mobile components to be added to or sub-
tracted from the system. TFrom this plot, it appears as though the
observed mineral assemblages are compatible, and, therefore, the dif-
ferences in these assemblages can be simply explained in terms of bulk-
compositional differences. It should also be considered what would
happen to the compatibility in this system i1f an additional phasse were
added to the system. Upon addition of & new phase, an additional com-
ponent would be needed to describe the phase, and, thereforsz, sccording
to the phase rule, compatibility between these phases would be maintained.

By considering the possible reactions between the five phases
plotted on Figure 13 for quartz-bearing assemblages, a petrogenetic
grid can be developed as seen in Figure 1k. It should be noted that
the slopes of the univariant lines on the grid and the 300° C and 2,000
bars shown on the figure will be discussed later. When the observed
vein and amygdule assemblages are plotted on the grid, 8ll the assem~
blages could fall compatibly into field I or V on the grid. Thus, all
of the mineral assemblages fall onto the low-temperature side of the
wairekite-water line. In particular, it might be reasoned that since
prehnite and wairakite do not occur together in any of the assemblages,

that 81l of the mineral assemblages could fall into stability field V



Reactions:

(HEO, Wair) Epidote + Quartz = Anorthite + Prehnite
(An) Prehnite + Wairakite = Epidote + Hy0 + Quartz
(Ep, Preh) Vairakite = Anorthite + H,0 + Quartz

Figure 1k

300 T°G

[ i

(wair)

2000

P (bars)

a

Y (hy0) ep)
on the grid rather than.field I. This field, then, could be one
where all the observed mineral assemblages are stsble, and there-
fore, could represent the effective physical conditions. It should
also be noted that two types of reactions could occur between minerals
in this fiel&, those involving water, and those in which HEO is neither
a product nor a reactant.

Since two of the commonly observed assemblages (Wairakite + Quartz +
Epidote, and Prehnite + Quartz + Epidote + Actinolite) have reactions
on the grid that involve decomposition of wairakite to anorthite, quartz

and water; and decomposition of anorthite and prehnite to epidote and
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Figure 15:

% 00 60 366 60 566 o
Temparelurg G -

P-T Diagrem for numerous critical reactions
in low-grade metemorphic rocks illustrating
the possible stability field of wairaskite and
related minerals. From Liou (1970, p. 276).

an



quartz, attention should now be turned to experimental studies on
vairakite and epidote in order to establish a basis for calibrating
the grid for temperature and pressure. Licu (1970), states that
wairakite forms under two types of conditions; (1) a high~temperature
environment resuvlting from temperature increase due {to both burial
and locel. epizonal intrusion of magma, and (2) in active geothermal
aregs with steep geothermal gradients. From field observations, it
appears as though the former of these two environments applies to the
Ely's Peak basalts, i.e. burial, and locsl epizonal intrusion of the
Duluth Complex. Other reported occurrences of wairakite attributed
to burial and intrusion are in the Pacific Northwsst by Wise (1959);
by Fiske in Washington (1963); by Whetten in the Virgin Islands (1965);
and by Seki in Japan (1966). Optical properties and x-ray data for
the wairekite from the Ely's Peak basalts are presented in Appendix A.
From Liou's (1970-T1) experimental work on zeolites ard related
celcium—-aluminum silicates certain phase relations denoting specific
pressure~temperature conditions have been worked out. Figure 15 shows
his PHQO‘T diagram for numerous critical reactions in lovw-grade meta-
morphic rocks illustrating the possible stability field of wairakite
and related minerals (Liou, 1970). From the data on Figure 15, it is
apperent that the uppef stability limit of wairakite is about 2 to 2.5
kilobars pressure and 290° C to 370° C. These, then, probably represent
the meximum pressures and temperatures at which wairakite is stable; at
higher temperatures and pressures wairakite would break down to form
anorthite, gquartz, and water or zoisite, grossular, and water. These

values of temperature and pressure may now be used to help calitrate

the grid.



It is apparent that no experimental studies have been done in-
volving epidote and gquartz going to prehnite end anorthite. Therefore,
the temperatures and pressures at which'this reaction will tske place
are not known and cannot be used to calibrate the grid.

It should be noted that the position of the invariant point on
the grid (Figure 1k) and the slopes of the univeriant lines cannot be
calculated because of insufficient experiméntal data for these reactions.

One other point is noteworthy, that being the uvniveriant reaction
line "e" in Figure 15. The univariant line in the diagram will shift
toward lower tempereatures if Py is less than Pgy, and if PCO2 is pre-
sent in any abundance. In the study area, it is not really deciphearable
how closely PH20 approached Pep. PCOQ probahly played en important role
because calcite is ubiquitous in the area. UNearly all o the metamorphic
minerals.are hydrous, so PH2O was certainly high., Therefore, using Liou's
diagram as it is in Figure 15, Table 11 shows the relationship between
pressure and thickness of the overlying rock column vhich produced the
pressures, assuming that PHQO = Pyt To find these values of thickness,
the formule P =¢ gh was used; where P = pressure, read from Liou's dia~
gram; £ = density of basalt, which Halls (1969) found to lie between
2.93 and 2.99 gm/cm3 for amphibole-bearing (actinolitic) basalts in the
Lake Superior area; g is the acceleration due to gravity; and h is the
thickness of the overiying pile of lavas. In order to reasonably esti-
mate the thicknsss, it should be noted that Grout et al (1951.) indicated
that there is probably a total thickness of 30,000 feet of basalts along
the North Shore of Lske Superior. Sandberg (1938), indicates that about
13,500 feet of gabbro overlies the basal flows. This places & maximum

of roughly 4,000 feet of overlying rock on the Ely's Peak bassalts,
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including the Duluth Complex. This thickress eesily supplies the
needed pressures for the formation of weirekite. However, this
thickness implies that the basalts were poured out in horizontal,
uniform sheets and that the whole seqguence was once overlying the
Ely's Peak areas. DBecause of low initial dips which the overlying
flows and gabbro may have had, the total weight of the overlying

rock was probebly never directly on the besel flows, but only a por-
tion of this total weight. It can be said, though, with reasonable
certainty, that there must have been from about 20,000 to 25,000 feet
of rock overlying the Ely's Pezk area, corresponding to pressures be~

tween 2,000 and 2,500 bars.

Lithostatic Pressure in Bars Equivalent Thickness of Basalt
in Feetl
1,500 15,500
2,000 20,700
2,500 26,000
3,000 31,200
Table 11

Metamorphic temperatures‘of about 290° C to 370° C can be esti-
mated from Liou's experimental work (Figure 15). If it can be assumed
that the same geothermsl gradient existed then as does now, i.e. about
30° C/km, then, assuming 0° C at the surface, at depths of 20,000 to
25,000 feet, the temperature would lie between 210° C and 255° C. If
Py = Pio+» then these temperatures would be too low to accomplish the
observed metamorphic effects. In addition to the above P-T estimations,
the temperatures of metamorphism could also be estimated from opaque
mirerel slteration as observed by Hubbard, Palmer, and Ade-Hall (1971).

The alteration of the opaques appears to correspond to the class 3,



Type I of Hubbard and others (1971) which they indicsate takes place
at temperatures of sbout 300° C. This temperature, then, could be a
close approximation of the temperatures during metamorphism.

It should be noted that it is not really known when, if gt ell,
the hydrothermal zlteration took place relative to completion of the
lava pile. If the alteration is regional, it should have taken place
prior to intrusion of the Duluth Complex. If the Duluth Complex super-
imposed a contact metamorphism on the regional metsmorphism, then this
regionel metamorphism canpot be distinguished with absolute certainty
from the outer zones of contact metamorphism (albite-epidote~hornfels).
The key, perhaps, lies outside the zone of contact metamorphism vhere
primary igneous textures are still preserved. However, no solution csn
be derived from these flows since the mineral assemblages for both the
greenschist facies and the albite-epidote-hornfels facies are the same,
end since there was no deformation to produce a matamorphic foliation
during regional metamorphism. Therefore, the strongest argument for
regional metamorphism could be in the regional metamorphism developed
in the flows near Leif Ericson Park directly over the Ely's Peak basalts
and Duluth Gabbro in the City of Duluth and in the zeolitic elteration
in the entire overlying part of the North Shore Volcanic Group. At Leif
Ericson Park, the flows have been regionally metamorphosed to the zeolite
to greenschist facies. If the flows near Leif Ericson Park had, at one
time, directly overlain the Ely's Peak basalts, snd since they are re-
gionally metamorphosed, then it is most likely that the Ely's Peak basalts
were also regionally metsmorphosed.

This regional metamorphism probably took place prior to the in-

trusion of the Duluth Complex at temperatures of up to 260° C. When
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CONCLUE

As a result of this study,
to consist of both alkali and tt
of 20 flows with a total thickne
east toward Lake Superior at ang

The Ely's Peak basalts have
tvo, periods of metamorphism. I
regional hydrothermal metamorphi
metamorphizm may have been super
intrusion of the Duluth Gabbro Complex. It should be pointed out that
it is very difficult to firmly establish if there ever really was an
rlier hydrothermsl metemorphism from evidence within the study eres.

Because of the distinctive pyroxene~porphyritic flows at the base

of the Ely's Péak basalts and at the base of the Grand Portage lavas
on Lucille Island, near Grand Portage, Minnesota, and because the basal
Tlows in these two areas were found to have reversed magnetic polarity,
they are thought to correlate in general time of deposition and in phys-

icel conditions of magma generation.
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APPENDIX A

Data On Wairzakite

Physical and Optical Properties
CaAlPSihOlz.EHQO -~ Monoclinic

Color: Pinkish crenge - colorless to pale orange in thin section
Luster: Non-metallic
Streak: White
Cleavage: Imperfect in one direction
Hardness: 5 - 5-1/2
Density: 2.25
Fornm: Irreguler blocky masses
Relief: Moderate, n less than balsam
Birefringence: MNil to very wesk - up to first order gray to vhite
Extinection: Slightly inclinad
Optic Angle: Large, variable 2V
ther Properties: Contains polysynthetic twins and often looks
very cloudy in plane light

X~Ray Data - CuKy Radiation

20 aA I
15.95 5.56 5k
18.35 4.80 21
24, L5 3.64 6
26.10 3. k2 100
30.75 2.907 55
32.20 2.78 6
33.45 2.67 16
36.04 2.9 16
37.20 2.h42 8
39.60 2.27 L
40.70 2.218 10
43,50 2.08 b
LT7.00 1.936 b
48.10 1.89 1k
49.00 1.85 10
52.65 1.7h 18
53.70 1.707 h
54.50 1.68 L
57.20 1.61 2
58.00 1.59 9

~n
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