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CUYUNA DISTRICT 

Ralph W. Marsden 

The Cuyuna district is about 100 miles west-southwest 
of Duluth, in Aitkin, Cass, Crow Wing, and Morrison 
Counties, and is defined here to include the Emily, North, 
and South iron ranges, inasmuch as the rocks in the three 
areas are lithologically, stratigraphically, and structurally 
similar (fig. IV-I). The proposed boundaries for the Cuyuna 
district differ from those used by Schmidt (1963), but are 
consistent with those of Harder and Johnston (1918). The 
Emily range extends from the Mississippi River northward 
to the north line of Crow Wing County and into southern 
Cass County, and comprises an area of about 450 square 
miles. The North range includes the principal iron ore-pro
ducing area of the Cuyuna district in the vicinity of Crosby, 
Minnesota. The South range includes an area of northeast-

ward-trending, generally parallel belts of iron-formation ex
tending from near Randall northeast for about 60 miles. In 
addition to the three named ranges, several linear magnetic 
anomalies occur within the Cuyuna district that may indi
cate other, as yet unexplored, areas of iron-formation (fig. 
IV-17). 

The geologic relations of the Precambrian rocks are ob
scured by a nearly complete blanket of glacial drift. which. 
together with local Cretaceous strata, is from 20 to 450 feet 
thick. Except in the mine areas of the North range. the 
geology of the Cuyuna district is pieced together from data 
obtained from a number of explorations for iron and man
ganiferous ores made during the past 70 years. Early ex
ploration work consisted of magnetic surveys followed by 

Table IV-3. Stratigraphic sequences in the Cuyuna district and westernmost Mesabi range. 

Pleistocene 

Upper CretaceoLls 

CUYUNA DISTRICT 

Des Moines drift 

WESTERNMOST 
MESABI RANGE 

Des Moines drift 

unconformity - - - - - - - - - - -unconformity - - - - --

Coleraine Formation Coleraine Formation 

---------- unconformity-----------

Keweenawan ? 

Middle Precambrian 

Animikie Group 

pre-Animikie 

Lower Precambrian 

acidic volcanic rocks'? 

unconformity - - - - - - - - - - -unconformity - - - - --

Rabbit Lake Formation 

Upper 'Member 

Emily Member 

Lower Member 

Trommald Formation 

Mahnomen Formation 

Virginia Formation 

argillite 

ferruginous slate 
and iron-formation 

argillite 

Biwabik Iron-formation 

Pokegama Quartzite 

possible unconformity - - - - - - - - - - - - - - - - -_ 

Trout Lake formation 

slate and quartzite? 

unconformity - - - - - - - - - - -unconformity - - - --

granite and greenstone granite and greenstone 
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drillin g to determine the cause of magnetic anomali es. More 
recent wo rk in the 1940's and 1950's utilized deta il ed grav
it y survey to supplement airborn e and ground mag netic 
surveys and drilling . The geolog ic stud ies show compl ex 
fo lding and some local fa ultin g. mark ed lateral vari ati on in 
the mag neti c character and the fac ies of the iron-form a
tions, and longi tudinal variation in the litho logy of rock 
unit s. Th ese fac tors alo ne, in the absence of glacial drift 
and Cretaceo us sediments, would require careful geologic 
mapping to show the geolog ic relatio nships. Much interpre
tatio n of lim ited in fo rm ation is required to give continuity 
to the geology, so the geologic maps represent an approx i
matio n of the distribution of fo rm ations and of the rock 
structures . Di ffe rent interpretatio ns of the geology can be 
expected if additional geological, geophysical , and explora
tion work is done. 

Thi report has utili zed data from all publi shed and un
published o urces to which I have had access. In places 
where data are in confl ict, I have exe rcised my judgment in 
accepting or rej ecting interpretations and information ; for 
example, some of the earl y reports appear to use the term 
" sla ty iro n fo rmati on" fo r ox idi zed , red-brown slate having 
a low iro n content. The Tromm ald Formation is the main 
m arker bed used in interpreting the structure and strati
graphy of the Cuyun a district. I nasmuch as iron-fo rmations 
commonly are ident ified in drill samples without in form a
tio n o n the assoc iated rocks, an iron-bearing member that 
occurs in th e Rabbit Lake Form ati on locall y may be mIs
takenl y identi fied as the T romm ald Fo rmation. 

STRATIGRAPHY 
The generalized sequence of Middle Precambri an rocks 

in the C uyun a di stri ct is rather simpl e (table IV-3) . It con
sists of a central iron-fo rmation that is underl ain by clas tic 
stra ta and a dolo mite fo rm atio n and is ove rl ain by clas tic , 
locall y ca rbonaceous strata that include an intercalated fe r
rugin o us slate and iron-fo rmation un it. Detai ls of the litho
log ic, strati graphic, and sedimentatio nal relati onships with
in the fo rmations are poorl y known, fo r much of the ava il
able in fo rmation is fro m geophysical surveys and explora
tio n drilling designed to di scover iron o r mangani fe rous iron 
ores. As most drill holes were located to check magnetic or 
grav ity anomali es or to outlin e areas of potenti al o re, drill
ing was done la rgely alo ng the iron- fo rmati on zo nes. Deter
minati o n of the strati graphy was a secondary considerati on. 

The stratigraphic terminology defined by Schmidt 
(1963) fo r the C uyuna No rth range can be applied with 
some modi ficati o n througho ut the di str ict. Th e rock se
quence, from o ldest to youngest, includes ( I) Lower Pre
cambrian granites a nd greenstones, and (2) Middle Precam
brian rocks consisting of a possible lower unit of clastic 
strata, a dolomite here informally termed the 'Trout Lake 
form ation ," the Mahnomen Formation, the main iron-for
mation (Trommald Formation), and the Rabbit Lake For
mation. The Rabb it Lake Formation includes a lower clastic 
and volcanic member, a ferruginous slate and iron-forma
tion member here termed the " Emily member," and an up
per slate, graywacke, and argillite member. The stratigraphic 
seq uences in the Cuyun a d is tri ct and the Mesabi range are 
shown in T abl e IV-3. 
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Knowl edge of the pre-M iddle Precambri an rocks in the 
Cuyuna di stric t is limited. Lower Precambrian rocks (fi g. 
IV-I S) include graniti c rocks ex po ed near the Pine Ri ver 

Penokeon 

EXPLANAT IO N 
iIIIIIIiIIIIIIl ChlOf,I,zed In l (USI'"e Rock 

c=J Rabbi' Loke Formation. undifferentiated A'g"",e, slote, 
graphlt,c argillite and slote WIth rnterbedded luffs 
and possibly flo ws and ferruginOus orgllll le and slote 
and "on-forma t ion ;n t he Sou th and Nor th ranges. 

V-:.:·.:j Upper Rabbll Lake Formation 

~ Emily Member - RabbIt Lake Fo r mallon 

.~ ,. ; y'i Lower Rabbit Lake Formation 

~ Trommo ld Forma t ion ThIck · and thm-bedded Cherty 
1...--- Iron -formO/lon 

~ Mahnomen For mation ArgIllite, sio te, sills/one and 
quar tz"e; local phyll"es and schis ts 

, - - uncon formI ty --, 

~ Trout Lake for motion 

t---j Lo wer Clos lics ? 

'-- uncon formity - - , 

Early Precambrian c=J Greens lone, gronlfe SC hIst s, e tc 

Con/acts be'ween formations are not well defmed In large par's of 'he map area and represent 'he 
"kely forma/Ion boundofles. The Trommold Formallon IS shown m black With areas quened where 
dolo are par/lculorty scan/yo ~ 

! 2 l 4 5 6 7 8 Miles 

Figure IV -IS . G eologic map of the C uyuna distri ct (com
piled from various sources including 
Schmidt, 1963). 



Table IV-4. Chemical analyses, in weight percent, of selected samples of dolomite from the Trout Lake formation. 

Drilled 
Thickness Depth 

Location ( in feet) ( in feet) 

Sec. 6, T. 137 N ., R. 26 W. 38 555-560 

Sec. 31, T. 137 N ., R. 26 W. 120 350-355 

445-450 

Sec. 32, T. 138 N ., R. 26 W. 124 396 

420 

420 

and in the southeastern part of T. 138 N. , R. 28 W ., mafic 
intrusive rocks ex posed in the central part of T. 138 ., R. 
29 W ., and greenstone exposed in the no rth ern part of T. 
136 N., R. 29 W. In additi on, it is reported that a d rill hole 
in the SW I;4 NE I;4 sec. 14, T . 137 N., R. 27 W. intersected 
greenstone, two drill hol es in the NW I;4 SE I;4 sec. 35, T. 
138 N., R. 27 W. cut medium- to fine-grained gabbro, and a 
drill hole in SE I;4 sec. 10, T. 13 8 N., R. 17 W. cut schist. 
The widely scattered information suggests that many of the 
rock types found north of the Me abi range also occur in 
the Lower Precambrian sequence of this reg ion. 

Trout Lake Form ation 
The name "T rout Lake fo rm atio n" i used herein to 

des ignate a fine-grained lithog raphic, locall y granul ar, rn a -
sive, gray to bu ff, somewhat cherty do lomite. Dolomite was 
encountered in drilling in SW lI.i E lI.i sec. 6 and SElI.i 
NW I;4 sec. 31, T. 137 ., R. 26 W .; SE lI.i Ell.! sec. 2, T. 
137 N., R. 27 W .; NE lI.i E lI.i sec. 32 and WI;4 N ElI.i sec. 
33 , T. 138 N ., R. 26 W ., and in sec. 3 1, T . 138 ., R. 27 
W. (fig . IV-19). A glacial boulder about 30 fee t long and 
15 feet high that is in the W I;4 SE I;4 sec. 29, T . 137 

CaO MgO CO2 Si0 2 

25.96 18.62 2.95 

10.53 9.40 21.64 50.56 

13.55 18.08 36.12 14.86 

28.72 12.98 43.87 4 .20 

29.04 19.16 45.14 1.98 

29.86 18.76 45.96 1.40 

R. 28 W. is simil ar to the dolomite cut in the dr ill ho les and 
is the only known probable exposure of the dolomite in the 
region. The glac ial errati c was fi rst described by H arder 
and Johnston (191 8, p. 63). Some of the dolomite contains 
siliceous layers and patches that have a granular tex ture 
and may be either quartzite lenses or recrystallized chert. 

Chemical analyses of avail able samples (table IV-4) in
dicate that the Trout Lake formation varies from a dolo
mite to a dolomitic limestone. Analys is of one sampl e shows 
an exces of MgO, suggesting th at magnesite may be pres
ent. The sil ica content of the dolo mite ranges from 1.40 to 
50.56 percent. 

The distribution, thickn ess, and positio n of the Tro ut 
Lake fo rm atio n relati ve to adjacent fo rm ati o ns are poo rl y 
known, fo r none of the drill holes that penetrated the do lo
mite cuts either the top or the bottom of the fo rmatio n. 
Judged from drill hole and grav ity in formation, the dolo
mite possibl y has a strike length of mo re than 15 miles. A 
strati graph ic thi ckn ess in excess of 90 fee t is indicated by 
d ri lling; the total thickness is unknown, but j udged from 
gravity data p robabl y is considerably greater than drill ing 
ind icate . 

The Trout Lake formatio n lies beneath the Mahno men 
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Figure IV -19. G eneral north-south cross-section showing the inferred structure of the Cuyuna district. Location of cross
section shown in Figure IV -18. 
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Formation and appears to be underlain by slate and quart
zite. The latter observation is based on limited information 
from drill holes in the S'vVl~SEl~ see. 35 and in the NWli~ 
SEl.~ sec. 36. T. 136 N .. R. 27 W .. which penetrated rocks 
described as slate. quartzite. and paint rock. The dolomite 
is inferred from relationships of similar lithologic units ob
served on the Penokee and Gogebic ranges in Wisconsin 
and I\lichigan to lie unconformably beneath the I\lahnomen 
Formation, but without marked discordance. In 'vVisconsin 
and 1\1 ich igan, the 1\1 iddle Precambrian Bad Rivcr Dolomi te 
is separated from the overlying Palms Quartzite by an un
conformity that lacks discordance. The unconformity be

tween the units marks a period of erosion during which the 
Bad River Dolomite and the underlying Sunday Quartzite 
were completely removed over large areas. The strikes and 
dips of the formations above and below the unconformity, 

however, are similar. suggesting uplift and erosion without 
marked deformation. A similar interpretation of the rela
tionship between the Trout Lake formation and the I\lah
nomen Formation is tenable, for thc known structural 
trends and projected distribution of dolomite, based on 
gravity data, indicate that the dolomite has the lateral con
tinuity shown in Figure IV-18. Although available in
formation does not require an unconformable relationship 
with the Mahnomen Formation, this interpretation is pre
ferred inasmuch as it is consistent with the known 1\1 iddle 
Precambrian history in Wisconsin and 1\1 ichigan. 

Mahnomen Formation 
The 1\1 ahnomen Formation consists of a clastic sequencc 

that includes argillite, slate, siltstone, graywacke, and quart
zite, and lesser amounts of schist. phyllite. and limestone. 
The formation was named by Schmidt (1963) to include the 
thick clastic sequence that underlies the Trommald For
mation in the North Cuyuna range. Similar clastic rocks 
underlie the main iron-formation in the South Cuyuna and 
Emily ranges. In the Emily and North range areas, the for
mation appears to have a minimum thickness of 1,000 feet 
and a maximum thickness of at least 2,000 feet. A similar 
range in thickness is inferred in the South range. 

In the North range (Schmidt, 1963), argillite and silt
stone are the dominant lithologies. The argillaceous mater
ial consists of sericite, fine-grained quartz, and minor bio
tite and chlorite. Locally, the argillite has been changed to 
slate, schis!. or phyllite. The siltstone is a fine-grained, 
quartz-rich, massive or bedded rock that contains variable 
amounts of muscovite, biotite, and chlorite, and has scat
tered grains of plagioclase, pyrite, and magnetite or mar
tite. Quartzite commonly is found at the top of the forma
tion in the western part. but is sparse elsewhere in the range 
(Schmidt, 1963). It is composed of rounded quartz grains 
in a quartz- or sericite- and chlorite-rich matrix; calcite and 
iron oxide are present as cementing materials. The quart
zites contain variable amounts of argillaceous materia\, 
which results in a complete gradation between quartzite and 

argi II i teo 
A few beds of brown limestone as much as IS inches 

thick were encountered at depths between 200 and 450 feet 
below the top of the Mahnomen Formation in a drill hole 
in sec. 20, T. 47 N., R. 2S W, Apparently this rock type has 
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a local distribution, for it was not ':ncountered in drilling 
elsewhere in the I\lahnomen Formation. 

In the Emily range, the t\lahnomen Formation consists 
of argillite-quartzite, siliceous argillite, slate, siltstune, ~lI1d 
quartzite. Argillite-quartzite, the most abundant rock type, 
consists of intercalated layers of argillite and fine-grained 
quartzite. Commonly, argillite and quartzite are present in 
about equal amounts, but in some parts of the formation 
argillite is dominant, whereas in l1thers quartzite is domi
nant. Elsewhere in the Lake Superior region, this litholugy 
has been termed "'quartz-slate."' Where fresh, the rock is 
light gray to light greenish gray, but where oxidized it 
ranges in color frl1m vellow and brown to brick red. The 
rock generallv has a pmminent lamination, but is massive 
where either Clrgillite or quartzite is dominant. Commonly, 
the argillitic lavers have a slaty cleavage and the coarse
grained quartzite layers are cross-bedded. 

The argillite is composed of about 70 percent finc
grained quartz and sericite and 30 percent rounded, medi
um-size quartz grains. In the quartzite layers, sand-size 
quartz grains are dominant in a snicitic matrix containing 
associated scattered grains of magnetite or martite and py
rite. t\lagnctite is relatively abundant in an argillite and 
quartzite unit in the lower part of the Mahnomen Forma
tion, possibly about 1,000 feet below the upper contact. A 
prominent linear magnetic anomaly that can be traced for 
14 miles is associated with this unit. A continuation of this 
unit may be the cause of a magnetic anomaly that trends 
from sec. 20, T. 138 N., R. 27 W. to sec. 35, T. 140 N., R. 
28 W. (fig. IV-IS). Thus, except where the Mahnomen For
mation is oxidized, a magnetite-bearing marker zone may 
extend throughout the Emily range from near Lower M is
sion Lake in T. 136 N., R. 27 W. to near Wabedo Lake in 
T. 140 N., R. 28 W., a strike distance of about 45 miles. 
The possible occurrence of a similar magnetite-bearing ar
gillite and quartzite unit on the North range is suggested by 
magnetic anomalies in those parts of the range that appear 
to be underlain by the Mahnomen Formation. 

Little reliable information concerning the Mahnomen 
Formation is available in the South range. As most of the 
drilling was done between 1900 and 1920, descriptions of 
footwall rocks to the iron-formation are sketchy. Schmidt 
(1963, p. 38) reported that ".. near Hassman, the same 
general sequence was found as in the North range: a weakly 
metamorphosed thin-bedded iron-formation is underlain by 
light-gray argillite and overlain by dark gray and black 
titaniferous argillite. The bottom of this sequence is on the 
northwest side .... " Schmidt examined many drill samples 
from the area between the North and South ranges and 
concluded that this area is underlain by rocks of the Mah
nomen Formation. 

Trommald Formation 
Geologic data support the occurrence of a single major 

iron-formation in the Cuyuna district. Van Hise and Leith 
(191 I), Harder and Johnston (1918), Zapffe (1933), and 
others used the name "'Deerwood" for this iron-formation. 
The Deerwood formation was considered by Leith and 
others (1935) to be an iron-bearing member of the Virginia 
Formation. Schmidt (1963) concluded, however, that the 



iron-formation in the North range should have formational 
status. and proposed the name "Tromm aid Formation" for 
the iron-formation found near Trommald in Crow Wing 
County. 

Thickness 

The Trommald Formation ranges in thickness along 
strike from about 45 to 500 feet in the North range and 
from about 10 to 600 feet in the Emily range. Data on the 
thickness on thc South range are limited. but a maximum of 
about 300 feet seem~ likely. Concerning the thickness of the 
Trommald Formation in the North range area. Schmidt 
stated (1963. p. 31), "Where only the thick-bedded facies is 
present, the iron-formation is thinner, and it is possible that 
the Trommald Formation wedges out entirely if traced west
ward from the North Range. The formation is thickest 
where only the thin-bedded chert-carbonate-siderite-magne
tite facies was deposited." 

A direct relationship between iron-formation thickness 
and facies also exists on the Emily range. Where only the 
thick-bedded cherty iron-formation occurs. the Trommald 
Formation is thin. The Trommald Formation is reported to 
be from 65 to 100 feet thick in sec. 17. T. 138 N .. R. 26 
W., and to be generally thin in secs. 10. II. 15, and :W. T. 
137 N .. R. 26 W. The iron-formation appears to be thin 
along the southern edge of the Emily range, from near Low
er Mission Lake. T. 136 N .. R. 27 W. to sec. 2. T. 136 N .. 
R. 25 W. The iron-formation in this area is projected to 
follow an indistinct magnetic trend and a weak gravity 
anomaly. and was cut by only two drill holes. A drill hole 
in lot 4, sec. 24. T. 136 N .. R. 27 W. cut 59 feet of iron
bearing strata (Emily member) and 312 feet of gray, graph i
tic slate (both of the Rabbit Lake Formation). II feet of 
chert-carbonate iron-formation (Trommald), and 39 feet of 
interbedded quartzite and argillite. The sequence dips about 
40°. Another drill hole in SWI .. ,4 NWI . .; sec. 9, T. 136 N .. 
R. 25 W. cut 126 feet of thin-bedded graywacke. 45 feet 
of cherty iron-formation (Trommald). 19 feet of gray argil
lite, and 47 feet of massive quartzite. These drill holes 
penetrated thin Trommald Formation that typically is over
lain by graywacke, graphitic slate. and the Emily member, 
and is underlain by quartzite and argillite. 

North and Emily Ranges 

Iron-formation that is correlated with the Trommald 
Formation has been traced by geophysical surveys and drill
ing north from the mines on the North range through the 
Emily range to the north line of Crow Wing County, as 
shown on Figure I V -17. I t may extend north from Crow 
Wing County into ('ass County along the northeast side of 
a prominent linear, magnetic, and gravity anomaly. This 
anomaly extends northwest from sec. 32. T. 139 N .. R. 27 
W. to just south of Wabedo (fig. IV-18). A hole drilled on 
the anomaly in the SE Y! sec. I I. T. 139 N .. R. 28 W. cut 
thin-bedded gray argillite, which tentatively is correlated 
with the magnetic argillite and quartzite zone in the lower 
part of the Mahnomen Formation. Several other drill holes 
in southeastern Cass County have penetrated gray argillite 
that is considered to be a part of either the Virginia or the 
Rabbit Lake Formation. Although the Biwabik and Trom-

maid formations are considered equivalent and possibly 
continuous. no attempt is made in Figure IV-17 to project 
the iron-formation into ~outheastern Cass County. 

The Trommald Formation can be divided into five dis
tinct facies: (I) thin-bedded; (2) thick-bedded. commonly 
granule-textured and cherty; (3) mixed thin- and thick
bedded; (4) algal chert; and (5) quartzitic iron-formation. 
Of these. the thin- and thick-bedded facies comprise a signi
ficant proportion of the iron-formation. and are lithologi
cally similar to "slaty iron-formation" and "cherty iron
formation." respectively. on the Mesabi range. Schmidt 
(J 963) gave a detailed description of the "thin-bedded" and 
"thick-bedded" units. 

Thin-bedded Facies. The thin-bedded facies of the Trom
maid Formation in the North range is characterized by hav
ing individual bedding laminae that are less than half an 
inch thick, as well as having many laminae that are less 
than an eighth of an inch thick. Chert beds that are more 
than a quarter of an inch thick are common; some chert 
lenses are several inches thick and sparse beds are as much 
as 10 feet thick. 

Unoxidized, thin-bedded iron-formation consists of 
iron- and silica-rich layers that range in color from gray to 
dark gray and greenish gray; the darker layers have a higher 
silicate content. The rock may be characterized as carbon
ate-chert, carbonate-si I icate, si licate-carbonate, or as mag
netite-rich iron-formation. The unoxidized, thin-bedded 
facies is composed of quartz. siderite, magnetite. stilpnome
lane. minnesotaite, and chlorite. Grunerite, acmite. and 
tourmaline occur locally. Chemically. the thin-bedded facies 
commonly contains 10 to 15 percent C02, indicating a 
content of 25 to 40 percent siderite. Silica generally ranges 
from 30 to 35 percent and attains a maximum of 59.3 per
cent. iVlost of the silica is cherty quartz or is in iron sili
cates; some is present as clastic quartz. M anganese ranges 
from 2 to 5 percent, and probably occurs in carbonate min
erals combined with iron, calcium. and magnesium. 

Oxidation and leaching have resulted in a marked 
change in the physical appearance as well as in the chemi
cal composition of the thin-bedded facies. Siderite and iron
silicates are converted to goethite and hematite, and less 
commonly to fine-grained manganite, pyrolusite. and cryp
tomelane. Much or all of the ferrous iron is oxidized to 
ferric iron, yielding a rock that is yellow. brown, or red 
and has a weathered appearance. As a result of leaching, the 
rock is depleted in CO2 • Ca. Mg. Si02• and is enriched in 
Fe. Ab03. and H2 0 relative to the unaltered material. Iron
formation that is strongly leached may attain ore grade by 
removal of most of the silica. Porosity increases as oxida
tion and leaching proceed. but Schmidt (1963) reported that 
the observed porosity is less than that expected solely from 
the removal of silica; accordingly. it seems likely that some 
iron oxide has partly replaced silica. 

Thick-bedded Facies. The thick-bedded. cherty facies 
consists of wavy-bedded. granule chert layers ranging in 
thickness from an inch to a foot. or rarely to several feet. 
that are intercalated with thinner iron-rich layers. The 
wavy-bedded character results from variations in the thick
ness of individual layers. Schmidt (1963) reported that the 
cherty layers commonly are lenticular. They are composed 
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of ovoid granules of cherty quartz. carbonate. silicate. or 
magnetite and. where oxidized. of cherty quartz and iron 
oxides in a matrix of the same composition. The granule 
cherts are similar in mineralogy and in texture to the gran
ule taconites of the \Iesabi range. 

I n the Emily area. cherty iron-formation occurs that is 
similar to the thick-bedded facies on the North range. but 
unoxidized. thick-bedded iron-formation has not been 
found. This apparent lack of unoxidized iron-formation pos
sibly reflects the relatively shallow driliing. The thick
bedded. cherty facies commonly occurs as two members 
that are separated bv a thin-bedded or by a mixed thin- and 
thick-bedded facies.' This occurrence of" thick-bedded iron
formation in two zones differs from the North range. where 
only one thick-bedded facies occurs. In addition. it always 
overlies the thin-bedded facies. In both areas. where the 
iron-formation is thin it consists only of the thick-bedded 
facies. 

Mixed Thil1- and Thick-bedded Facies. A transitional 
lithology of intercalated thin- and thick-bedded iron-forma
tion occurs locally in the central Emily range. between 
Ruth Lake and Ross Lake. Commonly. this unit is 50 to 150 
feet thick and is gradational into thin-bedded iron-forma
tion below and thick-bedded iron-formation above. The 
facies is characterized by 1- to 6-inch-thick granule chert 
layers and layers of fine-grained. laminated iron-formation. 
In secs. 20 and 21. T. 138 N .. R. 26 W .. the mixed facies is 
100 to 165 feet thick. is between quartzitic facies below 
and thick-bedded facies above. and contains well-rounded. 
detrital quartz grains. The mixed facies containing sand 
grains appears to be laterally equivalent to non-clastic. fint:
grained. and mixed facies iron-formation. The occurrence 
of the mixed facies iron-formation suggests that both the 
thick- and the thin-bedded facies may have been deposikd 
under generally similar sedimentational conditions and that 
both could have been deposited in areas where sand-size 
clastic material was being deposited. 

Quartzitic Facies. An iron-rich quartzitic facies of the 
Trommald Formation occurs west of Ruth Lake in secs. 20. 
21. 22. and 23. T. 138 N .. R. 26 W. This facies consists of 
abundant clastic quartz in a matrix of cherty quartz. iron 
oxides. and manganese oxides. l'vlegascopically. the material 
appears to be a quartzite that has small amounts of chert 
and jasper as nodules and layers. An algal chert zone 5 to 
10 feet thick occurs in the upper part of the un it. and may 
be equivalent to part of the lower. thick-bedded member 
elsewhere in the Emily range. Oolites and pisolites occur 
with jaspery chert nodules and layers in the lower part of 
the quartzitic unit. The occurrence of chert as nodules and 
layers with algal chert in sandy beds containing iron and 
manganese oxides suggests a gradual change from clastic 
deposition to iron-formation deposition. The rock is oxi
dized and leached so that the nature of the original sedi
ment is not known. However. the quartzitic facies appears 
to be similar to the sandy facies at the base of the Biwabik 
I ron-formation in the Eveleth area on the Mesabi range 
(White. 1954). where interbedded chloritic sandstone. jasp
ery chert. and algal chert occur. 

Algal Chert Facies. Beds of algal chert as much as 10 
feet thick occur locally on the Emily range at the base of the 
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lower thick-bedded cherty member. The algal chert facies 
consists of algal. jaspery chert. and in sees. 20. 21 and 23. 
T. 138 N .. R. 26 W. it contains ubiquitous clastic quartz. 
The algal chert appears to be similar in character and to 
occur at the same stratigraphic position as the lower algal 
chert layer on the 1\1 esabi range. 

Iron-formation on the South Range 
The main iron-formation of the South range is consid

ered a part of the Trommald Formation. The unoxidized 
material was described by Harder and Johnston (1918) as 
a medium- to fine-grained. greenish-gray to black. common
ly laminated "magnetitic slate" and "amphibole magnetite 
rock." which appears to represent metamorphosed thin
bedded facies. At the Adams mine. the iron-formation is 
intruded by a dark green. coarse-grained diabase. and is 
interlayered with green chloritic schist. Harder and Johns
ton (1918. p. 162 and 163) stated. "For a short distance, the 
main drift is in diabase beyond which it penetrates in suc
cession a layer of amphibole-magnetite rock and magnetitic 
slate. a layer of green schist and then another layer of ma
netitic slate and amphibole-magnetite rock of considerable 
thickness .... The typical magnetitic slate consists of inter
laminated light-green. finely crystalline amphibole and 
black. siliceous or argillaceous. fine-g[ained magnetite .... 
The proportion of chert or quartz present is small in the 
magnetitic slate and with increasing siliceous material and 
coarser layering the slate grades into amphibole-magnetitic 
rock." With respect to the amphibole-magnetite rock of the 
Cuyuna district. which includes the North range. Harder 
and Johnston (1918. p. I j 7-118) stated. 'The typical amphi
bole-magnetite rock of the Cuyuna district is a finely
banded rock consisting of alternating bands of magnetite 
and amphibole with a minor amount of quartz." On the 
South range. the amphibole-magnetite rock is a greenish
gray to black. laminated rock that may contain layers of 
dark green to black chert or argillaceous. iron-rich layers 
several inches thick. 

Oxidation and leaching of the iron-formation results in 
a bedded. limonitic or hematitic ferruginous chert. ferru
ginous slatt:. paint rock. and yellow. brown. red. or black 
ore. 

Rabbit Lake Formation 
The name "Rabbit Lake Formation" was proposed by 

Schmidt (\ 963. p. 11) for a thick sequence of gray to black 
argillite. graywacke. iron-formation. and ferruginous slate 
that overlics the Trommald Formation at Rabbit Lake. It 
is variable in lithology. and is known only in a general way 
because most available information is from short drill holes 
and mine exposures on the North range. Information on 
the rocks in the upper part of the formation is particularly 
sparse. Three informal members are recognized: (I) a lower 
member that includes argillite. slate. and graywacke and. on 
the North and South ranges. tuffaceous sediments. tuffs, 
and flows; (2) a ferruginous slate-iron-formation member. 
which is herein termed the "Emily member"; and (3) an 
upper member consisting of argillite. slate. graphitic slate. 
and graywacke. 



Lower Member 
On the North rangc, the lower member of the Rabbit 

Lake Formation consists of argillite, slate, and tuffaceous 
beds and, in the western part, also of local basalt flows 
(Schmidt, 1963). At thc Maroco mine in secs. 3 and 4, T. 
46 N .. R. 29 W., 250 fcet of chloritized basalt either direct
ly overlic the Trommald Formation or are separated from 
it by a fcw inches to 20 fect of gray slate. Similar chloritized 
basalt occurs throughout much of thc southwestern part of 
thc North range, west and northwest of Ironton. where it is 
scparated from the Trommald Formation by 10 to 40 feet 
of slate and argillite. Associatcd with the basalts. and dis
persed clsewhere in the lower 100 fcet of the Rabbit Lakc 
Formation. are bedded, gray-green chloritic tuffs. locally 
interlayered with gray and black argillite or slate. The tuffs 
are composed of tlattened and elliptical or spindle-shaped 
grains that range from fragments half an 'inch across to silt
and clay-size particles. Graded bedding occur~ but cros~
bedding is lacking. 

In the Emily range. a quartzosc. argillite-graywacke unit 
overlies the Trommald Formation. Commonly. the argiJlite
graywacke member is 200 to 300 feet thick. but it is as 
much as 500 feet thick and locally may be missing. It is thin 
(25 feet thick) in sec. 3. T. 137 N .. R. 26 W. and probably 
is locally absent in secs. 20 and 21. T. 137 N .. R. 25 W. In 
areas where drilling suggests its possible absence. problems 
of poor sample recovery were encountered. which made 
identification of the rocks overlying the Trommald F orma
tion uncertain. Where unoxidized. this lower un it of the 
Rabbit Lake Formation is a gray to light gray. thin-bedded 
to massive. fine-grained to locally conglomeratic rock com
posed of 10 to 50 percent sand-size quartz grains. 50 to 80 
percent matrix consisting of sericite and fine quartz. I to 5 
percent chert and iron-formation fragments. less than I per
cent feldspar. and variable but small amounts of iron oxides 
and other materials. Some thin conglomeratic layers con
tain abundant fragments of chert and iron-formation. Lo
cally, coarser grained layers are cross-bedded. 

The common occurrence of fragments of chert and iron
formation in the argillite-graywacke unit indicates a source 
area containing cherty iron-formation. Possibly. the detritus 
was derived from erosion of the Trommald Formation in 
areas adjacent to the Emily range. If such an erosional sur
face extended into the Emily area. it could explain in part 
the observed variations in thickness of the Trommald For
mation and the argillite-graywacke unit in that area. On the 
other hand. areas of thin Trommald Formation coincide 
with the thick-bedded facies. and accordingly it seems like
ly that the thickness of the iron-formation is in part a di
rect result of sedimentation. The suggested erosion episode. 
after the deposition of the Trommald Formation. may co
incide with the time of volcanism in the North and South 
ranges. 

Emily Member 
A ferruginous slate and iron-formation unit within the 

Rabbit Lake Formation was encountered in Illany drill 
holes in the Emily range. and following Zapffc's (1933) 
original designation is termed herein the "Emily member." 
Zapffe used the term "Emily member" for the rocks in the 

lower part of the rock sequence now assigned to the Rabbit 
Lake Formation. He stated (Zapffe. 1933. p. 76). "'ron
bearing lenses in the Emily member are numerous but ap
pear to be scattered and short. Although some are little 
oxidized, most of them are heavily oxidized and one near 
Emily Village is almost rich enough to constitute an ore 
deposit." Even though Zapffe may have included segments 
of Trommald Formation in the Emily member. his intent 
was to recognize an iron-rich unit in what is now termed 
the "Rabbit Lake Formation." 

The Emily member constitutes a distinct stratigraphic 
unit throughout the Emily range and extends, at least lo
cally. into the North range and possibly into the South 
range. In the Emily range. the thickness and extent of the 
Emily member justifies its being designated a formation. 
However. because of its rather indistinct boundaries, the 
presence of intercalated argillite. slate, and graphitic slate. 
and the possible lenticularity of the cherty iron-formation, 
the unit is included as a member of the Rabbit Lake For
mation. The thickness of the Emily member is uncertain; 
several drill holes have penetrated 200 or more feet of iron
rich strata. and it locally may be more than 1.000 feet thick 
in the central part of the Emily range. In this area. shallow 
drilling indicates that the Emily member underlies an area 
a mile or more wide. perhaps as a consequence of thicken
i ng by complex folding. 

The Emily member consists of gray to black, fine
grained. locally graphitic. iron- and carbonate-rich iron
formation having sparse but characteristic white or light 
gray chert in pea-size nodules and one-eighth- to three-inch
th ick beds. Some beds can be designated iron-rich. graphitic 
argillite or slate. Intercalated argillite. graphitic argillite. 
and slate commonly contain minor disseminated grains and 
veinlets of pyrite. In the Ross Lake area. a 100-foot-thick 
section contains about 10 percent pyrite. 

In thin section. the iron-formation is seen to consist of 
at least 50 percent fine-grained cherty quartz and 10 to 40 
percent iron carbonate. In sec. 2, T. 137 N .. R. 25 W., there 
is a siliceous. dolomitic limestone that appears to be equiva
lent to the Emily member. Chemically. the member com
monly contains from 10 to 20 percent iron. about 50 per
cent silica. I to 3 percent manganese. as much as 6 percent 
alumina. and 0.05 to 0..+ percent phosphorus. Both the 
manganese and phosphorus vary in amount, and neither can 
be used to characterize the iron-formation. Much of the 
Emily member that has been penetrated on the Emily range 
is oxidized. but it approaches ore grade only locally. Com
monly. the upper 50 to 100 feet is oxidized. but in some 
areas oxidation appears to extend considerably deeper. 
COl11l11only. the oxidized material is brown. red. or brown
ish gray. and contains goethite and hematite. 

I ron-formation lenses as much as several hundred feet 
thick and which are continuous for several miles occur 
within the Rabbit Lake Formation in the North range. and 
were referred to by Schmidt (1963) as the '"uppe; iron
formation.'" There is little doubt that these lenses are strati
graphically about 500 to 2.000 feet above the base of the 
Rabbit Lake Formation: only thin lenses or beds of iron
formation occur in the lower part of the formation. 

The iron-formation in the Emily member differs from 
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the Trommald Formation by having gradational contacts, 
by commonly containing interbedded argillite or slate, and 
by generally being very siliceous, Where the Emily member 
is less argillaceous and siliceous, it is similar to the thin
bedded facies of the Trommald Formation. 

The Emily member may be present in the South range, 
but available descriptions of iron-formation and associated 
hanging wall and footwall rocks leave major uncertainties 
as to possible correlations, However, near Clear Lake in 
secs. 28 and 29, T. 46 N .. R. 25 W. and south of Dam Lake 
in secs. 9, 19.28, 29, and 30, T. 46 N .. R. 25 Woo graphitic 
slates. pyritic slates. and cherty rocks are reported (fig. IV-
17). Inasmuch as graphitic slates are not mentioned in de
scriptions of other South range rocks, but do occur in the 
Rabbit Lake Formation in the Emily and North ranges, 
these rocks may represent a sulfide-rich facies that is equiv
alent to the Emily member. 

Upper Member 
A very thick succession of clastic strata apparently over

lies the Emily member, and here is referred to as the "upper 
member." Widely scattered, shallow drilling in the area east 
of the Emily range and northeast of the east end of the 
North and South ranges indicates that argillite or slate un
derlies a very large area. These rocks are described as gray. 
green, or black argillite, gray and green slate, graphitic 
slate and, rarely, as graywacke. Commonly, they are thin
bedded, locally massive. fine- to medium-grained, and con
tain sparse pyrite. Chert beds. intercalated with beds of 
graphitic slate and argillite, seem to be characteristic of the 
lower part of the member. 

Drilling in Cass County. south and southwest of Remer, 
in Ts. 139, 140, and 141 Noo Rs. 26, 27, and 28 Woo encoun
tered gray to light gray. very fine- to medium-grained. thin
bedded argillite that has sparse pyrite and lacks graphite. 
Drilling in T 136 Noo Rs. 25, 26, and 27 W. and T. 137 N., 
Rs. 25 and 26 W. also encountered fine-grained clastic 
rocks, including thin-bedded gray slate or argillite, massive 
graphitic-pyritic argillite or slate, and greenish-gray argillite 
and slate. Some of these rocks are reported to be cut by 
veinlets of carbonate, pyrite, and "asbestos." 

IGNEOUS ROCKS 
Chloritized igneous rocks of both extrusive and intru

sive origin occur on both the North and South ranges but 
have not been reported from the Emily range. On the 
North range, the volcanic rocks include basaltic flows and 
tuffaceous strata that are in the lower member of the Rabbit 
Lake Formation: on the South range. rocks of similar lith
ology are present. However, in the area southeast of Brain
erd. probably younger felsic tlows are reported to overlie 
folded and eroded rocks of the Animikie Group. Mafic 
dikes and sills locally cut the Trommald Formation and 
adjacent J\'lahnomen and Rabbit Lake Formations. 

Volcanic Rocks 
Conformable beds of chloritized basalt and laminated, 

gray to green and dark green chloritic tuff, tuffaceous slate, 
and gray-green schist, as much as 300 feet thick, have been 
reported by Schm idt (1963) from the lower part of the Rab-
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bit Lake Formation. The basalt is similar in chemical com
position to the average Hawaiian basalt. Both the tufface
ous strata and basalt commonly contain 1.0 to 4.0 percent 
titania. Mineralogically, they are composed of a fine-grained 
intergrowth of chlorite and lesser c1inozoisite, calcite, and 
leucoxene. Schmidt (1963) considered the basaltic rocks as 
lava flows, although he recognized that they might be sills. 
The tuffaceous rocks contain chloritic fragments that are 
half an inch or more in size, and appear to represent water
laid pyroclastic material. Chlorite schists are reported in 
the South range, and may represent altered basalt and tuff. 
Schmidt (1963, p. 38) reported the occurrence of dark gray 
to black titaniferous argillite overlying the Trommald For
mation on the cast end of the South range near Hassman. 
It seems likely that these rocks are similar to those de
scribed from the North range. 

Van H ise and Leith (1911, p. 215) reported the occur
rence of volcanic rocks at three localities south and east of 
Brainerd on the South range that overlie and probably are 
younger than the eroded 1',,1 iddle Precambrian strata. They 
stated: "An acidic extrusive rock with amygdaloidal texture 
in beds 15 to 25 feet thick has been found by drilling to rest 
across the edges of the Virginia slate and Deerwood iron
bearing formation member in section 2, T. 44 N .. R. 31 W., 
section 6. T. 44 N .. R. 30 W.; and section 7, T. 45 N., R. 
29 W." They suggested a Keweenawan age for these rocks. 
Harder and Johnston (1918) and S'chmidt (1963) also re
ferred to the presence of flat-lying, volcanic rocks of pos
sible Keweenawan age. 

Intrusive Rocks 
Basic intrusive rocks occur in the North and South 

Cuyuna ranges. Schmidt (1963, p. 41) reported that dikes of 
intermediate or mafic composition are locally abundant in 
an extensive belt along the southeastern side of the North 
range. He stated: "All the rock in the belt is thought to be 
the same general intrusive body, although specimens ob
tained from different places appear to have been derived 
from the metamorphism of diorite and gabbro. All speci
mens examined were thoroughly chloritized, and some were 
slightly or extensively sheared. The alteration products are 
masses of fine intergrown minerals, 'the relative volumes of 
which cannot be readily estimated by grain-count method. 
The common minerals are chlorite, epidote, clinozoisite, al
bite or oligoclase, calcite and sphene or leucoxene." 

Intrusive rocks may be more common on the South 
range than on the North range. For example, Harder and 
Johnston (1918, p. 123) reported intrusive rocks from the 
Adams mine, sec. 30, T. 46 Noo R. 28 W., and the Barrows 
mine, sec. 10, T. 44 Noo R. 31 W. They described these 
rocks as altered diorite, diabase, and gabbro that have a 
granular or ophitic texture. Harder and Johnston (1918, p. 
162) described the intrusive rocks at the Adams mine as 
follows: "The diabase through which the shaft passes is dark 
green and consists of a groundmass of fine grained, dark 
green chlorite, in which are abundant, long, narrow laths of 
pink feldspar. ... Near the bedrock surface the diabase is 
light brownish green and thoroughly decomposed. On near
ing the contact of the magnetic slate along the main drift, 
the diabase loses its porphyritic texture and becomes very 



rinc-grained. However. it retains a fine ophitic texture. This 
clearly indicates that the rock is intrusive." Intrusive rocks 
also occur in: (I) sec. 17, T. 45 N .. R. 28 W., south of 
Clearwater Lake; (2) Long Lake (or Lac Wibenl, T. 46 No, 
R. 25 W.: (3) ~ecs. 9. 17. and 19. T. 45 N., R. 28 W.; (4) 
~ecs. 19. 29. and 30. T. 46 N .. R. 25 W.; and (5) on both 
sidc~ or the ir()Il-rormation in sec. 17. T. 45 No, R. 28 W. 
These rocl,s generally arc referred to as greenstone, diorite, 
chlorite schist. basic intrusives, or altered basic intrusives; 
the intru'iion nl:ar Long Lake was call1:d "basic hornblende 
gneiss" by Thiel (1947. p. 47). 

The intru.,ive roeb in the Cuyuna district have not 
hel:n datl:d hy radiometric method.,. but their geologic re
lation.,hips suggest that they arc Penokean in age. The rocb 
arc intrusive into strata assigned to the Animikie Group. 
and they were altered and 'iheared with these strata during 
the deformation assigned to the Penokean. 

CRETACEOUS ROCKS 
Exploration drilling in northern Crow Wing and south

ern Cass Counties in the Emily range encountered from 50 
to 280 feet of flat-lying. well-bedded, light-colored ~hale or 
mudstone beneath glacial drift and above the Precambrian 
bedrock that locally contains lignitic material. In the North 
and South range areas. Van H ise and Leith (191 1. p. 215) 
and Harder and Johnston (1918) reported the occurrence of 
a ferruginous conglomerate. which locally contains iron
formation pebbles in a shaly matrix; it lies on Animikie 
rocks. The conglomerate was well exposed in an exploration 
shaft in the SWV4SEV4 sec. 8. T. 45 N .. R. 25 W .. east of 
Brainerd. Although no fossils were found. it seems prob
able that the conglomerate, shale. and mudstone are of 
Cretaceous age. 

STRUCTURE 
The structural pattern of the t\., iddle Precambrian rocks 

in the Cuyuna district is dominated by folds that trend N. 
55 0 _65 0 E. The South range appears to be characterized by 
isoclinal folds. the North range by doubly-plunging. tight 
folds. and the Emily range by open eastward-plunging folds 
(fig. IV-18). This pattern indicates that the intensity of de
formation decreased from south to north. Because most of 
the structural relationships on the North range are a result 
of folding and the geologic relationships on the Emily and 
South ranges can be explained by folding. faulting is con
sidered relatively unimportant. Faulting may be more com
mon than generally recognized. however. 

Because of the sparse knowledge of the stratigraphy. 
only the general structural configuration of the South range 
is known. The structure is strongly linear. possibly indicat
ing isoclinal folds. and is dominated by a large northeast
ward-trending syncline that extends from northeast of Ran
dall to beyond Hassman. a distance of about 60 miles. Mag
netic trend lines over the Trommald Formation appear to 
define the flanks of the synclinal axis (fig. IV-I9l. The 
south side of the syncline is inferred to be south of Clear
water Lake, and marked by an iron-formation that extends 
from sec. 18. T. 46 N .. R. 27 W. to sec. 26. T. 45 N .. R. 
29 W. The north side of the syncline is complicated by a 
second-order anticline that brings iron-formation to the bed-

rock surface in secs. 2. 9. and 10. T. 45 N .. R. 29 W., secs. 
26.27.32. and 33. T. 45 No, R. 30 W .. and southwestward 
into T. 44 N .. Rs. 30 and 31 W. Additional second-order 
folds are suggested by the distribution of iron-formation in 
the area embracing sec. 36. T. 46 N .. R. 29 W. and secs. 2 
to 16, T. 46 N., R. 28 Wo, where the iron-formation is 
compressed and crumpled. Within the major syncline, bed
ding is nearly vertical or overturned along the northern belt 
of iron-formation, and the strata dip northward near Clear
water Lake. Probably. the syncline has a nearly horizontal 
axis and a northwestward axial plane. 

The North range is characterized by a complex fold 
pattern consisting of several doubly-plunging anticlines and 
synclines and abundant second-order folds (figs. IV -18 and 
19). It appears to be separated from the South range by a 
major anticline. Schmidt (1963. p. 45-46) described the 
rocks as being " ... tightly folded into several large doubly
plunging folds. Bedrock surrounding most of the North 
range is Mahnomen formation. the oldest of the three for
mations. The Trommald and Rabbit Lake formations occur 
a~ irregular ellipses and long narrow areas that are synclines 
flanked by and underlain by Mahnomen formation. The 
axe~ of the major folds are not ordinarily mappable. except 
where indicated by the areal pattern of the Trommald and 
Rabbit Lake formations and only the synclines containing 
Trommald and Rabbit Lake formations stand out as distinct 
fold~: the intervening anticlinal areas lack distinctive form. 
and their major axes can generally be only approximated. 
The bedrock pattern of the district is, in effect. one of ma
jor synclines and relatively inconspicuous major anticlines. 
... The axial planes of almost all the folds dip steeply 
southeastward. and the southeast limbs of the synclines are 
overturned in most places .... Drag folds are abundant in 
all sizes and bear a normal and systematic relation to the 
principal folds .... No major faults were definitely identi
fied in this ,tudy of the Cuyuna district although two have 
been suspected on the basis of stratigraphic and structural 
evidence. Both are perhaps a mile or less in length .... 
:-'1 any minor faults were observed during the detailed map
ping of the district. Some of them cut sharply across the 
strike of fold limbs but most were strike faults of little strati
graphic throw. probably not more than 20 to 30 feet. Sev
eral of the faults observed were related to the broken crests 
of anticlines." 

The Emily range. to the north line of Crow Wing Coun
ty. is characterized by a generally continuous but crinkled 
subcrop pattern of the Trommald Formation. which sug
gests rather open eastward-plunging folds. Because the 
Trommald Formation is the principal marker zone, its 
trend shows the configuration of the middle part of the 
Animikie strata. A less complex structural configuration is 
suggested for the lower part of the Animikie rocks by a 
prominent. linear, magnetic anomaly that extends f;om 
west of Lower tvl ission Lake in T. 135 N" R. 27 \V. to sec. 
10. T. 137 No, R. 26 W.: from this point. the anomalv can 
be traced less distinctly into Cass County (figs. IV-I? and 
181. There is a marked difference in the tightness of the 
folds indicated by this anomaly and by th; trend of the 
Trommald Formation in the northern part of T. 136 N. and 
the southern part of T. 137 N. The Trommald Formation 
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is folded into a major anticline, whereas the unit giving the 
magnetic anomaly in the Mahnomen Formation extends 
north across the western end of the major fold without ap
preciable curvature. In the southern part of T. 137 N .. how
ever, the two structural markers are subparallel. 

In the vicinity of the village of Emily, the strata are 
folded into a prominent syncline and anticline and dip near
ly vertically in secs. 3. 4, 5. and 21, T. 137 N .. R. 26 W. 
Along the south side of the Emily range, in Ts. 135 and 136 
N., the subcrop of the Trommald Formation can be traced 
along strike for about IS miles in aN. 65° E. to N. Soo E. 
direction. This trend is generally parallel to that of the 
northernmost iron-formation on the North range, and ap
pears to define the north side of a major syncline. 

Although somewhat contorted, the Trommald Forma
tion trends northwestward from near the southwest corner 
of T. 137 N .. R. 25 W. into Cass County. Because of the 
thick deposits of glacial drift and Cretaceous strata in this 
area, little drilling has been done to prove the extension of 
the Trommald Formation northwest from T. 13S N., R. 26 
W. Judged from gravity and magnetic data, however, the 
western edge of the Animikie rocks extends to the vicinity 
of Wabedo Lake (fig. IV-IS). Neither the extent of the 
Animikie rocks nor the trace of the iron-formation can be 
determined between Wabedo Lake and the westernmost end 
of the Mesabi range, a distance of about 20 miles, from the 
available magnetic and gravity data. Drilling has shown that 
argillite, possibly belonging to the Rabbit Lake or Virginia 
Formations, occurs beneath 350 to 450 feet of glacial drift 
and Cretaceous strata in the area between Remer and Wa
bedo Lake, suggesting that the north edge of Middle Pre
cambrian strata probably lies northwest of a line between 
these two localities. 

South of a line that trends N. 60° E. from Ruth Lake 
in the Emily range to T. 52 N., R. 23 W.-a distance of 
about 30 miles-the Rabbit Lake Formation is folded and 
commonly dips 65 ° -Soo. Where penetrated by drilling, the 
rocks have a well-developed slaty cleavage. Northwest of 
the line, in southeastern Cass County, however, rocks con
sidered to belong to the upper Rabbit Lake Formation dip 
gently and lack slaty cleavage. Thus, it seems probable that 
deformation a short distance north of the arbitrary, north
eastward-trending line was not sufficiently intense to de
velop slaty cleavage. It is of interest that the trend of the 
fold axes in the Emily range area is subparallel to that of 
fold ax~s in the "Virginia horn" on the Mesabi range. 

MET AMORPHISM 
The Middle Precambrian rocks of the Cuyuna district 

are metamorphosed to the chlorite zone of the greenschist 
facies. and some to the biotite or garnet zone. The general 
metamorphic grade is suggested by the widespread occur
rence of biotite-chlorite schists and, at the Milford mine in 
sec. 23, T. 47 N .. R. 29 W .. by iron-formation that contains 
grunerite, which may be equivalent in rank to the garnet 
isograd. The common metamorphic minerals are chlorite 
and sericite; some biotite and magnetite occurs in the ar
gillite and slate; magnetite, minnesotaite, stilpnomelane, re
crystallized cherty quartz, and carbonate occur in the iron
formations; and chlorite, epidote, c1inozoisite, albite or oli-
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goclase. calcite. and sphene or leucoxene occur in the ig
neous rocks. The fine-grained clastic rocks of the M ahno
men and Rabbit Lake Formations have a metamorphic 
foliation commonly given by chlorite and sericite, and the 
rocks can be classified as slate. phyllite. or schist. depend
ing on the degree of recrystallization. Coarser grained rocks 
are commonly massive and lack a megascopically visible 
preferred mineral orientation. Commonly. slate is reported 
to be present in the Cuyuna district as far north as the north 
line of Crow Wing County and in drill holes from Ruth 
Lake northeast to the east edge of T. 52 N .. R. 23 W. In 
Cass County and on the Mesabi range, equivalent rocks 
lack a slaty cleavage. and are classed as argillites. Despite 
their marked deformation. rocks in the South range have 
approximately the same metamorphic rank as those farther 
north. Harder and Johnston (191S) used the term "amphi
bole-magnetite rock" or "magnetite slate" for parts of the 
iron-formation in this area. but inasmuch as the associated 
rocks were described as chlorite schists or slates. and the 
equivalent rocks in the North range were described in the 
same terms, it is probable that all the rocks belong to the 
greenschist facies. 

Drilling near Clearwater Lake in secs. 9, 17. and 19. T. 
45 N .. R. 2S W. and in the Glen area in secs. 19. 29. and 
30. T. 46 N., R. 25 W. encountered rocks that appear to be 
in the chlorite zone of metamorphism. An iron-formation at 
Clearwater Lake is associated with rocks described as gray 
slates, pyritic slates, diorites. and altered basic intrusions. 

Near Randall. at the southwest end of the Cuyuna dis
trict, the iron-formation is associated with rocks classified 
as slates, schists, and diorites. The descriptions do not aid 
in classifying the metamorphic rank. 

CORRELATION WITH THE MESABI RANGE 
During the early part of this century. any correlation of 

rocks of the Cuyuna district and the Mesabi range was de
batable inasmuch as the stratigraphic successions in the two 
areas were believed to be dissimilar. However. knowledge 
of the geology of the Cuyuna district was expanded greatly 
by exploration during the I940's and 1950's in the Emily 
range. and as a result it was clearly demonstrated that the 
stratigraphic succession in the Emily range is similar to that 
of the westernmost Mesabi range (table IV-4). Results of 
the more recent work in the Emily range, summarized 
in this report, indicate that: (I) the Trommald Formation 
extends continuously from Lower Mission Lake in sec. 6, 
T. 135 N .. R. 27 W. to east of Blue Lake in sec. 17, T. 13S 
N .. R. 26 W. but ranges in thickness within that area from 
about 10 to possibly 600 feet; (2) the iron-formation (Trom
maid) is underlain by clastic strata of the Mahnomen For
mation. which includes quartzite. slate, and argillite, and is 
overlain by the Rabbit Lake Formation, which includes a 
lower graywacke, slate and argillite member from 25 feet 
to 500 feet thick. the Emily ferruginous slate and iron
formation member, which possibly is more than 1,000 feet 
thick. and an upper argillite and slate member, the lower 
part of which is graphitic (table IVA). 

Rocks of the Animikie Group on the westernmost Me
sabi range differ markedly in thickness and lithology from 
those on the main Mesabi range. These differences were de-



scribed by White (1954), and are summarized by Morey 
(this chapter). The principal differences are: (I) a marked 
thinning of the Biwabik I ron-formation westward, from 
about 450 feet at Grand Rapids in R. 25 W., to 200 feet in 
the central part of R. 26 W., to 150 feet in R. 27 W., and 
to 20 feet in eastern Cass County; and (2) the occurrence 
on the westernmost Mesabi of an iron-bearing member in 
the Virginia Formation, which separates this formation into 
a lower argillite member, an iron-bearing member, and an 
upper argillite member. A drill hole in lot 2, sec. 21, T. 54 
N., R. 27 W., near the Cass County line, penetrated the 
following section: surface to 260 feet, surficial materials; 
260-301 feet, mixed quartzite and taconite; 301 to 367 feet. 
slate (argillite) and paint rock; 367-448 feet, taconite; and 
448 to 459 feet, quartzite. This drill hole cut the iron-bear
ing member and the lower argillite member of the Virginia 
Formation, the entire Biwabik Iron-formation, and the 
upper II feet of the Pokegama Quartzite: the stratigraphic 
sequence is comparable to the sedimentary strata associ
ated with the Mahnomen, Trommald, and Rabbit Lake 
Formations on the Emily range. 

Commonly, it is assumed that the Pokegama Quartzite 
on the westernmost Mesabi range is relatively thin and 
similar in lithology to that farther east on the range. The 
main difference between the Pokegama and the Mahnomen 
formations, which are clastic units that contain quartzite, 
appears to be the thickness of the units. 

Sparse information from drill holes in southeastern Cass 
County suggests that the Virginia and Rabbit Lake Forma
tions continue throughout the area between the Mesabi 
range and the Cuyuna district. 

MINERAL DEPOSITS 
The Cuyuna district is a part of the major iron province 

of the Lake Superior region. It differs from other Lake Su
perior iron districts in having extensive layers of unoxi
dized and unleached iron-formation that contain 2 to 6 
percent manganese and in producing ores that commonly 
are manganiferous. Since the first ore was shipped in 1911, 
approximately 104 million gross tons have been mined (AIm 
and Trethewey, 1970). The reserves of natural ore have de
creased markedly, and the annual production has declined 
from about 3.6 million gross tons in 1953 to 474,000 gross 
tons in 1970. Except for 913,690 gross tons that were pro
duced from the Emily member of the Rabbit Lake Forma
tion, all the ore was produced from the Trommald Forma
tion. Today, commercial-quality iron and manganiferous 
ores are largely exhausted; current small-scale mining op
erations produce only marginal-grade ore. Although pres
ent economic conditions do not justify mining of the low
grade manganiferous materials, the Cuyuna district repre
sents one of the largest, if not the largest, manganese re
serves in the United States. In addition, the Cuyuna district 
may have considerable potential as a source for sulfur from 
the pyritic-graphitic slate of the South Cuyuna range, in T. 
46 N .. R. 25 W. in Aitkin County (see discussion of Aitkin 
County sulfide deposits, this chapter). 

All iron and manganiferous ores and potential ores are 
associated with cherty iron-formations or highly ferrugin
ous slates that contain variable amounts of chert. Explora-

tion has been concerned primarily with the discovery of ore 
in the oxidized and leached parts of the iron-formations, 
where much of the silica, magnesium, calcium and carbon 
dioxide have been removed to form deposits of shipping
grade or concentrating-grade ore. 

Ore Bodies 
Oxidation and leaching of the iron-formation at the 

bedrock surface are widespread, and the oxidized and 
leached zone locally extends to depths of more than 1,000 
feet. Zapffe (1933, p. 81) reported the occurrence of ore to 
a depth of 1,020 feet. The deepest mined ore came from the 
800-foot level of the Armour No. I mine in sec. 10, T. 46 
N., R. 29 W. In the Emily area, oxidized iron-formation 
was penetrated by drilling to depths of more than 800 feet. 
and many drill holes encountered oxidized material to the 
maximum depths drilled. In some parts of the Emily range. 
as for example in sec. 26, T. 138 N., R. 26 W. and sec. 21, 
T. 137 N .. R. 25 W .. however, unoxidized carbonate-facies 
iron-formation occurs locally within 50 to 60 feet of the 
bedrock surface. Very little information is available on the 
depth of oxidation and leaching on the South range. All 
attempts to mine iron ore were at shallow depths-207 feet 
at the Adams mine, 120 feet at the Hobart exploration, 203 
feet at the Wilcox mine, 160 feet at the Barrows, and 164 
feet at the Brainerd-Cuyuna mine. Even at these shallow 
depths, "amphibole-magnetite rock" was reported from the 
Adams and Hobart workings. 

Oxidation and leaching of the Trommald Formation in 
the North and Emily ranges appear to have taken place in 
pre-Cretaceous or Early Cretaceous time, for poorly con
solidated, light-colored, thin-bedded mudstone and inter
bedded sandstone and lignite-bearing strata, believed to be 
of Cretaceous age, lie on oxidized and partly leached iron
formation. This occurrence of Cretaceous strata on oxidized 
iron-formation and ore is similar to that on the Mesabi 
range. 

The pattern of oxidation and leaching in the Cuyuna 
district is difficult to define, but exploration and mining 
indicate that areas of tight folding and associated fracturing 
in the Trommald Formation are favorable for the occur
rence of ore. Schmidt stated (1963, p.60), "No relationship 
was found between ore bodies and folds in the thin-bedded 
facies. Many ore bodies occur in synclines because more 
iron-formation remains uneroded in the synclinal troughs. 
Where anticlinal folds of iron-formation remain uneroded, 
they seem as subject to alteration to ore as the synclines. 
M any ore bodies are located on steep virtually monoclinal 
limbs of large folds and do not extend downward into the 
adjacent synclinal trough." Concerning ore development in 
the thick-bedded facies, Schmidt (1963, p. 61) stated. " ... 
the position of several large ore deposits in areas of intense 
drag folding suggests that folding favored the formation of 
ore. Folding has also increased the width of the exposure 
and likewise the mineable width of any ore available." 

In the South range, ore occurs in steeply-dipping iron
formation as narrow, shallow bodies; in the North range, 
relatively large, moderately deep ore bodies are developed 
on any part of ·the folds; and in the Emily range. the most 
intense oxidation and leaching occur in areas of tight fold-
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ing. As a generalization. areas in the Cuvuna distriet having 
relatively large and wide outGrop belt~ of iron-formatio~ 
and having secondary folding arc favorable for the occur
rence of ore. The iron-formation facies does not seem to be 
important to the development of ore. On the North range. 
Schmidt (1963) reported that. of the ore mined. about 86 
percent is from thin-bedded facies and I cJ. percent is from 
thick-bedded facies. which is about thc same as the per
centage of each facies exposed at the bedrock surface. 
Available information concerning the Emily range area sug
gests a similar relationship between strong oxidation and 
leaching and lithology of the iron-formati:)n. Because the 
thin-bedded or mixed thick- and thin-bedded facies form 
the thicker parts of the Tromillaid Formation. a greater 
proportion of strongly altered iron-formation ore occurs in 
these lithologies. 

Ore Grades 
Several grades of iron and manganiferous ores have 

been mined on the North Cuyuna range. Schmidt (1963) 
classified the ores by texture and structure as laminated 
ore. gnarled ore. bedded-wash ore. specular ore. cindery 
and massive are. and solution-banded ore. The several 
classes of ore are indicative of the wide range in physical 
properties and appearance of ore grade materials. In most 
mines. there is a mixture of various textures and ore types: 
however. the laminated. gnarled. and cindery and massive 
ores are characteristic of the thin-bedded facies. whereas 
specular. bedded-wash. and solution-banded ores occur in 
the thick-bedded facies. The structure of the are varies from 
soft and friable to sandy. compact. and massive. 

Ores in the Cuyuna district also are grouped by color 
into brown goethitic ores. red-brown hematitic ores. dark 
brown or black manganiferous-iron ores. and black high
manganese ores. Concentrating-grade ores commonly con
tain both goethite and hematite and have layers of sandy 
quartz, forming an irregularly banded are having dark iron 
oxide layers and lighter siliceous layers. 

The commercial classification of Cuyuna ores is based 
on chemical composition and structure, and ores arc classi
fied as bessemer. low phosphorus-non-bes,emer. high phos
phorus-nan-bessemer. and manganiferous-iron ore. The 
manganese content of manganiferous-iron ore i, more than 
two percent. Some ore shipped from the Cuyuna di,trict 
contained from 15 to 22 percent manganese, In addition to 

shipping-grade ores. some manganiferou, lean-ore contain
ing from 7 to 15 percent manganese wa, supplied to the 
tvlangane,e Chemical Corporation at Riverton. !\Iinnesota 
during the period 1953 to 1961. and wa, concentrated to a 
high-grade mangane,e product. 

Ore, of the South range arc reported to occur a, nar
row. rather ,hallow. small depo,its scattered along the out
crop of the iron-formation. Grout and Wolff (1955. p. 29) 
reported that the South range ores ".. range in character 
from soft high-moisture limonitic ores to medium hard red
brown hematite .... " Shipments of ore from the South 
range contained from 54 to 57 percent iron on a dry basis. 
0.25 to OA5 percent phosphorus, and 2.9 to 3.1 percent 
Ab03. Zapffe (1933, p. 82) reported that the average South 
range ores contain more than OAO percent phosphorus. 
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Origin of the Ores 
The iron and manganiferous orcs of the Cuyuna district 

were formed by the removal of silica. calcium. magnesium. 
and carbon dioxide by solutions and the concentration of 
iron and manganese oxides. There was ,ome movement of 
iron within the iron-formation during the lliT-I'orming proc
ess. Schmidt (1963. p. 62) postulated two stages of nrc de
velopment. one related tl' r'i,ing hydrothermal slliutions that 

,timulated circulation of ordinary ground waters and 
accelerated their oxidizing and leaching capacity per'hap, 
partly by increasing their tempCl'ature but pwbably mostly 
by increasing their rate of circulation. The resultant ore 
bodies are large. deep. tabular and hematitic. for example. 
those of the red-brown tvpe." Schmidt cited the presence 
of borun. in tourmaline. and the occurrence of deep orcs as 
evidence for a hydrothennal stage. Schmidt further stated. 
"The ,econd stage of ore development took place by the 
relatively more irregular and widl!ly di,tributed oxidation 
and leaching of the iron flll'lllation by ordinary weathering 
procc'>Scs." The two-stage development of the Cuyuna dis
trict or'e, ,eem, feasible. The e\ten,ive oxidation and leach
ing of iron-formation suggest. however. that there was a 
long ,table period elf weathering in pre-Cretaceous or Early 
Cretaceous time. and it is po'>Sible that weathering alone 
developed the ore,. Assuming a deep water table. a warm 
cl i mate. moderate rai nfall. and a long period of oxidation 
and leaching. normal weathering processes could have de
veloped all of the oxidized iron-formation and are. 

Future Potential 
!\Io,t of the commercial-grade ore that can be extracted 

from the Cuyuna district under present economic condi
tions already ha, been mined. The State of ivl inncsota esti
mated (1970) that the ore re,erves of the Cuyuna district 
arc 26.S68.17-"l gross tons. of which about 15.675.000 gross 
tons or 5S percent are on the South range. The North range 
is estimated to contain about 1 1.000.000 gro'>S tons of un
mined ore. which is distributed in cJ.cJ. properties: the largest 
single reserve is about 934.172 gross tons. The present eco
nomic potential for natural orcs in the Cuyuna district is 
small. The mo,t important potential for future production 
of iron or manganiferous ores is the concentrating-quality. 
low-grade. iron- and manganese-bearing materials. So far. 
attempt'> to concentrate the iron-bearing and manganiferous
iron-bearing materials into an iron are or a manganiferous
iron ore have been only partly successful. Manganese are 
and iron ore can be produced from certain of the low 
grade. i ron-beari ng materials using avai lable concentration 
methods, but at a relatively high cost. Low-grade, iron
bearing materials in other districts-such as the Mesabi, 
Michigan. and Wisconsin magnetite-taconite ores. the 
Michigan jaspers. and the Michigan and Mesabi oxidized 
iron-formations-offer more promise for economic success 
than do materials from the Cuyuna district. A future stra
tegic demand for manganese. even at high cost. may be 
required to revive large-scale mining in the Cuyuna district. 

The technical feasibility of manganese recovery was 
demonstrated by the Manganese Chemical Corporation, but 
the costs of the product were high. Lewis (1951, p. 37-43) 
estimated that 500,000.000 gross tons of manganiferous 



iron-formation containing from 2 to 10 percent manganese 
are available to open-pit mining to a depth of 150 feet. 
This may be a conservative figure for the potential reserve 
of the Cuyuna district inasmuch as many areas having a 
potential for low-grade manganiferous materials are ob
scured by cover of 200 or more feet of glacial drift. Little 
systematic exploration ha~ been done to prove tonnages of 
iron-formation that contain 5 to 10 percent manganese in 
the Trommald Formation and the Emily member. Although 
the North range has been fairly well explored, the Emily 
range has been only partly explored because of the thick 
glacial drift. If a need for high-cost manganese comes about, 
past work in the Emily and North ranges will serve to lo
calize initial exploration efforts, but a systematic geologic, 

geophysical, and drilling program will be needed to deter
mine adequately the distribution and quality of mangani
ferous iron-formation. 
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EAST-CENTRAL MINNESOTA 

c. W. Keighin, G. B. Morey, and S. S. Goldich 

The age and relationships of the igneous and metamor
phic rocks that crop out over a wide area in east-central 
Minnesota (fig. I V-I) have been debated since the time of 
the earliest field investigations. N. H. Winchell (in Winchell 
and Upham, 1884) first suggested that granitic rocks, which 
intrude metasedimentary rocks now assigned to the Thom
son Formation, were post-Animikie in age, but he later con
cluded (ill Winchell and Upham, 1888) that they were cor
relative with the Lower Precambrian rocks in the northern 
part of the state. Much of our current knowledge of the 
field relationships comes from the work of Margaret Skill
man Woyski (1949). who divided the granitic rocks into 
four groups, and summarized their history as follows: (I) 
intrusion of the rv!cGrath Gneiss and regional dynamic 
metamorphism (Early Algoman): (2) intrusion of a series of 
intermediate igneous rocks (Late Algoman): (.3) intrusion of 
the Stearns magma series (Iv! iddle Keweenawan). and intru
sion of felsite and basalt dikes (i\1 iddle Keweenawan). How
ever. Goldich and others (1961) showed that the igneous 
rocks arc neither Algoman (2,600-2,700 m.y.) nor i\liddle 
Keweenawan (1,000-1,200 m.y.) in age: hence, they rede
fined the name" Penokean orogeny"-wh ich was used fi rst 
bv Blackwelder (1914) for what he thought was a post
Keweenawan period of folding and mountain building in 
the Lake Superior region-and applied it to the events 
which occurred 1.600 to 1.1100 m.y. ago in east-central i\lin
nesota, northern Wisconsin, and Michigan. Subsequently, 
the name "Hudsonian" was introduced by Stockwell (1964, 
p. 5) for a similar orogenic period in the Canadian Shield 
having a mean K-Ar mica age of 1,735 m.y. and a range 
from 1.640 to 1,830 m.y. 

The Precambrian rocks of east-central 1\1 innesota are 
being restudied presently, and this paper is a progress report 
of the work being carried on jointly by staff members of 
the Minnesota Geological Survey and of the department of 
l(eolol(v of Northern Illinois University. Because outcrops 
:re s;~rse. field observations must be supplemented by 111-

dircct methods, the most important of which arc radIO
metric age determinations. 

NOMENCLA TURE 
Names :ouch as the Thl1l11son i--oJ"lllation (Schwartz, 

1942b) and the l\icGrath Gneiss (Woyski, 1949) are well 
e'i[ablished, but many of the other names that have been 
u,ed for the igneow, rocl" arc local or tradc names asso
ciatcd with thc quarrying industry. In this category are the 
Hillman tonalite, the Freedhem tonalite, the Warman 
quartz monzonite, and the St. Cloud gray and red granites. 
These names are used informally in this paper because their 
ages and correlations are not well established. 
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PREVIOUS WORK 
The geologic studies of Hall (1901 b), Schwartz (1942a). 

and Woyski (1949) served as the basis for early radiometric 
studies by Goldich and others (1961). Micas, principally 
biotite, separated from the coarser grained igneous and 
metamorphic rocks, were dated by the K-Ar and Rb-Sr 
methods, and whole-rock samples of slate and phyllite from 
the Thomson Formation and from the metasedimentary 
rocks of the Cuyuna district were dated by the K-Ar tech
nique. 

The radiometric ages quoted in this paper have been 
recomputed using decay constants for K 40 and Rb 87 that are 
now commonly accepted and which differ slightly from the 
values used in the original calculations. The basic analytic 
data and the recomputcd ages are given in Tables IV-5 and 
IV-6. K-Ar determinations by Peterman (1966), Hanson 
(1968). and Hanson and rvlalhotra (1971) are included in 
Table IV-5, and three new Rb-Sr determinations are given 
in Table IV-6. The ages, for the most part, fall within the 
range from 1,600 to 1,800 m.y., and when first published 
provided the first widely accepted evidence for an orogeny 
that had not been recognized previously in Minnesota 
(Goldich and others, 1957, p. 547). 

Both the K-Ar and Rb-Sr decay systems in micas, how
ever, are now known to be sensitive to low-temperature 
metamorphic events, and mica ages generally are inter
preted as minimum dates, commonly retlecting younger 
events that are difficult to recognize geologically. For ex
ample, samples of the metasedimentary rocks from the 
Cuyuna district as well as from the Thomson, Virginia, and 
Rove Formations were determined by Peterman (1966). 
using the whole-rock Rb-Sr technique, to have an isochron 
age of 1,850 m.y., whereas earlier K-Ar determinations on 
the same rocks gave ages ranging from 1,540 to 1,670 m.y. 
Similarly. Hanson (1968) obtained a K-Ar age on horn
blende from the granite at Rockville of 1,800 m.y., whcreas 
earlier K-Ar and Rb-Sr determinations on biotite from the 
same rock gave ages of 1,640 and 1.730 m.y., respectively 
(tables IV-5 and IV-6). These and other investigations are 
referred to in a later section of the paper, and serve to 
demonstrate that mica ages must be interpreted with care. 

McGRA TH GNEISS 
Although known outcrops of the McGrath Gneiss are 

relatively sparse and small, the area underlain by the gneiss 
appears to be extensive (fig. IV-20). At the type locality 
southwest of McGrath, the rock is a coarse-grained, pink
ish-gray biotite gneiss containing large crystals of micro
cline. Some of the large crystals are rounded, giving the 
appearance of augen, but many are euhedral or subhedral 
and are oriented obliquely to the foliation. These crystals 



Table IV-5. Summary of K-Ar age determinations of Middle Precambrian rocks. 

Map 
No. 

Sample (fig. K *Ar4o Agel 
No. IV-20) Description (pet. ) (ppm) (m.y.) 

(A) Thomson Formation 

35 wr" a Slate, Thomson 3.00 0.553 1630 
38 wr b Phyllite, Atkinson 1.03 0.191 1630 
39 mu c Phyllite, Barnum 4.28 0.803 1650 
40 mu d Phyllite, Moose Lake 3.79 0.685 1610 
96 wr y Phyllite, Little Falls 1.90 0.336 1580 

232 wr Slate, Duluth 3.55 0.433 1220 
233 wr Slate, Duluth 3.34 0.387 1170 

(B) Rove Formation 

131 wr Argillite, Gunflint Trail 4.06 0.410 1060 

(C) Virginia Formation 

137 wr Argillite, Virginia 3.40 0.539 1470 
212 wr Argillite, West Mesabi 3.38 0.396 1180 

(D) Mahnomen Formation, Cuyuna district 

33 wr 0 Argillite 4.60 0.878 1670 
132 wr m Phyllite 4.09 0.698 1540 
134 wr k Argillite 3.84 0.677 1580 
215 wr n Argillite 3.36 0.644 1670 

408 ( 90-100) Argillite 4.69 0.800 15503 
410 (l00-110) Argillite 3.11 0.548 15803 
410 (l80-200) Argillite 4.28 0.680 14703 

(E) l\1cGrath Gneiss 

41 bi ~ West of Denham 7.16 1.38 1670 
43 bi f SW. of Denham 6.29 1.19 1650 

164 bi h McGrath 6.82 1.36 1710 
63 bi g Pliny (Dad's Corner) 7.38 1.21 1500 

(F) Intermediate granitic and related rocks 

1 bi Quartz monzonite, Warman 6.91 1.44 1760 
62 bi Quartz monzonite, Isle 6.07 1.18 1680 
64 bi r Tonalite, Hillman 6.44 1.35 1770 
60 bi P Gneiss, Freedhem 6.47 1.28 1710 
59 bi P Schist, Freedhem 6.18 1.14 1630 
61 bi q Quartz monzonite, Pierz 6.96 1.41 1730 
10 bi x Granodiorite, St. Cloud 5.04 1.06 1770 

(G) Granites 

6 bi u Porphyritic granite, Rockville 6.23 1.16 1640 
RH-21 ho t do. 0.893 0.191 18004 

58 bi s Red Granite, St. Cloud 5,46 1.02 1640 
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Table IV-5-Continued 

Map 
No. 

Sample (fig. K ':'Ar4D Agel 
No. IV-20) Description (pct. ) (ppm) (m.y.) 

(H) Basaltic dikes 

M8300 wr Basaltic dike, St. Cloud 

1v18301 wr Basaltic dike. St. Cloud 

M8302 wr Basaltic dike. RockviIJe 

MN-15 wr Basaltic dike. St. Louis River 

,. Radiogenic ArW 
1 All ages from Goldich and others (1961) have been recomputed, using 

)"E = 5.84 x 10-n yr-1 

),,(} = 4.72 x 10-11 yc' 
K'" IK = 0.0119 (atomic ratio) 

0.776 0.0991 12804 

0.770 0.101 

2.00 0.309 14604 

1.96 

0.568 0.0982 15704 

0.0986 

1.023 0.102 IOS05 

1.011 

, Abbreviations: wr, whole rock; mu. muscovite; bi, biotite; ho. hornblende 
3 Peterman (1966) . 
, Hanson (1968) 
5 Hanson and Malhotra (1971) 

Analytical uncertainty in the ages is about 5 percent. 

Table IV-6. Summary of Rb-Sr age determinations on biotites from Middle Precambrian rocks. 

Map 
No. 

Sample (fig. 
No. IV-20) Description 

164 h McGrath Gneiss, McGrath 

41 e McGrath Gneiss, W of Denham 

1 Quartz monzonite, Warman 

64 r Tonalite, Hillman 

58 s Granite, St. Cloud 

10 x Granodiorite, St. Cloud 

532 v Quartz monzonite, Rockville 

536 w Quartz monzonite, SW. of St. Cloud 

1 Calculated from spiked runs 
'Computed with initial ratio = 0.710 
)"13 = 1.39 x 10-11 yr-'; RB"/Rb~-' = 0.386 (atomic) 

have the appearance of porphyroblasts, A conspicuous folia
tion is given by biotite, which is wrapped around the large 
microcline crystals, At Dad's Corner (fig, IV-20), the gneiss 
is similar in appearance to that near McGrath. SmaIJ dis
continuous pegmatites and quartz veins cut the foliation, 
and pale green epidote and pyrite occur on joint surfaces, 
Small flat outcrops of gneiss along the road 2 miles south of 
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Rb Srn SrS7/Sr86 1 Rb87 /Sr86 Age2 

(ppm) (ppm) (Atomic) (Atomic) (m.y.) 

515 IO.S 4.21 142 17S0 

413 S,40 6.11 221 1740 

427 16.9 2.57 73.2 1810 

484 17.2 2.73 81.5 1760 

886 8,48 8.06 302 1730 

372 53.0 1.23 20.3 1820 

571 4.29 10.1 385 1730 

617 6.09 7.78 293 1720 

Arthyde and approximately 9 miles east of Dad's Corner are 
more variable in lithology, Here, foliation is well developed, 
and there is some mineral layering. The large microcline 
crystals generally appear deformed. In the vicinity of Den
ham, however, the McGrath Gneiss is distinctly red and 
more sheared than at other localities. Muscovite is promi
nent, and the large microcline crystals are strongly de-
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Figure IV-20. Generalized geologic map of east-central M inne o ta (modi fied from Woys ki . 1949, and G o ldich and others, 
196 1) showi ng the location of samples cited in the text. • 8, sa mple location and number ; A g, sample loca
ti on with age data. 

formed and locally granulated. Pegmatites and quartz vei ns 
which cut the foliation have, like the gneiss, und ergone 
mechanical deformation . 

Petrography 
Three phases of the McGrath Gneiss a re distinguished: 

( I) relatively unsheared gneiss at McGrath , Dad's Corner, 
and Arthyde (table IV-7); (2) sheared gneiss in the vicinity 
of Denham (table IV-8) ; and (3) highly sheared, fine
grained , layered gneiss in the contact zone between the 
gneiss and the Thomson Formation west of Denham. A 
fourth phase, of apparent local extent, is designated herein 
the gneiss of Bremen C reek (tabl e IV-7). 

The modes of the gneiss (phase 1) from McGrath, Dad's 
Corner, and Arthyde, together with a chemical analysis of 
the rock from Dad's Corner (Sandell and Goldich, 1943, p. 

I 10), indicate that the original rock was a porphyritic quartz 
monzonite. T he prim ary essenti al minerals are quartz, an
desine, microcline, and biotite. Mechanical deformation , 
accompanied by low-temperature metamorphic recrystalli
zation, accounts for the textural, structural , and mineralogi 
cal variatio ns. Small amounts of chlorite , epidote, calcite, 
and muscovi te occur in all samples, but the sheared phase 
in the vicinity of Denham contains from 2 to 18 percent 
muscovi te (table IV -8) . The gneiss along Bremen Creek 
(table IV-7) resembl es typical McGrath Gneiss (phase I) in 
hand specimen . In thin section, however, it is seen to be 
granular and recrystallized rock, and much fresher appear
ing than phase 1; the plagioclase is less highly sericitized 
and there is an appreciable amount of fluorite, which is 
found only in trace amounts in other samples of the gnei s. 
Fluorite is abundant in a fine-grained aplite dike (table IV-
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Table IV-7. Modes, in volume percent, 
Gneiss and related rocks. 

McGrath Gneiss 

Dad's 
McGrath Corner Arthyde 

518 501 517 

Quartz 38.7 32.6 34.8 
Plagioclase 33.0 33.3 38.3 
Microcline 19.9 23.2 12.8 

Muscovite 0.9 2.0 2.7 

Hornblende 

Biotite 6.7 8.1 9.2 
Chlorite Tr 0.5 0.5 

Epidote 0.3 0.1 0.8 

Carbonate 0.2 0.3 0.2 

Apatite 0.1 Tr 0.2 

Zircon 0.1 0.1 Tr 

Sphene Tr Tr Tr 

Opaque 0.1 0.2 0.1 

Fluorite Tr 

Tourmaline Tr 

An Content 34 34 36 

of the McGrath 

Bremen Creek 

Gneiss Aplite 
515 515-A2 

37.4 26.5 

l7.6 29.1 

37.6 4l.8 

Tr 

0.9 

5.3 0.2 

Tr Tr 

0.3 Tr 

Tr 

0.1 Tr 

0.1 Tr 

0.2 

Tr 1.5 

0.5 0.9 

Tr 

28 33 

7) that is concordant to the structure of the gneiss in the 
bed of Bremen Creek. The relation of this rock to gneiss 
elsewhere in the area is unknown. Samples of the layered 
gneiss (table IV-9, phase 3) from west of Denham show 
pronounced mineral segregation. Because of its bearing on 
the problem of the contact relationships between the Mc
Grath Gneiss and the Thomson Formation, discussion of 
the layered phase is deferred to a later section. 

Inclusions in the McGrath Gneiss are chiclly schistose 
or gneissic rocks of diverse origin. Sample 512 (table IV -8) 
represents an inclusion several feet in longest dimension in 
the gneiss southwest of Denham (fig. IV -20). The inclusion 
is a dark, fine-grained quartz-biotite-feldspar gneiss that 
probably was derived from graywacke. 

Structure 

The McGrath Gneiss is strongly foliated and in places 
also is layered and sheared. Both the foliation and the lay
ering strike approximately east-west; reversals of dip and 
the presence of locally flat foliation indicate the existence 
of folds. Although the sparse exposures prevent a detailed 
structural analysis, sufficient data are available to make 
several generalizations. An equal-area projection of poles 
to fol iation and layering (fig. IV -21) yields a well-defined 
girdle, and to judge from this plot, the folds are open and 
have a rounded hinge line. In addition, elongate mineral 
grains define a lineation that plunges 5-15° to the east. This 
di rection is interpreted to be parallel to the fold axes in the 
gneiss. 

The shearing visible along the railroad tracks west of 
Denham has produced a nearly vertical cataclastic foliation 
that strikes east-west (fig. IV-20, locality a). Elongate bou-

Table lV-8. Modes, in volume percent, of the McGrath Gneiss and an inclusion from vicinity of Denham. 

McGrath Gneiss Inclusion 

511-B 511-M 513 537 538 Av 512' 

Quartz 32.2 34.8 33.3 33.2 37.6 34.2 32.4 

Plagioclase 12.7 10.8 34.2 14.9 23.1 19.1 13.5 

Microcline 34.9 29.7 14.7 32.7 28.8 28.1 9.4 

Muscovite 8.8 17.5 5.0 18.1 2.1 10.3 0.9 

Biotite 9.4 6.1 11.1 0.6 6.0 6.6 37.6 

Chlorite Tr 0.4 0.4 Tr 1.4 0.4 2.0 

Epidote Tr 0.1 0.1 Tr 0.9 0.4 1.1 

Carbonate 1.8 0.6 1.2 Tr 0.7 3.1 

Apatite Tr Tr Tr Tr Tr Tr Tr 

Zircon Tr Tr Tr Tr Tr Tr Tr 

Sphene Tr Tr Tr 

Opaque 0.2 0.5 0.1 0.2 Tr 

Fluorite 

Tourmaline Tr Tr Tr 

An content 25 30 30 

* NE1/4SW1/4 sec. 35: 45-21 
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. d layered gne l'ss in contact zone between the M cGrath Table IV-9. Modes, in vo lume percent, of samples from fine-gralne 
Gneis and the Thomson Form ati on west of Denham. 

Samp le No. 5 10-M 5 10-T 539- 1 

Quartz 37.5 44.1 36.8 
Pl agioclase 17.3 15.3 19.9 
Microclinc 30.1 8.9 21.8 
Muscov ite 10.3 12.6 8.0 
Biotite 3.0 13.6 12.7 
Chl orite 0.3 5.0 Tr 
Ep idote 0.1 0.3 0.1 
Carbonate 1.3 0.2 OA 
Apatite Tr Tr Tr 
Zircon Tr Tr Tr 
Sphene Tr Tr Tr 
Opaque 0.1 Tr 0.3 
F luor ite Tr 
Tourm aline Tr Tr 
An content 28 13 

N 

• •• • 
• 
• 

• • • 
• • .. 

• • •• 
• 
• •• 

• ... ... 
• • • • • • • 
• • 

• • • 
• •• • 
• • 

• 1-. 
s 

F igure IV -21. Lower hemi phere equal area diagram sum
marizing various structural elements in the 
McGrath Gneiss. e, pole to foliation planes 
as defined by biotite layering ; A , pole to 
shear pl anes as. defined by mineral layering 
in the sheared layered gneiss west of Den
ham ; 0 , lineations defined by biotite streak
ing in mafic layers and by elongate micro
c1i~e grains in fel sic layers ; 6, lineation de
fined by hornblende rodding in boudins of 
the layered gneiss west of Denham . 

539-2A 539-2 B 539-3 539-4 

35.3 33 .7 30.0 33 .2 

24. 7 25 .5 13.5 28.3 

lOA 21.5 22.3 27.8 

17.6 10.5 10.5 2.7 

9A 8.0 20.0 7.0 

0.5 0.7 1.3 0.4 

0.2 Tr 1.1 0.2 

0.6 0 .1 0.7 T r 

Tr Tr 0 .1 0.1 

Tr Tr Tr Tr 

1.3 Tr 0.5 0.3 

12 12 11 10 

dins lie in the plane of the foli ation , and hornb lende rod
ding wit hin the boudins defines a lineation that is sub
para ll el to th at defined by elongate mineral gra in in other 
parts of the gneiss. The congruent structures strongly imply 
that fo lding and sheari ng took pl ace during the same 
deformatio n . 

THOMSON FORMATION 

General Statement 

The Thomson Fo rmation consists dominantly of inter
calated graywacke. silt tone. shale, and Ie er amounts of 
qu artzite, grap hitic black slate. and sulfide facies iron-for
mati o n. The formation crops o ut sporadica ll y over an a rea 
of about 500 square miles in part of Carlton, Pin e, Aitkin . 
and t. Lo ui s Counties. and is best exposed in the va ll ey of 
the St. Louis River from j ust west of Duluth. where it is 
overlain by Keweenawan sandstone (Morey, 1967b), to the 
vicinity of Cloquet and Carlton , 20 mil es west of Duluth . 
Southward, the fo rm ation crops out locall y along several 
abandoned drainage channels that served as o utlets for 
Glacial Lake Upham during Ple istocene time (see Wright 
and others, 1970). 

ear Thomson, the fo rmation con ists of graywacke, 
si ltston e, and slate which contain prim ary sedi mentary tex
tures and structures; but southwest of Thomson it is meta
morphosed to higher ranks, and the metamorphic grade 
progress ively increases southwestward . 

Petrography 

At its type locality, the Thomson Formation consists of 
about 46 percent graywacke, 27 percent s iltstone, and 27 
percent slate (Schwartz, 1942a; Wright an d others, 1970) . 
Two stratigraphic sections measured by Morey and Oja
kangas (1970) in the vicinity of Carlton have omewhat 
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F igure IV-22. Summary of mineral compOS it IO n in rocks of th e Thomson Fo rm ati on from nea r the type locality (after 
Mo rey and Ojakangas, 1970) . 

diffe rent propo rt ions, averagi ng 34 percent graywacke. 39 
percent siltsto ne, and 27 percent slate. Th ese data indicate 
th at the abundance of graywacke, silt stone , and slate va ri es 
wi thout regard to strati graph ic pos ition. Th e to tal thi ckness 
of th e fo rm at io n is not kn own inasmuch as ne ither th e top 
no r bo tto m is ex posed . T he lack of cont inuous ex posure 
and suit able marke r beds and th e presence of fo lds contr i
bute to the d ifficulty of makin g estim ates of thi ck ness . Ac
cordingl y, estim ates of the probable thi ck ness range from 
at least 3,000 fee t (Wright and o th ers, 1970) to as much as 
20,000 fee t (Schwartz, 1942b). 

F ro m deta il ed petrographic studies, summa ri zed in F ig
ure IV -22 , Mo rey and Ojakangas (1970) have shown th at 
the Tho mson Form at ion is si mil a r lithologically to th e Rove 
Fo rm ati o n (Mo rey, 1969). The major framewo rk con titu
ents of the g raywacke are quartz, sodic pl ag ioclase and, in 
the coa rse r-g rai ned beds, graniti c rock fragments and trace 
amounts of mic rocline and o rthoclase. Except fo r cl as ts of 
slate, the framework grai ns rarely exceed I mm in diameter, 
and most a re 0 .1 to 0 .5 mm. The matri x is composed of 
chlo rite, muscovite, and calcit e in gra in s fi ner th an 0.03 
mm . The shape and size of both th e framewo rk gra ins and 
th e matrix particl es have bee n modi fied by rec rys talli zati on. 
However, the gra in size and min eralogy a re c lose ly related, 
inasmuch as sampl es hav ing a sma ll compo nent of detr ita l 
matri x a re coarse r g ra in ed th an th ose hav ing a la rge com
ponent of detrita l ma trix . A bundant ca rbo nate concreti ons 
cha racte rize the fo rm ati on ; th ey we re fi rst stud ied by 
Schwartz ( 1942c) and more recentl y by We i bi en (see Mo rey 
and Ojakangas, 1970, p . 13-15) . 

Sedimentolog ical aspects of th e Thomson Form ati on 
have been described by Mo rey and Ojakangas ( 1970). Gray
wacke beds range in thi ckness from I inch to 14 feet, and 
commonl y d ispl ay a wide vari ety of intern al sedim enta ry 
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stru ctures th at are considered ind icati ve of turb idi te depo
si tion . Graded beddin g is well developed ; cross-bedd ing is 
common in the upperm ost parts of th e siltstone and gray
wacke beds. Lamin ations, sole marks, flute casts, fl ame 
structures, ball structures, and o th er re lated Features also 
are present. Mo rey and Ojakangas ( 1970) have postul ated 

W 20 

Percent Frequency 

F igure IV-23 . Rose di agram summ ari zing o ri ent ati o n o f 
c ross-bedd ed units in th e Thomso n Fo rm a
ti o n (after Morey and Ojakangas , 1970). 



that th e lamin ated black muds, now slate, accum ul ated 
slow ly in quiet water and were not reworked subsequently. 
Deposition of this material was interrupted periodically by 
the influx of silt and sand beds deposited by turbidity cur
rents entering the area. The dip azimuth direction s of cross
bedding how consistent current flow from north to south 
(fig. IV-23). In contrast, the directions of current flow indi
cated by so le marks, including flute and groove casts, are 
randomly cattered (fig. IV-24) . Con sidered by itse lf, the 

N 

s 

Figure IV-24. Orientation of flute casts (inn er circle) and 
groove casts (outer circle) in the Thom on 
Formation (after Morey and Ojakangas, 
(970) . 

orientation of the sole marks is bimodal in distribution and 
indicates that currents flowed in both westerly and south
easterly directions . Consequently, Morey and Ojakangas in
ferred that the cross-bedding probably was caused by cur
rents flowing down the paleoslope, perpendicular to a shore
line, and that th e diverse sole mark directions resulted from 
an irregular submarine topography. Alternatively, fanning
out of the currents over a gently-sloping paleoslope in the 
axial part of the basin could accoun t for the observed spread 
in th e directions of sole marks. 

Because the mineralogy of the Thomson Formation is 
similar to that of th e Rove Formation and inasmuch as the 
paleocurrent indicators in the Thomson Formation imply a 
northerly source, it is inferred that the detritus was derived 
from a Lower Precambrian terrane composed in large 
part of granitic rocks. 

Metamorphism 

There is a progressive increase in metamorphic grade of 
the Thomson Formation between Thomson and Denham 
(Hall , 190 I b; Schwartz, 1942a; and Weiblen, 1964, unpub. 
M.S. thesis, Univ. Minn.). Near Thomson, the formation 

contains quartz, albite (Ans), chlorite, ericite, and calc ite, 
whereas near Denham it contains quartz, andes in e (An32), 
biotite, muscovite, staurolite, and garnet. Th e fo rm er as
semblage is characteristic of the lower part (chlorite zone) 
of the greenschist facies, and th e latter assembl age repre
sents Winkler's (1967) B 2.1 staurolite-almandine subfacies 
of the Barrovian-type facies series. 

Incipient phyllite first occurs abo ut 4 mil es southwest 
of Carlton (fig. IV-20). The outcrops consist mainl y of 
metagraywacke and black slate, but locally conta in beds of 
crumpled and folded ph yllite. Asymmetric folds a re numer
ous, and muscovite is abundant. At Atkinson, ph yllite is 
well developed and muscovite flakes as long as 0 . 1 mm are 
common . Within these rocks, detrital quartz and feld spar 
grains are still di scernible, but twinning in plagiocl ase is not 
apparent. Dominant mineral assemblages within the ph yllitic 
rocks consist of quartz, albite (Ans), chlorite , muscovite, 
and calcite or dol omite. Biotite first appears in the pelitic 
rocks near Barnum , and from there southward chlorite oc
curs only as a late alteration product . Quartz and feld spar 
are somewhat recrys tallized and together with the micas 
define a crude foliation . Dominant mineral assemblages 
contain quartz, albite (Anlo), muscovite, biotite, and calcite. 
At Moose Lake, muscovite- and biotite-bearing schist is 
well developed . Garnet occurs in the schist and metagray
wacke beds as does hornblende in more calcareous units. 
Dominant mineral assemblages in the schist contain quartz, 
oligocl ase, biotite, muscovite, hornblende , and apatite. 
Staurolite first appears east of Denham in biotite- and 
muscovite-bearing schists . Quartz and feld spar are exten-
ivel y recrystallized and elongate in the foliation plane. 

Andesine occurs as small nodules, and garnet metacrysts 
a re abundant and well developed . The metagraywacke units 
consist of qu artz, plagioclase (An27), biotite, and garnet. 
The ga rnet is characterized by a hel icitic texture having 
contorted lines of inclu ions that can be traced from one 
ga rnet metacryst to another. Biotite and muscovite are 
wrapped a round the garnet , indicating rotation of the garnet 
in a late stage of recrystallization . The calcareous concre
tions a re zoned , and are characterized by rims of horn
blende, ga rnet , plagioclase , and quartz, and by cores of 
epidote, quartz, plagioclase , and calcite (Weiblen , 1964, 
op cit .). 

Small isolated outcrops of slate, phyllite, and metagray
wacke also occur along the Mississippi and Little Elk Rivers 
in the vicinity of Little Falls in Cass County (fig. IV-20). 
North of Little Falls, the outcrops are characterized by in
tercalated beds of gray slate, incipient phyllite, and gray
wacke that strike northeastward and dip variably either 
northwest or southeast. South of Little Falls, however, the 
grain size of these rocks becomes markedly larger, and the 
rocks are characterized by large (2 cm) metacrysts of stauro
lite in a granular matrix consisting of quartz, untwinned 
plagioclase (andesine or oligoclase near andesine) , biotite, 
and garnet; muscovite and K-feldspar are minor constitu
ents . Thus, as in the Carlton-Denham area, the metamorphic 
grade progressively increases southward, from the green
schist facies to the amphibolite facies in proximity to the 
granitic intrusions near St. Cloud. 
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Except for a greater abundance of staurolite, the rocks 
in the Little Falls area are simi lar in compo ition to th e 
Thomson Formation between Denham and Thomson . 
Therefore, because of the simi lar lithology and the presence 
of imilar-appearing carbonate concretions and quartz 
veins. H all (190 I b), Harder and Johnston (1918) , Schwartz 
(1942b). and Goldich and others (1961) correlated the meta
sedimentary rocks near Little Falls with those of the Thom-
on Formation . Also the K-Ar age of 1,580 m.y . determined 

on phyllite from an outcrop on Little Elk River is, within 
analytical error, comparable to the ages for samples from 
the Thom on Formation (table IV-5). Although th e K-Ar 
ages are metamorphic ages and do not give th e time of 
deposition , there is no reason to refute this corre lation , and 
it appears that the Thomson Formation once formed a con
tinuous belt between Duluth and Little Falls, a distance of 
approximately 140 miles . 

Elsewhere in east-central Minnesota , large inclusions of 
metasedimentary rock th at resemble metamorphosed 
Thomson Formation are found in various gran iti c rocks, 
particularly in th e region between McGrath , Little Fall s and 
St. C loud (fig. IV-20) . Inclu ions in the Hillman tonalite of 
Woyski (1949) most typify rock resembling th e Thomson 
and are described in the section on the tonalite. 

Structure 

The Thomson Formation has been strong ly deformed, 
but a lack of exposures in cri ti cal areas and a general ab
sence of key marker beds have prevented a detailed struc
tural analysis. Mattson (in Wright and others, 1970) , how
ever , demonstrated that the structure in the C loquet-Carlton 
area is dominated by large open sy nclines and anticlines 
th at have many second-order fo lds on their limbs. The wave 
lengths of the sec~nd-order folds range from a few inches 
to several hundred feet , but are mostly a few tens of feet. 
The cross-section in Figure IV-25 shows the major fo lds to 
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Figure IV-25 . Cross-section of the Thomson Formation 
showing the nature of the folding near the 
vicinity of the type locality (mod ified from 
Wright and others, 1970). 

be asymmetric and to have steeply-dipping north limbs and 
more gently-dipping south limb . C leavage is nearly perva
sive in the slate units; it strikes about N. 85 ° W. and dips 
steepl y southward . The geomet ry of the second-order fo lds 
depends somewhat on rock type. Open symmetrical folds 
a re characteristic of slate-bearing units. Axial planes of the 
second-order fo lds are nearly vertical and trend gene rall y 
within 15 ° of east. Fold axes of both major and second
order folds plunge both eastward and westward at ang les up 
to 20 °. 
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To judge from th e ava il ab le data, the stru cture of th e 
Thomson Formation does not change appreciab ly as the 
metamorphic grade increases (fig. IV-26). Furthermore, 
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Figure IV-26 . Lower hemisphere equal area diagram sum
marizing various structural elements and 
their relation to metamorphic grade in the 
Thomson Formation in the area from Ca rl 
ton to Denham . C losed symbols, poles to 
bedding , open symbols, lineations . Circles, 
Carlton to Atkinson ; triangles, Atkinson to 
Barnum ; sq uares, bedding Barnum to Den
ham ; pluses, foliation Barnum to Denham . 

fo li ation in the metagraywacke and schist in the area from 
Moose Lake to Denham is parallel to original bedding, 
suggesting that metamorphism may have occurred before 
deformation . 

RELATIONSHIP OF THE McGRATH GNEISS 
TO THE THOMSON FORMATION 

Disagreements in the past concerning th e age of th e 
McGrath Gneiss (see Woyski , 1949 , p . 1001) have centered 
largely on the interpretation of the relationship of the gneiss 
to the Thomson Formation and on the age of the latter. 
However, it generally was accepted that the McGrath 
Gneiss is intrusive into th e Thomson Formation . Woyski 
described the rel at ionship as a lil-par-lil inject ion of th e 
Thomson by the McGrath quartz monzonite, which subse
quently was dynamicall y metamorphosed to the present 
gneiss. Woyski assigned th e McGrath Gneiss an Algoman 
age in accordance with Schwartz's (1942b) correlation of 
the Thomson Formation with the Knife Lake Group of 
northeastern Minnesota . Later, Goldich and others (1961) 



correlated the Thomson with the Virginia and Rove Forma- accepted this correlation of the Thomson Formation, but 
tions of the Animikie Group, and on the basis of mica ages suggested that the McGrath probably was older than the 
(tables IV-5 and 6) considered the McGrath Gneiss a Peno- Thomson. Subsequently, T. W. Stern of the U.S. Geologi-
kean intrusive rock. G. M. Schwartz (1961, oral comm.) cal Survey confirmed this suggestion; lead-alpha determina-

Table IV-10. Modes, in volume percent, of samples from the Thomson Formation northeast of Denham. 

Sample No. 540 540-1 540-2 540-3 540-4 540-5 540-6 

Quartz 53.8 43.8 28.2 32.3 58.1 48.0 48.0 

Plagioclase 13.7 19.2 12.8 16.2 13.3 20.0 11.8 

Microcline Tr 0.1 0.3 0.3 0.2 Tr Tr 

Muscovite 3.5 4.6 27.1 17.4 Tr 15.8 

Biotite 22.0 24.7 19.6 22.4 20.3 21.8 16.0 

Chlorite 1.8 1.2 5.8 4.8 0.7 1.4 1.8 

Epidote 0.2 0.1 0.3 0.2 Tr Tr Tr 

Carbonate Tr Tr Tr 

Apatite Tr Tr Tr Tr Tr Tr Tr 

Zircon 0.1 Tr 0.2 Tr Tr 0.2 Tr 

Opaque 0.1 0.4 0.3 0.1 0.7 Tr 0.4 

Tourmaline 0.2 

Staurolite Tr 0.2 0.6 0.2 Tr 

Garnet 4.6 5.9 5.2 5.7 7.0 8.4 6.2 

Table IV-II. Comparative averages of modes, in volume percent. of McGrath Gneiss, layered gneiss, Thomson Formation, 
and associated quartzite and marble. 

McGrath Gneiss Thomson Formation 

Relatively Sheared Contact Metagraywacke 
Unsheared Phase Zone and Schist Quartzite Marble 

Table Table Table Table 
IV-6 IV-7 IV-8 IV-9 

Quartz 35.4 34.2 35.S 44.5 72 34 
Plagioclase 34.9 19.1 20.6 15.3 4 2 
Microcline IS.7 28.1 20.4 Tr 16 12 
Muscovite 1.9 10.3 10.3 9.8 6 
Biotite 8.0 6.6 10.5 21.0 2 
Chlorite 0.3 0.4 1.2 2.5 
Epidote 0.4 0.4 0.3 Tr 
Carbonate 0.2 0.7 0.5 Tr 49 
Apatite 0.1 Tr Tr Tr Tr 
Zircon 0.1 Tr Tr 0.1 Tr 
Sphene Tr Tr Tr 
Opaque 0.1 0.2 0.4 0.3 Tr Tr 
Fluorite Tr Tr 
Tourmaline Tr Tr Tr Tr 
Staurolite None None None 0.1 
Garnet None None None 6.1 
Rock fragments 1 Tr 
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tions ~n zircon concentrated from the McGrath Gneiss give 
a minimum age of 2,400 m.y. (written comm. from Stern to 
Goldich. 1961). 

In the Denham area, where both the Thomson Forma
tion and the McGrath Gneiss are moderately well exposed. 
the Thomson Formation consists of intercalated beds of 
schist and metagraywacke. In addition, a fairly thick suc
cession (>250 feet) of interlayered marble and quartzite is 
present at one locality. Just northwest of Denham (fig. IV-
20). the Thomson Formation (table IV-IO) consists mainly 
of fine-grained garnet-staurolite metagraywacke and biotite
garnet schist; coarse-grained quartz-plagioclase-biotite 
rocks. together with large. discontinuous veins or pods of 
milky quartz. also are present locally. The pegmatites and 
quartz veins are interpreted as having developed through 
local mobilization of the felsic fraction in the graywacke 
during metamorphism; Schwartz (1942b) suggested that 
some of the small pods or nodules of quartz were formed 
by the replacement of carbonate concretions. 

Re-examination of the contact zone between the Thom
son Formation and the McGrath Gneiss west of Denham 
has shown that rocks previously considered as a product of 
lit-par-Iit injection of the Thomson by the McGrath are 
actually sheared McGrath (see table IV-II and appendix 
IV-A). Garnet and staurolite. which characterize the Thom
son Formation. are absent. and the rocks are highly frac
tured and granulated; accordingly. they resemble a fine
grained. layered gneiss. To judge from the accordant struc
tural data (compare figs. IV-21 and 26). it seems likely that 
deformation of the Thomson Formation and the McGrath 
Gneiss took place during the same orogenic event. 

The mineralogy of the quartzite and marble exposed 
southeast of Denham substantiates a pre-M iddle Precam
brian age for the McGrath Gneiss, inasmuch as the beds 
contain detritus derived from the gneiss. The quartzite con
sists of sand-size framework grains admixed in a somewhat 
finer grained matrix. The framework grains are dominantly 
monocrystalline and polycrystalline quartz. highly seri
citized and cloudy, gridiron-twinned microcline. and lesser 
amounts of "granitic" rock fragments consisting of inter
locking quartz and microcline grains (table IV-II). The 
matrix is extensively recrystallized. and consists of fine 
sand-size quartz and sodic plagioclase and lesser amounts 
of interstitial muscovite and opaque minerals. Intercalated 
beds of marble vary widely in composition (table IV-II J. 
and generally consist of inequigranular grains of calcite 
that enclose scattered detrital grains of quartz. microcline. 
and plagioclase. Locally. small clusters of muscovite and 
biotite exist. 

The geologic relationships in the Denham area are con
sistent with the conclusion that the detritus in the quartzite 
and marble was derived from the McGrath Gneiss. How
ever. the precise stratigraphic position of the quartzite and 
marble relative to the Thomson Formation is uncertain. 
The mineralogy differs from that of typical Thomson For
mation in having microcline as the dominant feldspar 
phase. Similarly, the quartzite and marble appear to have 
been deposited under shallow-water conditions, whereas 
the bulk of the Thomson Formation was deposited under 
deeper water conditions. Because the quartzite at Denham 
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resembles quartzite exposed near Dam Lake in T. 47 N., R. 
25 W .. which is inferred to be part of the Mahnomen For
mation (see Marsden. fig. IV -17. this chapter). it may be 
equivalent to it and therefore much older than the Thomson 
Formation. 

IGNEOUS ROCKS 

General Statement 

A variety of igneous rocks. ranging in composition from 
gabbro to granite and in texture from coarse porphyritic 
phanerites to aphanites. has been described by Woyski 
(1949). On the basis of field relationships she recognized 
two main episodes of batholithic intrusion younger than the 
McGrath Gneiss. The principal rocks assigned to the older 
group are intermediate or basic in composition. and from 
east to west include the quartz monzonites of Warman. Isle. 
and Pierz. the tonalites in the vicinity of Hillman and 
Freedhem, and the granodiorite of St. Cloud (gray) and re
lated types. The younger group. which Woyski named the 
"Stearns magma series." includes the augite-hornblende 
granite of St. Cloud (red). the porphyritic quartz monzonite 
of Rockville. and similar intermediate to silicic rocks. Rep
resentatives of the two main groups of Woyski are dis
cussed briefly below. 

Quartz Monzonite 
The quartz monzonite quarried near Warman (fig. IV-

20) is a gray. medium-grained. massive rock that has rela
tively few inclusions. Woyski correlated similar gray quartz 
monzonitic rocks exposed in quarries south of Isle and 
south of Pierz (fig. IV-20) with the rocks at Warman. Two 
types of quartz monzonite are exposed in the quarry south 
of Isle. a medium-grained phase and a coarse-grained and 
porphyritic phase. Both phases are cut by aplite dikes. 
Modal analyses of samples from the three localities are 
given in Table IV-12. 

Tonalite and Granodiorite 

Hillman Tonalite 
The Hillman tonalite of Woyski (1949), a gray, medi

um- to coarse-grained, slightly fol iated rock. crops out 
along the Skunk and Little Skunk Rivers and Hillman Creek 
in eastern Morrison County and along the Rum River in 
northern Mille Lacs County (fig. IV-20). The principal min
erals are quartz, andesine, and biotite, but the proportions 
of these minerals vary considerably; accordingly. the modes 
in Table IV-13 are averaged. 

Locally, the tonalite contains numerous inclusions of 
metasedimentary rocks, which Woyski (1949) interpreted as 
having been derived from the Thomson Formation. At lo
cality 548 (fig. IV-20), the inclusions are exceptionally 
abundant and range in length from a few inches to several 
feet. Foliation in the tonalite in large part is given by 
schlieren, but foliation in the inclusions commonly differs 
from that in the tonalite by as much as 40°. This discord
ance suggests that foliation in the inclusions was developed 
prior to their entrainment in the tonalite magma. Large (2 
cm) garnet crystals are abundant in the biotite-rich inclu-



Table IV -12. Modes, in volume percent, of quartz mon
zonites in east-central Minnesota. 

Locality Warman Isle Pierz 

Sample No. 520 500 504 
-~- -----

Quartz 31 30 22 

OJ igocl asc-andesine 34 25 47 

Microcline 20 32 21 

Biotite 14 11 8 

Accessories 

Apatite x x x 

Opaque x x x 

Zircon x x x 

Secondary 

Carbonate x x x 
Chlorite X X X 

Epidote x x x 
Sericite" X X X 

X, generally less than 1 percent 
x, generally less than 0.5 percent 
*, includes muscovite 

Table IV-B. Modes, in volume percent, of tonalite and 
related rocks in east-central Minnesota. 

Freedhem 

Hillman quartz St. Cloud 
tonalite granodiorite monzonite granodiorite 

Quartz 27 7 21 16 

Andesine 51 43 27 45 

Microcline 4 13 35 12 

Biotite 13 18 10 7 

Hornblende 2 12 2 12 

Accessories 

Pyroxene X 2 2 3 

Apatite x x X x 
Zircon x x x x 
Sphene X x X X 
Opaque X X X X 

Secondary 

Carbonate x X X x 

Chlorite x X x x 

Epidote X X x x 

Sericite X X X X 

X, generally less than 1 percent 
x, generally less than 0.5 percent 

sions, which contain quartz, andesine, biotite. cordierite, 
garnet, and lesser amounts of other minerals. The other 
minerals include muscovite, microcline, pyroxene, magne
tite, apatite, zircon, chlorite, and epidote (table IV-12). The 
assemblage quartz-andesi ne-bioti te-cordieri te-garnet repre
sents the upper level of the amphibolite facies (Winkler. 
1967). DeWaard (1965) has suggested that cordicrite-bear
ing assemblages are transitional from the amphibolite to 
the granulite facies; and Gable and Sims (1969) estimated 
that similar cordierite-bearing assemblages in the Front 
Range, Colorado were formed at 3-5 kb and 620-710 0 C. 

The cordierite-bearing inclusions in the tonalite appear 
to be local in distribution, and are interpreted to represent 
Thomson Formation regionally metamorphosed to the 
staurolite-andesine-almandine subfacies and then prograded 
by the engulfing tonalite magma. Hence. the cordierite
bearing assemblage is considered a result of local contact 
metamorphism rather than regional metamorphism. The 
cordierite is partially altered to an unidentified micaceous 
mineral. and muscovite, chlorite, and epidote are retrograde 
minerals. 

Freedhem Tonalite 
Thc Freedhem tonalite of Woyski (1949) is a variable 

rock ranging in color from black to gray and in grain size 
from fine to medium. The darker phase is massive except 
adjacent to dikes of quartz monzonite, where it is deformed. 
Woyski (see Skillman, 1946, unpub. Ph.D. thesis, Univ. 
f\linn.) noted the range in composition from melatonalite to 
granodiorite. She found that the most common type was 
tonalite consisting of 20 percent quartz, 40 percent plagio
clase, 35 percent hornblende and biotite, and less than 5 
percent K-feldspar. The average modal composition of 
three samples from the quarries south of Freedhem exhibits 
somewhat more microcline (13 percent), indicating that the 
rocks are granodiorite (table IV-13). 

The granodiorite is cut by numerous dikes of quartz 
monzonite, which contain abundant schlieren of the dark 
granodiorite. The abundance and the deformation of the 
inclusions suggest that the granodiorite was not completely 
solidified at the time l,f intrmion of the quartz monzonite. 
\Iicrocline (tabl.: 1\'-131 is abundant in the quartz mon
zonite, and may have been introduced into tonalite to pro
duce the granodioritic Cl1mposition. 

St. Cloud Gray Granodiorite 
Granodiorite, commonly referred to as St. Cloud gray 

granite, has been quarried for many years in the vicinity of 
St. Cloud (fig. IV-20). The rock is dark gray, but h;s a 
slight reddish hue imparted by K-feldspar. It is medium 
grained and massive, but contains numerous small inclu
sions which define a vague foliation loca1'\·. The grano
diorite is cut by dikes of aplite and red granite, and \Vovski 
(1949, p. 1012) described a pink phase of the granodiL~rite 
which she attributed to alteration (granitization) by the 
younger red granite of the area. The mode of the g-rano
diorite in Table IV-12 is comparable to the composition 
given by Woyski ( 1949). 
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Younger Granitic Rocks (Stearns Magma Series) 

A red, medium-grained augite-hornblende granite, com
monly called the St. Cloud red granite, is quarried at several 
localities in Benton and Stearns Counties in the vicinity of 
St. Cloud. Outcrops of similar granitic rocks also are known 
in western !\Iille Lacs County and in central Morrison 
County. Woyski (1949, p. 1006) considered the granite one 
of the younger, larger intrusive masses, for it cuts and con
tains inclusions of the granodiorite of St. Cloud, the tona
lites near Freedhem and Hillman, and the Thomson For
mation. Woyski (see Skillman, 1946, op. cie., p. 33) noted 
that east of the Mississippi River the granite is pink, where
as west of the river it is red. She also noted that the rock is 
darker red or green along joints, owing to the presence of 
chlorite- and epidote-bearing veins, and that the dark red 
color can be related to alteration spatially associated with 
the veins. She described cataclastic textures in the rocks, 
and attributed the red color to hydrothermal activity rather 
than to surficial weathering. 

At several localities the augite-hornblende granite clear
ly transects the St. Cloud gray granodiorite and contains 
inclusions of it, but contacts with the coarse porphyritic 
quartz monzonite in the vicinity of Rockville are lacking; 
hence the age relations of these two granitic rocks are not 
known. Wovski considered that the two rocks probably are 
similar in ;ge, but noted that the mineralogical composi
tions (table IV-14) differ somewhat, especially with respect 
to the ratio of plagioclase to microcline. 

Table IV -14. Modes, in volume percent, of augite-horn
blende granite of St. Cloud and quartz mon
zonite of Rockville. 

Locality 

Quartz 

Oligoclase-andesine 

Microcline 

Biotite 

Accessories 

Hornblende 

Pyroxene 

Apatite 

Zircon 

Opaque 

Secondan' 

C~lrhon~tte 

Chlorite 

Epidote 

Fluorite 

Sericite 

Sphene 

Pyrite 

X, generally less than 1 percent 
x, generally less than 0.5 percent 

St. Cloud 

29 

10 

52 

4 

3 

x 

x 

x 

x 

x 

x 

X 

x 

X 

x 
x 
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Rockville 

23 

36 

24 

x 

x 
x 

x 

x 

x 

x 

x 

x 

x 
x 

AGES 
K-Ar and Rb-Sr ages of rocks from east-central IVlinne

sota (tables IV-S and 6) range from 1,051 to 1,820 m.y. 
The younger ages are related, in part indirectly, to Ke
weenawan igneous activity (Goldich and others, 1966). The 
Rb-Sr ages given in the tables are approximately 6 percent 
greater than the dates originally reported by Goldich and 
others (1961) and by Peterman ( 1966), 

McGrath Gneiss 

K-Ar ages on biotite from the IVlcGrath Gneiss (table 
IV-5) range from 1,500 to 1,710 m.y. and two Rh-Sr de
terminations (nos, 164 and 41) give ages of 1,750 and 
1,740 m.y. These are interpreted as metamorphic ages re
lated to the Penokean orogeny, for radiometric studies now 
in progress show beyond any doubt that the IVI eGrath 
Gneiss was emplaced during the Algoman orogeny, in Early 
Precambrian time, which in northern Minnesota is dated at 
2,700-2,750 m.y. ago (Hanson and others, 1971 b; Catanzaro 
and Hanson, 1971; Prince and Hanson, in press; Peterman 
and others, in press). 

Middle Precambrian Metasedimentary Rocks 

K-Ar ages for several of the Animikie formations are 
given in Table IV-5. With respect to their stratigraphic po
;itions, the oldest unit is the Mahnomen Formation in the 
Cuyuna district. which is equated with the Pokegama Quart
zite of the il.lesabi range and the Kakabeka Quartzite of the 
Gunflint range (Schmidt, 1963; Peterman, 1966). As dis
cussed previously, the Thomson Formation is correlated 
with the Virginia Formation of the Mesabi range and the 
Rove Formation of the Gunflint range. The available radio
metric ages on these formations differ considerably; hence, 
it is more expedient to discuss the data as a whole. 

The K-Ar ages (table IV-5) for slate and phyllite from 
the Thomson Formation are similar and average 1,630 m.y. 
Samples of argillite from the Mahnomen Formation (table 
IV-5) show a greater range and a somewhat lower average 
age of 1,580 m.y. A single sample of phyllite from the 
Thomson Formation near Little Falls (sample 96, table IV-
5) gave a similar age of 1,580 m.y. 

Samples 232 and 233 from the Thomson Formation, 
taken ncar the contact with the gabbro at Duluth, have K
Ar ages of approximately 1,200 m.y., and a sample of the 
Rove Formation (no. 131, table IV -5) from near the con
tact of a diabase sill assigned to the Logan intrusions 
(Goldich and others, 1961, p. 176) gave an age of 1,060 
m.y. Two samples of argillite from the Virginia Formation 
were dated at 1,470 and U80 m.y. These ages and the K
Ar ages as a whole are difficult to explain, but in no way do 
they date the exact or relative time of deposition. Tenta
tively, we conclude that, except for those rocks affected by 
Keweenawan igneous activity, the K-Ar system was stabil
ized in the Mahnomen and Thomson Formations approxi
mately 1,600 m.y. ago. The factors involved in that stabili
zation are not known. Possibly the last cataclastic deforma
tion of the rocks occurred approximately 1,600 m.y, ago 
but, alternatively, this date may represent the time at which 
thermal stability of the K-Ar system in the metasedimen-



ta ry roc" s was achieved, perhaps as a consequence of ero
s io n o f muc h o f the ove rlying success ion of rocks. 

Pete rm a n (1966) made who le- rock Rb-Sr mea urements 
o n th e sa me sa mpl es from the uyun a di triet that Goldieh 
had used for K-Ar age measurements, and in addition made 
the ~am e meas urements o n sa mpl es obtained from drill 
co re~ . The isoc hro n age for fresh sa mpl e is 1,850 m.y. and 
for a lte red sa mpl es 1,540 m.y. Peterman ( 1966, p. 1041) 
co ncluded th a t th e 1,850 m.y. d a te represe nts the tim e of 
weathering or of hydro th erm a l a lte ra ti o n th a t may hav e 
coi nc id ed w ith develo pmen t of the natural iron o res. 

eve n sampl es fro m th e Th o mso n Formation, four from 
th e Virginia Formation , and one from th e Rove Formation 
were pl o tt ed by Peterm an ( 1966 , fig. 4) in a Rb-S r diagram 
with a resulting isochron age of 1,660 m.y. Pete rm a n's data 
for th e seven sa mpl es from th e Thom on Formation were 
used by us in co nstru cting Figure IV-27. Sam ples 232 and 
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F igure IV-27 . Rb-Sr isochron diagram for th e Thomson 
Formation (modi fied from th e data of Peter
man , 1966). 

233, having K-Ar ages of 1,200 m.y., do no t fa ll o n th e 
isochron , suggesting that processes which lowered th e K-Ar 
ages also affected the Rb-Sr isotopic system in th e e rocks. 
Three additional sampl es from th e Tho mson Formation 
near Litt le Falls a lso are shown on th e diagram . A si mpl e 
linear regression for the eight points representing th e Thom
so n Formation , excluding samples 232 and 233-which 
have been affected by contact action of th e Duluth o mple 
-gives an isochron age of 1,730 m.y., with an initi a l ratio 
of 0 .705 . 

The Rb- r isochron age of 1,730 m.y. for the Tho mson 
Formation is s imilar to the Rb-Sr ages o n biotite from th e 
McGrath Gneiss. Biotite from the laye red gne iss west of 
Denham (tab le IV-6 , no . 41) is dated at 1,740 m.y., and 
thi age may be considered to represent a minimum age fo r 
the tim e of heari ng of th e ~ll cGrath Gnei and for th e 
time when the gnei s wa brought into jux taposi ti o n with 
th e Thom on Formation . 

Peterman 's da ta for four sa mples from th e Virginia For
mation define an isochron age o f approximately 1,660 m.y. 
(fig. IV-28) . Faure and Kov ach ( 1969) obtained a simil a r 

isoc hron age of 1,63 5 m .y. fo r the Gunflint Iron-formation 
in the vicinity of Kakabeka Fall s, Ontario . In summary, th e 
i ochro n ages of the various Animikie rocks are: Mahno-
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men Formation, 1,850 m. y. ; Thomson Formation , 1,730 
m.y.; irgi ni a Formation, 1,660 m .y.; a nd Gunflint Iro n
formatio n, 1,635 m .y. 

Faure and Kovach have argu ed th a t the 1,635 m .y. d a te 
on the G unfl in t Iro n- fo rm ati o n represent s the tim e of d epo-
ition and diagenesis. If this age is accepted as th e time of 

depo ition , th e G unflint Iron-form ati o n wa deposited afte r 
the metamorphi m in ea t-cen tral Minnesota . The geology 
a nd particularly the corre la ti on of the formations, how
ever, co ntrad ict this contenti on . 10re logicall y, the differ
en t ages are att ri butable to processe th at affec ted th e Rb-Sr 
system, as Peterman ( 1966, p. 104 1) suggested prev io usly. 
He pointed ou t th a t th e linea rity of po ints defining a n iso
chron requires a mechanism th at affects a ll th e amples in 
a regu la r fas hi o n. In such a mode l. it is eas ier to visualize 
a loss of radiogenic Sr ra th er th an an add itio n of Rb , which 
would require th a t th e am o unt added 'be pro po rti onal to the 
amo unt o ri g in a ll y present. Pe term a n also suggested that th e 
retentivity of metased im ent a ry rocks for rad ioge ni c tron
tium may be rela ted to the grade of m etamo rphi sm. Thu , 
the re la tiv ely un a lte red Virginia a nd Gunflint formations 
would have remained o pen y tem fo r a lo nger tim e th an 
did th e Tho mso n and Mahnomen Formations. 

Igneous Rock s 
In acco rd with inferred geologic age relationships. the 

K-Ar ages o n biotit e from the igneous rocks of intermed iate 
compo ition desc ribed by Woysk i ( 1949) range from 1.6 0 
to 1,770 m .y. (table IV-5). whereas biotite from th e younger 
granites of the Stearns magma series have lowe r K-Ar age 
( 1.640 m .y .. tabl e IV -5) . H owever, hornb lende from the 
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porphyritic quartz monzonite at Rockville yielded a much 
older age of 1.800 m.y. (Hanson. 1968). and the Rb-Sr age 
on biotite from that rock is 1.730 m.y. (table lV-6l. 

The Rb-Sr ages determined on biotite generally are 
older than the corresponding K-Ar ages. and the range in 
Rb-Sr ages (\.730-1.820 m.y.) for all the igneous rocks is 
considerably less than the range of K-Ar ages (1.640-1.770 
m.y.) for the same samples. The K-Ar hornblende and Rb
Sr ages clearly indicate that all the larger igneous intrusions 
were emplaced more than 1.800 m.y. ago and perhaps as 
early as 1.850 m.y. ago. the time determined by Peterman 
for folding in the Cuyuna district. The Rb-Sr ages that fall 
in the range from 1.720 to 1.760 m.y. (table lV-6l. together 
with the Rb-Sr isochron age of 1,730 m.y. (fig. IV-28). sug
gest a second younger epeirogenic event that was accom
panied by shearing, faulting. and recrystallization. 

Dikes 
Dikes ranging in composition from basalt to granite are 

numerous throughout east-central Minnesota. Formerly. 
they were assigned to the Keweenawan, and a basaltic dike 
in the Thomson Formation near Thomson has a K-Ar age 

of 1,050 m.y. (table IV-5, no. MN-15l, consistent with this 
period of igneous activity. Hanson (1968). however. rc
ported K-Ar ages of 1,280 and 1.460 m.y. on whole-rock 
samples of two basaltic dikes that cut red granite in the St. 
Cloud area. A third dike cutting thc quartz monzonite at 
Rockville was dated at 1.570 m.y. He considered these ages 
as minimum dates, and suggested that all basaltic dikes in 
the St. Cloud area may have been emplaced during a single 
period, at least 1.570 m.y. ago. 

ACKNOWLEDGMENTS 
We are indebted to John R. Richards of the Australian 

National University who. while Visiting Professor at North
ern Illinois University. did the isotopic analyses of samples 
522.524. and 553 (fig. IV-27) and to Gilbert N. Hanson of 
the State University of New York who generously assisted 
in the analyses of biotite samples 10. 532. and 536 (table 
IV-6l. Brian A. Rongitsch and Fred M. Dittman. Jr. assisted 
in the field work and with the modal analyses (tables IV-7 
and 14). This investigation was supported by the National 
Science Foundation grant GA 12316. 

APPENDIX IV-A 

Location and Description of Samples in East-Central Minnesota 

All samples collected for the present study are listed here and are located on Figure lV-21. Localities previously sampled 
by Goldich and others (1961) are identified by page reference to Bulletin 41 of the Minnesota Geological Survey. 

Map No. Original No. and Description 

500: McGrath Gneiss; 2.4 miles west of Pliny (Dad's Corner); NE cor. sec. I: 44-23. Locality KA-63, Bull. 41, p. 177. 

2 511 B: McGrath Gneiss; 1.2 miles south of railroad crossing west of Denham; SW cor. sec. 27:45-21; sheared pink to gray 
gneiss. 

3 511 M: Mc-Grath Gneiss; 0.2 mile south of 511 B; NE cor. sec. 33:45-21; granulated pink to dark-gray gneiss. 

4 513: McGrath Gneiss; 0.1 mile north of Bremen Town Hall; from ditch on west side of county road; SEl/4SWV4 sec. 2:44-21; 
pink to gray. coarse-grained gneiss. 

5 517: McGrath Gneiss: along road 2 miles south of Arthyde; SW cor. sec. 35:45-22; pink to gray gneiss. 

6 518: McGrath Gneiss; type locality southwest of McGrath; NE cor. sec. 12:43-24. Locality KA-164, Bull. 41, p. 177. 

7 537: McGrath Gneiss; 1.5 miles south of Denham; SW',';' sec. 36:45-21; sheared pink to gray gneiss. 

8 538: McGrath Gneiss; 6 miles southwest of Denham; SW1I4 NW'/4 sec. 17:44-21; coarse-grained pink porphyritic gneiss. 

9 510: McGrath Gneiss: outcrop blasted along railroad track west of Denham; SE'/4 NEV4 sec. 21 :45-21. Locality KA-41, Bull. 
4 I, p. 177. 510M is sheared red-colored gneiss and 510T is dark-colored phase, layered gneiss in contact zone between the 
McGrath Gneiss and the Thomson Formation. 

10 539: McGrath Gneiss; layered gneiss just south of 510. 

1 I 540: Thomson Formation: railroad cut northeast of Denham; NEV4 sec. 19:45-20. 540 collected from flat outcrop north of 
road and west of railroad tracks. The 540-1 to 540-6 series was collected from cuts along the railroad north of the road inter
section: No. I is approximately 2,025 feet north of the intersection; No.2 is 75 feet south of No.1; No.3 is 185 feet south of 
No.2: NO.4 is 140 feet south of No.3; NO.5 is 200 feet south of No.4; and NO.6 is 200 feet south of No.5 and approxi
mately 1,225 feet north of road intersection. 

12 515-A2: aplite concordant with gneiss in bed of Bremen Creek; middle west section line, sec. 20:44-21; pink, fine-grained dike. 

13 515: McGrath Gneiss (?), Bremen Creek; 200 feet south of bridge on west side of road; SEI/4 sec. 19:44-21. 

14 500: quartz monzonite; quarry 5 miles south of Isle; SE 1i4NEV4 sec. 3:41-25. Locality KA-62, Bull. 41, p. 177. 

15 504: quartz monzonite; quarry 2 miles southwest of Pierz; SE cor. sec. 13:40-31. Locality KA-61, Bull. 41, p. 177. 
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16 520: quartz monzonite; quarry north of Warman SEll<! sec. 5: 41-23. Light-gray, fine-grained. 

17 543: tonalite, approximately 2 miles southeast of Pierz; SWII<! sec. 10:40-30. Locality KA-64, Bull. 41, p. 177. 

18 548: tonalite with inclusions of the Thomson Formation; approximately 5 miles northeast of Hillman; NEIl<! sec. 34:42-28. 

19 544: granodiorite and quartz monzonite; quarries 2.5 miles south of Freedhem; secs. 23-24:41-31. 

20 535: granodiorite (St. Cloud gray); quarry 3 miles south of St. Cloud on County Road 136; SW1J4 NW~ sec. 34: 124-28. 

21 526-528: augite-hornblende granite (St. Cloud red); abandoned quarry north of Sauk Rapids; NEIl<! NW~ sec. II :36-31. 

22 532: porphyritic quartz monzonite; quarry in Rockville; SWII<! sec. 9: 123-29. Locality of KA-6, Bull. 41, p. 178. 

23 536: porphyritic quartz monzonite; quarry southwest of St. Cloud; NE cor. sec. 26: 124-29. 

24 522: Thomson Formation; approximately 8 miles south of Little Falls; below dam and Soo Line Railroad bridge; staurolite 
schist. 

25 524: Thomson Formation; below dam in Little Falls; slate. 

26 553: Thomson Formation; 1.5 miles north of Little Falls at bridge on Little Elk River on Highway 213; SW~SE~ sec. 31: 
130-29; slaty or phyllitic unit interlayered with fine-grained graywacke. Locality KA-96, Bull. 41, p. 177. 

CH. IV / GEOLOGY OF I\IINNESOTA 255 



DIABASE DIKES IN NORTHERN MINNESOTA 

P. K. Sims and M. G. Mudrey, Jr. 

Di abase dikes of Middle Precambrian age a re present a t 
m any pl aces in th e Lo wer Precambri an rocks no rth of the 
M esabi ra nge . Mo t a re in a no rthwes twa rd-trending belt. 
abo ut 60 mil es wide, th a t ex tends fro m th e weste rn part of 
th e Mesabi range into Ont a rio. Canada (fig . IV- 29). Thi s 
belt is refe rred to here in as th e ma in dik e belt. A few dik es 
occur east of th e m a in belt , in th e T ower a rea. The di abases 
have K-Ar wh o le- rock a nd min eral ages ra nging fro m 1, 395 
to 2,240 m.y. and most a re inte rpre ted to have been in
truded prior to 2,200 m .y . and a t about 2 ,000 m.y.; th e age 
of others is un certa in because of intense a lteration (Han on 
and M alh o tra. 19 71 ). 

MAIN DIKE BELT 
The dikes in th e m a in belt trend no rth-n o rthwest o r 

no rthwest a nd are steepl y inclin ed . a re as mu ch as 200 fee t 
thi c k, and have chill ed bo rders. They tra nsec t Lower Pre
ca mbri an metavolca ni c. meta edimenta ry, and gra niti c 
rocks, and occupy a t least three sets of fr actures th a t were 
fo rm ed in E arl y Precambri an tim e as part of th e reg io nal 
fr acture patte rn . o ne of th e d ikes is kn o wn definit ely to 

cut rock o f Middle Precambri an age, but some o f th ose in 
th e a hwauk a rea (l oc. 12, fi g. IV-29) may cut th e Bi 
wabik I ro n- fo rm ati o n as well as th e Lower Precambri an 
rocks. 

The dik es have fin e- to m edium-gra in ed di abasic tex
tures a nd range in co mpositi o n from gabbro to ho rnbl end e 
di o rit e and. loca ll y. to ho rnbl ende to nal ite (tabl e I V -15 ). 
A pparentl y. most of th e dik es initi a ll y had th e prima ry min
era i asse mbl age c li no pyroxe ne-pl ag ioclase-opaque ox ides. 
Oli v ine was a local. additi o nal ph ase. Subsequ ent to crys ta l
li za ti o n. th e roc ks we re alt ered to diffe rent deg ree , yieldin g 
the ir present div erse min eralogy. Hornblende formed 
abunda ntl y in pl aces by pse ud o mo rph o usly repl acing clino
py roxene. a nd subsequentl y was pa rti a ll y a lte red , and pl agio
clase was mod era tely to extensively saussuritized . Quartz 
c rys talli zed la te. pro babl y nea rl y co ntempo raneously with 
th e ho rnbl ende . The rocks we re furth er modifi ed la te r by 
mild low-g rade meta mo rphi sm. 

Compos iti o na l d a ta were o bt ained o n two sa mples of 
di abase fro m th e ma in dik e belt , to a id in understanding the 
alte ra ti o n. The sa mple from locality 2 (fi g. IV-29) is a rela-

T able IV-IS. Estim ated m odes, in volume percent, of representative sa mples of diabase dikes in Lower Preca mbrian rocks 
north of th e M esabi ra nge (No. 9 by M . G. Mudrey, Jr. ; a ll o th ers by Ra mesh M alhotra). 
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2 Composi tion de termi ned by microprobe fo r samples 2 and 9; all others by Michel-Levy method 
(Mn9) 2 Olivine-bearing gabbro; alteration sli ght ; another sample from same locality contains about 5 percent olivine 
(M nI 2) 7 Gabb ro 
(Mn8) 6 Gabb ro 
(M n6) 3 Hornblende diorite, from qu arry west of Cook 
(Mn7) 4 Horn blende tonalite 
(T24, 21 7) 9 Gabbro ; average of 4 modes from two similar dikes 
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Figure IV-29. Map showing major known diabase dikes of Middle Precambrian age in northern Minnesota. 
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tivel y un altered olivine gabbro, a nd th e sa mpl e from local
ity 13 (fig. IV-29) represents a moderate ly alt ered gabbro. 
In sampl e 2 , pl agioclase forms un oriented , slightl y c louded, 
twinned la th s th a t have th e compositi o n AnSI- 58. The crys
ta ls are not zoned. The clinopyroxene is uniform and h as 
the a pproxi m a te com pos iti o n W ou H y47 Fs l l (fig. IV- 30). It 

To Co 0 
Di~---------__ Hd 

o 

~ 
o 

En Fs 
Mg~O~-------------------~FeO 

Figure IV-30 . Compos iti o n of c lin o pyroxe nes in diabase 
dikes. Location of sampl es show n o n Figure 
IV-29: circle, dike 2 ; squ are, dike 9; tri
angle, dike 13. 

is a lte red lightl y a lo ng gra in boundari es to ac tino lite o r an 
actino liti c ho rnbl ende . Compositi o ns of th e amphibo les are 
show n o n Figure IV -3 1. A balanced reacti o n for th e direct 
convers io n of c lin o pyroxe ne to hornbl ende invo lves Fe a nd 
H 20 on th e reac ta nt s ide a nd Ca, AI , and mino r Mg o n th e 
prod uc t sid e. The primary o paque mineral s in th e sampl e 
are pyrrho tite and ilmenit e ( Ilm94 Hms) , th e la tter consisting 
of two separate phases. a dominant ilmenite ph a e a nd a 
domin ant he m atite phase. Th e o livine is uniform in com
positio n (F06oFa4o) , and is pa rtl y a ltered to se rpe ntin e and 
dusty m ag ne tite . From compositional data o n th ese ph ases, 
a bal anced equ ati o n ca n be written for the reacti o n: 

1.8 01 + 2.4 H 20 + 0 . 10 O2 = 1.2 serp + 0 .25 mt 
If the a lte ra ti o n of clinopyroxene a nd o li vi ne were approx i
m atel y contemporaneous, th e iron consum ed in th e break
down of clinopyroxene mi ght be prov ided by thi s reac ti o n. 
These reactions a re cons iste nt wi th a late s tage, deuteric (?) 

a lte r a ti o n . 
I n the m o re a lte red sampl e (locality 13, fig . IV -29) th e 

clinopyroxene varies in composition (fig. IV-30), bo th with-

Mg 

Figure IV-3 1. 

To Co 

• • • • 

• o 

Fe 

Compo itio n of amphibol es in diabase dik es. 
Location of sampl es shown on Figure IV-29 ; 
c ircl e, dike 2; squ are, dike 9; tri angl e, dik e 
13. 

258 MIDDLE PRECAM BRIAN 

in a grain a nd from grain to grain , probabl y as a re ult of 
differenti a l a lte ration of min era l grains. Successive cha nges 
in the co lor and appearance of c lin opyroxe ne ca n be seen 
in thin sectio n as th e mineral is prog res ive ly a lt e red, but 
we were not abl e to re la te vis ibl e changes to th e compos i
tion al data . The c lin opyroxe ne a lt e rs fir t to ho rnbl end e, 
which in turn a lt e rs to a low-ca lc ium amphibo le (see fig . 
IV-31 ). The plagioclase is distinctly zo ned (A ns2 to An 61), 
and is 25 perce nt altered to seri c ite. The o paque min e ra ls 
a re pyrrho tit e and m agne tite-i lmenit e. Sphene occ urs as 
sm all g ra nul es a soc ia ted with a la te, iro n-ric h chlor ite. A ll 
alteration ph ases cont a in more iron th a n th e c linopyroxene, 
indicating th at some iron was co nsum ed during th e a ltera
ti o n. Probab ly th e a lte ra ti o n of thi s sam pl e a lso wa caused 
mainly by deute ric (?) so luti on. 

Ev id ence for au tometamo rphi sm (deute ri c (?) a lt erati o n) 
of the dike rocks a t moderate temperature-pressure condi
ti o ns is g ive n by th e widespr ad but spo tt y a lte rat ion of 
clinopyroxene to ho rnbl ende. The pyroxene in a ll th e rocks 
is a t least slightl y a ltered to ho rnbl ende. The distribution 
and a mo unt of ho rnbl end e do not seem to have a system ati c 
patt e rn , which might be a ttribut ed to a regional metamor
phi c event. Instead, th e a lterati o n differs marked ly within 
sho rt distances, even wi thin a single dike. Rapid la teral 
ch a nges in intens it y of a lte rati on are bes t shown by a lo ng 
dike that is ex posed abo ut a m ile west of Cook and ex tends 
di continuo us ly for more th an 10 mil es to the south (fig. 
IV-2 9). Th e northern part of this dike consis t of ho rn
blende diorite and , locall y, to nalite, as repre ented by sam
ples 3 and 4 in Table IV-I S. In th ese rocks, on ly shreds of 
pyroxene remain in th e hor nbl end e pseudo mo rphs. Appar
entl y, thi s a lte rati o n was acco mpan ied by c rys ta lli za ti o n of 
a n inte rm ed ia te-co mpos iti o n pl ag ioclase and by an in crease 
in th e a mo unt of qu a rtz (see sampl e 4, tab le IV-I S). The 
pl agioc lase is stro ngly c louded by a lt era ti on prod ucts, in
c ludin g epido te and a white mi ca. Within a distance of 
three miles from th e south er nm o t sample of hornb lend e 
diorite (Ioc . 4, fig. IV-2 9), the pyroxene in th e rock (loc. 
5, fig . IV-29) is o nl y mode rate ly alt ered to ho rnbl ende. 

Most of th e gabbro ic rocks conta in ev idence of further 
a lte rati o n a t lower tempera tures. Comm o nl y. a gree n o r 
di stin c tl y bluish-green ac tin o liti c ho rnbl ende o r ac tin olite 
occurs as overgrow th s on ho rnbl end e or as ho moaxial in
terg row th s with ho rnbl ende in th e cores of pseud omo rph s. 
Also , dioritic rocks in th e dik es nea r Cook conta in a red
dish-brown bio tite th a t cuts and is later th an th e qu artz, in
asmuch a so me of it occurs in fractures in the qua rt z. Con
comit antl y, the plagioclase becomes increas ingly c lo ud ed 
with seco nd a ry products. Whether o r no t th ese min erals 
represent a still lower tempera ture ph ase of a uto metamo r
phism o r a re a result of a la te r, mild re trogress ive meta
mo rphi sm , o r bo th , is no t known . 

Most sampl es a lso contain patchy inte rg rowth s of very 
fin e-gra in ed ch lorite a nd actinolite and lesser sphene, hyd ro
garnet , leucoxene, and epido te; assoc ia ted with th ese min
e ra ls a re prehnite, calc ite, albite, a nd second ary qu a rtz. 
Hanso n and Malhotra (I 971, p. I: 10) interpreted th ese 
minerals as products of a low-grade metamorphi sm typical 
of the prehnite-pumpellyite facies (Coombs, 1960). 



DIKES NEAR TOWER 
Several small dikes of diabasie gabbro have been mapped 

in the Tower quadrangle by R. W. Ojakangas (! 971, unpub. 
geologic map, Tower quadrangle). These dikes trend north 
or north-northwest, are steeply inclined, and are as much 
a, IS feet thick. They have narrow chilled margins. 

The gabbro contains clinopyroxene, plagioclase, and 
pyrite as major constituents, and trace amounts of quartz 
and ilmenite (sample 9, table IV-IS). The texture is subo
phitic. Plagioclase, the most abundant mineral, forms 
cloudy, unoriented, euhedral laths that are twinned. zoned 
concentrically, and have a composition ranging from Ans, 
to An~7. The clinopyroxene is a pale brown, faintly pleo
chroic variety of augite (see fig. IV-30). The pyrite is 
skeletal. 

Alteration of these rocks differs from that in the main 
belt in consisting almost entirely of the low-temperature 
assemblage. Hornblende is lacking and actinolite is sparse 
(see fig. /V-31 for composition). Both clinopyroxene and 
plagioclase are replaced by the patchy intergrowths: the 
pyroxene appears fresh where unaltered. 

AGE 
Inasmuch as all the diabasic rocks are altered to some 

extent, the available radiometric dates (table / V -16) must 
be considered as minimum ages. The olivine-bearing gabbro 
at locality 2 (fig. IV-29) shows the least evidence for either 
autometamorphism or a later low-temperature metamor
phism, and its radiometric age (2.240 m.y.) may be near its 
actual age. Possibly, the gabbroic rocks in the Rainy Lake 
area (locality /, fig. /V-29) also are of this age although in-

Table IV-16. K-Ar ages of mafic dikes in northern Min
nesota. 

Material 
Map Nol Sample No.~ Analyzed 

Main Belt 
:; 1 M70S2c Whole-rock 

do. 

2 Mn9 do. 

4 Mn7 Hornblende 
Whole-rock 

6 Mn8 Pyroxene+ 
Hornblende+ 
Biotite 
Whole-rock 

7 Mn12 Whole-rock 

11 ]VI n 13 Whole-rock 

12 Mn14 Whole-rock 
Tower Area 

8 Mn3 Whole-rock 

9 Mn4 do. 

10 MnS do. 

t Location of samples given on Figure IV-29 
, Refers to sample no. in original report 

Age 
(in m.y.) 

2,130 
2,040 

2,240 

1,980 
1,980 

1,950 

1,770 

1,740 

1,630 

1,395 

1,685 

1,570 

1,520 

3 Source: Hanson, 1968; all others from Hanson and Malhotra 
(1971 ) 

terpretation of the ages of these rocks is complicated by the 
local presence of composite dikes. D. L. Southwick (] 971, 
oral comm.) reported that the dike at the west end of Kabe
togama Lake (ioc. I a, fig. /V-29), which appears to be the 
southeasterly continuation of the dike in the Rainy Lake 
area that was dated (Hanson, 1968) is composite-a horn
blende diorite was intruded into the central part of an older 
hornblende diorite dike. The younger diorite is more altered 
than the older diorite. 

Hanson and Malhotra (1971) interpreted the hornblende 
diorite dikes in the Cook area, represented by samples 4 and 
6 (fig. IV-29 and table IV-16l, probably as having been em
placed about 2,000 m.y. ago. Alternatively, they may be
long to the older dike set, for they have been thoroughly 
modified by autometamorphism (deuteric ('1) fluids) and, 
later, also by mild cataclasis. 

Aside from samples from localities II and 12 (fig. IV-
29), the other diabases from the main dike belt that have 
been dated are moderately or intensely altered, and their 
radiometric ages" ... may more closely represent the time 
of recrystallization than the time of emplacement ... " 
(Hanson and 1\1 alhotra, 1971, p. III I). Samples II and 12 
(fig. IV-29 and table IV-16l, however, are little altered, and 
their radiometric ages may be relatively close to their actual 
ages. 

The dikes in the Tower area differ petrographically and 
chemically from those in the main dike belt and may repre
sent a distinct set emplaced about 1,700 m.y. ago. They lack 
evidence for autometamorphism and have been affected 
only by low-temperature metamorphism. 

DISCUSSION OF MET AMORPHISM 
As pointed out by Hanson and Malhotra (197 L p. 

1110). all the diabases in northern Minnesota having radio
metric ages greater than 1,300 m.y. show some evidence of 
metamorphism: diabase and basaltic dikes having younger 
ages lack such features. They (p. 1110) suggested that the 
" ... low-grade metamorphism typical of the prehnite-pum
pellyite facies may have been associated with burial by the 
overlying sediments of the Animikie Group." More probab
ly, this metamorphism was related to one or more episodes 
of mild deformation and metamorphism that occurred in 
Middle Precambrian time. That mild deformation was in
volved is indicated by the local cataclasis in the diabases. 
Neither the extent of the cataclasis and related (7) alteration 
nor its exact age (or ages) is known, but cataclasis seems to 
be more intense in dikes near the Mesabi range and to de
crease in intensity northward. Possibly, it was in part related 
to the same mild deformation-manifested by slickenside 
striae and corrugations along bedding planes-that affected 
the Biwabik Iron-formation, described previously by Morey 
(this chapter). 

Zeck (1971) has described similar prehnite-pumpellyite 
facies metamorphism from Precambrian quartzofeldspathic 
gneisses and granitoid rocks in Sweden. From this occur
rence and other described occurrences in Precambrian base
ment rocks, he has demonstrated that the prehnite-pumpel
Iyite facies is not exclusively developed by burial metamor
phism. Apparently, it is a common type of low-grade retro
gressive metamorphism in older Precambrian rocks. 
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MINNESOTA RIVER VALLEY 

G.B. Morey 
Several small plutons. ranging in composition from gab- are present as are secondary chlorite. epidote. calcite. and 

bro to granite, and a variety of aphanitic dike rocks were sericite. Himmelberg (1968) observed one dike that con-
emplaced in the older terrane of the Minnesota River Valley tained microcline. Hornblendes from these dikes give K-Ar 
(Goldich and others. 1970; Grant, this volume) during Mid- ages mostly between 1.690 and 1.730 m.y .. but one age of 
die Precambrian time. In addition, about 1,850 m.y. ago a 1,930 m.y. was obtained (Hanson and Himmelberg. 1967). 
low-grade metamorphic event of sufficient intensity to re- Biotites give K-Ar ages of 1.770 and 1,800 m.y. These 
crystallize biotite in the older rocks occurred over a wide values confirm field evidence indicating that these dikes are 
area between Granite Falls and Ortonville in the valley. younger than the tholeiitic diabase dikes. 
Goldich and others (1970. p. 3690) have pointed out that 
this event" ... should not be equated with the Penokean 
orogeny to the north and northeast in the sense of a period 
of folding and metamorphism .... " However. the discussion 
is included here because these events fall within the time
span that defines the Middle Precambrian. 

DIKE ROCKS 
Three distinct kinds-tholeiitic diabase. hornblende an

desite. and olivine diabase-of dike rocks are exposed in 
the vicinity of Granite Falls and Montevideo (Himmel berg. 
1968). All the dike rocks transect the foliation of the older 
rocks, which were metamorphosed about 2.650 m.y. ago 
(Goldich and others. 1970). The rocks were intruded prefer
entially along a nearly vertical fracture set that strikes about 
N. 55° E.; a few occupy a nearly eastward-trending set (fig. 
I1I-80). At several localities, older tholeiitic diabase dikes 
are crosscut by different varieties of hornblende andesite 
dikes that commonly have chilled margins against the older 
dikes. Furthermore, the older tholeiitic diabase dikes are cut 
by shear zones, but the hornblende andesite dikes cut across 
the shear zones (Himmelberg, 1968). Age relationships of 
the olivine diabase dikes were not determined in the field. 

Tholeiitic Diabase 
The tholeiitic diabase dikes are as much as 75 feet thick, 

are dark gray and medium grained, and have fine-grained 
borders. Principal minerals include plagioclase (Anso), inter
granular augite, and opaque oxides. Minor amounts of apa
tite, quartz. and epidote are present, and semi-fibrous green 
hornblende commonly mantles or completely replaces au
gite. Hanson and Himmelberg (1967) suggested that the 
dikes may have been emplaced about 2,080 m.y. ago, but 
that date also may represent an intermediate age as a result 
of partial loss of argon during a younger 1,800 m.y. ther
mal event. 

Hornblende Andesite 
Hornblende andesite dikes are generally gray or black, 

aphanitic, porphyritic rocks of variable texture and compo
sition. The phenocrysts are generally plagioclase and/or 
anhedral quartz. Principal matrix minerals include plagio
clase (An4o-6o), hornblende, and biotite. Minor amounts of 
oxides, apatite, interstitial quartz, and potassium feldspar 
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Olivine Diabase 
Olivine diabase dikes are black aphanitic rocks com

posed of olivine. plagioclase (An65-7o). and augite micro
phenocrysts in a matrix of plagioclase microlite. granular 
pyroxene, and sparse opaque oxides. Coronas of colorless 
and green amphiboles occur around the olivine. and some 
coronas contain green spinel and orthopyroxene. The oli
vine diabase dikes have not been dated. 

PLUTONIC ROCKS 
A small, structurally discordant adamellite pluton. the 

"late granite" of Lund (1956, p. 1489) or the "late granite 
of section 28" of Goldich and others (1961, p. 140), crops 
out just north of Granite Falls (fig. 111-80), where it cross
cuts granitic gneiss and a hornblende andesite dike. Also. in 
the area south and southeast of Franklin. several small. 
discordant. stock-like plutons of gabbro. diorite, and granite 
intrude gneissic country rocks. The largest of these crops 
out as a small knob, locally known as Cedar Mountain. 
along the N.-S. section line between sections 14 and 15, T. 
I 12 N .. R. 34 W. 

Adamellite 
The adamellite is a pink. medium-grained hypidiomor

phic-granular rock that locally contains xenoliths of horn
blende andesite (Himmelberg, 1968). Principal minerals in
clude plagioclase, microcline, quartz, and biotite. The 
plagioclase is euhedral to subhedral and has marked zoning 
and polysynthetic twinning. M icrocline is anhedral, rela
tively unaltered and slightly microperthitic. Myrmekite is 
present but not abundant. Biotite is dark brown to yellow
ish brown and commonly is altered to green chlorite. 

Zircons from this body give a Pb207/Pb206 age of 1,825 
m.y. (Catanzaro. 1963); Rb-Sr analyses of the two whole 
rocks and their respective K-feldspar samples define a 
1.830± 160 m.y. isochron (Goldich and others. 1970, fig. 
12). K-Ar and Rb-Sr mineral ages on micas range from 
1,650 m.y. to 1,990 m.y. (Goldich and others, 1961). Radio
metric ages for the hornblende andesite and the adamellite 
agree within the analytical uncertainty, indicating that the 
adamellite body was emplaced shortly after the andesite 
dikes. 



Gabbro, Diorite, and Granite of Cedar Mountain Type 
Several small stock-like bodies of gabbro, diorite, and 

granite occur in the Franklin area (fig. 11[-80). The Cedar 
Mountain complex, the largest of these bodies, is slight[y 
less than half a mile in diameter and has been described in 
detail by Lund (1956), Bury (1958, unpub. M.S. thesis, 
Univ. Minn.) and Goldich and others (1961, p. 131-134). 

Gabbro diorite comprises the bulk of the rock in Cedar 
Mountain and forms an outer shell 500 feet thick surround
ing a core of granite, which is considered to be a differenti
ate; however, the gabbro-granite contact has not been ob
served. The border phase of the intrusion consists of chilled, 
fine-grained olivine trachybasalt porphyry. The trachybasalt 
grades inward, with increasing grain size, to a granophyric 
gabbro diorite. Well-developed, nearly vertical flow struc
tures consisting of alternating dark and light layers charac
terize this part of the complex. The layers are composed of 
various proportions of andesine, augite, biotite, hornblende, 
and abundant quartz and orthoclase in granophyric inter
growth. 

Granite from the core of the complex consists of albite, 
orthoclase, quartz, biotite and accessory minerals. The 
quartz is largely in a micrographic intergrowth with the 
orthoclase. 

Small dikes of granite cut the gabbro and represent 
magma that extended outward from the central part of the 
intrusion along fractures, suggesting that the core was still 
fluid after the rim crystallized. Because of the relatively 
large amount of granite in the core, Goldich and others 
(1961) concluded that the complex formed by mUltiple in
trusions of magma which differentiated at depth. 

The Cedar Mountain rocks have been dated by the K
Ar method; the ages on biotite (Goldich and others, 1961, 
p. 135) and hornblende (Hanson, 1968, p. 5) are both 1,750 
m.y. This age may not be the actual time of emplacement, 
but it is probable that these rocks are " ... nearly contempo
raneous with the hornblende-andesite dikes near Granite 
Falls" (Hanson, 1968, p. 14). 
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AITKIN COUNTY SULFIDE DEPOSITS 

G. B. Morey 
Since 'th e earl y 1900's, sig nifi cant co ncentrati o ns of sul

f ides have been known to be present in Ai tkin County . In
terest in th ese deposits as a poss ibl e source of sulfur has 
bee n spo radic ince th a t tim e, but no commerc ial opera ti o n 
has resulted . A ltho ugh th ere are severa l known d eposits, 
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Figure IV-32. G eneralized m ap showi ng th e magnetic ano
m ali es and locati on of dr ill ho le in th e Glen 
T ownship sulfide deposit (modifi ed from 
H an, 1968). 
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those in section s 14, I S, 28 , and 29. T. 47 N .. R. 25 W . 
(G len T ownship) have been ex plo red most int ensive ly (fig. 
IV-32). The G len Township deposit has been studi ed by 
Thiel ( 1924). Schwartz ( 195 I), a nd H an ( 1968). The ea rl ier 
workers concluded th at th e sul fides were of epigeneti c or ig
in rela ted to nearby metadioritic intrusions . H a n ( 1968), 
however, demonstra ted th a t th e sul fid es prim aril y are sy n
geneti c, a co nclusion in accord with Schw ar tz's la te r 
o pinio ns. 

The iro n sul fide in G len Township occu r in two separ
a te tab ul a r bodies th a t have been delin eated by gro und 
m agnetic surveys (fig. I' -32) . The deposits , which o ri ginal
ly cons isted of a pyritic and ca rbonaceous sha le and inter
cala ted carbonate facies iro n-for mati o n. a re wi th in a thi ck 
success io n of An imi kie shale and graywacke assignab le to 
e ither th e Rab bit Lake or Tho rn o n Formati o ns. Subse
quentl y. th e rocks we re loca ll y mod ified by th e intrusion of 
sm all pluto ns, dikes, a nd s ills of diorit e, and were reg io nal
ly meta morphosed d urin g th e Penokean orogeny. Th ey now 
co nsist of sla te, metagraywacke and . loca ll y. ph yllite or 
schi st, and indica ti ve min eral assemblages are ass ignab le to 
th e lowe r pa rt of th e gree nsc hi st facies of meta mo rphi c 
grade. The rocks, including th e d ior it e intrusio ns, have 
been deformed and have a no rth eas tern trend in acco rd 
with th e regiona l stru ct ure of east-cen tral M inn eso ta. 

Within th e G len Township de posi t, sul fide-bearing 
black sla te and rec rys talli zed carbonate o r magnet ite fac ies 
iro n- fo rm ati on are interbedded o n a ll sca les; however, th e 
black slate i predom in a nt in th e upper part and th e iro n
fo rm at io n in th e lower part of th e secti o n, as show n in 
Figure IV-33. Accordi ng to Han ( 1968 , p. Ill ), th e sul fide
bearin g rocks orig in a ll y co nsisted of carbonaceous m ateri a l 
and ad mixed pyrite, whereas th e iron-fo rm ati o n co nsisted of 
iro n-ri ch carbo nates and chert. The o re min eralogy ha 
been compli cated, however, by metamo rphi sm and subse
quent supergene altera ti o n. Pyr ite and pyrrhotite a re th e 
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Figure IV-33. Geologic cross-secti o n across th e no rth o re body show ing the re lationship between th e stra tigraphic succes
sion and the di stribution of iron and sulfur (modifi ed from H an, 1968). 

262 MIDDLE PRECAM BRIAN 



majo r o re minerals; marcas ite and mag netite a re subo rdi
nate, and cha lcopyrit e, sph alerite, arsenopyrite, covellite, 
hematit e, and goethite a re ra re (fig. IV-34). A ltho ugh all th e 
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Figure IV-34 . Geneti c relati onship of o re m in erals in the 
G len T ow nsh ip ul fide depos it (modified 
from Han, 1968). No te th at all major o re 
minerals are how n in capita l lette rs. 

rocks conta in sul fides, th e black slate appears to be th e 
chi ef host fo r th e sul fide minerals. 

These sul fide deposi ts are cons ide red a po tentia l sou rce 
of sul fur fo r use in th e man ufac tu re of ul fu ric acid. Blei 
fuss and o th ers ( 1963) concl uded th at o ne ton of ul fu ric 
ac id requires 1,600 poun ds of 40 percent su lfur o r 4 ,750 
po unds of c rud e o re ave ragi ng 13.5 percen t recoverable 
sul fur . A n annu al ore prod uction of nea rl y 475,000 tons of 
crude o re of th at grade wou ld be requ ired to support pro
ducti on of 200,000 to ns of acid per year. If a mi ne oper
ates five days a week o r 250 days a yea r, th e mine capaci ty 
would have to be 1,900 to ns per day, and if a 20-year li fe 
operati on is assum ed, an o re reserve of at least 9,500,000 
tons must be ava i labl e. 

Drilling in G len T ow nship has o utlin ed a quant ity of 
o re suffic ient to meet th e above requirements. eedh am 
( 1955) estim ated th at approx imately 36 million ton of 
c ru de ore ave rag ing 23 percent iron and 15 pe rcent sul fur 
were presen t. Schwartz ( 1965, files of th e Minn. Geol. Sur
vey) refin ed th ese e tim ate so mewh at by defining two sep
a rate o re bodi es and calcul ating grade and tonn age indi vid
uall y fo r eac h body, using an o re cutoff o f 8 pe rcent sulfur. 
The no rth o re body, co n istin g of a s impl e, tabular ore zone 
dipping about 20 ° SE., was estimated to contain 13 ,766,000 

to ns of measured , indicated, and in ferred o re averagi ng 
13.9 perce nt sul fur. The depth to wh ich o re was estim ated 
is about 360 fee t ; un doubtedl y, the body extends som e d is
tance furth er downdip . Estim ation of the o re reserves in th e 
so uth o re body was more d ifficult th an for the no rth ore 
body because th e tructure appea rs to be com pl icated and 
because th ere is con iderab le va ri ability in th e appa ren t 
grade. Schwartz e timated approx im ately 25 m illio n to ns 
of o re averag ing 13.8 percent sul fur in th e plus 8 percent 
ore zo ne. Thus, in G len T ow nship th ere are abo ut 39 mil
lio n tons of prove n o re reserves averagi ng 13.8- 13.9 per
cen t sul fur. 

Me ta llurg ical testin g of th e sul fide o res has bee n sum
mari zed by Pennin gto n and Dav is ( 1953) and by Bleifuss 
and o th ers (1963). Usi ng a crud e o re conta ining 32.71 per
cent iro n and 19.9 perce nt sul fur , Bleifuss and others (1963) 
obtained a magneti c concentrate cont a ining 57.35 percent 
iron an d 37.92 pe rcent sul fur . Subsequent roasting of the 
magneti c co ncentrate yielded an iron-rich concentrate con
taining approx imately 66 percent iron, 1.5 percent ilica, 
and 0 .008 percent phospho rus. Howeve r, th e mag neti c sep
arat ion techn iqu e th at was used concentrates o nl y th e pyr
rh o tit e, and because th e crud e ores have pyrrho tite/pyrite 
ra ti os rang ing in value from I : I o r 2: I to 4 : I , onl y a sm all 
pa rt of th e potent ial ul fur-bearin g minerals were sepa rated. 
Using a crude o re conta in ing an average of 2 1 percent iron 
and 13.2 percent sul fur, Pennin gton and D avis (1953) ob
tai ned a tlo tation co ncentrate co nta ining 36.40 to 46.6 pe r
cen t ulfur, 46 .96 to 53.37 percent iro n, and 1.36 to 8. 16 
perce nt si lica. Sul fur and iron recoveries ave raged 87 and 
76 perce nt of the o ri gi nal o re, respecti ve ly. Thus, m eta llur
gical tes ti ng indicate th at a suitabl e sul fur concentrate can 
be obtained from the G len T ownship o res. In addit ion , a 
h ig h-grade iro n ox ide by- product would be avail able after 
the sul fur has been recove red. 

Because cha lcopyrite, sphalerite, and arsenopyrite are 
prese nt in ma ll amounts (fig. IV-34) , th ese o res we re evalu
ated as a po tenti a l source of copper and z inc. Anal yses of 
crude ore show th at the zin c content ranges fro m 0.00 3 
perce nt to 0 . 107 percent , and averages 0.029 pe rcent (N = 

63) . Afte r tl o tatio n, z inc ave raged 0.086 pe rcent (N = 29) in 
the co ncentrate, wi th value ranging from 0.022 to 0.251 
percent. Copper was no t analyzed in th e c rude o re. but 
averages 0 . 16 perce nt (N = 8) in th e tlo tatio n concentrates, 
wi th values ranging fro m 0.04 to 0 .47 percent. Microscop ic 
analyses o f th e tlo tation co ncentrate indicate th at the 
sphalerite is present either as a free mineral o r in combina
tio n with gangue. I n contrast, chalcopyrite occurs in com
bination with iron sulf ides even where the co ncentrate is 
finer than 200 mesh. Attempts to remove zinc and copper 
from the concentrates have not as yet been successful. 
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EVIDENCES OF PRECAMBRIAN LIFE IN MINNESOTA 
David G. Darby 

Four principal types of more or less unequivocal fossils 
have been found in strata of Precambrian age: algal stroma
tolites, algal cells, bacterial cells, and impressions of meta
zoa. All four types have been reported from Precambrian 
rocks of !Vlinnesota. However, not all the structures reported 
are of reasonably certain biologic origin. Such problemati
ca as "worm tubes," "fucoids," and other megascopic trace 
fossils attributed to animal activity, to my knowledge, have 
not yet been reported from the Precambrian rocks of this 
state. Some nearby occurrences of such supposed traces of 
metazoans have been reported from strata of Middle Pre
cambrian age from Michigan (Fau!, 1950) and Ontario 
(Hofmann, 1967). Since few geologists working on Precam
brian rocks are well acquainted with the nature of the or
ganisms most commonly responsible for fossils of that age, 
a brief explanation seems appropriate. 

ALGAL STROMATOLITES, 
ALGAE, AND BACTERIA 

Probably the most fundamental division between groups 
of living organisms is on a cellular level. Many unicellular 
and all higher plants and animals are composed of eukaryo
tic cells. The principal visible characteristic of a eukaryotic 
cell is a nucleus enclosed within a membrane. Two large 
groups of organisms which do not have this type of cell, 
and which are now placed within a separate Kingdom, 
Monera, are the true bacteria and the blue-green algae 
(Cyanophyceae or Myxophyceae, various authors). These 
organisms have a prokaryotic cell in which there is no 
membranated nucleus or chromosomes. Prokaryotic organ
isms are generally regarded as more primitive and as evo
lutionarily conservative. Although the word "primitive" 
may be applied to their cellular form, it does not imply 
simplicity. Many are capable of photosynthesis (although the 
bacteria produce no oxygen), many are capable of motion, 

and their habitats include a wide range of terrestrial, fresh
water and marine environments. In general, prokaryotic 
organisms have a higher tolerance of environmental ex
tremes than other organisms, and their growth has been 
observed under temperature ranges of less than 0° C to 
more than 90° C. All the reasonably certain fossils of Pre
cambrian age from Minnesota involve prokaryotes. 

Algal Stromatolites 
In 19th century publications, occasional references can 

be found to strangely shaped, concentrically laminated 
structures in rocks of Precambrian and later age. The first 
of these references in North America appears to be that of 
Steele (1825), who reported and illustrated" ... calcareous 
concretions of a most singular structure.. ." I n the same 
publication Steele described the overall morphology and the 
nature of the concentric laminae of the structures in rocks 
from New York state. Later, Bell (1870) reported" ... ver
tical cylinders of chalcedony, transverse sections of which 
shew fine concentric rings resembling agate." In the 19th 
century, some of these laminated structures found in rocks 
of Paleozoic and Precambrian age were considered possibly 
the result of the metabolic activity of animals of a coralline 
or foraminiferal nature and were given taxonomic designa
tions, e.g., Cryptozoon (Hall, 1884) and Eoozoon (Dawson, 
1865; Matthew, 1890). Subsequently, opinions concerning 
the structures began to shift from "probably inorganic" to 
"possibly organic" in origin. In 1903, Leith commented on 
and illustrated some of these curious structures from the 
basal part of the Biwabik Iron-formation in Minnesota. He 
made no mention of a possible organic origin, but com
pared them with " ... contorted lines resembling the tlow
age lines in the matrix of a vitreous lava." The figures of 
Steele and Leith leave no doubt that they found what now 
would be termed algal stromatolites (fig. IV-35A). As early 

Figure IV-35. Microstructures from the Pokegama Quartzite and Biwabik Iron-formation and pseudofossils from the Sioux 
Quartzite. A, reproduction of the first published figure of an unequivocal fossil from the Precambrian rocks 
of Minnesota (Leith, 1903). Algal stromatolites from the basal part of the Biwabik Iron-formation, xO.9. B, 
"fossils" from the Sioux Quartzite. Reproduced from Winchell (1885). "Brachiopods" x2, "trilobite" xO.5. C, 
Winchell's specimen 5559 from which the "brachiopods" in Figure A were drawn, xO.7. D, algal stromato
lites of the "gymnosolen type" from the Biwabik Iron-formation; Mary Ellen mine, xl. cf Form B, Hofmann 
(1969); Gruneria biwabikia Cloud and Semikhatov (1969); Collenia ('7) jerrata, Grout and Broderick (l919b). 
E, horizontal thin section of same type as D, showing links between columns, x3. F, vertical thin section of 
stromatolite from the Guntlint Iron-formation near Kakabeka Falls, Ontario, showing layering, oncolites in 
interspaces and links between columns, x5. G, thin section showing oncoIites, partially replaced by hematite, 
from the Biwabik Iron-formation, x30. H, microstructures as figured by Gruner (1922, 1924), "Algae re
sembling Microcoleus." In chert from the Pokegama Quartzite, x250. I, microstructures, same source as H, 
"Blue-green algae." Possibly trails of migrated pyrite crystals, x2000. J, trail of migrated pyrite grain in chert 
from Biwabik Iron-formation. Courtesy E. S. Barghoorn, x1500. .. 
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work progressed, studies on modern calcareous algal struc
tures by biologists gave the geologists their first insights in
to the nature and paleoenvironmental implications of the 
structures they had seen and described. Not only were the 
algal origins recognized, but Walcott (1914) illustrated re
touched photomicrographs of some of the individual algal 
cells. Despite the work of a few geologists such as Dawson 
in Canada, and Walcott and later Gruner in the United 
States, reports of fossils in Precambrian rocks were, for the 
most part, relegated to the "probably inorganic" realm until 
the latter half of this century. 

The term "stromatolite" derives from "stromatolith," 
originally proposed by Kalkowski (1908). The structures 
were known in Germany long before the name was pro
posed; a local name. "Napfstein" or "bowlstone," had been 
in use because the structures in limestone were split along 
their concentric laminae, inverted, and used in households. 
Kalkowski's figures leave no doubt that he was describing 
a structure we now would consider as reflecting organic 
activity, but the term "stromatolite" also has been used for 
structures of inorganic origin. To clarify any interpretative 
problems. many authors have used the term "algal stroma
tolite." which Logan and others (1964) defined as follows: 
"Algal stromatolites are laminated structures composed of 
particulate sand, silt, and clay-size sediments, which have 
been formed by the trapping and binding of detrital sedi
ment particles by an algal film." This definition generally 
is sufficiently accurate for modern stromatolites that com
monly form in the following way: algae. most frequently 
blue-green, adhere to a solid surface in the littoral zone. As 
particulate-bearing waters periodically cover the algal "mat," 
some of the sediment settles on it. As the water withdraws, 
the particles are trapped and retained among the algae 
which then grow or work their way through to the new sur
face. In this way a laminated structure forms and grows. 
The gross form of the structure has been found to be more 
indicative of the environment rather than of the species of 
algae involved (Logan. 1961). This observation is of value 
in attempting to understand the paleoenvironment, but puts 
stringent theoretical limitations on the use of stromatolites 
for age correlations. 

Most ancient algal stromatolites were formed of carbon
ate rocks: however. in IVlinnesota, the only known ones of 
Precambrian age are in the cherty members of the Biwabik 
Iron-formation. There is little evidence that the algae 
trapped individual particles of sediment. Also there is little 
evidence of the algal cells themselves within the stromato
litic structure. The best preserved cellular remains are in 
the more normally bedded cherts associated with the stro
matolites. It is clear that algal stromatolites are not fos
silized organisms, nor do they appear to be confined to sites 
of clastic particulate deposition. A definition somewhat re
vised from those expressed in some recent works is: algal 
stromatolites are three-dimensional, laminated. organo
sedimentary structures generally undulose, domal, or col
umnar in cross-section, which are formed through the in
fluence of algae, predominantly blue-green; the algae exert 
control on deposits of clastic sediments or precipitates, and 
may also contribute material through their own biochemi
cal activity. 
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Some stromatolites form under the influence of one 
species of alga, whereas others may have many specie.\> 
within the algal "mat." In the absence of remains of the 
algae themselves, it has been and is a problem whether or 
not algal stromatolites should receive generic and specific 
identification. Even in a moderately strict sense, it is clear 
that they should not. Yet. this has been done. Today, work
ers still are divided in their acceptance of any particular 
form of nomenclature along the lines of the Linnean sys
tem. Some have proposed alphabetical systems; others have 
used "generic" and "specific" names. terming them "group" 
and "form." respectively, or the binomial terms may be 
called simply "form-taxa." The reader is referred to Logan 
and others (1964)' Raaben (1969). Cloud and Semikhatov 
(1969), and Hofmann (1969) for an excellent summary of 
the present nomenclatural positions. 

The conclusion, from the studies of modern algal stro
matolites. that environment is far more significant than the 
algal species in producing the structural form. may not al
ways have been the case. Soviet geologists have been suc
cessful, as indicated by radiometric concordant ages, in cor
relating late Precambrian stromatolites. especially the col
umnar forms. between regions of the U.S.S.R. 

Algal Cells 

The principal species of blue-green algae active in stro
matolite development are filamentous in form. Cells, gen
erally 10 microns or less in diameter, join together in a 
chain, termed a "trichome," which may be hundreds of 
microns long. A second general cell form is the individual 
spherical cell (coccoid form) which also is generally 10 
microns or less in diameter. Either form may be surrounded 
by a sheath of mucilaginous material, which if permineral
ized by opaque minerals might indicate a diameter in ex
cess of the cell or trichome diameter. 

I have measured mats of living filamentous algae more 
than two cm thick near thermal springs; some mats in ma
rine environments are of this magnitude (Davies. 1970)' but 
they may be only a millimeter or so thick (Ginsburg, 1955; 
Logan. 1961). The number of individual algae involved in 
the formation of a stromatolite is immense. In modern en
vironments the coccoid forms apparently are of lesser im
portance in forming the stromatolites: perhaps the inter
twined filamentous species act as a more efficient sediment 
trap. 

Bacteria 

Bacteria commonly are found in association. apparently 
symbiotic. with modern blue-green algae (Castenholz. 1969; 
Brock, 1969). Work on modern marine stromatolites gen
erally has not included data on the bacterial popUlation. 
Bacteria are most commonly I to 3 microns in size. although 
much larger ones are known, and they have three general 
cell forms: rod-shaped (bacilli). spherical (cocci) and, less 
commonly, spiral (spirilla). The first two forms have been 
reported from Precambrian rocks by Walcott (1915), Schopf 
and others (1965), and Barghoorn and Schopf (1966). Some 
bacteria, like blue-green algae, are capable of motion, can 
form elongate cell-chains, and can be enclosed within an 
elongated sheath. These sheaths may become iron-encrusted 



through the precipitation of ferric hydroxide during the 
oxidation of ferrous iron by certain sulfur and iron bacteria 
(Brock, 1970), and thus could resemble fossilized filament
ous blue-green algae. The mineralized sheaths are stable. 
and therefore could be preserved as hollow filaments. the 
bacterial cells having decayed. 

The prokaryotic cell type,> of bacteria and blue-green 
algae have led to the theoretical conclusion that these or
ganisms evolved on earth at a very early time. To date, this 
conclusion has been borne out by the fossil evidence. The 
reports of bacteria of Precambrian age are more debatable 
than those of algae inasmuch as the bacteria generally are 
much smaller and little more than their gross morphology 
can be examined. Nevertheless. their presence as fossils is 
generally accepted. 

PRECAMBRIAN FOSSILS IN MINNESOTA 

Upper Precambrian 

Sioux Quartzite 
The first reference to Precambrian "fossils" in Minne

sota was by N. H. Winchell (! 885). He reported the pres
ence of molds and impressions in the catlinite (mudstone! 
argillite) from the lower part of the Upper Precambrian 
Sioux Quartzite at Pipestone (see Austin. this volume). He 
illustrated and identified these "fossils" as a linguloid inar
ticulate brachiopod (Lingu/a c{I/wllet n. sp.) and a trilobite 
(P{/wdoxides harbai n. sp.). Probably being uncertain of 
their organic nature. Winchell reinforced his opinions by 
quoting from letters of two other geologists who had ex
amined the material and had substantially supported his 
views. In addition. a chemist also reported calcium phos
phate from what appeared to be white shell remnants. C. D. 
Walcott, who at that time was the most eminent invertebrate 
paleontologist in the United States. commented on Win
chell's find in 1899: "The latter [the trilobite impression] 
I have examined carefully and have concluded that it is of 
inorganic origin. The Lingula-like forms are so obscure that 
it is difficult to tell whether they are of organic origin or 
not. The weight of eidence is in favor of their being small 
tlattened concretions that in some specimens have the ap
pearance of a crushed Obolus or Acrothele." 

Judged from our current knowledge of the evolution of 
metazoans and the age of the Sioux Quartzite. which is at 
least 1.2 b.y. old (Goldich and others, 1959). Walcott's 
view probably is correct. I have examined the original spe
cimens from which Winchell's figures were derived (Univ. 
Minn. Paleo. Coil. nos. 5555 and 5559). Figure IV-.35B is 
a photographic reproduction of Winchell's plate (1885) 
showing the "fossils." The concentric "growth lines" shown 
in his drawings taken from specimen if 5559 (fig. IV-35C) 
are overemphasized from any similar lines that now appear 
on the specimen. Those concentric lines that are present 
seem to be irregular, and resemble small exfoliations on the 
slightly convex surfaces. Specimen # 5555 looks no more 
like a trilobite than Winchell's illustration of it. Although 
the "trilobite" probably is a current feature or load struc
ture, the circular to ovoid structures cannot be dismissed as 
readily. They could be organic in origin. but no firm de
cision can be made on the basis of the known specimens. 

Miller (1961, unpub. M.S. thesis, Univ. M inn.) reported 
ripple marks and cross-beddings in the catlinite, and it is 
possible that the structures are compressed mud pellets 
formed by wave or current action. 

Unless one accepts Winchell's specimens as fossils. di
rect evidence of Precambrian animal life is not known from 
Minnesota. The significant reports of metazoans from other 
areas. such as Australia (Glaessner and Wade. 1966) and 
Newfoundland (Misra. 1969), have been from uppermost 
Precambrian strata. Such metazoans could occur in the 
Upper Keweenawan formations of this state, e.g., the 

Hinckley Sandstone. 

Middle Precambrian 

Biwabik Iron-formation 
Algal stromatolites from the Biwabik Iron-formation 

were figured first in 1903 by Leith (fig. IV-35A), but were 
not attributed to organic processes. Grout and Broderick 
(I 919b) illustrated two forms of algal stromatolites from the 
upper and lower cherty members of the Biwabik Iron-for
mation. These were considered organic in origin and were 
given taxonomic identities. The larger columnar forms, 2 
inches to 2 feet in diameter, from the lower member were 
referred to Col/Cilia (?j bl\vabikellsis (n. sp.) and those from 
the upper member. a more finger-like columnar form. were 
referred to Col/mia e) ferrata (n. sp.). Probably. the finger
like forms would have been referred to the "genus" Gymllo
SO/CIl. erected by Steinmann (19 I I). had this Finnish publi
cation been available to Grout and Broderick. Collellia had 
been erected by Walcott (1914) on material from the Pre
cambrian Belt Series in Montana. Both forms of algal stro
matolite have been reported by Hofmann (1969) to occur 
in both the upper and lower algal chert facies of the Gun
tlint Iron-formation in Ontario. a unit correlative with the 
Biwabik Iron-formation. The form most common to the 
upper zone of the Biwabik (fig. IV-35D), and found in both 
facies of the Guntlint-the Col/mia ferrara of Grout and 
Broderick (l919b )-apparently is the same form as G rtllJ

eria bil·vabikia (n. group, n. form) of Cloud and Semikhatov 
(1969) and Form B of Hofmann (1969). 

The Biwabik and Guntlint Iron-formations also contain 
numerous spheroidal, generally concentrically laminated, 
"oolitic" structures. These commonly are found between the 
columns of algal stromatolites (figs. lV-35F and G). If these 
structures are the result of algal activity rather than inor
ganic processes. they are referred to as oncolites. and may 
be thought of as small "free" stromatolites. Twenhof~1 
(1919) erected the genus Osagia to identify similar struc
tures occurring in rocks of Paleozoic age. Distinguishing 
oolites from oncolites is a problem. Both tend to form in 
agitated shallow waters of the littoral zone. and both mav 
have a detrital grain as a nucleus. The spherules of the Bi
wabik and Guntlint I ron-formations generally are siliceous 
and the silica may be primary; at least many have no evi
dence of complete replacement. This would indicate a pos
sible paleoenvironment not extant today. for neither silice
ous oolites nor oncolites are known to 'be forming at pres
ent. No firm criteria to distinguish oncolites from inorganic 
spherules are yet known. but oncolites seem to be ~ore 
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elliptical rather than spherical and the laminae tend to be 
overlapping and of more variable thickness (Logan and 
others. 1964; Hofmann. 1969). In the Biwabik Iron-forma
tion. the form of the spherules and their common associa
tion with algal stromatolites suggest that they are oncolites. 

Cellular remains from the Biwabik Iron-formation were 
first reported by Gruner in 1922. He illustrated several pos
sible fossil bacteria and algae. which were found in Precam
brian rocks near Eveleth. Ivlinnesota (figs. IV-35H and I; 
IV-36A and B). He reported similar cellular structures from 
cherts of the stromatolitic zones of the Biwabik and Gun
flint Iron-formations. but his figured specimens come from 
chert pebbles and fracture fillings in the directly underlying 
Pokegama Quartzite. Cloud and Licari (1972) subsequently 
have found well-preserved microfossils in the Pokegama. 
The figures in Gruner's 1922 paper were republished in 
1924. The magnifications indicated in the two reports dif
fer. and herein, I have uscd the magnifications given in the 
1924 report. Cloud (1965) has commented that some of the 
structures figured by Gruner may be trails produced by 
pyrite crystals which migrated through the chert. Such trails 
had been shown by Tyler and Barghoorn (1963) to occur 
in the age-equivalent cherts of the Gunflint Iron-formation 
(fig. IV-35J). In cases where structureless threads or tubules 
are found. their production by crystal migration must be 
considered. 

I mpetus for a renewed search for Precambrian micro
fossils came with the publication of the paper by Tyler and 
Barghoorn (1954). They reported and illustrated micro
scopic structures " ... representing both blue-green algae 
and simple forms of fungi ... " from cherts of the Gunflint 
I ron-formation in Ontario. The same authors later ex
panded this study and produced what appears to be un
eq uivocal evidence of blue-green algae in Precambrian strata 
(Barghoorn and Tyler, 1965). Since the Guntlint and Bi
wabik Iron-formations appear to be correlative, the same 
fossils might be expected to occur in the latter. LaBerge 
(I967b) and Cloud an~ Licari (1968) reported almost un
questionable evidence of fossil algae in chert from the Bi-

wabik Iron-formation; the genera are the same as those 
from the Gunflint Iron-formation (figs. IV-36C D. and E). 
However. the microfossils that have been reported from the 
Biwabik Iron-formation are not as well preserved as those 
from the Gunflint. The metamorphism of the Biwabik may 
have altered the state of preservation of the microfossils. 
In this regard, it may be significant that the best preserva
tion on the Guntlint cherts is in material from outcrops 
farthest from the Keweenawan igneous bodies. i.e .. near 
Schreiber. Ontario (figs. IV-36F. G, H, L J, and K). 

Most of the best preserved microfossils from the Schrei
ber locality have been found in bedded cherts. generally 
black, which occur in the stromatolitic zones. They are best 
observed in uncovered thin sections using an oil-immersion 
lens at about 1.000x. The above-mentioned papers, as well 
as those by Licari and Cloud (1968), Cloud (1965) and La
Berge (l967b) will give the reader an excellent review of the 
microfossils and possible microfossils found in the Biwabik 
and Guntlint Iron-formations. 

Pokegama Quartzite 
Gruner (1922. 1924) first reported the presence of 

microorganisms in the cherts of the Pokegama Quartzite. 
Cloud and Licari (1972) found well-preserved filamentous 
forms of blue-green algae in cherts from the base of the for
mation (figs. IV-36L and M). The algae have been assigned 
to the same species. Glll1j1inlia minula. Barghoorn (Barg
hoorn and Tyler, 1965) as those forms from the younger 
Guntlint I ron-formation. 

Lower Precambrian 

Knife Lake Group 
Gruner (1923) reported and illustrated algal-like fila

ments from two chert pebbles from the Ogishke conglomer
ate of Winchell (1887), a unit now assigned to the "younger 
Knife Lake succession." Hawley (1926) doubted their algal 
affinities, but most of his objections can be countered. One 
reason for his doubts was the apparent size differential be-

Figure IV-36. Microstructures from the Biwabik. Gunflint. and Soudan Iron-formations and the Pokegama Quartzite. A. 
microstructure as figured by Gruner (1922, 1924), "iron bacteria." In chert from the Pokegama Quartzite, cf 
J. x700. B. microstructures, same source as A. "iron bacteria resembling Chlamydothrix." Possibly filamen
tous blue-green algae, x250. C spheroidal microstructure from the Biwabik Iron-formation. possibly Huron

iospora sp. Courtesy G. L. LaBerge. x I 160. D, spheroidal microstructures from the Biwabik I ron-formation. 
Courtesy G. L. LaBerge, x800. E, filamentous and spheroidal microstructures resembling blue-green algae. 
from the Biwabik Iron-formation. Courtesy G. L. LaBerge. x1160. F, Probable sheath of filamentous blue
green algae. Guntlint Iron-formation, Schreiber. Ontario, xIOOO. G, filamentous blue-green alga, probably 
GlIllj7illtill Rrwl{li.l. Guntlint Iron-formation, Schreiber, Ontario, x I 000. H. unicellular blue-green alga, with 
bud-like projection; Hilroniospora sp. Gunflint Iron-formation, Schreiber, Ontario. x2000. L unicellular blue
green alga. possibly with a sheath surrounding the cell body. Guntlint Iron-formation, Schreiber, Ontario, 
x2000. J. Filament of blue-green alga showing central trichome surrounded by sheath. Gunflint Iron-forma
tion, Schreiber. Ontario. x I 000. K. electron micrograph showing rod-shaped bacteria in a surface replica of 
black chert from the Gunflint Iron-formation, scale= I micron. Courtesy J. W. Schopf. L. transmission elec
tron micrograph of a filamentous blue-green alga, probably the sheath of Gunj1inlia minllta, from the Poke
gama Quartzite. From Cloud and Licari (1972). M, filament of Gunj1il1lia mim/la from the Pokegama Quart
zite. From Cloud and Licari (1972). N, electron micrograph of structures from within a pyrite nodule from 
the Soudan I ron-formation. Possibly bacteria. From Cloud and others (1965). .. 
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tween the forms illustrated by Gruner and modern blue
green algae. The structures of Gruner's figure I range in 
diameter from less than 5 to more than 20 microns. and this 
is within the size range of the sheathed filament of either of 
the two freshwater forms of algae to which they were com
pared. i.e .. Illacris and lvlicroco/ells. This size range of fila
ments within the chert is greater than one would expect for 
a single species. however. Tyler and Barghoorn (1963) at
tributed the structures, which are similar to those shown 
here in Figure IV-35H. to pyrite crystal trails. These micro
structures are here considered to be of problematic origin. 

Soudan Iron-formation 
Gruner (1925) reported and illustrated what he consid

ered to be cellular remains of blue-green algae from the 
Soudan Iron-formation. The photomicrographs show opaque 
structures resembling algal filaments. The material was 
found in one thin section of black chert from a sample of 
banded black "jasper" collected north of Armstrong Lake, 
between Tower and Ely. Minnesota. The following year. 
Hawley (1926) argued against the organic origin of these 
and other reported Precambrian microfossils. He experi
mentally produced filaments in solutions of ferrous silicates, 
etc., and stated that the size of the structures in the rock 
was inconsistent with that of modern blue-green algae. 
Gruner's photomicrographs indicate filament diameters of 
approximately 4 to IS microns. which is not contradictory 
to the structures being fossil algae. Again, this type of struc
ture has been attributed to trails made by pyrite migrating 
through chert. Gruner's figures do not permit a reasonably 
firm decision to be made either for or against a biological 
origin. 

Cloud and others ( 1965) reported and illustrated micro
structures as much as 1.5 microns across from within pyrite 
balls from the Soudan Iron-formation (fig. IV-36N). These 
were interpreted as possible remnants of bacteria or blue
green algae. Later, Cloud and Licari (1968) illustrated 
spheroidal structures that have a size range from 4 to 10 
microns from the same slides. In both cases the biological 
origin of the structures is questionable. 

To my knowledge, no further work has been reported 
which describes fossils from the Soudan Iron-formation. If 
any of the reported structures are indeed algae or bacteria, 
they are the oldest cellular remains found outside of Africa. 

CHEMICAL FOSSILS 
A large number of hydrocarbons have been reported 

from rocks of Precambrian age. Papers by Schopf (1970), 
Calvin (1969), Margulis (1970), and Eglinton and Murphy 
(1969) provide an excellent review of current data and prob
lems. Hoering (1962). Belsky and others (1965) and M ein
schein (1965) were among the first to report occurrences of 
hydrocarbons of possible biological origin from the Soudan 
Iron-formation. Hydrocarbons in the Gunflint Iron-forma
tion in Ontario, including amino acids. have been reported 
by several workers (Barghoorn and Tyler, 1965; Or6 and 
others, 1965; Schopf and others, 1968; Calvin. 1969). Geo
chemical methods of study are obviously valid ones, but 
several factors interfere with attempts to clarify the evolu
tion of biochemical compounds. The most serious criticism 
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of much of the data is contamination of the samples. Abel
son and Hare (1968) concluded that the amino acids re
ported for the Gunflint Iron-formation are of recent origin. 
Schopf (1970), after reviewing the data. concluded that 
many, perhaps all, of the biologically significant hydrocar
bons reported from the Soudan Iron-formation are of recent 
origin. 

If some hydrocarbons are proved to be syngenetic with 
Precambrian sediments, another factor must be considered. 
The quantity of amino acids and other organic molecules 
that have been abiologically synthesized (ignoring the hu
man organism involved) in the laboratory is large. Although 
the produced compounds are nearly always racemic mix
tures, little data are available concerning the optical activity 
of the compounds reported from Precambrian rocks. This 
problem is further complicated since biological amino acids, 
such as L-isoleucine. have been shown to undergo racemi
zation to an equilibrium of D and L forms within a geologi
cally short period of time (Wehmiller and Hare, 1971). 
Since abiogenic synthesis of hydrocarbons is thought to 
have occurred in the early pre-free oxygen earth-indeed as 
it must have if current ideas on the evolution of life are 
correct---complex hydrocarbons that are not products of 
organisms probably exist in Precambrian rocks. 

Living photosynthetic organisms preferentially select the 
lighter of the stable C12/C13 isotopes of carbon, and this 
ratio should differ in some compounds of biological origin 
as compared to the ratio in an inorganic fraction, such as in 
carbonates, from the same strata. This C13 deficiency has 
been reported by Calvin (1969) in both soluble and insolu
ble organic extracts from the Soudan Iron-formation. The 
ratios for the soluble and insoluble fractions differ. and this 
difference could indicate that the soluble fraction is not 
syngenetic but instead entered the system later. The data 
are not clear in this regard. The fact that a C13 deficiency 
in the insoluble fraction does exist is, however, indicative 
of biological activity in Minnesota about 2.7 b.y. ago. 

Perry and Tan (1970) reported C13 values from samples 
of the Biwabik Iron-formation as much as 18 per mil lower 
than the accepted Cretaceous belemnite standard. Although 
this study was done on carbonates, rather than on hydro
carbons, they attributed the C13 deficiency to the influence 
of organic carbon on the carbonate reservoir. Their study 
also indicated an essentially reducing atmosphere at the 
time of deposition of the Biwabik Iron-formation. 

All organic chemical studies yet conducted on rocks of 
Precambrian age are hampered in that whole-rocks rather 
than discrete fossil material must be analyzed. Still. the 
available data support rather than contlict with ideas and 
suppositions concerning the presence of organisms in the 
Precambrian rocks of this state. 

CONCLUSIONS 
New discoveries of fossils will be made in the Precam

brian rocks of Minnesota. That they exist is almost un
equivocally accepted. The paleoenvironmental implications 
and their uses in correlation have only begun to be under
stood. Ideas on the origin of life and of an oxygenated at
mosphere have been greatly furthered within the last decade 
because of fossil discoveries. The microfossils from the Mid-



die Precambrian rocks of Minnesota are not as well pre
served as those from the more pristine cherts of the Gun
flint I ron-formation in Canada. Also, the chances are even 
less for finding well-preserved microfossils in the Lower 
Precambrian rocks. Probably, some microstructures that in 
their gross morphology resemble bacteria or algae are of 
inorganic origin. Modern blue-green algae have been ex
perimentally "fossilized" in silica (Oehler and Schopf, 
1971), and such changes as take place still leave them com
parable in morphology to natural fossils in chert. Pyrite 
spherules, often with framhoidal structure, can be formed 
by biological activity (Lougheed and Mancuso, 1971). Per
haps some of the spheroidal structures reported from the 
Soudan and Biwabik Iron-formations by Cloud and Licari 
(1968), LaBerge (1967b) and Cloud and others (1965) are 
related more closely to such biogenic mineral forms than to 
algal cells. The possibility exists that abiogenic coacervates 
or other similar spontaneously formed microstructures are 
preserved in rocks of Precambrian age. Some of these pro
duced in the laboratory (see Margulis. 1970; Calvin. 1969; 
Keosian, 1968; Fox, 1965) are remarkably similar in form 
to modern algal cells. Even though the identification of 
microstructures from Precambrian rocks is difficult and 
errors in interpretation will be made. the search cannot be 
left to the paleobiologist. The rare and often chance occur
rences make it necessary for every geologist concerned with 
Precambrian sedimentary rocks to look for and make known 
what may be additional evidence of Precambrian life. 

Schopf (1970) has summarized the significant fossil dis
coveries from rocks of Precambrian age. Sedimentary rocks 
of similar age and lithology are not. of course, always pres
ent in Minnesota, but these reports do serve as guides for 
further search. The data below indicate some of the signifi
cant finds that were not discussed in this paper. 

(I) Onverwacht Series, South Africa, older than 3.2 
b.y.; cherts and argillites have filamentous and 
spheroidal microstructures of possible biological 
origin (Engel and others, 1968). 

(2) Fig Tree Series, South Africa. approximately 3.1 
b.y. old; cherts and shales with bacterium-like as 
well as filamentous and spheroidal alga-like micro
structures, some of probable biological origin (Barg
hoorn and Schopf, 1966; Schopf and Barghoorn. 
1967; Pflug, 1967). 

(3) Bulawayan Group, Zwankendaba Limestone, Rho
desia. Africa, approximately 2.8 b.y. old: stromato
lites in limestone (MacGregor. 1940). 

(4) Belcher Group, Hudson Bay area, Canada, older 
than 1.6 b.y.; chert has bacterium-like as well as 
filamentous and spheroidal alga-like microstruc
tures, some of probable biological origin: possible 
earliest eukaryotes (Hofmann and Jackson. 1969). 

(5) Nonesuch Shale, Michigan, approximately 1.1 b.y. 
old; shale with disc-like siliceous microstructures 
of unknown biological affinities and rare filament
ous and spheroidal alga-like microstructures of 
probable biological origin (Meinschein and others, 
1964; Jost, 1968). 

(6) Bitter Springs Formation, Australia, approximately 
0.9 b.y. old; cherts have various types of algal mic
rofossils, some apparently green algae, and there
fore the earliest probable eukaryotes (Barghoorn 
and Schopf, 1965: Schopf and Blacic. 1971). 

(7) Pound Quartzite, Ediacara area. Australia, approxi
mately 0.65 b.y. old; argillaceous partings in sand
stone have impressions of various soft-bodied ani
mals (Glaessner and Wade, 1966). 
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AMINO ACIDS IN SOME MIDDLE PRECAMBRIAN ROCKS OF NORTHERN 
MINNESOTA AND SOUTHERN ONTARIO 

James R. Niehaus and Frederick M. Swain 

Organic geochemical studies of Minnesota rocks have 
resulted in the recognition of a variety of hydrocarbon and 
carbohydrate compounds (table IV -17). These results sug
gest that by 2,000 m.y. ago life on earth had already evolved 
to a complex state, a conclusion in agreement with evidence 
derived from the study of microfossils (see Darby, this chap
ter). Of the many organic compounds presently recognized, 
amino acids are particularly good indicators of the nature 
of Precambrian life, if they can be demonstrated to be in
digenous to the rocks. However. because they occur in 
small amounts, contamination by younger organic matter 
presents a serious problem. Amino acids have been reported 
from the Middle Precambrian Guntlint Iron-formation of 
Ontario (Schopf and others, 1968). Subsequently, Abelson 
and Hare (1968) and Smith and others (1970) concluded 
that these amino acids are of recent origin. 

So far as the authors can determine, all of the previous 
studies have dealt with samples obtained from natural or 
artificial exposures, which are highly susceptible to recent 
contamination. However, the possibility of recent contami-

nation seems much less likely for samples from dcep drill 
cores, particularly where the rocks have low permeability. 
Therefore, this study was undertaken to compare the kinds 
and concentration of amino acids observed in surface and 
subsurface samples of similar lithology and subsequent geo
logic history, and to evaluate any observed differences with 
respect to possible contamination. 

DESCRIPTION AND LOCATION OF SAMPLES 
Samples of various rocks from the Middle Precambrian 

Animikie Group were selccted for their high content of car
bonaceous material. and include both surface and subsur
face (drill core) material. The formations that were sam
pled include the Biwabik Iron-formation, the overlying Vir
ginia Formation, and its northeastern equivalent, the Rove 
Formation. Table IV-18 gives descriptive data on the sam
ples. The stratigraphy and geologic history of the rocks 
that were sampled will be described brietly later in a dis
cussion of the contained amino acids. 

Table IV-17. Summary of investigations of Precambrian rocks of northern Minnesota for organic substances. 

A llthors 

Swain, Blumentals, and Prokopovich 
(1958 ) 

Meinschein (1965) 

Swain, Pakalns, and Bratt (1970) 

Swain, Bratt, and Kirkwood (1970) 

Or6 and Nooner (1970) 

Hoering (1967) 

Hoering (1967) 

French (1964) 
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Rocks Investigated 

Thomson Formation, Rove Formation, 
"Cuyuna" formation 

Soudan Iron-formation 

Soudan Iron-formation, Thomson 
Formation, "Cuyuna" formation, 
Biwabik Iron-formation, Rove 
Formation 

Soudan Iron-formation, "Cuyuna" 
formation, Biwabik Iron-formation, 
Virginia Formation, Rove Forma
tion 

Soudan Iron-formation 

Soudan Iron-formation 

Soudan Iron-formation, Thomson 
Formation 

Biwabik Iron-formation 

Substances Reported 

Hydrocarbons, humic acids, ninhydrin 
reacting (amino-N) substances, 
carbohydrates 

Isoprenoid and N-alkane hydrocarbons 

Carbohydrates 

Carbohydrates (monosaccharides and 
polysaccharides) 

Aliphatic hydrocarbons (norpristane, 
pristane, and phytane) 

Methane from samples heated at 
266 0 C. 

I) CI3 -36.36 and -29.44 respectively 

Carbonaceous material gives broad 
diffuse X-ray diffraction, except 
near Duluth Complex, where well
defined lines of graphite occur 



Table IV-18. Description, location, and source of samples. 

Formation 

Rove 

Rove 

Virginia 

Virginia 

Virginia 

Virginia 

Biwabik 

Biwabik 

Sample Type 

surface 

surface 

subsurface 
( 667-668H.) 

subsurface 
(677-678H.) 

subsurface 
( 1444-1446H.) 

subsurface 
( 1464.5-1465 .5H.) 

subsurface 
(approx. 1150H.) 

surface 

RESULTS 

Rock Samples 

The samples were analyzed using techniques outlined in 
Appendix IV-B of this chapter. Small concentrations of 
amino acids were detected in all the rock samples (table IV-
19), in amounts ranging from insignificant traces (10-10 
mole/g) in the anthraxolite from the lower cherty member 
core sample of the Biwabik Iron-formation to slightly more 
than 10- 7 mole/g in a graphitic sample of the Rove Forma
tion. Most of the amino acids occur in the water hydroly
zates, and therefore probably exist in the free state in the 
rocks, or at least, in a loosely combined state. Both ther
mally stable and unstable varieties are reported. This and the 
generally uncombined nature of the amino acids suggest 
fairly recent contamination, a possibility discussed previous
ly by one of us elsewhere (Niehaus, 1969, unpub. M.S. the
sis, Univ. Minn.). Also, a marked difference in concentra
tion level exists between the surface and subsurface sam
ples, with the former being much greater. 

Lithology 

graphitic slate 
and graywacke 

anthraxolite 

dark gray 
argillite 

dark gray 
argillite 

black argillite 

black argillite 

anthraxolite 

algal chert 

Location and Source 

Hanging wall of diabase dike; 
Silver Islet, Ontario. 
Collection, Dept. of Geology 
and Geophysics, 
University of Minnesota. 

Silver Islet, Ontario. 
Collection, Dept. of 
Geology and Geophysics, 
University of Minnesota. 

Mesabi Deep Drilling Project, 
drill hole no. 2., 
SW-SE 22-58-16, 
south of Biwabik, Minn. 

Mesabi Deep Drilling Project, 
drill hole no. 5., 
SE-NW 36-58-20, 
south of Buhl, Minn. 

Mary Ellen Mine, 
Biwabik, Minnesota. 
Collection, Dept. of Geology 
and Geophysics, 
University of Minnesota. 

The organic carbon and nitrogen content of the samples 
from the Virginia Formation is given in Table IV-20. Both 
greater variety and higher concentrations of amino acids 
were noted in the more carbon-rich samples. Three uniden
tified, presumably non-protein, amino compounds were de
tected in the samples. Their locations on the chromato
grams are shown in Figure IV-37. 

STABILITY OF THE AMINO ACIDS 
A linear regression analysis (Niehaus, 1969, op. cit.) 

was performed on published data recording the concentra
tion and geologic age of a reportedly stable amino acid 
(glycine) and a reportedly unstable amino acid (serine). The 
linear regression analysis indicated very little direct corre
lation between geologic time and the two amino acids. The 
regression lines are nearly horizontal, and the correlation 
coefficients have insignificant values at the 10 percent prob
ability level. 
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T able IV-19. Amino acid analyses. (Values are in 10- 9 mole/gram of dry sample.) 

Neutral and Acidic Amino Acids Basic Amino Acids 

Sample 

R ove Fm. 
graphite wall rock 

Rove Fm. 
anthraxolite 

Virginia Fm. 
argi llite 
( core) 

667-668 

677-678 

1444-1446 

State of 
Ami no 
Acids 

F 
C 

F 
C 

F 
C 
F 
C 
F 
C 

1464.5-1465.5 F 

Biwabik lron-fm. 
(core) 

C 

F 
anthraxolite C 

Biwabik Iron-fm. 
alga l chert 

F 
C 

State of Amino Acids column : 

Asp Ser Thr 

1.5 4.0 
5.0 

5.6 9.0 

0 .1 
Tr 

0.3 

Tr 

8.0 

F, free amino acids; C, combined amino acids 

Names of amino acids: 
Asp, aspartic acid ; Ser, serine; Thr, threonine ; 
Glu, glutamic acid; Pro, proline; Gly, glyci ne; 
Ala, alanine; 
Cys, cystine; Val, valine; Met, methionine; 
Lys, lysine; His, histidine; Arg, arginine; 

Glu Pro 

56.0 

Despite the many assu mptions that were made and the 
h igh variabi lity of the data in the stati sti cal tests, the analy
sis tro ngly suggests that amino ac ids decompose different
ly under geologic conditions (including compl ex interplay 
of ami no acids with clay part icles, humic ac ids, sugars, etc.) 
than under conditions of laboratory studies conducted to 
date. 

STRATIGRAPHIC RELATIONSHIPS 
OF THE AMINO ACIDS 

Biwabik Iron-form ation Samples 
Samples of algal chert and an thraxolite fro m a drill hole 

that penetrated the lower cherty member of the Biwabik 
Iron-formation were analyzed. The chert is from the basal 
part of the member (see Morey, this chapter), whereas th e 
a nthraxolite is from the uppermost part , immediately be-
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Gly Ala Cys Val Met Lys His Arg U-l U-2 U-3 

67.0 6.0 1.5 

5.0 2.5 2.0 

T r 
Tr 

Tr 

1.4 0.4 Tr Tr Tr 

Tr? 
0.2 0.2 T r Tr Tr Tr? 

Tr 

0.2 

U-I , unknown no. 1; U-2, unknown no. 2; 
U-3, unknown no. 3. 

Concentrations of amino acids: 
Tr, trace amount, less than 0.1 x 10-0 mole/ g.; 
Tr?, questionable trace; 
Tr, amount greate r than 0.1 x 10-0 mole/ g. , 

but not computable, since there is no standard for com
parison. 

neath th e so-called interm edia te slate; the anthraxo lite oc
curs as small patches of black, vitreous materi al in ferru
gi no us chert. Only traces of amino ac ids were found in th e 
an thraxolit e sample. Tem perature grad ient mea urement s 
made in the drill ho le (T. Baldwin , 1969, o ral comm .) from 
which the sampl e was ob ta ined, indicate that ground water 
is now movin g throu gh the Biwabik Iron-formati on within 
a distance of about 30 feet from the sampl ed ectio n. Ap
parently the ground water is movi ng through a brecciated 
zo ne (Pfl eid er and others, 1968) that wa penetrated in 
drilling. Apparently, no contamin atio n has re lilted, how
ever, for there are no signifi cant concentrati ons of amino 
acids in the sample. 

The algal sample is a stromatolitic ferruginous chert-
a shall ow-water deposit-as indicated by ooliti c hematite, 
intraformational conglomerates, and algal structures
which acc umulated slowly und er oxidi zing conditi ons dur
ing a time of tectonic stabi lit y (Whit e, 1954). Because sig-



Table IV-20. Nitrogen a nd organic carbon content of 
Virginia samples from formation in drill 
ho le 2, M esabi Deep Drilling Project. 

Sample interval C N 

depth in ft. percent 

667-668 0 .36 0 .29 

677-678 0 .62 0 .09 

1444-1446 1.22 0.04 

1464.4-1465.5 1.04 0 .05 

Analyses by Microanalytical Laboratory, 
University of Minnesota 

nifi cant co ncentrations of amin o ac ids were no t likely to be 
preserved under such an oxidizing e nvi ro nment, we believe 
th at th e amino ac ids found in this surface am ple are rela
tiv ely recent. 

Rove Formation Samples 

Two sample of the Rove Formation were analyzed . 
One is a graphiti c (fngall , 1887) sla te and graywacke fro m 
the hangi ng wall of a 300-foot-thi ck diaba e dike expo ed 
o n tin y Si lver Islet. The locati o n of the anthraxolite sampl e 
is not known exactl y, but it must have been taken c lo e to 
the dike. Acco rdingl y, it must be concluded that the am
pies have been metamo rph osed . Pro bably, th e graphitic ma
teri al was mobili zed a nd concentrated fro m carbonaceous 
materi al finely disseminated in th e Rove trata at th e time 
th e dike wa intruded. Beca u e of th e thermal metamor
phism, it is unlikely th at either sampl e co nt a ins origi nal 
amino ac ids. Those th at were detected mu t be of recent 
origin . 

Virgini a Form atio n Samples 

Two sa mpl es of Virginia Formation fro m a drill ho le 
nea r Biwabik , Minnesota were analyzed . Judged fro m oxy
ge n i o tope fractio nati o n data on coexist in g quartz and 
magn etite pai rs from th e underl ying Biwabik Iron-fo rm a
ti o n, th e temperatures to which th e rocks were ubjected 
probably never exceeded about 100° C (Perry and Morse, 
1967) . 

Temperature mea urement s made in the Biwabik drill 
ho le within a few months after its compl etion showed no 
major flu ctu ati o ns in the therm al gradient (T. Baldwin , 
1969, o ral comm .); thu s, th ere is no apparent movement of 
gro und water through these rocks. 

We sugge t th at the probable reducing nature of the 
depositional enviro nm ent of th e Virginia Formation was 
conducive to the preservation of organic matter, including 
amino ac ids, and th at, owing to the mild thermal h i tory of 
the rock s, mall concentrations of th e amino compounds 
rem a in ed in th e rocks until th e present time. The prepond
era nce o f neutral and basic amino compounds over acidic 
constituents in th ese rocks is not inco nsistent with a reduc
ing environment . E uxi nic envi ron ments generally a re slight
ly ac idic at th e sedi ment-water interface, but are commonly 

neutral or slightl y basic immediatel y below the sediment 
surface (Krauskopf, 1967). Basic and neutral amino acids 
acc umul at ing under such conditions would be near their 
isoelectric po ints at the higher pH, and thus would be dia
geneti cally more stable, whereas th e acidic amino acids 
wo uld not be near their isoelectric po ints, would be less 
stable diageneticall y, and th erefo re are mo re likely to be 
destroyed . The net result would be a n o rigin al sedi ment 
rich in basic and neutral amino ac ids. Owing to the com
plexities concerning the stabilit y of amino acids, however, 
one cannot expect the relationsh ip, as deduced from the 
present sm all concentrations of amino acids, to be that 
simpl e. 
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parts of a standanJ chromatogram . See 
Table IV -19 for expl ana tion of abbrevia
tions. 
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ORIGIN OF THE AMINO ACIDS 
CONTAINED IN THE VIRGINIA FORMATION 

As indicated above, the Virginia Formation samples 
contain amino acids that we believe are probably native to 
the rock. For these amino acids, a Precambrian biogenic 
source is postulated. 

The existence of a simple biota in Precambrian time is 
now believed to be unquestionable. as a result of studies of 
both indigenous organic compounds and of microscopic 
and sub-microscopic fossils in Precambrian rocks (see Dar
by, this chapter). Numerous classes of organic compounds 
of probable biological origin, other than amino acids, have 
been extracted from Precambrian rocks. The isoprenoid 
hydrocarbons phytane and pristane are believed to be de
rived from the chlorophyll of photosynthetic organisms 
and, when found in sedimentary rocks, have been used as 
evidence of biogenic activity. Phytane and pristane have 
been isolated from organic extracts of numerous Precam
brian rocks (Meinschein and others, 1964; Barghoorn and 
Schopf. 1966; Barghoorn and others, 1965). Those reported 
from the Fig Tree Group of the Swaziland Sequence by 
Barghoorn and Schopf (1966) are from rocks believed to be 
3 billion years or more old. 

Other geochemical evidence for biological origin of or
ganic compounds includes the presence of porphyrins, be
lieved to be derived from pigments, and the presence of 
optically active alkanes. Compounds meeting these require
ments have been isolated from Precambrian rocks (Barg
hoorn and others, 1965). 

Even more convincing than the geochemical evidence is 
the finding of actual preserved cellular forms in the Pre
cambrian. Reports of such fossils in the Precambrian are 
numerous. All the Precambrian fossils reported to date are 
"primitive" prokaryotic or eukaryotic forms. They include 
forms similar to green and blue-green algae, simple bacteria, 
and spore-like bodies, which are possibly the remains of 
fungi (Cloud, 1965; Schopf and Barghoorn, 1967; Barg
hoorn and Tyler, 1965; Barghoorn and Schopf, 1965; Tyler 
and Barghoorn. 1954; Gruner. 1922, 1923; Schopf and 
others, 1965; Barghoorn and Schopf, 1966). Similar occur
rences of algae and iron-bacteria have been reported from 
the Biwabik Iron-formation and the Gunflint Iron-forma
tion (Gruner, 1922; Barghoorn and Tyler, 1965; Darby, 
this chapter). 

In summary, the evidence for a simple, primarily photo
synthetic biota existing in the area of the present State of 
Minnesota during Animikie time is compelling, and we 
assume that these simple organisms were the source of the 
protenaceous material that gave rise to the amino acids con
tained in the Virginia Formation. 

SUMMARY AND CONCLUSIONS 
This study suggests that native amino acids occur In 

rocks at least as old as Middle Precambrian. We believe 
that the probability of relatively recent geologic contamina
tion or of laboratory contamination of deep core samples 
of the Virginia Formation that contain the amino acids is 
minimal. 

Those amino acids that are found are not only combined 
amino acids but also are free constituents. Amino acids 
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presently considered thermally unstable as well as stable 
varieties theoretically can be and apparently are preserved 
in rocks as old as the Middle Precambrian. The interaction 
of amino acids with other organic and inorganic substances 
apparently has a stabilizing effect which commonly over
shadows the degradative effect of temperature. Thus, the 
inherent stabilities of amino acids, or at least of some amino 
acids, as they occur under geologic conditions, are not 
those of the individual compounds in dilute solution but 
rather are those of the compounds in association with their 
geochemical environment. 

An attempt was made to correlate the amino acid con
tent of the uncontaminated Virginia Formation samples 
with their probable depositional environment. A reason
able correlation can be made, but the uncertainties con
nected with the stability relations of amino acids prohibit 
a high degree of confidence in the correlation. We believe 
that this degree of uncertainty will remain in all such stud
ies, at least of Precambrian rocks, until the stability rela
tionships are better understood. Lastly, this investigation 
shows the value of using drill core material, as opposed to 
outcrop samples, wherever possible, in organic geochemical 
studies where very small concentrations of compounds are 
encountered. 
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APPENDIX IV-B 

Laboratory Procedures 
Samples initially were scrubbed with a wire brush to remove 
outer weathered material, or for the drill cores, to remove any 
adhering drilling mud. This was followed by washing in water 
and then in chromic acid solution. The latter solution was used 
to degrade any surficial organic matter present. The samples 
were then rinsed with double-distilled water and air-dried, thus 
preparing them for the crushing operation. 

The cleaned samples were broken down to small pebble size 
in a jaw crusher. The pebble-size material then was crushed to 
100 mesh or less in a disc grinder. Both the crusher and grinder 
were previously cleaned with a wire brush and rinsed with ace
tone. Care was taken to avoid touching the cleaned samples 
during the process, and the material was handled only with 
clean rubber gloves or forceps. The crushed samples were stored 
in sealed plastic bags while awaiting hydrolysis. 

Hydrolysis and Reduction 

Samples from the Virginia Formation 
Both water and hydrochloric acid hydrolyzates were pre

pared. Sample weights ranged from 500 to 1,000 grams, de
pending upon the amount of material available after cleaning 
and grinding. For water hydrolysis, the sample was mixed with 
an equal volume of double-distilled water and boiled under 
reflux conditions for 24 hours. The acid hydrolysis was carried 
out on the same material after removal of water. Each ground 
sample consisting of 4-10 grams was hydrolyzed with 100 ml of 
standardized 0.555l"l. sulfuric acid, prior to the actual hydro
chloric acid hydrolysis, to determine the amount of acid needed 
to neutralize the carbonates in the larger sample. Titration of 



the standardized sulfuric acid with standardized NaOH, after 
24-hr. hydrolysis, allowed calculation of the amount of concen
trated hydrochloric acid needed to neutralize the actual sample. 
This amount of the concentrated acid was added to the sample, 
and an additional 300 ml of 6 N hydrochloric acid was added. 
Refluxing for 24 hours completed the acid hydrolysis. Hydroly
zates were removed from sediments with the aid of a Buechner 
funnel. Analytical grade filter paper was used. Samples were 
next reduced to near dryness by vacuum distillation at 50° C 
and desalted on a freshly prepared column of DOWEX 50W-X8 
cation exchange resin. 2 N NH.OH was used to elute the amino 
acids from the ion-excha~ge resin. Vacuum distillation at 50° 
C reduced the eluant to dryness. The sample was then taken 
up in exactly 5 ml of 10 percent isopropanol, labeled, and 
placed under refrigeration to await analysis. 

Samples from the Rove Formation and 
Biwabik Iron-formation 

These samples were prepared specifically to analyze for car
bohydrates, and accordingly the hydrolysis and subsequent pre
paration differed from those for the samples of the Virginia 
Formation. The cleaning and grinding procedures are identical 
for all samples studied. For water hydrolysis, 500 ml of double
distilled water was added to 70 to 350 grams of cleaned and 
crushed sample. Forty-eight hour hydrolysis was carried out 
under reflux conditions. The sediment was centrifuged from the 
resulting solution and the solution was reduced to a small vol
ume under vacuum distillation, and filtered through glass filter 
paper, using a Buechner funnel. The filtrate was further re
duced, and the small volume remaining was dialyzed to separate 
monosaccharides from polysaccharides. Both fractions were 
taken up in exactly 5 ml of double-distilled water. The unde
salted monosaccharide fraction, containing the bulk of any 
amino acids present, was analyzed for amino acids. Before sul
furic acid hydrolysis, a few grams of the wet sediment remain
ing after water hydroiysis were weighed and then oven-dried to 
determine moisture content. The bulk of the wet, water
extracted sediment was then weighed and its dry weight calcu
lated on the basis of the water content of the oven-dried ali
quot. Fifteen to 100 ml of 72 percent sulfuric acid were added to 
the sediment and the mixture was allowed to stand for 1 hour at 
room temperature. Sufficient double-distilled water was then 
added to reduce the acid concentration to 0.2-.N and hydrolysis 
was continued under reflux conditions for 24 hours. The ex
tract thus obtained was neutralized with CaC03 which previ
ously had been maintained at 400° C for 4 hours to reduce the 
possibility of organic contamination in the reagent. The solution 
was filtered through a fritted disc, reduced to a small volume by 
vacuum distillation, and desalted with 95 percent ethanol. The 
precipitated salts were centrifuged from the clear solution. and 
the solution reduced to dryness. The precipitate remaining was 
taken up in exactly 5 ml of double-distilled water. and the ex
tract then was ready for analysis for combined amino acids. 

Analytical Blanks 
To evaluate laboratory contamination. both a water and a 

hydrochloric acid blank were prepared. The procedure was to 
take 500 ml of double-distilled water and 500 ml of the 6-.N 
hydrochloric acid used for hydrolysis and to put each of the 
liquids through the entire analytical procedure used in prepara
tion of the Virginia Formation samples, from filtration through 
desalting to final reduction. 

A fingerprint blank was prepared to ascertain whether fin
gerprint contamination was prevalent. Data are available on 
the amino acids contained in wet fingerprints (Hamilton. 
1965; Hare, 1965; Or6 and Skewes, 1965). The fingerprint blank 
that was prepared was dry, rather than wet, and is perhaps more 
typical of contamination that is likely from insufficiently 
cleaned glassware than is a wet blank. The procedure was to pat 
the inside of a small, clean, dry beaker with the fingertips until 
fingerprints were visible on the glass. The fingertips had been 
previously wiped with clean tissue to remove any adhering 
grit. The inside of the beaker was then rinsed with I ml of 2.2 
pH sodium citrate buffer which dissolved any free amino acids. 
The buffer was removed and put into a labeled vial. the beaker 
Was lightly rinsed with double-distilled water and 2 ml of 6 l'-{ 
hydrochloric acid was placed in the beaker. This was followed 
by heating to approximately 75° C on a warm hot plate over 
a period of one hour. The hydrochloric acid was then removed 
from the beaker and both it and the sodium citrate sample 
were analyzed for amino acids. 

Amino acids were not detected in the water blank, and 
only a trace of aspartic acid Was detected in the hydrochloric 
acid blank. The acid blank was the first sample to be desalted 
after preparation of the water hydrolyzate of the 667-668-foot 
sample from the Virginia Formation. This sample contained 
some aspartic acid, and was the only sample of those desalted 
on this column that did. It is believed that insufficient regen
eration of the ion exchange resin prior to desalting of the blank 
may have resulted in retention of trace amounts of aspartic acid 
on the resin, and that the amino acid subsequently eluted in the 
desalting of the blank. 

Amino acids were not found in either the 2.2 pH sodium 
citrate buffer or 6 l'-{ hydrochloric acid rinses of dry finger
prints. A faulty photometer lamp resulted in an irregular base
line during the analysis of the 2.2 buffer sample, however, and 
a rerun of this sample may reveal some traces of amino acids. 

Amino Acid Determinations 
A 0.1 to I ml aliquot of each sample was analyzed with a 

Phoenix ivlodel K-5000 Automatic Amino Acid Analyzer. The 
determinations were carried out with the ion exchange columns 
maintained at 50° C. For a neutral and acidic analysis. elution 
was with 3.25 pH sodium citrate buffer for 9 hours and 15 
minutes. followed by elution with 4.25 pH sodium citrate buffer 
for 4 hours and 35 minutes. In a basic analysis. the eluant was 
5.25 pH sodium citrate buffer. 

The chromatograms obtained were compared with those 
from analyses of 0.2 or 0.3 ml aliquots of Beckman Calibration 
Mixture Type I. 
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REGIONAL GEOLOGIC SETTING 

Campbell Craddock 

The Upper Precambrian rocks of the Minnesota region 
are of interest and importance for both economic and 
scientific reasons. Copper was obtained from these rocks 
by unknown miners in prehistoric times, and the I\·!iddle 
and Upper Keweenawan strata of Michigan still comprise 
an important copper-producing district. Some Upper Pre
cambrian igneous rocks of the region contain minerals rich 
in copper, nickel, and other metallic elements. Rocks of the 
Baraboo district in Wisconsin that may be Late Precam
brian in age have been mined for iron ore. Porous Upper 
Precambrian sandstones are an important source of ground 
water in the Twin Cities area, and these sedimentary strata 
also are possible reservoirs for the injection and summer 
storage of natural gas. Upper Precambrian sedimentary and 
igneous rocks have been quarried throughout the region for 
use as dimension stone. Red argillaceous beds in the Sioux 
Quartzite have been a source of pipestone for centuries. 

The Midcontinent Gravity High, the most prominent 
gravity anomaly in the United States, extends from Kansas 
across southeastern Minnesota to Lake Superior and be
yond (pI. 2). Studies in Minnesota and Wisconsin (Thiel. 
1956; Craddock and others, 1963; Craddock and others, 
1970) have shown that the Midcontinent Gravity High is 
closely related to the major structural features developed in 
Upper Precambrian rocks. During part of the Late Pre
cambrian this linear zone was the site of extensive mafic 
igneous activity. Thousands of feet of lava tlows accumu
lated by fissure eruptions. and these and older rocks were 
intruded by gabbroic and anorthositic plutons. The 1\1 id
continent Gravity High overlies these dense mafic rocks, 
which commonly occur in an elevated crustal block tlanked 
by basins containing less dense sedimentary rocks. This 
narrow belt cuts across the grain of older Precambrian 
rocks, and it appears to represent a rift zone of continental 
dimension, probably caused by crustal extension. 

Precambrian fossils are rare but of great importance in 
tracing the early history of life on Earth, and several fossil 
localities have been described from Upper Precambrian 
rocks near Lake Superior. Stromatolites have been found in 
dolomite beds of the lower Upper Precambrian Sibley 
Group in the Thunder Bay district of northwestern On
tario. Algal heads occur in biostromal limestones in the 
Copper Harbor Conglomerate at several locali ties on the 
Keweenaw Peninsula in Michigan. The overlying None
such Shale contains alkanes, porphyrins, microorganisms, 
spore-like spherical bodies, plant tissue, and viscous black 
crude oil. 

STRATIGRAPHIC CLASSIFICATION 
The geology of the Lake Superior district was sum

marized in the classic monograph by Van H ise and Leith 
(1911), and this work was later revised by Leith and others 

(1935). These papers laid the foundation for a stratigraphic 
classification of the Precambrian rocks. Van Hise and Leith 
divided the Precambrian into a lower Archean system and 
an upper Algonkian system, and the latter was further di
vided into a lower Huronian series and an upper Keweena
wan series. Within the Keweenawan they recognized a low
er sedimentary unit, a middle volcanic unit. and an upper 
sedimentary unit. Later, Grout and others (1951), from work 
in Minnesota, divided the Precambrian into three eras
Earlier, Medial. and Later Precambrian. The Later Pre
cambrian was considered to be represented by a lower 
Animikie Group and an upper Keweenawan Group. The 
Keweenawan was divided into a lower sedimentary unit, a 
middle igneous unit. and an upper sedimentary unit. On the 
basis of numerous radiometric age determinations, Goldich 
and others (! 961) and Goldich (! 968) proposed a revised 
Precambrian classification for IV! innesota. A three-fold di
vision into Early, 1\'1 iddle. and Late Precambrian eras was 
adopted, and these eras are bounded by the Algoman oro
geny and the Penokean orogeny. The Animikie Group was 
reassigned to the 1\1 iddle Precambrian; it was deformed dur
ing the Penokean orogeny. The Upper Precambrian con
sists of the Sioux Quartzite and the younger Keweenawan 
sequence. 

The stratigraphic classification and inferred correlations 
used in this paper are shown in Figure V-I. All Precam
brian rocks which postdate the Penokean orogeny are as
signed to the Upper Precambrian. The Sioux Quartzite. the 
Barron Quartzite, and the Sibley Group are considered 
about the same age, but probably older than similar rocks 
at the base of the Keweenawan sequence. The Keweenawan 
sequence is developed most fully in the Wisconsin-M ichigan 
area. where it is divided into a lower sedimentary unit, a 
middle volcanic unit. and an upper sedimentary unit. The 
Upper Keweenawan is divided into a lower Oronto Group 
and an upper Bayfield Group. but the nature of the contact 
between these groups is not established. Possibly. the Bay
field Group is as young as Cambrian, but it is considered 
part of the Keweenawan sequence in this paper. 

DISTRIBUTION OF 
UPPER PRECAMBRIAN ROCKS 

Upper Precambrian rocks crop out extensively along 
the borders of Lake Superior. Upper Precambrian rocks 
considered here to predate the Keweenawan include the 
Sibley Group of northwestern Ontario. the Barron Quart
zite of northwestern Wisconsin, and the Sioux Quartzite of 
southwestern Minnesota. It is possible that other Precam
brian epicratonic sedimentary rocks of the J\1 idcontinent 
region. such as the Baraboo Quartzite of southern \Viscon
sin (Dolt and Dalziel, in press), are about this same age. 
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F igure V- I. C lassi fi cati o n of U pper Precambri an stra ti fied rocks, Minnesota and adjoining a reas . 

Roc ks of th e U pper Precambria n Keween awa n sequ ence 
a re p reserved most com plete ly in th e type area of weste rn 
M ich iga n a nd no rth western Wi sco nsi n, but th ey a lso c rop 
o ut eastward to nea r the mouth of Lake S upe ri o r and so uth 
westward int o east-ce nt ra l M inneso ta. G rav ity a nd m ag
ne ti c a no m a lies ( H in ze, 1963 ; Hi nze a nd Merritt. 1969) 
st ro ngly suggest th a t these ro cks co nti nue so uth eastwa rd 
f rom th e eas t end of Lak e Su perio r. beneath th e Pa leozo ic 
stra ta of th e M ich igan bas in . ac ross lower M ic h iga n a t least 
to th e bu ried con ti n ua t ion of the Grenvill e F ro nt. Keweena
wan rocks a lso can be traced by geoph ys ica l anom a li es a nd 
subsurface geo logy to th e so uthwest beneath yo unge r rocks 
in so u thern Mi n neso ta (Craddock a nd o th e rs, 1963). Iowa 
(Coons a nd o th ers , 1967), a nd ac ross Nebraska into K ansas 
(Woo ll a rd a nd J oest ing, 1964 ; Bay ley a nd M uehlbe rge r, 
1968 ; King a nd Z ie tz, 197 1). The k nown and in fe rred ex 
te nt of U pper Precambri an rocks in M inn esota a nd ad 
jacent a reas is shown o n th e acco mpa nyin g geo logic m ap 
(fig. V -2) . 
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PREVIOUS STUDIES 
Geolog ists have studi ed th e U pper Precambri a n rocks 

of M in neso ta and adj ace nt a reas fo r mo re th an a century, 
and hundreds of reports have been publi ~h ed , Some of th e 
mo re comprehensive reg io nal repo rts~those fo und to be 
mo st use ful in prepar in g thi s rev i ew~a re summ a ri zed in 
thi s sec ti o n, M any of th e o th er papers a re c ited elsewh ere 
in th e tex t. 

Am o ng th e earli es t impo rtant wo rk was th at o f Do ug
lass Ho ughto n. repo rt ed to th e Mi chi ga n H o use o f Repre
sent a ti ves in 1840 a nd 184 1, in whi ch he ca ll ed a ttenti o n to 
th e pro mi sin g co pper min era li za ti o n in th e rocks o f th e 
Kewee naw Peninsul a , Dav id Owen co ndu cted a reco n
na issa nce geo log ic survey of Iowa, Wisco nsin . a nd M inn c
so ta fo r th e U .S, Treasury Depa rtm ent in 184 7- 1850 . Th e 
f i rst systemati c gco log ic survey o f Minn eso ta was co n
du c ted durin g a te n-yea r pe ri od beg inning in 1872 und er 
th e directi o n of N , H . Winch ell ; th e las t o f s ix vo lumes 
desc ribing thi s wo rk was publi shed in 1901. A s imilar pro-



« 
f
a 
~ 

« 
o 

:::r: 
f
n::: 
a 
z \ 

J 
( 

r 
L / 

OLDER 

PRECAMBRIAN 

\ -,,--
,r 
\ 

? 
\J ,_ 

" . 

OLD ER 
PRECAM BRIAN 

\: 
I 

OLDER 
PRECAMBR IAN 

\ 

~ \\MICHIGAN 
~ , 

'
'\ 

~) " 
'- . 

-,..-~.~ 

EXPLANATION 
c=J 

Irlfe"1!(! e.lenl )! l(e .. eeno .. 01'1 ...olco,",< and SedImentary 
'OClts be~O!1'I I~ PaleOlOIC sl'OIO 01 .he Mchujlon bolOI" 

c:=l 
Upper lI.e*Hna .. 17I Barf,eld GrooJO 11n.cI...cles Jacobsv.lle SoNhlone I 

r I 
UPPf'r ~ e .. ~...an Oronlo Gr~ 

f'f\,Odle Ke_eeno ... on 11'11,,,10 '9neous rocks, moon'y me "c.. 

" ~: 

" 

but "eludes Mellen 9,on,Ie ,n W,scons., ond Cold .. ell Syen,hC comp'e~ ,n 0.,10.'0 

c:::::::::J 
Modt:l1e II.tioOi'tno .. an l!'Ir..6'~ ogneous ro<:lIs, ma,nl)' mar,e 

but S~ Inl'!rm~lole ond leL~~, 'n<I.K!es some InTrUSIve rocks 

I - ~ 
Lo.e. lIeweena .. CH' sed,menlory rOelt$ 

c=l 
La .. e' Uopet Precomb"o,", I pre -Ke ... ul'>CI'<ro,", ?) seo,menlOf), rocks, 

"'lCI~S 500 .... OVO"t.le 11"\ sou'hweste'" MIl'lneso1o, 
Borron QuorlZ"e ,n W,scons,n, and S.bley Group u' OntarIO 

I S.bley Il'lCludeS man)' mol,c $,lls) 

F igure V-2 . Generalized geologic map of the Lake Superior region showing the known and inferred distribution of Upper 
Precambrian rocks. Compiled by Campbell Craddock (1971) from various sources including the following: 
Ontario Department of Mines Maps 2108 , 2137 , 2198, and 2199 ; Bayley and Muehlberger, 1968; Sims, 1970; 
Dutton and Bradley, 1970; Leith and others, 1935 ; King and Zietz, 1971; Hamblin , 1958; Halls, 1966; Coons 
and others, 1967 ; Hinze, 1963; Meshref and Hinze, 1970; White, 1966a; Farnham , 1967, unpub . Ph.D. thesis, 
Uni v. Minn.; and Craddock, this chapter. 

gram In Wisconsin during 1873- 1879 was upervised by T. 
C. C hamberlin ; four volumes treating the geology of the 
sta te appea red between 1877 and 1883 . R. D. Irving (1883) 
presented a detailed summary of the Keweenawan rocks 
throughout the Lake Superior region . The c mprehensive 

review of the Precambrian geology around Lake uperior 
by Van Hise and Leith (1911) includes a chapter on the 
history of geologic work . 

Thwai tes ( 1912) made a detailed study of the pper 
Keweenawan sandstones along the Wisconsin shore of Lake 
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Superior. Lane ( 191 I) summarized many years of work on 
the Keweenawan rocks of 1\1 ichigan. and Butler and Bur
bank ( 1929) provided a detailed account of the copper de
posits of the Keweenaw Peninsula. Tanton (1931) described 
the geology of the district around Thunder Bay. Ontario. 
Leith and others (1935) revised and brought up'to date the 
earlier monograph on the geology of the Lake Superior 
region by Van Hise and Leith (1911). Sandberg (1938) dis
cussed the sequence of Keweenawan lava tlows along the 
north shore of Lake Superior from Duluth to Two Harbors. 
and Grout and others (1959) described the Upper Precam
brian rocks of Cook County in the northeastern tip of 
l'v\ innesota. 

Geophysical surveys have yielded important informa
tion about the structure of the upper crust in the Lake Su
perior region. Hinze (1963) and Hinze and Merritt (1969) 
presented gravity and magnetic anomaly maps of southern 
Michigan which suggest the probable distribution of Ke
weenawan rocks beneath the Paleozoic beds. Thiel (19561. 
and Craddock and others (1963 and 1970) reported on 
gravity surveys in Wisconsin and ['vi innesota. Coons and 
others (1967) traced the Keweenawan rocks across Iowa by 
their distinctive gravity anomalies. I'vlooney and others 
(1970a and b) discussed the results of numerous shallow 
seismic refraction profiles in Minnesota and Wisconsin. 
Aeromagnetic surveys in the region from Kansas to north
western Wisconsin were compiled and interpreted by King 
and Zietz ( 1971 ). 

Hamblin (1958) presented a detailed study of the Ja
cobsville Sandstone of iVl ichigan. and Hite (1968. unpub. 
Ph. D. dissert.. U niv. Wisconsin) discussed the Oronto Group 
and Myers (1971. unpub. Ph.D. dissert.. Univ. Wisconsin) 
the Bayfield Group in Wisconsin. Halls (1966) reviewed 
the Keweenawan geology of the Lake Superior region. and 
White (1966a and b) analyzed the structure of the Ke
weenawan basin at the western end of Lake Superior. Re
cent compilation maps of the United States of interest in
clude the Bouguer gravity anomaly map by Woollard and 
Joesting (1964) and the basement rock map by Bayley and 
['vluehlberger (1968). 

STRA TIFIED UPPER PRECAMBRIAN ROCKS 
Most of the Upper Precambrian rocks of the Minnesota 

region are either sedimentary or volcanic in origin. Some 
sedimentary rocks in a few areas are probably pre-Ke
weenawan in age (see fig. V-I). but almost all the layered 
rocks are part of the very thick Keweenawan sequence. 
These Upper Precambrian strata will be discussed in five 
parts: pre-Keweenawan sedimentary rocks. Lower Keweena
wan sedimentary rocks. Middle Keweenawan volcanic 
rocks. the Upper Keweenawan Oronto Group. and the 
Upper Keweenawan Bayfield Group. 

Pre-Keweenawan Sedimentary Rocks 
The Sibley Group of Ontario. the Barron Quartzite of 

Wisconsin. and the Sioux Quartzite of Minnesota are simi
lar in composition, structure, and stratigraphic position, and 
possibly are about the same age. The Sibley G roup is a red
bed sequence about 500 feet thick consisting mainly of 
sandstone. mudstone. conglomerate. and carbonate rocks 

284 LATE PRECAMBRIAN 

(Tanton. 1931; Moorhouse. 1957; Franklin and Kustra, 
1970). The stromatolite COllophytOIl occurs in dolomite 
beds at several localities (Hofmann, 1969). The Barron 
Quartzite is about 600 feet thick. and is composed of pale
pink quartzite and thin interbeds of dark-red pipestone 
(Hotchkiss. 1915). The Sioux Quartzite may be as much as 
3.000 feet thick in South Dakota; it also consists mainly of 
gray to pink to red quartzite and includes some beds of 
dark-red pipestone (Baldwin. 195 I, unpub. Ph. D. thesis. 
Columbia Univ.). Except for a few localities of possible 
faulting. the bedding in each of the three formations dips 
less than 25 0 . Although gentle folding has been postulated 
by some workers. the apparent deformation may be only 
initial depositional dips, modified locally by slight tilting 
accompanying the development of the Lake Superior syn
cline. 

Each of the three formations occupies the same strati
graphic position. but their exact ages have not been deter
mined. Whole-rock Rb-Sr isochron age determinations on 
red beds in the Sibley Group indicate an age of 1,265 to 
1,409 m.y. (Franklin and Kustra, 1970). Both the Sibley 
Group and the underlying Rove Formation are intruded by 
the mafic Logan intrusions and associated dikes. K-Ar ages 
as old as 1,210 m.y. have been obtained on these dikes 
(York and Halls, 1969). and a sill in the Rove Formation 
gave a K-Ar whole-rock age of 1.300 m.y. (Hanson and 
Malhotra. 1971). The Sibley Group is overlain unconform
ably by the Osler Group. which is assigned to the Keweena
wan. 

Radiometric ages have not been reported on rocks from 
the Barron Quartzite. This formation is unconformably 
overlain by Upper Cambrian sandstone, but its relation to 
the Keweenawan rocks to the west and north has not been 
established. Refraction seismic studies by Mooney and 
others (1970a and b) suggest that the Barron Quartzite 
continues westward in the subsurface beneath the thick 
sedimentary sequence in the basin east of the St. Croix 
horst. 

The Sioux Quartzite is overlain by Upper Keweenawan 
and Upper Cambrian sedimentary rocks in a well at Glen
coe. Minnesota (Kirwin, 1963. unpub. M.S. thesis. Univ. 
Minn.). Goldich and others (1966) considered the age of the 
Sioux Quartzite to be between 1,200 and L 700 m.y. A K-Ar 
age of 1,470 m.y. obtained on a slightly altered rhyolite 
(tentatively considered as a flow in the Sioux Quartzite) 
from a well at Hull, Iowa. has been interpreted as a pos
sible minimum age for the deposition of the Sioux Quartzite 
by Lidiak (1971). 

Lower Keweenawan Sedimentary Rocks 
Van Hise and Leith (1911) defined the Lower Keweena

wan as the thin sequence of clastic sedimentary rocks found 
in some localities underlying the thick Middle Keweenawan 
volcanic sequence. They did not designate a type locality. 
but these rocks are well developed north of the Gogebic 
iron range in Michigan and Wisconsin, where they are 
known as the Bessemer Quartzite. Lower Keweenawan 
rocks in Minnesota are assigned to the Puckwunge Forma
tion, which crops out in northeastern Minnesota near Grand 
Portage. In this paper, the sedimentary rocks that comprise 



the lowest unit in the Osler Group of Ontario also are con
sidered as Lower Keweenawan. 

The Bessemer Quartzite in Michigan and Wisconsin has 
a maximum thickness of about 300 feet. Most of the forma
tion is gray to pink. commonly laminated quartzite, but 
locally the basal unit is a conglomerate as much as 10 feet 
thick (Felmlee. 1970. unpub. M.S. dissert.. Univ. Wiscon
sin). The Bessemer Quartzite dips steeply northward; it is 
structurally concordant with but stratigraphically uncon
formable upon the underlying Middle Precambrian Tyler 
Slate. 

The Puckwunge Formation is exposed intermittently 
along a belt extending 25 miles westward from near Grand 
Portage. The formation consists of gray to light-buff, cross
bedded sandstone and quartzite at least 100 feet thick; a 
basal conglomerate can be observed in a few places (Grout 
and others, 1959). The Puckwunge Formation dips gently 
southward and rests with unconformity upon the underlying 
Rove Formation. 

Although Van Hise and Leith (1911) assigned the Sibley 
Group to the Lower Keweenawan. those rocks are consid
ered here to be probably pre-Keweenawan. In the Thunder 
Bay district of Ontario the Lower Keweenawan may be 
represented, however. by the lowest unit in the Osler 
Group. These beds consist of a basal conglomerate. 12 feet 
thick at one locality. overlain by about 200 feet of light
colored, cross-bedded quartz sandstone. These strata are 
nearly horizontal and rest unconformably upon the Sibley 
Group (Tanton, 1931). 

Middle Keweenawan Volcanic Rocks 

A thick sequence of Middle Keweenawan volcanic rocks 
underlies much of Lake Superior and crops out extensively 
in Minnesota, Ontario. Wisconsin, and upper Michigan: in 
the subsurface these rocks continue southwestward to Kan
sas and southeastward probably across lower MiChigan. 
These volcanic rocks are mainly plateau basalts formed by 
fissure eruptions. Geophysical anomalies and thickness 
variations along the strike suggest that these tlows accumu
lated in several major basins or troughs (White. 1966a). 

The total thickness of the l\'liddle Keweenawan volcanic 
sequence has been estimated at 30.000 feet by Tyler and 
others (1940) and by White (1966a). On the Keweenaw 
Peninsula the exposed volcanic rocks are at least 15,000 
feet thick; the flows average 43 feet thick, but the green
stone flow locally exceeds 1,400 feet in thickness (White. 
1960. 1966a and b). Recent work in western upper M ichi
gan by White and others (1971) indicates that the Keweena
wan volcanic sequence above the Bessemer Quartzite may 
be as much as 40.000 feet thick; this is similar to the thick
ness of 42.200 feet reported by Gordon in Van Hise and 
Leith (1911). Other estimates of thickness include 4.000 feet 
exposed in the St. Croix valley (Berkey. 1897 and 1898). 
nearly 20.000 feet in east-central Minnesota (HaiL 190 I a). 
about 36.000 feet (Sweet. 1880) and more than 20.000 feet 
(Aldrich, 1929) in northwestern Wisconsin. about 25.800 
feet along the north shore in Minnesota (Sandberg. 1938). 
and 10,000 feet on Isle Royale (Huber. 1971). In Ontario. 
reported thicknesses are 6.000 to 10,000 feet in the Thunder 
Bay district (Tanton, 1931). 11,500 feet on Michipicoten 

Island (Annells, 1970). 2,700 feet near Cape Gargantua 
(Ayres, 1969a), and more than 12,000 feet at M amainse 
Point (Thomson. 1954). 

The Middle Keweenawan volcanic rocks are mainly 
lava flows of wide lateral extent; pyroclastic rocks are rare. 
Most of the flows are basalt, but many felsites and some 
intermediate varieties such as andesite are present. Chemi
cal analyses of lava flows indicate ranges of silica from 42 
to 77 percent in Minnesota (Ruotsala and Tufford, 1965: 
Green, 1971 b). 45 to 75 percent in the Keweenaw Penin
sula (Broderick, 1935), and 42 to 47 percent at M amainse 
Point (Thomson, 1954). Many of the mafic flows are 
amygdaloidal, especially in their upper parts, and the filling 
minerals include zeolites, quartz, calcite, epidote, and 
chlorite. A small fraction of the volcanic sequence consists 
of interflow sedimentary rocks, mainly red sandstones and 
conglomerates; locally the sedimentary rocks exceed 100 
feet in thickness. 

The exact time span represented by the Middle Ke
weenawan volcanic sequence has not been established. 
Where the sedimentary units of Early Keweenawan age crop 
out, their upper contact with Middle Keweenawan rocks 
appears to be conformable; elsewhere, the Middle Keweena
wan volcanic rocks lie unconformably on Lower or Middle 
Precambrian rocks. Goldich (1968) estimated that most 
Keweenawan igneous activity took place during the interval 
1,000-1.200 m.y. ago. but very few reliable radiometric 
ages are available from Keweenawan extrusive rocks. One 
difficulty is the problem of distinguishing sills from flows; 
another is the alteration that characterizes many of the vol
canic rocks. Chaudhuri and Faure (1967) reported Rb-Sr 
isochron ages of 1,107 and 1,180 m.y. on felsite pebbles 
from the Copper Harbor Conglomerate; if these represent 
the true ages of pebbles from Middle Keweenawan flows, 
then volcanism began prior to 1,180 m.y. ago. Chaudhuri 
and Faure (1968) gave an age of 1,130 ± 35 m.y. on a syeno
diorite intrusion emplaced in the Middle Keweenawan Por
tage Lake Lava Series. Chaudhuri and Faure (1967) also 
reported an age of 1,100 ± 25 m.y. for the Chippewa felsite, 
a flow in the Portage Lake Lava Series. In the same paper 
they gave the indicated age of a quartz feldspar porphyry 
lower in the sequence as 978 ±40 m.y., but Brooks and Gar
butt (1969) have interpreted this porphyry as an extrusive 
rock. Chaudhuri and Faure (1967) estimated the age of the 
Nonesuch Shale at 1,075 ± 50 m.y.; this formation is young
er than the uppermost Middle Keweenawan volcanic rock. 

Recent studies of the paleomagnetism of Keweenawan 
rocks by DuBois (1962), Books and others (1966). Books 
(1968), Beck and Lindsley (1969), Beck (1970), and Palmer 
(1970) have yielded very interesting results. Southwestward 
drift of the indicated Precambrian magnetic pole positions 
and a change in the Precambrian magnetic field from re
versed to normal polarity suggest a basis for dividing Ke
weenawan igneous rocks into an older and a younger group. 
Most of the Keweenawan flows are assigned to the younger 
group, but some of the lower flows of the South Range near 
Ironwood, Michigan, of the North Shore Volcanic Group, 
of the Osler Group, and of Cape Gargantua. Alona Bay, 
and Mamainse Point sections are classed with the older 
group. The lowest flows of the South Range. however. pos-
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sess normal polarity and may represent a still older group. 
Books (1968) has suggested redefining the top of the Lower 
Keweenawan at the change from reversed to normal polar
ity: this would require reassigning all the older Middle Ke
weenawan volcanic rocks to the Lower Keweenawan. a 
practice followed by J. C. Green in this chapter. 

The difficulties encountered in developing a geomag
netic polarity time scale for the last 10 m.y. (Watkins. 
1972) indicate a need for caution in applying this approach 
to the Precambrian. If Keweenawan igneous activity lasted 
100-200 m.y .. many polarity reversals may have occurred. 
In addition. the drift curve for the magnetic pole is poorly 
defined because of the scatter in the calculated pole posi
tions. but this is not surprising in view of uncertainties 
about the amount and timing of tectonic deformations in 
many localities. Furthermore. at present very few Keweena
wan rocks are dated with much precision. so the time of 
polarity reversals is poorly known. Future work may allow 
the construction of a geomagnetic polarity time scale for the 
Keweenawan. and the tracing of isochronous surfaces 
throughout the province will be a great advance in under
standing Keweenawan history. In my view. however. the 
development of a time scale and the recognition of iso
chronous surfaces should not cause redefinition of rock
stratigraphic units. Accordingly. the traditional definitions 
of Lower and Middle Keweenawan. based on lithologic 
criteria. are retained in this paper. 

Upper Keweenawan Oronto Group 

The "Lake Superior sandstones" of earlier workers were 
divided by Thwaites (1912) into a lower Oronto Group and 
an upper Bayfield G roup: he considered the two groups 
conformable and assigned them to the Upper Keweenawan. 
The Oronto Group was studied in detail by Hite (1968. op. 

cif.l. and its stratigraphy is summarized by White (1971). 
The type area for the Oronto Group is the outcrop belt ex
tending southwestward from the Keweenaw Peninsula into 
northwestern Wisconsin: it also crops out on Isle Royale 
(Wolff. 1969. unpub. M.S. dissert .. Univ. Wisconsin). and 
occurs in the subsurface beneath Paleozoic strata in east
central Minnesota (Morey. this volume). The Oronto Group 
is believed to underlie the Bayfield Group in the sedi
mentary basin west of the St. Croix horst. and similar rocks 
may occur in the companion basin to the east (Mooney and 
others. 1970a and b). The Oronto Group probably con
tinues southward in the subsurface into Iowa. Nebraska. 
and Kansas. The total thickness of the Oronto G roup was 
estimated at 21.550 feet by Thwaites (1912). at 13.550 feet 
by Tyler and others (1940). and at about 20.000 feet by 
White (1971); the upper contact is not known to be 

exposed. 
The Oronto Group is divided. in ascending order. into 

the Copper Harbor Conglomerate. the Nonesuch Shale. and 
the Freda Sandstone. The Copper Harbor Conglomerate is 
200-7.000 feet thick and consists mainly of red to brown 
conglomerate and sandstone: in the type area. two thin 
oolitic limestones contain heads of the alga Colll:'niu lIndo.l'(/ 

(Hedlund. 1953. unpub. I'v1.S. dissert.. Univ. Wisconsin: 
Spiroff and Slaughter. 1961). The Nonesuch Shale is 250-
750 feet thick and consists of gray siltstone. shale. and 
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sandstone: the lower 50 feet of the formation contai ns ex
tensive copper mineralization at the White Pine mine 
(Brown. 1971). where organic compounds. microfossils. and 
crude oil also have been found (Eglinton and others. 1964: 
Meinschein and others. 1964: Barghoorn and others. 1965: 
I'vloore and others. 1969). The Freda Sandstone appears to 
be at least 12.000 feet thick and consists of red arkosic 
sandstone. siltstone. and micaceous shale. 

The Oronto Group can be assigned to the Uppcr Ke
weenawan because it seems to represent the same cycle of 
accumulation as the underlying Middle Keweenawan vol
canic sequence. but the actual age of the Oronto Group is 
poorly known. The contact between the Portage Lake Lava 
Series and the Copper Harbor Conglomerate is gradational 
and marked by interbedded lava tlows and conglomerates. 
The contact between the Oronto Group and the overlying 
Bayfield Group was thought by Thwaites (1912) to be con
formable. but it cannot be seen in the field. Chaudhuri and 
Faure (1967) reported a radiometric age of 1.075±50 m.y. 
for the Nonesuch Shale. I t is possible that the entire Oronto 
Group may be older than 1.000 m.y .. but the true age of 
the uppermost beds of the Freda Sandstone has not been 
established. 

The rocks of the Oronto Group have been deformed 
moderately strongly. Throughout much of the area these 
beds have been tilted. and the strata dip 80° in the Wis
consin-I'vlichigan border area just south of Lake Superior. 
In Wisconsin. a reversal of dip direction defines the Ash
land syncline. which represents the axis of the Lake Super
ior syncline in that area. In both Wisconsin and Michigan. 
the Oronto beds are involved locally in large- and small
scale folding. 

Upper Keweenawan Bayfield Group 

Thwaites (1912) defined the Bayfield Group. and his 
pioneering work has been extended by Tyler and others 
(1940) and rvlyers (1971. op. ('if.). The type area for the 
Bayfield Group is along the Wisconsin shore of Lake Su
perior. from the Apostle Islands and the Bayfield Peninsula 
westward to near Superior: this belt continues into M inne
sota. where the Bayfield rocks have been divided into the 
Hinckley Sandstone and the underlying Fond du Lac For
mation. Bayfield beds probably extend southward across 
western Wisconsin and southeastern Minnesota in the sub
surface. perhaps as far as Kansas (Scott. 1966). The Jacobs
ville Sandstone of Michigan is considered here a part of the 
Bayfield Group (Hamblin. 1961). although this correlation 
should not be considered certain (Ostrom and Slaughter. 
1967). The Jacobsville Sandstone crops out along the 
Michigan shore to the east end of Lake Superior and into 
Ontario (Hamblin. 1958), and it probably extends to the 
southeast into lower Michigan in the subsurface (Ells. 
1967). Thwaites estimated the thickness of the Bayfield 
Group at about 4.300 feet. but he emphasized the scarcity 
of outcrops in the type area. Geophysical surveys suggest 
that the Bayfield Group may be 7.000 feet or more thick 
near the Keweenaw and Douglas faults (Bacon. 1966; 
Mooney and others. 1970a and b). 

The exposed Bayfield Group has been divided. in as
cending order. into the Orienta Sandstone. the Devils Island 



Sandstone, and the Chequamegon Sandstone. The Orienta 
Sandstone consists of red feldspathic sandstone and silt
stone with a few thin beds of conglomerate. Thwaites 
(19 I 2) estimated its thickness at about 3,000 feet, but he 
included some beds exposed at Middle River and inter
sected in a well at Ashland that may belong to the Oronto 
Group (Myers, 197 I, up. cif.). The Devils Island Sandstone 
is about 300 feet thick and consists of well sorted, very pure 
quartz sandstone. The Chequamegon Sandstone underlies 
the Bayfield Peninsula and the Apostle Islands; it is a red 
feldspathic sandstone with a few thin interbeds of red shale, 
siltstone, and conglomerate. Thwaites (1912) estimated its 
thickness at 1,000 feet, but seismic refraction surveys 
(Mooney and others, 1970a and b) suggest that it may be 
only about 500 feet thick. These three formations comprise 
the Bayfield Group in outcrop in the type area, but it is 
probable that older Bayfield beds exist in the subsurface. 

The Bayfield Group is younger than the Oronto Group 
and is overlain unconformably by Upper Cambrian beds: its 
exact age and proper classification, within these limits. have 
been long debated. Thwaites (19 12) and Atwater and Cle
ment (1935) argued that the Bayfield is Keweenawan. but 
Raasch (1950) and Hamblin (1958) preferred a Cambrian 
age. A critical question is the nature of the contact between 
the Bayfield Group and the Oronto Group. Wherever the 
basal contact is exposed, the Bayfield Group rests uncon
formably upon rocks ranging in age from Middle Keweena
wan to Archean: Murray (1955) presented evidence sug
gesting that one of these surfaces is a pre-J acobsville glacial 
pavement. Although no outcrop demonstrates their rela
tionship, it is probable that the upper Bayfield Group at the 
surface is also unconformable upon the Oronto Group seen 
at the surface. However, geophysical surveys suggest that 
younger Oronto beds and older Bayfield beds may exist in 
the subsurface in the sedimentary basins tlanking the axial 
horst of the Keweenawan province, and it is possible that 
the Bayfield and Oronto Groups may be conformable in 
those basins. DuBois (1962) observed that the magnetic 
pole positions obtained from the Orienta and Jacobsville 
specimens suggested a Keweenawan rather than a Cambrian 
age, although he found different positions from his Che
quamegon specimens. Although the possible age ranges 
from about 550 to 1,000 m.y., the Bayfield Group is con
sidered here to be uppermost Keweenawan. 

Throughout the Lake Superior region the Bayfield 
Group is nearly tlat-Iying, and dips greater than 10° are 
rare. Steep dips occur at some localities in sedimentary 
beds immediately adjacent to the Douglas and Keweenaw 
faults, but some of these strata probably belong to the 
Oronto Group. The generally undeformed character of the 
Bayfield Group provides a striking contrast to the sharp 
tilting and folding noted in the Oronto Group. This contrast 
i'n structural style is evidence for an unconformity between 
these two groups, at least at the stratigraphic levels exposed 
at the surface. 

UPPER PRECAMBRIAN INTRUSIVE ROCKS 
The Upper Precambrian extrusive and intrusive rocks 

of the region constitute a major igneous province. These 
rocks occur in a linear belt that extends from Kansas to at 

least the east end of Lake Superior. Geophysical anomalies 
suggest that these igneous rocks continue to the southeast 
across lower Michigan (Hinze and Merritt, 1969). The 
Kapuskasing Gravity High, which extends to the northeast 
from the east end of Lake Superior. may be related to a 
buried branch of the same igneous province. 

The Upper Precambrian intrusive rocks are commonly 
assigned to the Keweenawan igneous cycle, but some of the 
rocks probably are older than the type Lower Keweenawan 
of Michigan and Wisconsin. Most of the intrusive rocks 
have mafic compositions, but some felsic and intermediate 
rocks have formed by differentiation and perhaps other 
processes. The smaller intrusive bodies are mainly tabular, 
and the larger ones are either ring complexes or roughly 
stratiform. Hundreds of mafic dikes occur throughout the 
region, commonly parallel to the axis of the Lake Superior 
syncline, suggesting crustal extension during the Late Pre
cambrian. Only the major Upper Precambrian intrusive 
groups and complexes are discussed here. 

Logan Intrusions 
The Logan intrusions as defined by Grout and others 

(1959) occur in northeastern Minnesota and in the Thunder 
Bay district of Ontario from the International boundary to 
north of Lake Nipigon. The bodies are mainly tabular in 
form, and numerous sills and dikes are emplaced in the 
Sibley Group, the Rove Formation, and older Precambrian 
rocks. Some of the sills in Canada exceed 500 feet in thick
ness (~Ioorhouse, 1957). 

The Logan intrusions consist mainly of diabase, porphy
ritic diabase. and gabbro, but basalt. granophyre. and in
termediate rocks also occur (Grout and others, 1959). How
ever. chemical and mineralogic dissimilarities of all the 
Logan intrusions suggest that these rocks are the product 
of more than one igneous event. Geul (1970) recognized at 
least two periods of intrusion which he named the Early 
Mafic intrusions and the Pigeon River intrusions. The 
Early Mafic intrusions consist of diabase and porphyritic 
diabase of tholeiitic composition, whereas the Pigeon River 
intrusions are an equigranular olivine diabase. GeuI's Early 
~lafic intrusions resemble the Logan intrusions in Minne
sota which dominantly are sill-like in form. In contrast, the 
Pigeon River intrusions most commonly occur as dikes. 
However, the sill at Pigeon Point, Minnesota, which is 
famous for the following vertical zonation: (I) lower chilled 
diabase: (2) diabasic gabbro; (3). intermediate rock; (4) 
granophyre; and (5) upper chilled diabase with anorthosite 
masses and labradorite phenocrysts (Grout and others, 
1959), mineralogically resembles the Pigeon River intru
sions. 

The emplacement of the Logan intrusions and associ
ated dikes of the Pigeon River intrusions seems to have ex
tended over a long period of time. Hanson and Malhotra 
(197 I) reported an age of 1,300 my on a sill in the Rove 
Formation, and ages of l,l 00, 1,020, 955, and 920 m.\'. on 
dikes. York and Halls (1969) put the ages of two dikes at 
1.210 and 1,150 m.y. DuBois (1962) divided the Logan 
intrusions into two groups on the basis of contrasting mag
netization directions and the subsequent petrologic studies 
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by Geul (1970) suggest that these two groups of rocks also 
can be recognized on petrologic grounds. 

Coldwell Complex 
The Coldwell Complex. located along the shore of Lake 

Superior near Marathon. Ontario. is an almost circular body 
about 16 miles in diameter (JVlilne. 1967) of alkalic igneous 
rocks. The five main rock types occur in roughly concentric 
belts and are classed in two groups. an outer. older. main 
group and an inner. younger. secondary group (Puskas, 
1970). The complex was formed by forceful injection into 
older. Archean rocks. and it transects the structural trends 
in the sedimentary-volcanic country rocks. The tempera
ture of intrusion was sufficiently high to form a pyroxene 
hornfels facies in the contact zone. The complex contains a 
variety of saturated and undersaturated alkalic igneous 
rocks. The older main group consists of massive and lay
ered gabbros and laurvikites. The secondary group is com
posed of syenodiorite. nordmarkite. and nepheline syenites. 
The complex has been examined as a potential source of 
iron. base metals. radioactive minerals. nepheline. feldspar, 
and building stone. Three radiometric ages suggest that the 
complex was emplaced in Late Precambrian time. Fairbairn 
and others (1959) reported Rb-Sr ages of 1.225 and 1.065 
m.y. on two syenite bodies in the Coldwell Complex. Wat
kinson (1970) cited the age of the nearby Prairie Lake 
Complex. composed of ijolitic rocks and carbonatites. as 
1.112 m.y. 

Duluth Complex 
The Duluth Complex defines an arcuate belt that trends 

northward from Duluth and eastward almost to the Lake 
Superior shore near the International boundary. It lies 
stratigraphically at or near the unconformable contact be
tween the Keweenawan stratified sequence and the older 
Precambrian rocks: for the most part. the contacts and the 
internal layering dip eastward or southward at low angles. 
The complex was formed by multiple intrusions. and its 
component rocks apparently can be explained as resulting 
from differentiation of a primary basaltic magma (Taylor, 
1964). The order of intrusion of the major rock types was 
I) gabbroic anorthosite. and 2) troctolitic rocks and. local
ly. picrite. dunite. norite. olivine gabbro. and ferrogabbro. 
Blocks of hornfels derived from older rocks are found com
monly in the troctolitic rocks. Felsic to intermediatc rocks 
occur discontinuously along the top of the complex trom 
Duluth to the castern termination. 

The Duluth Complex intrudes the lower part of the 
Middle Keweenawan volcanic sequence. and probably it is 
overlain unconformably by the Bayfield Group. Radio
metric ages reported on rocks from the complex include 
\.040-\.200 m.y. (Goldich and others. 1961). 1,115 m.y. 
(Silver and Green. 1963), 1.050 m.y. (Hanson and Gast. 
1967). and 1,115 m.y. (Faure and others. 1969). 

Mellen Complex 
The Mellen complex extends for about 40 miles along 

the regional strike and is centered on Mellen. Wisconsin. 
Stratigraphically the complex lies mainly in the Middle 
Keweenawan volcanic sequence; Aldrich (1929, 1933) be-
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Iieved it was emplaced along the Keweenaw fault, but Felm
lee (1970. op. cit.) considered this improbable. Just west or 
rvlellen the complex appears to follow the unconformity at 
the base of the Keweenawan sequence. The enclosing Ke
weenawan strata dip northward at 60° (Leighton, 1954), 
and the complex is about 15,000 feet thick (Olmsted. 1968). 
The rocks of the complex are similar to those in the Duluth 
Complex. Olmsted (1968) showed that the main body 
changes from anorthositic olivine gabbro at the base 
through anorthosite and ferrodiorite to granite at the top. 
Leighton (1954) mapped the rocks as a lower gabbro and 
an upper granophyre. Near Mellen, the gabbroic rocks of 
the complex are cut by a younger body. the rvlellen Granite. 
The complex intrudes the ivl iddle Keweenawan volcanic 
sequence, and possibly the lower part of the Copper Harbor 
Conglomerate. Goldich and others (1961) reported a K-Ar 
age of 1,000 m.y. for biotite from the Mellen Granite. 
Chaudhuri and others (1969) gave the Rb-Sr age of the 
Mellen Granite as 940 m.y. 

GEOLOGIC STRUCTURE 
Early ideas on the structure of the Upper Precambrian 

province, based on many years of personal field experience. 
were summarized by Van Hise and Leith (1911) in their 
comprehensive monograph on the geology of the Lake Su
perior region: this report was modified by Leith and others 
(1935) to take into account the later work. [n recent years 
new insights into the regional structure have followed from 
a few deep exploratory and water wells and extensive grav
ity. magnetic. and seismic surveys. The Upper Precambrian 
province is distinctly linear in plan and displays an overall 
synclinal structure. but along much of its length the central 
part of the syncl ine is the site of an elevated crustal block 
or horst. Recent discussions of regional structure include 
those by White (1966a and b) and by King and Zietz 
(1971 ). The major structural featl.lres of the Upper Precam
brian province are treated in this section. 

Lake Superior Syncline 
Irving (1883) recognized the synclinal nature of the 

Lake Superior basin and illustrated his conception of the 
structure on a map with form line contours. Hotchkiss 
(1923) called this structure the Lake Superior geosyncline. 
but "Lake Superior syncline" is the name used by most 
workers at present. This large feature is typically developed 
under western Lake Superior. but it can be traced across 
northwestern Wisconsin (Dutton and Bradley, 1970) into 
east-central Minnesota. It extends at least to the cast end of 
Lake Superior where it passes beneath the Paleozoic beds 
or the Michigan basin. The syncline is markedly asymllletri
cal. with steep dips on the south limb in Wisconsin and 
Michigan, and gentle dips on the north limb in Minnesota 
and Isle Royale. 

The Lake Superior syncline probably started to form 
with the beginning of the eruption of the Middle Keweena
wan volcanic sequence. Subsidence and accumulation were 
approximately in balance through the time of deposition of 
the Oronto Group. The Bayfield Group (including the 
Jacobsville Sandstone) is broadly synclinal, across the pro
vince. but the dips are slight and could be initial. The loca-



tion of the Michigan and Twin City basins on the axis of 
the Lake Superior syncline, however, suggests that subsi
dence in some segments of thc syncline may have continued 
into the Paleozoic. Total subsidence of the pre-Keweenawan 
unconformity surface beneath western Lake Superior ap
pears to be at least 50,000 feet at the synclinal axis. 

Folds 
Most of the stratified Upper Precambrian rocks of the 

region display a homoclinal structure related to their posi
tion on one limb or the other of the Lake Superior syncline. 
Folds of various sizes are present in a few localities, how
ever, and these are important in reconstructing the kine
matic history of the province. Hall (] 90 1 a) illustrated some 
large folds in the Middle Keweenawan volcanic rocks of 
east-central Minnesota. Thwaites (1912) described several 
folds in the Oronto strata in the area north of l'vlellen. 
Myers (1971, op. cit.) interpreted the steeply-inclined strata 
along the Middle River north of the Douglas fault as Oron
to beds; the great thickness of this section makes folding a 
more probable explanation than fault drag for the steep dip. 
Hubbard (1971) described the Porcupine Mountains area 
as an asymmetric anticline with more than 8,000 feet of 
structural relief. Spiroff and Slaughter (1961) and White 
(1971) portrayed smaller folds in the rocks of the Keweenaw 
Peninsula, and Thomson (1954) discussed small folds in the 
Middle Keweenawan volcanic rocks of Mamainse Point. 

All of the folds are developed in Middle Keweenawan 
volcanic rocks or in sedimentary rocks of the Upper Ke
weenawan Oronto Group. Folds are not known to involve 
rocks of the Bayfield Group, although local tlexures at
tributed to fault drag have been described (Thwaites. 
1912). Accordingly, the formation of these folds can be 
dated as post-Oronto but pre-Bayfield. At least that part of 
the Bayfield Group visible at the surface has not been in
volved in the folding. 

If the Bayfield Group is truly Keweenawan, as it is 
considered here, then this folding phase is Late Keweena
wan. The orientation of the fold axes and the steepening of 
the southeast limb of the Lake Superior syncline argue for 
compression in a northwest-southeast direction. and these 
structures may be related to the roughly contemporaneous 
Grenville orogenic belt lying to the southeast (l\luehlberger 
and others, 1967). However, Brown (1971) concluded that 
mineralization at the White Pine mine preceded this defor
mational phase, and Chaudhuri and Faure (1967) reported 
a very tentative age of 720 m.y. for this mi"leralization. 

The Axial Horst 
In northwestern Wisconsin and east-central l\linnesota 

the axis of the Lake Superior syncline lies in a crustal block 
that appears to have been significantly uplifted relative to 
the bllOcks tlO the northwest and slOutheast. This structure 
was first clearly defined by Thiel (1956), and CraddlOck and 
lOthers (1963) named it the St. CrlOix horst. At the surface 
this horst clOnsists mainly lOf the Middle Keweenawan vlOl
canic sequence, and these beds shlOw mlOderate tlO steep in
ward dips near the borders of the horst. RlOcks of the OrlOnto 
Group are present in some 110calities allOng the synclinal 
axis lOr in small grabens atop the horst. The basins adjacent 

tlO the horst are underlain by thick sections of Upper Ke
weenawan sedimentary rocks. 

This axial horst may terminate in northwestern Wiscon
sin, but it probably continues to the northeast. If the Ke
weenaw fault represents the southern edge, then the hlOrst 
may well extend into eastern Lake SuperilOr. The distinctive 
gravity and magnetic anomaly patterns (Hinze, 1963) sug
gest, but dlO not prove, that the axial horst is present in 
lower Michigan. 

The St. Croix horst is truncated to the southwest by the 
Belle Plaine fault in southern Minnesota (Craddock, this 
chapter), but a similar feature extends southward into Iowa. 
The axial hlOrst structure appears to continue across Iowa 
into Nebraska and perhaps into Kansas (Coons and others, 
1967; Yoho, 1967; King and Zietz, 1971). The fault
bounded Nemaha anticline of Nebraska-Kansas-Oklahoma 
lies 40 miles east of the Midcontinent Gravity High and 
formed during late Paleozoic time (Merriam. 1963); its 
origin may have been related to continued adjustments in 
the buried belt of Upper Precambrian rocks (Lyons. 1959). 

Major Strike Faults 
The most important faults in the Upper Precambrian 

province are the strike faults that blOund the axial horst; 
most workers interpret them as steep, inward-dipping, dip
slip reverse faults. The Keweenaw fault of the Keweenaw 
Peninsula is the best knlOwn of these strike faults. and it 
brings Middle Keweenawan volcanics into ClOntact with 
J aClObsville sandstlOnes. I rving and Chamberlin (] 885) be
lieved that it represents a fault line unconformably buried 
by J aClObsville strata and then reactivated. but Lane (! 91 L 
1916) reconstructed a more complicated history. Bacon 
(1966) estimated the throw at 10.000 feet. and White (] 971) 
estimated it at thousands of feet. The fault can be traced 
westward at least to Lake Gogebic and perhaps into Wis
consi.n (Meshref and Hinze, 1970). 

Aldrich (1929) extended the Keweenaw fault into Wis
consin north of the Gogebic Range, and also defined the 
Lake Owen fault lying almost along the strike to the west. 
The Lake Owen fault is marked by the apparent thrusting 
of Middle Keweenawan volcanic rocks over Upper Ke
weenawan conglomerates, but this interpretation has been 
challenged (Hubbard, 1968). The area between the Lake 
Owen fault and the Keweenaw fault has few exposures and 
a complicated structure, and it is possible that these two 
faults may be continuous. Geophysical surveys (Sims and 
Zietz. 1967: Craddock and others, 1970) show that this 
fault continues southwestward into Minnesota as the Hast
ings fault. Estimates of the throw lOn the Hastings fault 
range from 8.000 to 10,000 feet (Craddock, this chapter). 

The Douglas fault can be traced from Douglas County. 
Wisconsin, southwestward to the Belle Plaine fault in M in
nesota. Thwaites (1912) interpreted it as a reverse fault 
bringing the Middle Keweenawan volcanic rocks up against 
the younger Bayfield Group, but Raasch (1950) explained 
it as an unconformity with sandstone resting upon vlOl
canics. Estimates of the throw on this fault range from 
8.200 to 11,500 feet (Craddock, this chapter). The behavior 
of the Douglas fault beyond Douglas County is unknlOwn, 
but it may continue northeastward into Lake Superior, per-
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haps through the Bayfield peninsula: Halls and West 
(1971 a) have postulated the existence of faults north of Isle 
Royale and M ichipicoten Island. which could be continua
tions of the Douglas fault. 

Major Transverse Faults 
The linear Upper Precambrian province is divided into 

three segments that may be separated from one another by 
important transverse faults. A separation and an apparent 
offset of segments in the province occur in southeastern 
Nebraska. but subsurface data are too sparse to determine 
if they are the result of a fault. Another dislocation between 
segments occurs in southeastern Minnesota: here. the Belle 
Plaine fault coincides with the dislocation. Sloan and Danes 
(1962) discovered the Belle Plaine fault by surface geologic 
mapping and a gravity survey. The fault cuts Paleozoic 
strata at the surface and has a throw of at least 700 feet. 
but the mechanical classification and movement history of 
this fault have not been determined. It can be interpreted 
as a transform fault. a strike-slip fault. or a dip-slip fault 
(Craddock, this chapter). 

Crustal Structure 
Seismic refraction surveys to assess the thickness of the 

crust have revealed an uncommonly great depth to the 
Moho under parts of the Upper Precambrian province. and 
especially in Lake Superior. Steinhart and Meyer (1961) 
calculated a crustal thickness of 35-37 km beneath the Ke
weenaw Peninsula. and they presented preliminary crustal 
thickness contours for much of Wisconsin. Berry and West 
(1966) reported l'vloho depths as great as 60 km beneath 
Lake Superior. and Smith and others (1966) found a maxi
mum depth of 55 km in the same area. Cohen and Meyer 
(\ 966) found a crustal thickness of 46 km below the l'vl id
continent Gravity High in Wisconsin. and a thickness of 
42 km along a parallel line over the deep basin to the east. 
Anzoleaga (1971, unpub. Ph. D. dissert.. U niv. Wisconsin) 
reinterpreted the seismic data from western Lake Superior 
by also utilizing new gravity measurements: his model re
duced the apparent crustal thickness to less than 45 km 
from an earlier value of 50 km based on the seismic data 
alone. 

STRUCTURAL HISTORY 

Major Events 
The Upper Precambrian province is a narrow belt that 

cuts across the structural grain of an older continental plat
form. The major events in the structural evolution of the 
province are the following: 

I. Early in the Late Precambrian. probably more than 
1,300 m.y. ago. igneous activity began with the empl~ce
ment of numerous mafic dikes and sills. M any of the dikes 
tend to parallel the axis of the present Lake Superior syn
cline. 

2. Somewhat later. perhaps about 1,200 m.y. ago. erup
tion of mafic lavas began from fissures near the axis of the 
present Lake Superior syncline. Volcanic acti:-ity was dis
continuous in time and space, but the cumulative thickness 
of these plateau basalts is about 40,000 feet. Individual 
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flows have great lateral continuity, and almost all wcre 
formed under subaerial conditions. Regional subsidence and 
the growth of the volcanic sequence were about in balance. 

3. During the igneous cycle the emplacement of volum
inous intrusive bodies. mainly into and at the bottom of 
the volcanic pile. added to the load accumulating on the 
surface of the older crust. Although most of these intru
sives probably formed along with the volcanics in Middle 
Keweenawan time. at least some were earlier (see above) 
and some were later (one rhyolite body cuts the Freda 
Sandstone). 

4. The Middle Keweenawan cycle of subsidence and 
surface accumulation continued into the Late Keweenawan, 
and the Oronto Group was deposited in the axial part of 
the Lake Superior syncline. 

5. A deformational phase. affecting rocks as young as 
the Freda Sandstone. formed a variety of northeast-trending 
folds and caused local steepening of the southeast limb of 
the Lake Superior syncline. Some strike faults. such as the 
one cutting the large Porcupine Mountains anticline. prob
ably formed at this time. Possibly the transverse Belle Plaine 
fault, if it is a strike-slip fault, had its inception during this 
phase. 

6. During or after this deformational phase. the axial 
horst of the Lake Superior syncline began to form. The 
formation of this structural feature probably involved ac
tual uplift of the horst coupled with subsidence in the ad
jacent basins. The time of formation of the major boundary 
faults is not clear. but the major movements on these faults 
seem to have been completed by the end of Bayfield time. 

7. Readjustments continued along this linear belt during 
Paleozoic time. and these movements are recorded by struc
tures in the Paleozoic strata. Younger sedimentary layers 
above the Upper Precambrian province show a broadly 
synclinal pattern, and the Twin City basin in Minnesota and 
the Michigan basin are both centered on this narrow belt. 
M any small faults in the strata overlying the main boundary 
faults indicate a moderate continued rise of the axial horst 
until at least late Paleozoic time. 

Mechanical Interpretation 
Early and Middle Keweenawan time probably was a 

period of modest crustal extension, leading to vertical frac
turing. rising magmas. and downward bending of the crust. 
This belt of igneous activity and subsidence may represent 
an incipient rift of continental dimension, the development 
of which was arrested in an early stage. Green (\ 971 b) has 
drawn attention to similarities between the Keweenawan 
flows and the Tertiary plateau basalts of Iceland. and 
Kristmannsdottir (1971) has described a mafic sill with 
large anorthosite inclusions emplaced in the Icelandic vol
canic sequence. That the amount of crustal extension in the 
Lake Superior region was slight. however, is suggested by 
the absence of evidence for the normal faulting and graben 
formation so common, for instance. in the East African
Red Sea system (Lowell and Genik. 1972). 

The deformational phase that followed deposition of the 
Oronto Group suggests that an important mechanical 
change occurred during the Late Keweenawan. The. folds 
and faults formed during this phase indicate compressIOn of 



the layered rocks in a northwest-southeast direction. Al
though some of these structures might be a local response 
to tilting from deep subsidence. a regional compression 
probably affected the rocks of the Lake Superior syncline. 
This new stress pattern may have been related to the rough
ly contemporaneous Grenville orogeny in the region to the 
southeast. 

The nature of the forces that formed the axial horst is 
not clear. but at least two possibilities exist. Because the 
main boundary faults are closely related in space, and per
haps in time. to the folds. flexures, and faults formed dur
ing the post-Oronto deformational phase, the axial horst 
may be mainly the result of lateral compression. On the 
other hand, buoyancy forces and isostatic adjustments to 
the earlier deep subsidence may have played an important 
role. The latter explanation better accounts for the un
folded character of the Bayfield beds, the long duration of 

movements into the Paleozoic, and the sharp bend in the 
Upper Precambrian belt (probably primary) in eastern Lake 
Superior where it turns southeastward into lower Michigan. 
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GENERAL GEOLOGY, NORTHEASTERN M~ESOTA 
J. C. Green 

A large part of northeastern Minnesota is underlain by 
Upper Precambrian rocks, which generally are designated 
as Keweenawan (see fig. V -3). These constitute the north
west branch of the Midcontinent Gravity High (see pI. 2), 
a positive gravity feature produced by a thick mass of mafic 
igneous rocks (Craddock and others, 1970). According to 
seismic studies (Smith and others, 1966), the crust is anoma
lously thin « 30 km), at least in the southwestern part 
(Duluth-Two Harbors). Interpretation of this structure as 
an abortive continental rift has been suggested by several 
workers, and King and Zietz (1971) have summarized many 
of the arguments. 

In contrast to the Upper Precambrian of Michigan and 
Wisconsin, which is composed principally of lavas and over
lying clastic strata, the Upper Precambrian of northeastern 
Minnesota consists primarily of intrusive rocks, which un
derlie and transect volcanic rocks. The majority of the in
trusive rocks are assigned to the Duluth Complex; the vol
canic rocks have been named the North Shore Volcanic 
Group. Descriptions and discussions of these major units as 
well as the minor intrusions are given below. 

Recent mapping (for example, Green, 1971 a and b; 
White and others, 1971), seismic (Halls and West, 1971 a 
and b), gravity (White, 1966a; Craddock and others, 1970; 
Ikola, 1970), and paleomagnetic studies (for example Du
Bois, 1962; Books, 1968; Palmer, 1970; Beck and Lindsley, 
1969) provide many new insights into the development of 
the Lake Superior syncline in Late Precambrian time. 
Whereas earlier it commonly has been assumed that all the 
Upper Precambrian volcanic rocks of the Lake Superior 
region accumulated during the same grand event (see Crad
dock, this chapter), the new data show that there was more 
than one major episode of volcanism and intrusion, and 
perhaps that the volcanic rocks accumulated in several sep
arate basins. 

Using a reversal of the Earth's magnetic pole (from a 
reversed to normal orientation) as a time-stratigraphic 
marker to separate Lower from Middle Keweenawan rocks, 
it has been shown that major volcanism took place during 
Early Keweenawan time on both the south shore ("Traps of 
the South Range," east and west of Ironwood, Michigan) 
and the north shore (Osler series, Ontario, and Grand Por
tage to Hovland, Minnesota and westward). Lavas at the 
base of the Upper Precambrian succession at Duluth also 
appear to have been erupted at this time (Green and Books, 
1972). Some remarkable lithic similarities imply that these 
lavas may have been erupted during the same event (and 
possibly in the same basin) as those 150 miles away at 
Grand Portage, and that those at Ironwood similarly are 
correlative to the succession at Hovland, 100 miles away 
across the Lake Superior basin. However, after these Lower 
Keweenawan lava sequences were deposited-perhaps but 
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not necessarily in a single broad basin-fragmentation be
gan. A major intrusion of gabbroic magma, which pro
duced the remarkable layered northeastern (or Gunflint) 
prong of the Duluth Complex, penetrated along the uncon
formity between the Upper and Middle Precambrian rocks 
in Cook County, Minnesota-still during the time of re
versed magnetic polarity. 

Subsequently, the magnetic pole inverted to its normal 
orientation, and after an unknown time interval volcanism 
recommenced in Minnesota, producing the remaining suc
cession of the North Shore Volcanic Group. Volcanism did 
not occur in a simple, symmetrical basin, however, but in
stead apparently involved two major depositional sites, one 
on either side of an area near Beaver Bay. To the northeast, 
some of the volcanic units can be traced around at least 
half the basin, but the uppermost part of the sequence
near Tofte and Schroeder-is markedly asymmetric. South
west of Beaver Bay, the lavas appear to be superposed con
tinuously from Duluth to Split Rock River, but geophysi
cal evidence (White, 1966a; Ikola, 1970) implies a rise in 
the basement near the mutual boundary of Lake and Cook 
Counties, which would in turn imply another strongly asym
metrical basin of accumulation. These rocks were intruded 
subsequently by the main mass ofthe Duluth Complex, the 
Beaver Bay Complex, and other smaller gabbroic intrusions. 
In fact, petrochemical evidence implies that the younger 
Middle Keweenawan part of the North Shore Volcanic 
Group may have been erupted from the same magma cham
ber that produced the bulk of the Duluth Complex (Phin
ney,1970). 

The main part of the Duluth Complex was intruded 
generally along the base of the Middle Keweenawan lavas, 
but locally transected rocks both above (Middle Keweena
wan lavas) and below that zone (Lower Keweenawan lavas, 
Middle and Lower Precambrian rocks), In fact, xenoliths of 
a variety of rocks are abundant in many parts of the Duluth 
Complex, as discussed below by Phinney, Davidson, and 
Bonnichsen; many of these could be metamorphosed lavas. 

One of the more intriguing problems of the Keweena
wan geology of Minnesota is the three-dimensional shape of 
the system, and particularly of the Duluth Complex. The 
outlines of some of the local intrusive bodies, such as the 
Bald Eagle intrusion of Lake County and the layered rocks 
of the Gunflint prong in Cook County, can be inferred from 
the surface patterns of foliations and lithologic subunits. 
However, inasmuch as the densities of the gabbroic rocks 
and basaltic lavas are similar, the subsurface configurations 
of the intrusions cannot readily be determined by gravity 
measurements. Furthermore, the low relief of the area and 
the locally sparse outcrops preclude determining dips where 
contacts cannot be observed directly. Possibly, some of the 
large areas of mafic hornfels in northwestern Cook County 



(Morey and others, 1969, geol. map of Long Island Lake 
quad., Minn. Geol. Survey open-file map) and in east-cen
tral Lake County (Davidson, this chapter) are erosional out
liers of the roof of the complex. Much more mapping and 
geophysical work are needed along the upper contact of the 
Duluth Complex. 

From considerations of lithic character, structure, and 
stratigraphy. as well as geomorphology and geophysics. it 
appears that the youngest major lavas of the Lake Superior 
basin-the Portage Lake Lava Series of the Keweenaw 
Peninsula and Isle Royale, Michigan-were deposited in a 
still later basin that occupied the central part of the present 
Lake Superior syncline. It was at this stage that the present 
configuration of the Lake Superior syncline was developed. 
These younger rocks are regionally discordant to the syn
clinal axis at both Grand Portage and Duluth, and may 

overlie the rocks of the North Shore Volcanic Group un
conformably. Thu,s, the Portage Lake Lava Series has no 
equivalents in northeastern Minnesota. It was followed by 
deposition of the Upper Keweenawan clastic sediments, 
with local volcanic activity continuing for a time in the 
Porcupine Mountains area of Michigan (White and others. 
1971). According to White (1966a), the straight Minnesota 
shoreline of Lake Superior may be a relic of a mid-Upper 
Keweenawan unconformity that formed on the earlier lavas 
and immature sediments and was overlain by younger ma
ture sandstones. By the time of the Late Keweenawan 
sedimentation in Minnesota (for example at Fond du Lac, 
Duluth), the North Shore Volcanic Group had been buried, 
subjected to greenschist- and zeolite-facies metamorphism, 
tilted, and eroded. 
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NORTH SHORE VOLCANIC GROUP 

J. C. Green 

PREVIOUS WORK 

The Upper Precambrian lavas of northeastern Minne
sota (North Shore Volcanic Group of Goldich and others, 
1961) have attracted the attention of geologists for well 
over a century, particularly since the pioneering work by 
Douglass Houghton on the native copper deposits in similar 
rocks on the Keweenaw Peninsula of Michigan in 1841. 
Notable early studies on the north shore were carried out 
by Irving (1883), Elftman (ill Winchell. 1894; 1898). and 
N. H. Winchell (in Winchell and others, 1899; ill Winchell 
and Grant. 1900). More recently, detailed mapping of out
crops along the Lake Superior shore was done by A. E. 
Sandberg (1938), who mapped the flows between Duluth 
and Two Harbors, by Grout and Schwartz (1939), who 
studied the intrusions and flows in the eastern part of Lake 
County, by R. M. Grogan (1940, unpub. Ph.D. thesis, 
Univ. Minn.), who mapped the lakeshore between Two Har
bors and Split Rock River, by George Gryc (1942, unpub. 
M.S. thesis. Univ. l\'linn.). who mapped the Grand Portage 
area, by Schwartz (1949), who studied the rocks of the 
Duluth area, by Grout and others (1959), who mapped most 
of Cook County, and by Norris Jones (1963, unpub. M.S. 
thesis, Univ. Minn.), who mapped the Hovland complex. 
Starting in 1965, I mapped the shoreline between Silver Bay 
and Grand Portage, and have done considerable recon
naissance to the southwest as well as inland. My work has 
been supported in part by grants from the National Science 
Foundation, although the field work has been done as a part 
of the geologic mapping program of the Minnesota Geo
logical Survey. A few preliminary reports have appeared 
(Green, 1968a and b, 1970a, 1971 a and b) and studies are 
continuing. 

REGIONAL RELATIONS 

Relations to Underlying Rocks 
In the northeastern corner of Minnesota the lowest ex

posed Upper Precambrian flows disconformably overlie a 
thin quartzite (Puckwunge Formation; see Mattis, this 
chapter). which in turn overlies, apparently disconformably, 
the Middle Precambrian Rove Formation; here, all the 
rocks strike eastward and dip approximately 10° S. (see fig. 
V-3). At the southwest end of the basin immediately west 
of Duluth, 155 miles away, the lowermost Upper Precam
brian flows also conformably overlie a thin quartzite in
formally called the Nopeming formation (fig. V-4A). They 
overlie the vertically folded slates and metagraywackes of 
the Middle Precambrian Thomson Formation, which is cor
related with the Rove (Goldich and others, 1961). At this 
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locality. the tlows strike north and dip about 15° E. The 
angular unconformity here retlects the diastrophism and 
subsequent erosion associated with the Penokean orogeny, 
which evidently did not affect the northeastern corner of 
the state. Across the axis of the Lake Superior basin in 
northern Wisconsin and Michigan. the lowermost tlows also 
conformably overlie a quartzite known as the Bessemer, 
which in turn overlies IVI iddle Precambrian shale and gray
wacke with only minor discordance. 

Several types of intrusive rocks of Late Precambrian age 
cut the Lower and Middle Precambrian as well as older 
Upper Precambrian rocks. 

Relations to Overlying Rocks 
The youngest Precambrian rocks in northeastern M in

nesota are lavas and intrusive bodies. On Isle Royale, 
Michigan, however. only 20 miles east of Grand Portage, 
Minnesota, as well as on the Keweenaw Peninsula across 
the lake (and across the synclinal axis; see fig. V -3), the 
lavas are overlain conformably by clastic sedimentary strata 
that form the core of the Lake Superior syncline. South of 
Duluth. the lavas and intrusions also are overlain, appar
ently unconformably. by immature clastic sedimentary 
rocks (Fond du Lac Formation). White (1966a) has sug
gested that the remarkably straight and smooth Minnesota 
shore of Lake Superior, which truncates the lavas at Duluth 
and Grand Portage. may be an exhumed mid-Upper Pre
cambrian unconformity. 

Exposures of Upper Precambrian bedrock are excellent 
along the Lake Superior shore and in the beds of major 
streams that tlow into the lake. and are relatively good in a 
wide easterly-trending zone between Ely and the lakeshore. 

Internal Relations 
The Upper Precambrian of the Lake Superior district 

consists of a variety of volcanic successions, clastic sedi
mentary strata, and intrusions, whose relations to one 
another are rather obscure because of faulting, dislocations 
caused by intrusion, poorly exposed contacts, and a lack of 
precise geochronologic data. 

In earlier reports on the Lake Superior district, all the 
Upper Precambrian rocks were considered to be correlative 
with rocks exposed on or near the Keweenaw Peninsula, 
Michigan, and accordingly have been called Keweenawan. 
A tripartite stratigraphic division, as follows. has been 
standard (Van Hise and Leith, 1911): Lower Keweenawan, 
which was defined as including only the basal sandstone 
(Puckwunge, Bessemer); Middle Keweenawan, including all 
the lava tlows and associated intertlow sedimentary strata 



Upper Keweenawan 

WISCONSIN o , w , 30 Miles , 20 , 

Figure V-3 . Generalized geologic map showing the Keweenawan rocks of northeastern Minnesota and the western Lake 
Superior basin . Check pattern , intrusive rocks; vertical rule, Lower Keweenawan rocks (magnetically normal 
and reversed) ; stipp le, Middle Keweenawan lavas (magnetically normal) . 

and most of the intrusions ; and Upper Keweenawan , which 
includes al l the c ia tic sedimentary rocks that overlie the 
lavas. Such a division was convenient and consistent for 
the major copper-bearing a rea of the Keweenaw Peninsul a 
and for Minnesota. There always ha been a question , how
ever, abou t th e contemporaneity of the various volcanic, 
intrusive, and depo itio nal events in thi s unfo si li ferous se
quence across th e width and length of the Lake Superior 
basi n. 

Recent paleomagnetic studies (DuBois, 1962 ; Beck, 
1970 ; Book, 1968; Palmer, 1970) have shown that two re
versals of mag net ic polarity occur in the sequence (fig. V-5). 
These do not coincide with the estab lished stratigraphic 
division, but they provide a means for time correlation of 
ce rtain intervals throughout the ba in . Books (1968) , there
fore has proposed that the boundary between the Lower 
and Middle Keweenawan be pl aced at the second magnet ic 
reversal , where rocks of reversed magnetic polarity are 
overlain by rocks of norm al polarity. The first reversal 

(normal to rever ed) is situated near the base of the '"Traps 
of the South Range" near Ironwood, Michigan and within 
the Sib ley Series of the Thunder Bay district , Ontario , but 
has not yet been recognized in Minnesota; the oldest flows 
in Minnesota have reversed polarization. 

The Lower Keweenawan , as defined magnetically , in
cludes all the "Traps of the SOl,lth Range," across Lake 
Superior and about 10,000 feet of lavas at the base of the 
section in the Grand Portage-Hovland area in northeastern 
Minnesota (see figs . V-3 and V-5). The magnetically de
fined Middle Keweenawan includes the remainder of the 
Upper Precambrian lavas of Minnesota. with the possible 
exception of those that underlie the Duluth Complex im
mediately west of Duluth ; these are tentatively considered 
Lower Keweenawan because of their striking similarity in 
lithology and sequence to the flows at the Su ie Island near 
Grand Portage. The magnetically defined Middle Keweena
wan a lso includes all the major intrusive rocks, except for 
some of the Logan intrusions and the northeastern part 
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Figure V-4 . Photographs of Keweenawan Rocks. A, lowest Keweenawan basalt (pillowed) conformably overlying metasilt
stone and quartzite of basal Keweenawan Nopeming formation (see Mattis, this chapter); N . end of hill in 
SWY<I sec. 17 , T. 49 N ., R. 15 W., west of Duluth ; B, slickensided fault surface. Lake Superior shore southwest 
of Little Marais, Lake Cou nty; C, fault breccia in basalt with calcite matrix, Lake Superior shore, northeast of 
Tofte, Cook County; D, red , cross-bedded sandstone with lava blocks filling open 5-inch fracture in ophitic 
basalt flow. "C lasolyte" is subsequently cut by white, calcite-zeolite vein (lower left) . Lake Superior shore, NE. 
of Little Marais, Lake County. 
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Figure V-5. Proposed correlations fo r the Keweenawa n rocks of no rtheastern Mi nnesota. Solid areas ind icate sect io n m issi ng 
or not exposed. 

(G unflint prong) of the Duluth Complex; th ese a re mag
neti call y reve rsed, and thus probably are Lower Keweena
wan. 

In no rth eastern Minnesota, in trusive rocks occupy a 
la rger proporti on of the area of Upper Precambrian rocks 
than do the lava. T he lavas we re named the orth Shore 
Volcanic G roup by Schwartz (Goldich and o thers, 196 1, p. 
8 1), because they c rop out princ ipally along the Min nesota 
sho re of Lake Superio r; but they are egmented into several 
separate parts by majo r intrusions, and it is d ifficult to trace 
units across such discont inuities . T he major int rusive uni t 
is the Duluth Comp lex , an immense ano rtho ite-t roctolite
gabbro-granophyre comp lex, descr ibed below, that was em
placed in several stage , ge nerally along the unconfo rmity 
between Midd le and Upper Precamb rian rocks or between 
Lower and Midd le Keweenawan lavas. Oth er importan t in 
tru sive unit , whi ch mayor may not be related to the Du
lut h Complex. a re the Beave r Bay Complex-which in
trudes higher levels of the lavas-the Hovland di abase com
plex , the Rese rva tion Ri ver diabase, and the Logan intru 
sio ns, a complex group of large sill s and dikes in the no rth
eastern most part of the state. 

STRUCTURE 
In general, the North Shore Volcanic Group has the 

form of half a large. fi ll ed dish that is ti lted southeastward 
toward Lake Superior (see fig. V-3). A t its southwestwa rd 
lim it at Du luth , the flows strike north and d ip about 15 0 

E. Proceedi ng northeastward, the lakeshore in general in 
tersects progressively h ig her level fl ows to Tofte, in southern 
Cook Cou nty, where the youn gest fl ows in Mi nn esota are 
ex posed. T hese str ike approx imately parall el to the shore
lin e and dip about 12 0 SE. ortheastward from Tofte, the 
fl ows stri ke more easterly th an the lakesho re, so that suc
cess ively lower flows are intersected. A t the Onion River, a 
few miles northeast of Tofte, another slight change of stri ke 
takes pl ace, and progressively higher fl ows are exposed 
aga in near Lutsen. Fo r seve ral mi les no rtheast from Lutsen, 
high-l evel fl ows trend only slightl y more easte rl y than th e 
lakesho re, but the stri ke then wi ngs mo re easterl y and 
lower fl ows are encountered all the way to the base of the 
sect ion at G rand Po rt age. Here, the fl ows st rike lightly 
north of west and d ip 10 0 S.; eastward across G rand Portage 
Island and Lucill e Island, the ba e of the flows gradually 
changes in stri ke to abo ut . 75 0 E. and di p 16 0 S. 
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The lavas retain the same structura l relations inland 
from the lakeshore, but expo ures are mu ch less abund ant 
and flow contacts, and therefore dip , are rarely discernible. 
Several major flows or group of simi lar flows can be traced 
inland from the shore for at least 25 miles (fig. V-6). 

The flow trends, outlined above, are compli cated local
by intru ion and fa ulting. In the area between Si lver 

Bay and Little I\ l arais, for example, many large dikes, plugs, 
ills, and less regular bodies of the Beaver Bay Compl ex 

intrude the lavas, breaking them into segmen ts and pro
ducing many faults and, locally, major change in attit ud e 
of the flow. I n o ne area, the flows strike ea tward and dip 
55 ° .; at anot her locality nearby, th ey are overturned and 
strike northward and dip 50 ° W. In this area, particularly, 
it i extremely difficult to trace individual flows and , there
fore, to determine the stratigraphi c succession of the lavas, 
alt hough loca l successions can be mapped. Other areas 
where major intrusions complicate the correlation of flows 
are at Duluth, where the Duluth Com pl ex intrudes th e 

lavas, and nea r Hovland , wh ere the Hovland di abase and 
the Rese rvation River diabase intrude the lava . 

lost of the faults mapped along the lakeshore a re 
thought to have sma ll displacements and to have been 
ca used by adj acent intrus ions; generally, th ey are tran ver e, 
have steep dips, and lack a prefe rred trike or direction of 
displacement. Typically, they arc see n only on the lakeshore 
or in streambeds, and cannot be traced laterall y for any dis
tance (fig. V-4B). One of th e larger longitudina l faults oc
curs northeast of Littl e Mara is, in eastern Lake ounty; it 
appears to continue for at least 5 miles along strike and dips 
30° NW. where exposed in the Caribou River. The direction 
of displacement was not determined. A more steeply-dipping 
lo ngit udin al fault exposed southwest o f Little Marais can 
be traced a long trik e fo r about 2V2 miles; and a longi
tudinal fault near Tofte (fig. V-4C) is at least I Y2 miles 
long. 

In many outcrops, th e lavas are transected by thin frac
tures as much as 5 cm wide th at are filled with c Ia tic ma-

Reservation River 
diabase complex 

diabase complex 

~~~~~~~~~ Marr Island lavas Red Cliff basalts 
• Croftvilie basalts 

Bay 
o 
I , " , I 

Schroeder f< e: 
L-A 

10 20 Miles 

Grand Marais 
'" ~Goad Harbor Boy andesi tes 

Terrace Point basalt 

Figure V-6 . Generali zed geolog ic map of the North Shore Volcanic Group and associated intrusive rocks of northeastern
most Minnesota, showing continuity of some of the major lava units. 
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teriaL mostly red sand and silt similar to the interflow de
posits and referred to as "c1asolytes" in some earlier reports. 
[n some of the material, cross-bedding can be seen. Evi
dently the fractures were filled by sediments that were 
washed in from above (I-' ackler, 1941), implyi ng that the 
fractures were open and were filled before the overlying 
flows were deposited (fig. V-4D). Although some of these 
clastic dikes follow cooli ng joints, others appear to occupy 
tectonic fractures that were formed contemporaneously with 
volcanism. Some fractures containing zeolites and asso
ciated hydrothermal minerals were not filled until after vol
canism had ceased. 

As mentioned above, the dip of the !lows decreases 
from the base of the succession at Duluth northeastward 
toward the higher stratigraphic levels, in a manner similar 
to that observed on the Keweenaw Peninsula. Generally, 
this has been interpreted as indicating that the Lake Super
ior basin was sinking medially concurrently with lava ex
trusion. However, there is no significant change in dip from 
the youngest !lows at Tofte and Lutsen to the oldest tlows 
at Grand Portage, which implies that the tilting in that area 
took place after the last of the exposed lavas was extruded. 
Also, the rhythmic layering in the Duluth Complex at 
Duluth (Taylor, 1964) dips 20° to 35° E., at least as steeply 
as the tlows it intrudes. This also implies tilting after extru
sion of lavas and intrusion of the Duluth Complex. 

The thickness of the lava succession has been measured 
and estimated in several ways. J. A. Kilburg (1972. unpub. 
M.S. thesis, Univ. Minn.) mapped about 1.000 feet of lavas 
beneath the Duluth Complex southwest of Duluth. Sandberg 
(193S) measured 21,330 feet of tlows and minor interbedded 
sandstones along the Lake Superior shore between Duluth 
and Two Harbors. and Grogan (1940. op. cif.) measured 
2.292 feet of flows between Two Harbors and Split Rock 
River, where the Beaver Bay Complex occurs, for a com
bined total of 24.620 feet. Although it is conceivable that 
such measurements. made at a relatively small angle to the 
strike of the strata. could result in an overestimate of the 
true thickness because of successive shingling of tlows to 
the northeast. this would be quite fortuitous; and if the basin 
were sinking during extrusion. these estimates of thick
nesses would be minimal. On the other hand. this part of 
the Keweenawan area is inferred by White (1966a) from 
geophysical data to correspond to a depositional basin; and 
if. as suggested by White. the basement rises in the vicinity 
of the Beaver Bay Complex. there must be considerable 
shingling. and accordingly the estimate of 24.620 feet of 
strata would be excessive. \Vhite (1966a. p. E 12) estimated 
a total thickness of about 40.000 feet of lava in this basin. 
which is centered under northwestern Wisconsin; only a 
small amount of this total would underlie the iv[ innesota 
shoreline. Thus. the true thickness of this succession in 
Minnesota remains uncertain. 

Reliable estimates of thickness cannot be made in the 
Beaver Bay-Silver Bay area because the lavas are highly 
deformed and separated by intrusions. For several miles 
northeast of Silver Bay. the flows are less deformed and in
terrupted, but are considerably faulted; from my mapping, 
I estimate that about 5.000 feet of lavas occur along the 

lakeshore between Silver Bay and the top of the succession 
at Tofte. 

Northeast of Tofte and Lutsen, where the flows parallel 
the shoreline, about 12,000 feet of lavas have been meas
ured above diabase of the Hovland complex (see cross 
section, fig. V -7). Below the diabase. there is a Lower Ke
weenawan succession of lavas about 9,000 feet thick. giving 
a total thickness in this area of about 21,000 feet. 

Cross-section profiles give estimated thicknesses be
tween 11,000 and IS,OOO feet at Tofte above the Dul uth 
Complex, assuming dips between 12 0 and 20°. Although 
the average dip at Tofte is about 120. there is very little 
control on dips near the base of the sequence. for flow con
tacts are rarely exposed in the few inland outcrops. Farther 
northeast at the Cascade River. a thickness of about [5,000 
feet of lavas is calculated. using an average dip of 120. to 
occur above the Duluth Complex; possibly as much as 
5,000 feet of lavas lie beneath the complex in this area, and 
farther east near the Brule River 10,000 feet of Lower Ke
weenawan lavas are inferred to underlie the southern prong 
of the Duluth Complex. 

GENERAL CHARACTER 

Petrography 

The North Shore Volcanic Group resembles. both phy
sically and chemically. plateau lava sequences of various 
geologic ages. but it is much more variable in composition 
than some. as for example, the Deccan. Coppermine. or 
Columbia River basalts. Similarities to the Tertiary plateau 
lavas of eastern Iceland are particularly striking. The lavas 
are almost entirely subaerial; they have highly vesicular 
(now amygdaloidal) upper portions. massive in teriors, and 
various types of jointing. surface features. and textures. de
pending on their specific compositions. 

Evidence for subaqueous extrusion is rare. At the base 
of the sequence west of Duluth the lowest tlow is pillowed; 
on Grand Portage [sland, the basal tlow has spheroidal 
forms that could be pillows. and excellent. thick-rinded. 
vesicular pillows constitute a tlow on the lakeward side of 
the island a short distance above the base of the succession 
(fig. V-SA). Unequivocal but less well formed pillows and 
pillow-breccia are rare higher in the succession. but were 
seen (I) in the west bank of the Brule River. sec. 27. T. 62 
N .. R. 3 E. (fig. V-SB); (2) in a creek about 2 miles to the 
west; and (3) along the Lake Superior shore near Little 
I\larais. Also. Grogan (1940. op. Cif.) described pillowed 
basalt from near Two Harbors. These local pillowed lavas 
could have formed in small lakes or streambeds on the lava 
surface. 

The tlows are generally tabular. and individual tlows or 
tlow groups can be traced along strike for distances of at 
least 20 miles (fig. V-6J. giving the general impression of a 
broad, rather tlat volcanic terrane. In contrast to eastern 
Iceland (Walker. 1964), however. definite evidence of vol
canic centers. representing shield or composite volcanoes 
contemporaneous with the plateau volcanism. has not been 
found. White (1960) has drawn attentior. to the remarkable 
areal extent and volume of some Keweenawan !lows in 

CH. V I GEOLOGY OF MINNESOTA 299 



Feet 
2000 

WOO 

S.L. 

-woo 

-2000 

o 
I 

1 .. ···1 ... .. 
Olivine diabase 

0 
I 

Coscode 
River 

~ 

Gabbro and 
d iabase 

5 
J 

.A. 

MILES 

W 
I 

Leveoux trochybosolt 
Moose porphyry sill 
Mtn./ 

'"I.' •••••• , Lake 
"'::,~,: : : : :'~", ( "'1l-~"u_'P_er_'10_T_--I 

'{ ..... ',V'~ "-
.......... ~ ••• ..... , ~~ '-! . 

,.-: : : : :\ , 6oS'~ J 
t",~ __ ) .... .. ' ... ~s ................... ... .... 1", 

....... _ ...... . \ -............ ~, 
.... < •••• " 

~5 
J 

EXPLANATION 
~ 111111111111111 1 

Granitic rocks Trachybasa I t sill Intrusive rocks, 

Probable volcanic rocks , 
undifferentiated 

5 
I 

B 

MILES 

ma inly gabbroic 

It'::::::::::::t)tl 
Sandstone ? 

W 
I 

EXPLANATION 

Und ifferent iated 
lavas 

W;n@;XHWl 
Sandstone ? 

~ f <:< ~ ~ :: l 
Felsic lava Granitic rocks 

Andesite 

Basalt 

~ 111111 1111111 1 
Basalt 

Lake 
Superior 

Figure V-7. Interpretive geologic sections across North Shore Volcanic G roup, Cook County. A, from near Lutsen on Lake 
Superior shore to northwest; B, from near Cascade River on Lake Superior shore to north . Dips of form ations 
not to scale. See Figure V-6 for lines of sections. 

300 LATE PRECAM BRIAN 



Figure V-S o Photographs of Keweenawan lavas and interbedded sedimentary rocks. A, p illow basalt, a few flows above base 
of section . SE. shore Grand Portage Island, Cook Coun ty; B, coarse basaltic pillow-breccia in Brule River lavas, 
W. bank Brule R., sec. 27 , T. 62 ., R. 3 E., Cook County; C, two- to three-foot lens of red interflow sand
stone, Lake Superior shore, no rtheast of Little Marais, Lake County. Uppermost foot of sandstone apparently 
has been baked by the overlying ophit ic ba alt. ote p ipe amygdules in base of upper flow and non-eroded , 
lumpy surface of underlyi ng lava; 0 , red interflow conglomerate bed overl ain by basalt, Lake Superior shore 
near Lutsen , Cook County. Only Keweenawan rock types were identified in this conglomerate. 

Michigan , and wi th ample justification called them flood 
basalts. 

Interflow sediments make up a small part of the se
quence. I n a 2 1,000-foot succession of lavas measu red at 
Duluth , Sandberg (l93S) fo und 1.3 percent of interflow 
sandstones, and in the northeastern limb of the uccession 
in Cook County, an estimated IS,OOO feet of stratigraphic 
section contains 2.S percent of interflow sediments (Grou t 
and others, 1959) . These sedimentary rocks are principally 
red, cross-bedded sandstones that occur sporadically as beds 
a few inches thick between flows (fig. V -SC). Conglomerate 
is rare (fig. V-SO). Some sand occurs in cavi ti es in the 
upper parts of flows and fo rms a matrix for flow-top breccia 
in others (fig. V -9 A) . The sedi ments appear to have been 
depos ited by temporary streams that meandered across the 
volcanic surfaces. There is little direct evidence fo r erosion 

between lava flows, but the sandstones evidently had a 
Keweenawan volcanic provenance. Pyroclastic deposits are 
extremely rare, but welded tuff and mixed sand and shards 
have been reported from the Cascade River in Cook County 
(Johnson and Foster, 1965) and basaltic or andesitic brec
cia, other than flow-top breccia, is present at a few locali
ties. 

Aside from the high potassium content of orne mafic 
and intermediate members and the relative abundance of 
rhyolite, the lavas are very simi lar in composition to the 
plateau lava series in Iceland and elsewhere. T ables V-I and 
V-2 show the gene ral characteristics and abundance of the 
major types, and Table V-3 summarizes all chemical analy
ses of lavas of the North Shore Volcanic Group made since 
IS99. The chemicai characteristics of the group are di s
cussed in a later section. 
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Figure V-9. Photographs of Keweenawan lavas. A. sco riaceous rubble of flow-top of Bell Harbor lavas in which inte rstices 
have been filled with red , lamin ated sandston e. Lake Superior shore southwest of Little Marais, Lake County; 
B. several layers of ropy crust on ophitic o li vine basalt flow , Lake Superior shore near Little Marais, Lake 
County (Schroeder basalts); C broad , smooth , billowy top surface on olivine basalt, Lake Superior shore south
west of Tofte, Cook County (Schroeder basalts). Overlying flow has been stripped off by wave action ; D, two 
smooth , gently billowing flow tops of ophitic olivine basalt (middle and just above base of falls) . Gooseberry 
River, just below U.S . Highway 61, Lake County . 

The most ab und ant gene ral type of lava is o livine basalt 
of several varie ti es. One widespread, important, and di s
tinctive variety is mottled (ophiti c) , and is simil a r to what 
has been cal led ophite in ea rli er work on th e Lake Superior 
district and o li vine tholeiite in o ther a reas. These lavas 
typically have ropy surfaces (fig. V-9B) and must have been 
very fluid . Rough column ar joints a re common. Some flows 
lack ropy surfaces and in tead have broad , smooth billows 
(figs. V-9C and V-9D) . Other o li vine basa lt s are rela tivel y 
coarse grained, some with diabasic and some with other 
characteristic textures. Some of these rocks resemble the 
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"feldspathic melaphyres" desc ribed from th e Keweenaw 
Peninsul a. In th e Tofte-Lutsen area, a group of o livine 
basalts high in th e sequence have abundant, small (1-3 mm ) 
bytownite phenocrys ts o r crystal c lots . These resembl e 
some "porphyritic feldspathic melaphyres" and "glomero
porphyrites" of older reports on the Michigan Keweenawan. 
At the base of the sequence, both at Duluth and on Luci ll e 
I land east of Grand Portage, are distinctive basa lt s that 
contain abundant phenocrys ts, 2-3 mm across, of aug ite 
and se rpentinized o li vine. These are particularly un co m
mon , for th ey have ferromagnes ian rather than pl ag ioclase 



Table V-I. Characteristics of major lava types. 

Olivine Quartz tholeiite- Andesite, Intermediate Quartz latite-
tholeiite trachyandesite trachyandesite quartz latite rhyolite 

Thickness, in ft. 10-50 30-60 30-100 80-600 
(normal) 

(max. thick., 160 >100 240 200 1300 
in ft.) 

Jointing rough columns small joints, no small joints, irregular, blocky, platy, small joints, 
in upper 112 ; good pattern irregular and platy near top large columns in 
sheeting at top subhorizontal some thick flows 

Top zone ropy, smooth; amygdular rubble- lobate, wrinkled uneven, wrinkled wrinkled, flow-
round amygdules breccia; stretched crust; stretched crust or breccia banded crust, 

amygdules amygdules vesicular 

Textures obviously ophitic aphanitic to fine- aphanitic to fine- aphanitic, porphy- aphanitic to felsitic-
lower 2/3; grained, pilo- grained; porphyri- ritic (plag., ferro- poikilitic; most por-
amygdaloidal in taxitic to sub- tic (plag., augite, augite, Fe-olivine, phyritic (K-spar, qtz, 
upper 2/3 ophitic; aphyric magnetite) magnetite) ± plagioclase, ferro-

augite, magnetite) 

Mineralogy olivine, augite, augite, labra- andesine, augite, plagioclase, ferro- as above 
<) bytownite-labra- dorite-andesine, magnetite, some augite, Fe-olivine, (ferroaugite rarely :r:: dorite, opaques, opaques, some inter- pigeonite, inter- magnetite, K-spar, preserved) 
< zeolites, etc. stitial glass, K-spar, stitial K-spar quartz 

Cl quartz 
m 
0 Tholeiite Trachyanciesite 
r-
0 SiO~, wt.% 
Cl 

45.7-49.1 50.1-5l.1 53.1-55.0 51.4-56.4 60.2-64.9 68.9-75.5 

--< 
0 MgO,wt.% 5.3 - 8.1 4.7-5.9 2.9-4.3 2.3-4.5 0.9-1.9 Tr - 0.7 
'Tl 

'7 
K~O, wt.% 0.1 - 0.5 0.6-0.9 1.9-2.4 0.8-2.7 2.8-4.9 3.5-6.2 

Z 
Z 

pipe amygdules fine oxidation- variable red-brown; plagio- red, pink, or gray m Other 
f/J at base; banding common in clase commonly al-0 ..., 

thin flow units lower 112 ; tered 
;V 

common qtz, agate in 
UJ amygdulcs 
0 
UJ 



Table V-2. Comparative abundance of lava types. 

North Shore Volcanic Group, Keweenawan Eastern Iceland, Tertiary 
NE limb Duluth-Two Two Harbors- Reydar- Thingmuli volcano 

(Tofte-Grand Portage) Harbors Split Rock fjordur (Carmichael, 1964) 
(Sandberg, (Grogan, 1940, plateau lavas 

1938) 

Olivine tholeiite 
("ophite") 57 32.8 

Porphyritic basalt 

(Qua>"tz) tholeiite } { 7 
Aphyric trachyandesite 

"Melaphyre" 38.6 

Andesite-porphyritic 
trachyandesite 7 

Andesite 

"Porphyrite" 10.4 

Intermediate quartz 
latite 4 

Rhyolite ("acid") 25 18.2 

Other 

* Percentages in this column are "abundances" 

phenocrysts; their flow tops are characterized by small lobes 
and coarse wrinkles (fig. V -lOA). Another moderately abun
dant and distinctive basalt type is quartz tholeiite. which is 
aphanitic or very fine grained, nonporphyritic, and slightly 
more siliceous than the olivine basalts; it formed from more 
viscous lavas than did the olivine basalts. The quartz 
tholeiites characteristically have a rubbly or brecciated top. 
with the highly vesicular fragments set in a matrix of 
washed-in red sand (fig. V-9A) or, less commonly, hydro
thermally deposited calcite and zeolites. Also, they com
monly show narrow oxidation bands. 1-3 mm thick. along 
subhorizontal flowage-fracture planes. This quartz tholeiite 
grades into more potassium-rich varieties (trachybasalt. 
trachyandesite) that can be distinguished only by chemical 
analysis and microscope study; patches of interstitial K
feldspar are present in these rocks but are invisible in hand 
specimen. Both the quartz tholeiites and the fine-grained 
trachybasalts resemble the "fine-grained melaphyres" of 
older Lake Superior terminology. 

The intermediate lavas are nearly all porphyritic. and 
have plagioclase. augite. magnetite and. in some specimens, 
iron-rich olivine phenocrysts. They have the compositions 
of andesites, trachyandesites. and intermediate quartz la
tites. Pigeonite is common in the groundmass of the more 
mafic types. Some of these flows resemble the "porphyrites" 
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unpub. Ph.D. (Walker, 
thesis, Univ. Minn.) 1960) 

41 23 7* 

12 1 

48 50 

54 

3 18 

2 

3 8 21 

3 pyroclastics 

of older reports. Most are aphanitic. but one unusual flow, 
here called the Manitou trachybasalt. is at least 300 feet 
thick and granular. and can be traced for a distance of 5 
miles (fig. V-lOB); originally it extended an unknown dis
tance farther in both directions. These flows are commonly 
brown or red. and are irregularly jointed or have platy sub
horizontal joints. Lakeshore outcrops of the Manitou trachy
basalt show distinctive liesegang-like weathering bands on 
joint surfaces (see fig. V-lOC and Grout and Schwartz, 
1939. fig. 12). Some of the trachyandesites and intermediate 
quartz latites resemble the "icelandites" of Carmichael 
(1964). M any of the flows near Hovland and on strike to 
the west-northwest are porphyritic trachybasalts and trachy
andesites that have very conspicuous platy plagioclase 
phenocrysts (fig. V-IOD). 

The felsic lavas are anomalously abundant for a simple 
differentiation series from a basaltic parent magma. They 
are red, pink, or light gray. and have the composition of 
quartz latite and rhyolite. These flows tend to be much 
thicker than the other types; the thickest known flow, a few 
miles east of Grand Marais. is 1,300 feet thick. although it 
is possible that the Brule River rhyolite west of Hovland is 
locally as much as 3.500 feet thick. Their top surfaces are 
mostly strongly flow-banded. vesicular. and contorted, but 
not brecciated, and their bases are commonly flow-banded, 



Figure V-IO. Photographs of Keweenawan lavas. A, lobes and wrinkles in surface of augite-porphyritic basalt, SE. shore 
Lucille Island , east of Grand Portage, Cook County; 8 , Lake Superior shore exposure of Manitou trachy
basalt, a thi ck flow in the Schroeder basalt sequence. View northeastward along strike from just northeast of 
Little Marais River, Lake County; C, banded weathering rings on Lake Superior shore outcrop of Manitou 
trachybasalt , northeast of Little Marais, Lake County; D , porphyri tic trachyandesite flow showing large 
pl agiocl ase phenocrysts just northwest of U.S. Highway 61 , 0.9 miles SW. of Reservation River, Cook County. 

folded , and locall y brecciated. No evidence for ignimbrites 
has been seen, excep t for that repor ted by Johnson and 
Fo te r (1965) in th e Cascade River. Spheru lites are rare. 
J o inting ranges from la rge co lumns 5 or more feet across in 
the thi ckest flows (fig. V-IIA) to small , sub ho ri zontal platy 
o r irregular joints; small tectonicall y produced parallel frac
ture set a few mm apart commonl y have broken the cool
ing-joi nt blocks into small pieces. Mo t of the fe lsites are 
porphyritic, with qu art z and feld par phenocrysts (sanidine
o rth oclase with o r without 01 igoclase-andesine) , but some 
are o nl y weakly porphyritic or ap hyr ic. Poikilitic quartz 
surroundin g sto ut a lkali-feldspar laths (""snowflake texture") 
is a common mic roscopi c tex ture in th e thicker flows 
(Gree n, 1970a and b), and thin plates of quartz, probably 
pseudomorphic after tridymite, are also common. Even 
th ese sili ceous lavas ev identl y fl owed great distances, for 
o ne lava or fl ow group can be traced for at least 23 miles 
west from th e Devi l Track River, Grand Mara is (see fig . 
V-6) . 

Alteration and Hydrothermal Deposition 

The lavas have been strongly but irregularl y affected by 
econdary solutions that deposited low-temperature miner

a ls in vesicles, fractures. and other cavities, and altered 
some of the mi neral s in the lavas themselves. For example, 
all the o li vine has been altered in the lavas, although fresh 
o li vine is common in th e intrusive diabases. A broad zona
tion of the alteration is apparent. At Duluth and at Grand 
Portage, in th e lower parts of the lava sequence. much of 
the groundmass pyroxene has been converted to actinolite 
and some pl agioclase has been saussuritized, indicating con
ditions approaching low greenschist facies. Here also, the 
amygdul e minerals are characteristically quartz, prehnite, 
calcite, epidote, and chlorite, the same basic assemblage 
found in the Portage Lake Lava Series on the Keweenaw 
Peninsula (Sto iber and Davidson, 1959). J . A . Kilburg 
(1972, op . cit .) has found wairakite, as well , in some speci
mens near the Duluth Complex. I n and no rtheast of Duluth , 
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Figure V - II . Photographs of Keweenawan lavas. A, Pali sade rhyolite flow , exposed in Palisade Head (fo reground) and 
Shovel Poi nt or Li tt le Palisades, 2 miles away in distance. C liffs are abou t 200 feet hi gh. No rth east of Silver 
Bay, Lake County; B, plagioclase-porphyritic basalt flow , small islet just west of Lucille Island, east of Grand 
Portage, Cook County (Grand Portage lavas); C, view eastward along base of Keween awan fro m hill 1.4 mil es 
southwest of Grand Portage village. Basal lavas overlying Puckwunge Fm. are exposed in slope behind spruce 
tree in foreground , a t base of hill on Grand Portage Island in middl e and on left-h and end of Lucille Island 
(seen over low neck of H at Point) ; Isle Royale, Michigan , composed of younger Keweenawan lavas on th e 
northwest side of the Lake Superior syncline, is faintly vi sible to right ; D, fl ow contact in ophitic olivine 
basalts of Schroeder basalt series. Massive base of a thi ck flow overli es soft er, amygdalo idal top of fl ow be
neath . See man at contact fo r scale. Lake Superio r sho re near Schroeder, Cook County. 

K-feld par also occurs and lau montite is abundant. Pum
pellyite has not yet been identified in the North Shore Vol
canic Group. Higher in the sequ ence, va ri ous zeo lites, to
get her with calcite, a re dominant except in the qua rtz 
tholeiites and similar lavas where agate, crysta llin e qua rtz, 
and chlorite are more common. The most abundant zeo
lites are laumon tite, tilbite, heul andite, thomsonite, sco le
cite, a nd mordenite ; but analcite, natro lite, meso lite, and 
apophyllite also have been found. Saponite is common in 
o li vine basalts at these hi gher strati graphic levels (Whelan 
and Lepp , 196 1). Andradi te garnet has been discovered in 
amygdule and veins from lava types ranging in composi
tion from basalts to rhyolites and occurri ng at different 
stratigraphic levels, and traces of native copper have been 
found at several localities . Thus, the secondary zonation in 
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the No rth Shore Volcanic Group spans both the deeper 
level, hotter type found on the Keweenaw Peninsul a and the 
higher level, cooler type characteristi c of the lower pa rts of 
the T erti a ry pl ateau lavas of eastern Iceland , as desc ribed 
by Walker (1960). Apparentl y, Walker's upper zeolit e- free 
zo ne is no t represented in Mi nnesota. Acco rdin g to es ti 
mates from Walker's data, th e presentl y exposed top of th e 
seq uence o n the Lake Superior sho re was approxim ately 
5,000 feet below the surface durin g th e hydroth ermal a lt era
ti on. Altho ugh deta il ed work has root ye t been don e, c lear 
crosscutting rel ations of zeolit e zones to stratigraph y within 
th e lavas have not been recognized ; th e apparent Upper 
Precambri an, post-vol ca ni c unco nfor mity th at fo ll ows the 
north sho re must have postda ted th e alteratio n, for it cuts 
ac ross the zeolite zones. 



It should be stressed, however, that almost none of the 
flows have been converted entirely to secondary minerals. In 
fact, although fresh olivine has not been seen, the plagio
clase and augite are typir;ally unaltered or only locally al
tered in most mafic and intermediate rocks. Typically, the 
opaque minerals are partly oxidized, and most pigeonite 
has oxidized rims. In many intermediate and felsic lavas, 
plagioclase phenocrysts are albitized and/or zeolitized; some 
of this alteration could be deuteric. In the more felsic lavas, 
ferromagnesian silicates (ferrous olivines, ferroaugites) are 
nearly everywhere destroyed by oxidation. Fresh. undevitri
fied volcanic glass is still present locally. notably in an an
desite exposed about 2 miles west of the mouth of the Brule 
River (MI-35, table V-3B). 

The alteration (low-grade metamorphism to greenschist 
and zeolite facies) must have occurred under a cover of 
several thousand feet of overlying deposits. subsequently 
eroded. As pointed out by White (1957. p. II). extrapola
tion of the present geothermal gradient in the deep mines 
of the Keweenaw Peninsula (I8°/km; Birch. 1954. p. 19) 
would give a temperature of 250 0 C. probably characteristic 
of the low greenschist facies. at a depth of about 40.000 
feet. which is not unreasonable compared to current esti
mates of the total thickness of the Upper Precambrian lavas 
(21,000-29.000 feet) and intrusions (17.000-20,000 feet). 
With the higher geothermal gradients that probably existed 
in the Keweenawan. of course. such a temperature would 
have been reached at a considerably shallower depth; how
ever. the entire thickness of cover must have been eroded 
before deposition of the Upper Keweenawan Fond du Lac 
sandstone unconformably on the greenschist-facies Ely's 
Peak basalts at Duluth. 

Flow Thickness 
From personal observation. I have seen that flow thick

nesses (table V-I) are generally similar to those of Tertiary 
Icelandic plateau lavas. 1\,1 any tlow contacts are well ex
posed along the shoreline and in streambeds. but determina
tion of true llow thicknesses is dependent on distinguishing 
flow-unit contacts from flow contacts. Flow units. defined 
as overlapping tongues or shcets of a single eruption. might 
be distinguished from tlows by the absence of sediments. 
weathered rock. or eroded material along the contacts be
tween similar rock types, If a lithic change or evidence of 
surficial processes is present. a !low contact is implied. but 
the converse is not true; even with a time span of several 
years. a tlow surface may show no evidence of weathering. 
erosion. or stream sedimentation. If a new eruption of the 
same lava type follows. the next contact will be indistin
guishable from an internal. flow-unit contact that may rep
resent a time span of only a few hours or days. as is com
monly the case in Hawaii. Therefore. the numbers of tlows 
given below are maximal. as units are counted as tlows. and 
tlow thicknesses are minimal. Another problem in deter
mining flow thickness arises when a thick flow is inter
sected at a small angle by the lakeshore; the top and base 
may be separated along the outcrop by distances of a few 
miles. so that thickness of the flow cannot be measured di
rectly. In such cases. geometric construction has been used 
to estimate thicknesses, 

From the data of Sandberg (1938), the 179 flows mea
sured and counted between Duluth and Two Harbors aver
age 74 feet in thickness. whereas the 70 dominantly basaltic 
flows measured by Grogan (1940. op, cit.) northeast to Split 
Rock River, average only 37 feet in thickness. Near Tofte, 
most tlows. all ophitic olivine tholeiites. are between I and 
40 feet thick. According to Grout and others (1959), the 
succession from Tofte to Grand Portage contains 94 flows 
that are an average of 187 feet thick; my mapping, how
ever. shows that the number of flows probably was under
estimated considerably. partly because of the many gaps in 
outcrop east of Grand Marais, Between Lutsen. where the 
section starts to descend stratigraphically. and Grand I'vl a
rais. about 25 flows are present, averaging 84 feet in thick
ness, These are dominantly basaltic and are uncommonly 
thick, East of Grand Marais. several thick intermediate and 
felsic tlows are present. and four of these are more than 300 
feet thick. I n the poorly exposed. magnetically reversed 
succession at Grand Portage, the 38 basaltic flows that can 
be seen range in thickness from 6 to about 40 feet; the well 
exposed pyroxene-porphyritic basalts in Lucille and Magnet 
Islands are. on the average. only 16 feet thick. 

Location of Vents 
The source area for the Keweenawan lavas is of much 

interest for reconstructing the volcano-tectonic history. 
I\lost areas of plateau basalt appear to have sources local
ized in dike swarms (Waters. 1961; Walker. 1964), but ex
cept possibly for the dike swarm near Grand Portage (see 
below), such feeder-dike swarms have not been identified 
for the Keweenawan lavas. The lavas of the Portage Lake 
Lava Series. on the Keweenaw Peninsula. are reported 
(Butler and Burbank. 1929) from the direction of bending 
of pipe vesicles at the bases of flows to show a southerly 
movement. out of the basin. White (1960) has suggested a 
tectonic setting for the Portage Lake Lava Series of a broad. 
gently-sloping basin, centered in western Lake Superior. 
with streams draining toward the center, interrupted fre
quently by eruptions of massive volumes of lava along axial 
fissures; the lava ~pread outward as each basalt flood filled 
the very tlat basin. like pancake batter. However. the Por
tage Lake lavas appear to lie in a depositional basin that 
is younger and not directly related to that in which the 
North Shore Volcanic Group was deposited. 

In the Duluth-Two Harbors succession. Sandberg 
(1938l observed 70 directional indicators of various sorts
which are not well documented-that he stated "invariably" 
showed westward movement. However. farther north alo~g 
the shoreline. between Two Harbors and Split Rock River. 
Grogan (1940. op, cit.) did not observe any prevalent flow 
direction; and in the Little Marais-Lutsen area. where tlow
direction features are abundant in the ophitic olivine 
tholeiites. I did not find. from an analysis of 241 features 
(fig. V-12l, evidence for a preferred direction of tlow. 
Eleven tlow-features of various types seen between Silver 
Bay and Little Marais suggest flow predominantly from the 
northeast. Nine features-mostly stretched amygdules
found stratigraphically below the Lutsen basalts between 
Lutsen and Hovland suggest tlow from either southeast or 
northwest; and 16 features seen in the Grand Portage lavas 

CH. V / GEOLOGY OF MINNESOTA 307 



Figure V-II. Photographs of Keweenawan lavas. A, Palisade rhyolite flow , exposed in Palisade Head (foreground) and 
Shovel Point or Little Pali sades, 2 mil es away in di stance. C liffs are about 200 feet high. Northeast of Sil ver 
Bay, Lake County; B, plagioclase-po rphyritic basalt flow , small islet just west of Lucille Island, east of Grand 
Portage, Cook County (Grand Portage lavas); C , view eastward along base of Keweenawan from hill 1.4 mil es 
southwest of Grand Portage vi ll age. Basal lavas overlying Puckwunge Fm. are exposed in slope behind spruce 
tree in foreground, at base of hill on G rand Portage Island in middle and on left-hand end of Lucille Island 
(seen over low neck of Hat Point) ; Isle Royale, Michigan , composed of younger Keweenawan lavas on the 
northwest side of the Lake Superior syncline, is fai ntly visible to right ; D, flow contact in ophitic olivin e 
basalts of Schroeder basalt series. Massive base of a thick flow overlies softer, amygdaloidal top of flow be
neath. See man at contact for scale. Lake Superio r shore near Schroeder, Cook County. 

K-feldspar also occurs and lau montite is abundant. Pum
pell yi te has not yet been identified in the North Sho re Vol
canic Group . Higher in the sequence, various zeolites, to
gether wi th calcite, a re dominant except in the quartz 
tholeiites and s imil ar lavas where agate, crysta llin e quar tz, 
and chlorite are more common. The most abundant zeo
lites are laumonti te, stilbite, heul andite, thomsonite, sco le
cite, and mordenite ; but analcite, natrolite, meso lite, and 
apophyllite also have been found . Saponite is common in 
o li vine basa lts at these higher strati graph ic levels (Whelan 
and Lepp, 196 1). Andradi te garn et has been di scovered in 
amygd ules and vei ns fro m lava types rang ing in composi 
tion from basalts to rhyolites and occurring at different 
stratigraphic levels, and traces of native copper have been 
found at several localities. Thus, the secondary zonation in 
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the No rth Sho re Vo lcanic Group spans both the deeper 
leve l, hotter type fo und on the Keweenaw Peninsul a and the 
higher level, cooler type characteri stic of the lower parts of 
the Tertiary plateau lavas of eastern Iceland , as described 
by Walker (1960) . Apparently, Walker 's upp er zeo lite-free 
zone is not represent ed in Minnesota. Accord ing to es ti 
mates fro m Walker's data, the presentl y ex posed top of the 
sequence on the Lake Superior sho re was approx im ately 
5,000 feet below the surface durin g th e hyd roth erm al a lt era
ti o n. Although deta il ed work has r.ot ye t been do ne, c lear 
crosscutting relati ons of zeolit e zo nes to strati graph y wirhill 

the lavas have not been recogni zed; th e apparent Upper 
Precambri an, post-volcanic un conformity that foll ows th e 
north shore must have postdated th e alterati o n, for it cuts 
across the zeolite zo nes. 

f 



It should be stressed, however, that almost none of the 
flows have been converted entirely to secondary minerals. In 
fact, although fresh olivine has not been seen, the plagio
clase and augite are typically unaltered or only locally al
tered in most mafic and intermediate rocks. Typically, the 
opaque minerals are partly oxidized, and most pigeonite 
has oxidized rims. In many intermediate and felsic lavas, 
plagioclase phenocrysts are albitized and/or zeolitized; some 
of this alteration could be deuteric. In the more felsic lavas, 
ferromagnesian silicates (ferrous olivines, ferroaugites) are 
nearly everywhere destroyed by oxidation, Fresh. undevitri
fied volcanic glass is still present locally, notably in an an
desite exposed about 2 miles west of the mouth of the Brule 
River (M 1-35, table V -3B). 

The alteration (low-grade metamorphism to greenschist 
and zeolite facies) must have occurred under a cover of 
several thousand feet of overlying deposits, subsequently 
eroded. As pointed out by White (1957. p. 11), extrapola
tion of the present geothermal gradient in the deep mines 
of the Keweenaw Peninsula (18°/km; Birch, 1954, p. 19) 
would give a temperature of 250 0 C, probably characteristic 
of the low greenschist facies, at a depth of about 40,000 
feet, which is not unreasonable compared to current esti
mates of the total thickness of the Upper Precambrian lavas 
(21,000-29,000 feet) and intrusions (! 7,000-20,000 feet). 
With the higher geothermal gradients that probably existed 
in the Keweenawan, of course, such a temperature would 
have been reached at a considerably shallower depth: how
ever, the entire thickness of cover must have been eroded 
before deposition of the Upper Keweenawan Fond du Lac 
sandstone unconformably on the greenschist-facies Ely's 
Peak basalts at Duluth. 

Flow Thickness 

From personal observation, I have seen that tlow thick
nesses (table V-I) are generally similar to those of Tertiary 
Icelandic plateau lavas. IVI any flow contacts are well ex
posed along the shoreline and in streambeds, but determina
tion of true tlow thicknesses is dependent on distinguishing 
tlow-unit contacts from flow contacts. Flow units, defined 
as overlapping tongues or sheets of a single eruption, might 
be distinguished from tlows by the absence of sediments, 
weathered rock, or eroded material along the contacts be
tween similar rock types. If a lithic change or evidence of 
surficial processes is present, a flow contact is implied, but 
the converse is not true: even with a time span of several 
years, a flow surface may show no evidence of weathering, 
erosion, or stream sedimentation. If a new eruption of the 
same lava type follows, the next contact will be indistin
guishable from an internal, flow-unit contact that may rep
resent a time span of only a few hours or days, as is com
monly the case in Hawaii. Therefore, the numbers of tlows 
given below are maximal. as units are counted as flows, and 
flow thicknesses are minimal. Another problem in deter
mining flow thickness arises when a thick tlow is inter
sected at a small angle by the lakeshore: the top and base 
may be separated along the outcrop by distances of a few 
miles, so that thickness of the flow cannot be measured di
rectly. In such cases, geometric construction has been used 
to estimate thicknesses. 

From the data of Sandberg (1938), the 179 flows mea
sured and counted between Duluth and Two Harbors aver
age 74 feet in thickness, whereas the 70 dominantly basaltic 
flows measured by Grogan (1940, op. cit.) northeast to Split 
Rock River, average only 37 feet in thickness. N ear Tofte, 
most flows, all ophitic olivine tholeiites, are between 1 and 
40 feet thick. According to Grout and others (1959), the 
succession from Tofte to Grand Portage contains 94 flows 
that are an average of 187 feet thick: my mapping, how
ever, shows that the number of tlows probably was under
estimated considerably, partly because of the many gaps in 
outcrop east of Grand Marais. Between Lutsen. where the 
section starts to descend stratigraphically, and Grand 1\1 a
rais, about 25 tlows are present, averaging 84 feet in thick
ness. These are dominantly basaltic and are uncommonly 
thick. East of Grand iVI arais, several thick intermediate and 
felsic flows are present. and four of these are more than 300 
feet thick. In the poorly exposed, magnetically reversed 
succession at Grand Portage, the 38 basaltic flows that can 
be seen range in thickness from 6 to about 40 feet; the well 
exposed pyroxene-porphyritic basalts in Lucille and Magnet 
Islands are. on the average, only 16 feet thick. 

Location of Vents 

The source area for the Keweenawan lavas is of much 
interest for reconstructing the volcano-tectonic history. 
I\lost areas of plateau basalt appear to have sources local
ized in dike swarms (Waters, 1961: Walker, 1964), but ex
cept possibly for the dike swarm near Grand Portage (see 
below), such feeder-dike swarms have not been identified 
for the Keweenawan lavas. The lavas of the Portage Lake 
Lava Series. on the Keweenaw Peninsula, are reported 
(Butler and Burbank, 1929) from the direction of bending 
of pipe vesicles at the bases of flows to show a southerly 
movement, out of the basin. White (1960) has suggested a 
tectonic setting for the Portage Lake Lava Series of a broad, 
gently-sloping basin, centered in western Lake Superior, 
with streams draining toward the center. interrupted fre
quently by eruptions of massive volumes of lava along axial 
fissures; the lava ~pread outward as each basalt flood filled 
the very tlat basin, like pancake batter. However, the Por
tage Lake lavas appear to lie in a depositional basin that 
is younger and not directly related to that in which the 
North Shore Volcanic Group was deposited. 

In the Duluth-Two Harbors succession. Sandberg 
(1938) observed 70 directional indicators of various sorts
which are not well documented-that he stated "invariably" 
showed westward movement. However. farther north along 
the shoreline, between Two Harbors and Split Rock River. 
Grogan (1940, op. cit.) did not observe any prevalent flow 
direction: and in the Little Marais-Lutsen area, where tlow
direction features are abundant in the ophitic olivine 
tholeiites, I did not find, from an analysis of 241 features 
(fig. V -12), evidence for a preferred direction of flow. 
Eleven flow-features of various types seen between Silver 
Bay and Little Marais suggest flow predominantly from the 
northeast. Nine features-mostly stretched amygdules
found stratigraphically below the Lutsen basalts between 
Lutsen and Hovland suggest flow from either southeast or 
northwest; and 16 features seen in the Grand Portage lavas 
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Bent pipe ves ic les Schroeder and 
Lutsen basalts 

75 measurements 

A 
~ 

Cur ved ropy sur faces ~ Schraeder and 
Lu t sen basa I ts 

B 

F igure V-1 2. 

~56 measurements 

D irections of lava movement fo r the Schroe
der and Lutsen basalts (highest in o rth 
Sho re Volcanic Group) as inferred from (A) 
bent pipe vesicles and (B) curved ropy sur
faces. No clear preferred orientation is evi
dent. Length of bar from circle is proportion
a l to number of observations. 

gi ve a weak suggestio n of fl ow toward th e southeast. C ross
bedding in th e di sconfo rm abl y und erlying Puckwunge Fo r
mation (Mattis, thi s chapter) at th e la tter locality indicates 
a southerl y paleoslope. 

The lack of a uniform or preferred fl ow direction, as 
expressed by th e primary features in th e North Shore Vol
cani c Group , can be interpreted in several ways. First, it is 
possible th at structures such as bent pipe amygdules at th e 
bases of fl ows, stretched amygdules, and looping ropy sur
faces are no t reliable indi cato rs of th e main flow direction; 
unl ess la rge numbers of measurements are made, the data 
may refl ect many loca l defl ections in direction of flow re
sult ing from local irregul a riti es on the underl ying lava sur-
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face . However, in several areas, both in th e Keweenawan 
province (Butl er and Burbank , 1929; Sandberg, 1938) and 
elsewhere (Schmincke, 1967), a unifo rm o ri entati on is given 
by simil ar directi onal indi cators, which ugge t th at they 
are meaningful. Assuming th at th e prim ary features a re 
valid directiona l indi cators, the observed measurement on 
th e north shore may mean th at th e North Sho re Vo lcani c 
Group e ither was fed primaril y from fi ssures o r vents di -
tribut ed randoml y with respect to th e sho reline, o r th at th e 
vents were located in th e vi c init y of th e ho relin e, with th e 
lavas preading out in all directi o ns. The observa ti ons on 
the north shore do not support a domin ant source in fi ssures 
along th e pre ent ax is of th e Lake Superi o r bas in , although 
stati sti call y th ey may no t di sprove it. The zo ne of mantl e 
ri fting may well have bee n located el ewhere in pre- Po rt age 
Lake tim e. 

Anoth er indicati o n of th e possible locations of vent is 
th e di stributi o n of dik es th at could have served as feeders 
fo r overl yin g lava fl ows. Several dik e swarm s occur in th e 
area, and genera lly have trends th at are roughl y pa rall el to 
the ax is of th e Keweenawan bas in . The known di kes cut 
either th e lavas in th e lower part of the sequ ence-as at 
Duluth and Grand Po rtage-or pre-Keweenawan rocks be
yo nd th e limits of presentl y exposed lavas. In th e C loqu et 
a rea (Wright and o th ers, 1970), basaltic dik es occur as much 
as 9V2 miles west of th e lowermost Keweenawan lavas, and 
nea r El y (G reen and o thers, 1966) simil ar dik es occur as 
much as 4V2 miles from th e Duluth Complex. Th ese indi
cate that many of the lavas had source fissures well beyond 
th e present limits of Keweenawan outcrops. 

Chemical Characteristics 
The o rth Sho re Volcani c Group ranges in composi

ti o n from o li vine melabasalt to rhyolite. A wide vari ety of 
basaltic types, as well as a nearl y complete gradatio nal 
seri es through andesites, trachyand e ites, interm edi ate 
quart z latites, and fe lsic qu artz latites, are present. The 46 
modern chemical ana lyses are given in T able V-3. 

Figure V -1 3 is a H ark er vari ati on di agram fo r majo r 
ox ides. Sampling to date shows two small gaps in SiOz con-
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Figure V-l3 . Harker variation diagram, North Shore Vol 
canic Group. 
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Table V-3A. Chemical analyses of basaltic lavas, North Shore Volcanic Group. 

T-45 FFG-IV-2 T-56 KC-9 LW-IO LW-I GH-25 DY-6b PP-16 T-22 GP-44 T-59 PP-2 TH-2 F-96 GP-4a F-108 DT-I04 

SiO" 

TiO" 

AI"O" 

FecO.j 

FeO 

MnO 

45.71 

1.28 

46.80 46.87 46.98 47.06 47.10 47.19 47.69 48.55 49.11 49. I 3 

3.19 

15.14 

49.82 49.95 50.19 50.54 50.90 51.08 

MgO 

CaO 

Na .. O 

K"O 

H"O+ 

H 20--

p"O.-, 

CO" 

Total 

17.47 

7.80 

3.41 

0.15 

6.80 

10.53 

2.61 

0.31 

1.77 

1.78 

0.14 

0.12 

15.21 

13.13 

8.13 

11.11 

1.95 

0.01 

2.79 

99.88 99.13 

0.81 

19.20 

5.42 

2.97 

0.12 

5.86 

12.41 

2.27 

0.12 

1.55 

2.08 

0.08 

0.10 

1.8 I 

16.06 

5.28 

6.63 

0.17 

6.32 

9.59 

2.64 

0.50 

2.79 

1.60 

0.25 

0.16 

2.10 

14.35 

9.13 

3.71 

0.17 

5.70 

8.58 

3.65 

1.32 

3.41 

102 

0.32 

0.09 

2.87 

14.23 

9.50 

4.93 

0.20 

3.86 

6.53 

3.70 

2.66 

3.20 

1.04 

0.77 

0.01 

0.95 

17.04 

2.63 

7.69 

0.14 

8.11 

10.76 

2.23 

0.35 

2.55 

0.13 

0.07 

99.86 100.78 100.61 100.60 99.H4 

1.28 

18.36 

6.47 

4.74 

O. I 7 

5.27 

1121 

2.35 

0.46 

1.62 

0.15 

0.00 

99.77 

1.86 

9.02 

2.63 

10.20 

0.24 

11.69 

11.29 

1.62 

0.71 

1.75 

0.25 

0.02 

1.64 

13.35 

9.16 

3.47 

0.14 

6.23 

10.09 

2.91 

0.43 

2.47 

1.36 

0.23 

0.07 

5.55 

8.30 

0.18 

4.24 

6.17 

4.06 

1.13 

2.21 

0.40 

0.13 

99.R3 100.66 99.R3 

2.18 

14.08 

6.82 

7.15 

0.26 

4.57 

7.88 

3.56 

114 

190 

0.32 

0.01 

99.69 

T-45 Ophitic black basalt, Cross R. at 1,090 ft.; NW'I4 NW'I4 sec. 36, T. 59 N., R. 5 W., Cook Co.; anal. M. Kumanomido 

1.19 

15.29 

1.12 

9.05 

0.22 

g,J8 

6.29 

3.28 

1.27 

3.40 

0.19 

0.00 

1.51 

15.15 

5.51 

5.82 

0.15 

5.91 

9.13 

2.71 

0.62 

1.92 

1.76 

0.17 

0.13 

1.49 

16.59 

5.65 

5.47 

0.16 

4.51 

10.06 

3.23 

0.76 

1.38 

0.74 

0.23 

0.02 

99.63 100.68 100.83 

FFG-IV-2 Thomsonite-bearing basalt, Good Harbor Bay; sec. 34, T. 61 N., R. 1 W., Cook Co. (Grout, 1910a, tahle IV, no. 2); anal. F. F. Grout 
T-56 Ophitic olivine basalt with small plagioclase phenocrysts, L. Superior shore E of Onion R.: range line T. 59 N., R. 3/4 W., Cook Co.; anal. M. Kumanomido 
KC-9 Ophitic basalt, Durfee Ck. at 750 ft.; SEY4 NW'I4 sec. S, T. 61 N., R. 2 E., Cook Co.; anal. Tauashi Asari 

1.05 

14.50 

1.28 

9.63 

0.18 

6.49 

8.41 

2.80 

0.85 

3.47 

0.17 

0.08 

2.20 

14.17 

10.25 

3.69 

0.19 

4.73 

8.08 

2.98 

0.87 

1.20 

0.77 

0.38 

0.18 

99.81 100.77 

LW-IO Olivine trachybasalt with small plagioclase phenocrysts, L. Superior shore NE of Lester R.; SE'I4SW'14 sec. 34, T. 51 N., R. 13 W., St. Louis Co.; anal. Tadashi Asari 

51.12 

1.65 

14.77 

5.03 

7.76 

0.17 

5.63 

7.79 

3.27 

0.86 

1.56 

0.27 

0.00 

99.88 

LW-1 Granular olivine trachybasalt with small plagioclase phenocrysts, L. Superior shore NE of Lakewood pumping station: SWY4SEY.. sec. 26, T. 51 N., R. 13 W., St. Louis Co.; anal. 
Tadashi Asari 

GH-25 Fine-gr., black, ophitic basalt, Hwy. 61 cut at Good Harbor Bay; NWY4 NWY4 sec. 34, T. 61 N., R. I W., Cook Co.; anal. K. Ohta 
DY-6b Coarse, brown, ophitic olivine basalt, L Superior shore W of Cascade R.; SE'I4SE'I4 sec. 2, T. 60 N., R. 2 W., Cook Co.: anal. K. Ohta 
PP-16 Dark-gray basalt with augite and altered olivine phenocrysts, E end Lucille I.; SWY4 sec. 4, T. 63 N., R. 7 E., Cook Co.; anal. K. Ohta 
T-22 Coarse, gray-brown olivine basalt (amygdu1ar clay hand-picked out), 1,070 ft. el. W of Schroeder; SWY4 NW'/4 sec. 2, T. 58 N., R. 5 W., Cook Co.: anal. M. Kum:lI1oll1ido 
GP-44 Fine-gr., subophitic basalt, Hollow Rock Ck. at 660 ft. el.; NW'I4 NE'I4 sec. 35, T. 63 N., R. 5 E., Cook Co.: anal. K. Ohta 
T-59 Fine-gr., brown basalt with small plagioclase and augite phenocrysts, L. Superior shore SW of Onion R.; NWY4 NW'I4 sec. 13, T. 59 N., R. 4 W., Cook Cn.: anal. K. Ohta 
PP-2 Red-brown, fine-granular basalt, Wend Lucille I.; NW'I4 sec. 8( ?), T. 62 N., R. 7 E., Cook Co.; anal. K. Ohta 
TH-2 Fine-gr., dk. gray basalt, L. Superior shore at Town Park, Burlington Bay, Two Harbors; SEY4 NW'I4 sec. 6, T. 52 N., R. 10 W., Lake Co.; anal. 1\.1. KUll1anomido 
F-96 Granular, reddish basalt, knob just N. of Hwy. 61 W. of Caribou R.; NE'I4SWY4 sec. 36, T. 58 N., R. 6 W., Lake Co.; anal. Shiro 1ll1ai 
GP-4a Diabasic gray basalt, 1st road cut I-Iwy. 61 SW of Grand Portage; NE'I4NE'I4 sec. 17, T. 63 N., R. 6 Eoo Cook Co.; anal. K. Ohta 
F-I08 Fine-gr. black basalt, L. Superior shore NE of Kennedy Ck.; SEY4SW',I" sec. 36, T. 57 N., R. 7 Woo Lake Co.; anal. Shiro Imai 
DT-4 Fine-gr., dk. gray basalt, N slope of hill 0.8 mi. W of Fall R.; S'hNE'i4 sec. 14, T. 61 N., R. 1 W., Cook Co.; anal. K. Ohta 



w 
Table V-3B. Chemical analyses of trachybasalts, andesites, and trachyandesites, North Shore Volcanic Group . ...... 

0 

r 
NL-5 >- GM-9 S&G-5-9 T-36 F-54 

-l 
H-5b F-7a GP-27 MI-4a GH-2b MI-35 B-T-111 

tTl 

'"tI SiO:! 51.37 52.63 52.70 52.82 53.08 53.22 53.60 54.88 55.01 55.42 56.38 57.55 
;;0 

1.69 2.13 tTl TiOz 2.10 2.04 1.76 2.15 1.99 2.05 1.70 1.69 1.65 2.15 
() 

>- AlzOa 16.65 13.12 14.47 13.67 13.25 17.55 15.33 15.36 14.13 12.29 13.64 10.84 3:: 
txl 

FeZ0 3 3.88 ;;0 6.23 7.44 7.66 8.73 4.63 6.34 4.91 6.90 9.00 2.28 6.56 
;; 

FeO 8.08 6.10 Z 5.55 6.61 3.74 6.18 6.65 6.50 2.80 3.32 9.45 6.04 

MnO 0.14 0.18 0.24 0.15 0.15 0.13 0.19 0.19 0.11 0.23 0.20 0.21 

MgO 2.90 4.51 3.70 3.66 4.34 2.33 3.11 3.27 2.88 2.89 2.58 4.60 

CaO 4.84 5.58 8.01 6.94 5.78 4.79 5.91 3.03 5.62 3.25 5.76 7.21 

NazO 4.38 4.18 3.19 2.94 3.37 5.35 3.63 4.84 3.79 4.47 3.71 3.02 

K 20 2.51 1.54 1.14 1.19 1.91 1.76 1.26 2.40 2.07 2.72 0.79 0.14 

H 2O+ 2.20 2.70 0.68 1.67 2.11 1.32 1.66 1.97 3.58 2.86 2.40 0.94 

H 2O- 1.35 0.48 1.98 1.84 1.71 

P 20 5 0.57 0.37 0.25 0.42 0.38 0.51 0.28 0.65 0.39 0.42 0.76 0.35 

CO2 0.00 0.07 0.01 0.07 0.11 0.01 0.06 0.10 0.15 0.01 0.05 

S 0.02 0.01 

BaO 0.05 

Total 99.62 100.60 99.68 99.89 100.88 99.93 99.67 99.75 100.87 100.88 99.65 99.65 

NL-5 Fine-gr., brown trachybasalt with platy plagioclase phenocrysts; USFS road 309 W of Stony Ck.; sec. line 4/5, T. 63 N., R. 2 E., Cook Co.; anal. K. Ohta 
GM-9 Fine-gr. dark brown trachybasalt, L. Superior shore NE of Grand Marais; SWJ,4SWI4 sec. 14, T. 61 N., R. 1 E., Cook Co.; anal. Shiro Imai 
S&G-5-9 Granular, brown trachybasalt of columnar flow, Grand Marais harbor; sec. 14, T. 61 N., R. 1 E., Cook Co.; anal. E. D. BUIT (Sandell and Goldich, 1943, table 

5,no.9) 
T-36 Granular, brown, magnetite-rich trachybasalt, W side of hill NE of Onion R.; SEI4NWI4 sec. 1, T. 59 N., R. 4 W., Cook Co.; anal. K. Ohta 
F-54 Fine-gr., brown trachybasalt, Hwy. 61 cut N of Kennedy Landing; EY2NEJ,4 sec. 36, T. 57 N., R. 7 W., Lake Co.; anal. Shiro Imai 
H-5b Fine-gr. trachybasalt with large plagioclase phenocrysts, NW of Hwy. 61 W of Reservation R.; NEI4 NWJ,4 sec. 12, T. 62 N., R. 4 E., Cook Co.; anal. K. Ohta 
F-7a Fine-gr., red-brown trachyandesite with small plagioclase, augite, and olivine phenocrysts, L. Superior shore near Little Marais R.; NWJ,4NEJ,4 sec. 21, T. 57 N., 

R. 6 W., Lake Co.; anal. K. Ohta 
GP-27 Fine-gr., black basalt, Hwy. 61 cut NE of Deronda Bay; SEJ,4NW1,4 sec. 25, T. 63 N., R. 5 E., Cook Co.; anal. K. Ohta 
MI-4a Fine-gr., brown-gray trachyandesite, L. Superior shore E of Cook Co. 14; SWJ,4SEI4 sec. 32, T. 62 N., R. 3 E .. Cook Co.; anal. M. Kumanomido 
GH-2b Fine-gr., red-brown trachyandesite with small plagioclase, augite, and magnetite phenocrysts, L. Superior shore ENE of Good Harbor Bay; NWJ,4 SEI4 sec. 26, 

T. 61 N., R. 1 W., Cook Co.; anal. S. Imai 
MI-35 Black andesite with abundant interstitial glass. logging road NW of Paradise Beach; NWJ,4 NEJ,4 sec. 32, T. 62 N., R. 3 E., Cook Co.; anal. K. Ohta 
B-T-1l1 Vesicular, magnetite-rich basalt, sec. 26, T. 59 N., R. 11 W. (Bonnichsen, this chapter, table V-30, no. 5) 



Table V-3C. Chemical analyses of intermediate quartz latites, North Shore Volcanic Group. 

MC-3b MI-2 F-21 T-40 D-28 KC-1 M-4600 

SiO~ 60.21 62.60 63.22 63.37 63.45 64.32 64.95 

TiOz 0.96 1.09 1.20 1.10 0.69 1.11 0.82 

AI~O;j 14.64 12.01 10.61 12.18 12.80 12.64 12.58 

Fe2°;j 2.71 8.18 8.73 6.46 3.75 5.89 4.70 

FeO 5.82 2.02 1.43 2.64 7.40 2.72 4.83 

MnO 0.17 0.12 0.09 0.14 0.18 0.12 0.16 

MgO 0.85 1.40 1.81 1.88 1.48 0.90 0.93 

CaO 3.56 2.22 1.49 1.63 1.79 2.40 2.07 

Na20 3.66 4.04 2.69 4.31 3.22 3.78 3.46 

K20 3.92 4.15 4.95 2.76 3.94 4.12 4.21 

H2O+ 1.24 1.72 2.80 2.45 0.81 1.74 0.54 
H2O- 0.93 1.44 0.75 0.75 0.32 

P20 ;; 0.50 0.28 0.35 0.38 0.15 0.31 0.15 

CO2 1.36 0.04 0.03 0.17 0.00 0.01 0.03 
S 0.03 
BaO 0.12 

Total 99.60 100.80 100.84 100.22 99.66 100.81 99.90 

MC-3b Fine-gr., brown "andesite:' L Superior shore NE of Deronda Bay; cen. sec. 25, T. 63 N., R. 5 E., Cook Co.; anal. K. Ohta 
MI-2 Aphanitic. red-brown quartz latite with small plagioclase. ferroaugite, olivine and magnetite phenocrysts; Hwy. 61 cut at \V. 

edge of sec. 6. T. 61 N .. R. 3 E .. Cook Co.; anal. Tadashi Asari 
F-21 Fine-gr.. red-brown quartz latite with small phenocrysts of plagioclase and ferroaugite. low hill W. of road; NEly:; sec. 28. T. 

57 N., R. 7 W .. Lake Co.; anal. S. Imai 
T-40 Fine-gr .. red trachyandesite; low railroad cut at Cook Co. I, NEl/4SWI/4 sec. 5. T. 58 N., R. 5 W., Cook Co.; anal. M. 

Kumanomido 
0-28 Aphanitic. red. porphyritic quartz latite. W. end 8th St.. Duluth; NWly:;NWI,4 sec. 27, T. 50 N., R. 14 W .. St. Louis Co.; anal. 

K. Ohta (same flow. locality as M-4600) . 
KC-l Fine-gr., red quartz latite with small plagioclase. subcalcic augite. and magnetite phenocrysts; low cuts of Hwy. 61 \"1 mi. E. 

of Kadunce Ck .. NW'Y:. sec. I, T. 61 N., R. 2 E., Cook Co.; anal. Tadashi Asari 
M-4600 Aphanitic. red-brown porphyritic quartz latite; 8th St. at 3rd Ave. W .. Duluth. NW~4 NW1l. sec. 27. T. 50 N .. R. 14 W., 

St. Louis Co.; anal. Goldich and Smith (same locality. flow as D-28) (Taylor. 1964, table 17. p. 54) 
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Table V-3D. Chemical analyses of felsic lavas, North Shore Volcanic Group. 

KC-17 S&S-1-22 MC-7 GM-14 GM-10 MC-1 F-201 G&0-5-2 S&S-1-7 

Si02 68.88 71.12 71.61 72.23 73.42 74.17 74.41 75.40 75.48 
Ti02 0.48 0.45 0.25 0.45 0.45 0.26 0.24 0.31 0.21 

Al20 3 12.77 12.58 11.87 11.38 11.63 11.98 10.95 11.53 12.30 

Fe203 4.32 5.20 2.48 4.08 3.18 3.60 1.64 4.06 2.54 

FeO 2.66 0.15 3.59 0.24 0.57 0.18 2.91 0.22 0.36 

MnO 0.09 0.06 0.05 0.04 0.04 0.01 0.05 0.03 0.02 

MgO 0.67 0.08 0.21 0.44 0.27 0.26 0.30 0.16 Tr 

CaO 0.94 0.58 0.70 1.07 0.99 0.39 0.50 0.16 0.14 

Na20 4.53 2.85 3.81 2.62 3.50 4.87 1.93 3.33 3.43 

K 20 3.45 6.19 4.10 5.50 4.65 3.88 5.64 4.44 5.17 

HzO+ 0.74 0.22 0.52 1.54 1.54 0.88 0.79 0.07 0.24 

H 2O- 0.05 0.50 0.48 0.24 0.06 0.04 

P20 5 0.11 0.03 0.05 0.03 0.08 0.03 0.04 0.04 0.02 

CO2 0.10 0.18 0.44 0.45 0.03 0.13 0.26 

Total 99.74 99.74 99.68 100.57 100.83 100.88 99.66 99.81 99.95 

KC-17 Granular, pink felsite with quartz and plagioclase phenocrysts; Hwy. 61 lh mi. NE of Kimball Ck., SWY4SEY4 sec. 3, T. 
61 N., R. 2 E., Cook Co.; anal. K. Ohta 

S&S-I-22 Aphanitic red rhyolite; Lake Superior shore, approx. 1. 2 mi. SW of Lakewood Rd. SWY4SWY4 sec. 34, T. 50 N., R. 13 
W., St. Louis Co.; anal. Perlich (Schwartz and Sandberg, 1940, table 1, no. 22) 

MC-7 Aphanitic red rhyolite with quartz and orthoclase phenocrysts; Hwy. 61 cut lh mi. W. of Deronda Bay, SWY4SEY4 sec. 26, 
T. 63 N., R. 5 E., Cook Co.; anal. K. Ohta 

GM-14 Fine-gr., gray felsite; L. Superior shore approx. \12 mi. E. of Devil Track R., NWY4NWY4 sec. 18, T. 61 N., R. 1 E., Cook 
Co.; anal. Tadashi Asari 

GM-lO Aphanitic, red, spherulitic rhyolite with oligoclase, ferro augite, olivine, and magnetite phenocrysts; L. Superior shore, Croft
ville, S. center line sec. 14, T. 61 N., R. 1 E., Cook Co.; anal. S. Imai 

MC-l Fine-gr. whitish felsite with plagioclase, alkali feldspar, quartz, and magnetite phenocrysts; L. Superior shore 0.6 mi. W. of 
Reservation R., NEY4NEY4 sec. 12, T. 62 N., R. 4 E., Cook Co.; anal. Tadashi Asari 

F-201 Aphanitic, pink felsite with plagioclase, orthoclase, quartz, and altered fayalite (?) phenocrysts; NE cliff of Palisade Head, 
NE1,4NWIA sec. 22, T. 56 N., R. 7 W., Lake Co.; anal. K. Ohta 

G&O-5-2 Aphanitic, It. gray felsite with alkali feldspar and quartz phenocrysts; Hwy. 61 cut lh mi. W. of Grand Marais harbor, 
NE1,4SWY4 sec. 20, T. 61 N., R. 1 E., Cook Co.; anal. S. Fruehling (Grout and others, 1959, table 5, no. 2) 

S&S-I-7 Aphanitic, red, banded rhyolite above Endion sill, Tischer Ck. near 2nd St. E., Duluth; NEIA NWIA sec. 13, T. 50 N., R. 
14 W., St. Louis Co.; anal. S. S. Goldich (Schwartz and Sandberg, 1940, table 1, no. 7) 
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ten t, one from abo ut 57 to 60 percent Si02 and ano th er 
from 65 to 68 percent Si02 . The diagram also shows a hi gh
er-th an-no rm al K20 co nten t in th e interm ediate Si02 range. 
This suite gives an alka li -lime index of abo ut 54; thu , it 
would be clas ed as a lka li-ca lcic. These ana lyse differ from 
ana ly es from th e Keweenaw Peninsu la (Broderick, 1935) 
in two ways: ( I) intermediate rock are present ; and (2) 
so me of th e fe lsic lavas have a lower potas ium content. 

The compo ition of the lavas is intermediate between 
typical ca lc-a lkaline continental rocks and the strong iron
enrichm ent trend of th e kaergaard liquids, as can be een 
in F igure V-14. The Keweenawan trend is very similar to 
th at of Thingmuli vo lcano, Ice land ( armichael, 1964), al
though th ere are certain minor differences wh ich will be 
pointed ou t below. 

The basalti c rocks of thi s sequence are rather varied , as 
has been mentioned above, and they traddle the chemical 
dividing lin es proposed by several petrologists to distinguish 
major petrogenet ic c lasse . For example, in comparing total 
a lka li s wit h ilica percentage, one-t hird of the basaltic rocks 
li e in MacDonald and Katsura' (1964) alkali-ba alt field 
and two- third in their tho leiite field , although th e tholeiite 
are all close to the boundary. U ing Kuno' (1960) plot, 
twelve of the basaltic and andesitic rock fa ll in the alkali
basalt fie ld , nine fall in th e tholeiite fie ld, and the remain
ing fo ur fa ll in th e high-alumina basalt field. With one ex
ceptio n (LW-IO, a trachybasalt) they are hyper th ene
normat ive, and therefore tholeiitic according to Yoder and 
Ti ll ey ( 1962) . The o li vine tholeiites are imi lar to those of 
ma ny oth er areas (see table VA). 

MoleCular ratioS 

No 2 0 +K 2 0 MgO 

Figure V-14. Iron-enrichment (alkalis/ MgO/ total iron) di
agram for e, North Shore Volcanic Group, 
compared to 6., Cascade Province calc-alkali 
trend (Turner and Verhoogen, 1960), 0, 
Skaergaard liquid trend (W ager, 1960) , and 
X , Thingmuli volcano trend (Carmichael, 
1964) . Sample PP-16 contains abundant aug
ite and olivine phenocryst s and probably does 
not represent a liquid composition. 

Figure V- I S shows that the orth hore suite contains 
a higher co ntent of a lka li s than typical tholeiitic suite, 
such as th e Skaergaard liquids and Thingmuli volcano in 
the Tertiary of eastern Iceland. The more mafic rocks have 
less K2 0 th an typical alkali-olivine basalt serie , and many 
of the least si li ceous basalts, in fact, are rather typical 
tholeiites accord ing to these two components. Except for 
fo ur Nort h Shore lavas, the Thingmuli se ries i consistently 
lower in K20 in the mafic and intermediate range ; the 
Nort h Shore lavas, in con trast, include many trachybasalt , 
trachyandesites, and intermediate quartz latites, all contain
ing sign ificant to abundan t K-feldspar. In the intermediate 
to fe lsic range, the No rth Shore lavas plot on this diagram 
with the Hawaiian alka lic su ite, but are actually very dif
ferent because of their higher si li ca content. 

Origin of the Magmas 
Table V-4 shows the strong similarity between the very 

abundant ophit ic o li vine tholeiite of the orth Shore Vol 
canic Group (col. I) and basalts assumed to have come 
more or less directly fro m the upper mantle in other areas. 
The orth Shore o li vine tholeiites bear a striking imilarity 
to Kuno' (1960) high-alumina basalts and to Engel and 
others' (1965) oceanic tholeiites . 

Green and others (1967) have shown experimentally 
that under an intermediate-pressure regime in the mantle 
(that i , depths of about 15-35 km), a primary partial melt 
uch as the relatively olivine-rich average Hawaiian tholeiite 

(table V-4, col. 6) would separate clinopyroxene and some 
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Figure V- IS . K20/MgO diagram for orth Shore Volcanic 
Gro up and other sui tes. o te general low 
K 20 content of the most magnesian rocks. 
but rapid r ise in K 20 with fa lling MgO com
pa red to o ther tholeiitic suites (Skaergaard 
Thingmuli ). ~, Skaergaard liquids (Wager, 
1960); .0: Hawaiian alkali trend (MacD onald 
and K atsura, 1964); +, North Shore Volcanic 
Group; _,1 , Thingmuli volcano (Carmichael, 
1964); 8, average of ten oceanic tholeiites 
(Engel and others. 1965) ; and x, average 
high-alumina basalt (Kuno, 1960). 
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Table V-4. Compositions of various tholeiitic lavas. 

1 2 3 4 5 6 7 8 

SiO~ 48.53 48.94 49.94 50.19 50.3 49.36 51.69 50.20 
TiO~ 1.38 0.85 1.51 0.75 1.8 2.50 2.20 3.19 
A1 2O:1 17.83 20.05 16.69 17.58 17.9 13.94 15.19 12.90 
Fe~O:l 2.44 1.82 2.01 2.84 1.7 3.03 3.02 3.31 
FeO 8.78 6.57 6.90 7.19 7.9 8.53 9.93 11.88 
MnO 0.16 0.13 0.18 0.25 0.2 0.16 0.17 0.27 
MgO 6.85 6.12 7.28 7.39 6.8 8.44 5.26 4.78 
CaO 10.89 12.96 11.86 10.50 10.8 10.30 7.99 9.27 

Na~O 2.55 2.37 2.76 2.75 3.0 2.13 3.34 3.07 

K~O 0.41 0.13 0.16 0.40 0.2 0.38 0.89 0.57 

P~05 0.17 0.08 0.16 0.14 0.26 0.31 0.58 

Total 99.99 100.02 99.45 99.98 99.99 100.01 

1. Average of 4 olivine tholeiites, North Shore Volcanic Group (reduced to Fe+++/Fe++ = ',4; neglecting H"O, CO,) 
2. T-56: plagioclase-porphyritic olivine tholeiite (reduced to Fe+++ /Fe++ = 1,4; neglecting H,O. CO") 
3. Average of 10 oceanic tholeiites (Engel and others, 1965) 
4. Average high-alumina basalt of Japan (Kuno, 1960) 
5. "Oceanic tholeiite" derivative. synthetic (Green and others. 1967, table 2. col. 9, p. 47) 
6. Average of 181 Hawaiian tholeiites (MacDonald and Katsura, 1964. p. 124) 
7. Average of 4 quartz tholeiites. North Shore Volcanic Group (reduced. etc.) 
8. Average of 7 (quartz) tholeiites, Thingmuli Volcano (reduced. etc.) (Carmichael, 1964, p. 439) 

olivine. leaving the remaining liquid enriched in plagioclase 
components. similar to the high-alumina oceanic tholeiites. 
Similarly. partial melting of mantle pyrolite at the same 
depth would also produce such a liquid. Also. separation of 
10 percent clinopyrox,ene alone from an "oceanic tholeiite" 
under similar conditions would leave a residual liquid near
ly identical to the average North Shore olivine tholeiite 
(table V-4, col. 5). Beyond this stage of crystallization of 
olivine tholeiite at these depths. plagioclase appears on the 
liquidus and further alumina concentration in the magma 
is impossible. Thus. the North Shore olivine tholeiite mag
mas are assumed to have segregated from mantle materials 
at some depth in the range 15 to 35 km. Estimates of the 
thickness of the Keweenawan lavas and intrusions in the 
western Lake Superior area (see for example White. 1966a; 
this paper) give 6 to 15 km of mafic igneous rocks. They 
overlie more granitic basement rocks of Middle and Early 
Precambrian age at the edges of the basin. but if the olivine 
tholeiites at the top of the Keweenawan (say. 13 km above 
the base) were derived from the mantle at a maximum 
depth of 35 km. this would allow a stable pre-Keweenawan 
crust of at the most only 22 km thickness. This may be in
terpreted as support for the idea of origin of the Keweena
wan igneous province by rifting (Smith and others. 1966; 
King and Zietz. 1971). The sialic crust may actually have 
been pulled apart under part of the Lake Superior basin. 

As most of the North Shore basalts are aphyric. there 
must have been a very efficient separation of crystals from 
residual liquid during fractionation. Those phenocrysts that 
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are present are in nearly all cases plagioclase. indicating. 
according to Green and others' (1967) experiments. that 
crystallization had proceeded at shallower depths (5-15 km) 
than those at which the olivine tholeiite liquids were formed. 
In a few basaltic lavas. as for example in Onion River and 
Tofte. cl i nopyroxene phenocrysts are present as well as 
plagioclase. but magnesian olivine is extremely rare as 
phenocrysts except in the basal Keweenawan melabasalts. 
This may be a consequence of more efficient settling of 
olivine crystals than of plagioclase or pyroxene. 

Saturated quartz tholeiites (table V-4. col. 7) are a less 
abundant yet distinctive basalt type in the North Shore Vol
canic Group. They are fine grained and aphyric. except for 
rare plagioclase phenocrysts in a few tlows. Very similar 
basalts are well known from many other plateau sequences. 
including the Tertiary of Northern Ireland. Scotland. and 
Iceland (table V-4. col. 8). Experimental studies (as for ex
ample Green and others. 1967) show that such liquids can 
be produced from mantle materials only at relatively shal
low depths (O-15 km). by either partial melting of pyrolite 
or fractional crystallization of olivine tholeiite (or high
alumina tholeiite) that had been segregated at some greater 
depth. This relationship is controlled by the fact that only 
at these shallow depths does the liquidus field of olivine ex
tend across the silica-saturation boundary into the over
saturated area (because of the incongruent melting of ortho
pyroxene). so that separation of olivine can drive the re
sidual liquid across this boundary from olivine-normative 
to quartz-normative compositions. 



As mentioned above. Green and others (1967) con
cluded from their experiments that " ... segregation of liquid 
from partially melted pyrolite at (15-35 km) depths will 
yield high-alumina basalt liquids .... The liquid so formed 
may rise to the surface as high-alumina basalts or may 
undergo fractional crystallization at shallow levels (O-15 
km) yielding quartz tholeiite derivative liquids comple
mentary to residual stratified anorthosite-peridotite com
plexes" (p. 49). 

Phinney (1970) has shown recently that the 14 basaltic 
and andesitic analy~es then available for North Shore lavas 
fit well a model of derivation of lava liquids by fractional 
removal of the crystalline components of gabbroic anortho
site. similar to that which constitutes the bulk of the Duluth 
Complex. from a primary melt rich in AIz03 and CaO. This 
deduced primary melt i~ close in composition to Sample 
T-56. an olivine basalt (table V-4. col. 2). but although this 
rock has a high MgO content and a low KzO. P20 5 • and 
SiOz content. this lava type is not abundant on the north 
shore and it is crowded with small bytownite phenocrysts. 
which indicate that it possibly may itself have been enriched 
physically in Al z0 3 and CaO. However. these phenocrysts 
are small (1-3 mm) and evenly distributed. and do not ap
pear to be xenocrysts. The next most primitive basalts of 
Phinney's calculations. T-45 and KC-9. are typical aphyric. 
ophitic olivine tholeiites that are the most widespread and 
abundant single lava type and might be more likely to have 
been primary mantle differentiates. as discussed above. On 
the other hand. it is possible that very efficient fractionation 
removed all phenocrysts from these liquids before extrusion 
and that the initial magma actually was more anorthositic. 
As large plagioclase phenocrysts are present or abundant in 
many minor intrusions and some basalt flows of the North 
Shore Volcanic Group. it is obvious that plagioclase frac
tionation played a major role in the differentiation. 

The K20 contents of a few of the basalts and several of 
the intermediate rocks. however. do not fit well with any 
simple process of removal of gabbroic or anorthositic crys
tals from a low-potassium primary magma. It should be 
noted that whereas the K20-rich basalts (for example 
trachybasalts LW-1. LW-IO) could be called alkali-rich 
olivine basalts. they are unlike the oceanic alkali basalts in 
having a relatively high KINa ratio and lacking feld
spathoids or analcite. Thus Engel and others' (1965) con
clusions as to derivation of oceanic alkali basalts from pri
mary tholeiite probably are not directly applicable. and it 
is unlikely that these potassic mafic rocks were derived 
directly from an "ordinary" pyrolite source. 

Another distinct possibility is that the K-rich character 
of these rocks. and the relatively large volume of inter
mediate and felsic tlows as compared to basalts. may be the 
result of large-scale contamination or assimilation of crustal 
rocks by the enormous amount of mafic magma that pene
trated the crust during the formation of the Keweenawan 
intrusive and extrusive rocks. Interstitial granophyric ma
terial is common in many rocks of the Duluth Complex. 
and minor intrusions. especially in the higher level Beaver 
Bay Complex and others along the Lake Superior shore. 
show a continuous range of compositions from olivine gab
bro through granogabbro and syenogabbro to augite grano-

diorite to adamellite or granite, parallel to the trend of flow 
compositions. It is difficult to imagine the voluminous Ke
weenawan mafic magmas penetrating and intruding granitic 
basement rocks (as is clearly the case at the edges of the 
basin) without considerable melting and assimilation of 
granitic material and consequent enrichment of the differ
entiates at least locally in potassium. On the other hand. it 
would be difficult to enrich these liquids in K without at the 
same time enriching them in Si; such an assimilation hy
pothesis cannot explain the K-rich character of some basalts 
and intermediate rocks. Available initial Sr isotope ratios 
from mafic intrusions in the Duluth area (Faure and others. 
1969; 0.7055 for the Duluth Complex and 0.7046 for the 
Endion sill) suggest slight crustal contamination of domi
nantly mantle-derived liquids. Further Rb-Sr and Sr iso
tope studies should help to determine the role of contamina
tion in the development of this series. 

A further possibility that warrants investigation is that 
the North Shore Volcanic Group actually represents a mix
ture of two differentiation suites. one having an olivine 
tholeiite parent and another characterized by a high K20 
content and a high Fe/rvlg ratio. The more potassic group 
could have been derived from an anomalous mantle ma
terial that contained a large proportion of "KREEP." ana
logous to some of the lunar rocks. If so. the higher radio
activity of this material may have contributed to the heat 
necessary to produce the voluminous Keweenawan magmas. 

STRATIGRAPHY 
The lavas of the North Shore Volcanic Group can be 

divided conveniently into several stratigraphic units of co
herent petrographic character. primarily on the basis of 
exposures at or near the Lake Superior shore. M any of these 
units can be traced for a considerable distance inland. but 
interruptions and structural complications by intrusive 
bodies. as well as lack of outcrop inland, prevent the re
construction of a continuous sequence. Irving (1883) and 
Elftman (1898) described several major members or groups 
of tlows. but in the following description a new and con
siderably different terminology is used. Considering the en
tire sequence. no clear trend of compositional change is evi
dent; in fact. although the most ferromagnesian lavas occur 
at the base. the uppermost tlows. in the Tofte-Lutsen area, 
are entirely olivine basalts. 

Tables V-I and V-2 show the general characteristics 
and abundance of the major lava types in the northeastern 
limb of the basin (Tofte to Grand Portage). In the south
western limb. descriptions from previous work are insuffi
cient to differentiate between some of the chemical types; 
nevertheless. Table V -2 shows the recorded abundances in 
the Duluth to Two Harbors and the Two Harbors to Beaver 
Bay Complex segments. Between the Beaver Bay Complex 
at Silver Bay and the top of the section at Tofte the struc
ture is more complicated. and estimates of abundances are 
not given for this segment. 

Description of UnitS 
In this section. a generalized description of the strati

graphic sequence will be given. starting with the Lake Su
perior shoreline section. which is best exposed. Brief com-
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ments will then be made on inland areas where some vol
canic rocks are exposed and known. Columnar sections of 
the North Shore Volcanic Group are shown in Tables V-5 
and V-6; many of the units are represented by analyzed 
samples in Table V-3. 

The northeastern limb. in Cook County, has been 
mapped most recently (figs. V -6 and V -16). The basal tlows 
at Grand Portage directly overlie the Puckwunge Forma
tion. The lowest 4.500 feet or so are basalts of various 
types; especially notable is a succession about 250 feet thick 
of porphyritic melabasaits, crowded with augite and ser
pentinized olivine phenocrysts. which lies at the very base 
on Lucille and Magnet Islands. a few miles east of Grand 
Portage (fig. V-lOA). Directly above these pyroxene-por
phyritic lavas on Lucille Island. and also in the basal ex
posures at Portage Brook. 22 miles to the west. are single 

flows of a remarkable plagioclase porphyry (fig. V-lIB). 
The uppermost 460 feet or so of these magnetically reversed 
Grand Portage lavas. in the vicinity of Deronda Bay. con
sists of a thick trachyandesite-quartz latite and an overlying 
thick rhyolite flow (Red Rock rhyolite). The Grand Portage 
sequence is cut by a swarm of diabasic dikes. some of which 
are plagioclase-porphyritic, and which trend about N. 80° 
E. (see below). This succession of lavas, herein called the 
Grand Portage lava series. extends westward. bounded on 
the north side by a 100-300-foot escarpment. where it dis
conformably overlies the basal Upper Precambrian Puck
wunge orthoquartzite and the underlying softer Middle Pre
cambrian Rove Formation (fig. V-IICl. It is intruded by 
large volumes of gabbroic and diabasic rocks of the "Logan" 
intrusions and. to the southwest. by the Reservation River 
diabase complex. 

Table V-5. Stratigraphy of northeast limb (Tofte-Grand Portage), North Shore Volcanic Group. (lnterflow sedimentary 
rocks not included.) 

Approx. 
thickness (ft.) Lithostratigraphic unit 

Top 

1020 

160 

310 

360 

500 

600 

Middle Keweenawan 

Lutsen basalts 

1020 

400-900 

1300 

1800 

1000 

3500 

4000 (est.) 

Terrace Point basalt flow 

Good Harbor Bay andesites 

Breakwater trachybasalt flow 

Grand Marais rhyolite flow 

Croftville basalts 

Devil Track felsites 

Red Cliff basalts 

Kimball Creek felsite 

Marl' Island lavas 

Brule River basalts 

Brule River rhyolite flow 

Hovland diabase complex 

Lower Keweenawan 

Hovland lavas 

Lithic character 

Olivine basalts, olivine tholeiites 

Thomsonite-bearing ophitic basalt 

Brown, porphyritic andesite, trachyandesite 

Brown, columnar. granular trachybasalt 

Pink, red, gray porphyritic rhyolite 

Various fine-grained basalts 

Aphyric and porphyritic rhyolite flows 

Amygdaloidal, ophitic olivine basalts 

Pink to tan, porphyritic felsite 

Mixed tholeiitic basalt, intermediate, felsic lavas 

Granular-diabasic basalts 

Pink to gray porphyritic rhyolite 

Mixed porphyritic basalt, trachybasalt, rhyolite 

Reservation River diabase complex (Middle Keweenawan) 

200 

260 

4500 

Red Rock rhyolite flow Red, porphyritic rhyolite 

Deronda Bay andesite flow 

Grand Portage basalts 

Gray-brown. aphyric andesite 

Mixed tholeiitic to diabasic basalts; porphyritic metabasalts 
locally at base 

Base --~--Disconformity ~-~~~-~---~-----~----~--~-~--~-~--~-~ 

Puckwunge Formation Cross-bedded quartz sandstone 

_____ Disconformity ---~~-----~~--~-~----~--~----~----~-~ 

Middle Precambrian 

Rove Formation 
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Table V-6. Generalized stratigraphy of southwest limb (Tofte-Nopeming), North Shore Volcanic Group. (lnterflow sedi
mentary rocks not included.) 

Approx. 
thickness (ft.) Lithostratigraphic unit 

Top 

4000 

>300 

Middle Keweenawan 

Schroeder basalts 

>280 

>300 

few 100's 

Manitou trachybasalt flow 

(more of the Schroeder basalts) 

Bell Harbor lavas 

Palisade rhyolite flow 

Baptism River lavas 

Lithic character 

Amygdaloidal ophitic olivine tholeiites 

Red-brown granular trachybasalt to basalt 

Mostly quartz tholeiites, other basalts 

Gray to pink, porphyritic rhyolite 

Mixed lavas, mostly basalts 

Beaver Bay intrusive complex 

3200 Gooseberry River basalts Mixed basalts, one felsite 

Lafayette Bluff, Silver Creek Cliff intrusions 

1025 

1615 

Two Harbors fine-grained basalts 

Larsmont ophitic basalts 

"Melaphyres," some quartz tholeiites 

Amygdaloidal ophitic olivine basalts 

Knife River diabase intrusion 

4930 

4400 
Sucker River basalts 

Lakewood basalts 
Mi.xed basalts, mostly ophitic 

Mixed basalts, mostly non-ophitic 

Lester River diabase sill 

3600 Lakeside lavas Mixed basalts, andesites, felsites 

Endion diabase sill 

2560 Leif Ericson Park lavas Mixed basalts, andesites 

Duluth Complex 

1200 

Base 

Lower Keweenawan 

Ely's Peak basalts 

"Nopeming sandstone" 

~~~~Angular unconformity-~-~ 

Middle Precambrian 

Thomson Formation 

Just west of the Reservation River. lavas reappear along 
the lakeshore; they are herein called the Hovland lavas. 
These too have reversed magnetic polarity according to 
Palmer (1970) and Green and Books (1972). The Hovland 
lavas near the shore include rhyolite and a distinctive por
phyritic trachybasalt that contains plagioclase phenocrysts 
as much as 10 Col across (fig. V-IOD). Most of the low area 
near the lakeshore that is probably underlain by these lavas 
is covered. however. and the rock types comprising much of 
the unit are not known. They are probably similar to the 

Porphyritic melabasalts, diabasic basalts 

Quartz sandstone 

Slate and graywacke 

varied basaltic, intermediate. and felsic flows exposed a few 
miles inland near Farquhar Peak. Similar plagioclase-por
phyritic basaltic to trachybasaltic flows are common about 
18 miles on strike to the west near Greenwood Lake. The 
total thickness of this group of lavas is not known as few 
dips have been measured, but is estimated to be 4,000 to 
5,000 feet. 

The various gabbroic and syenogabbroic rocks of the 
Hovland diabase complex form the lakeshore section south
westward to the Brule River. 
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From the Bru le River southwestward to Du lut h. the 
entire lava equence has norma l magnetic polar it y. A t th e 
mouth of the river. a group of abou t five diaba ic basa lts 
(Brule River basalts) is exposed; these are underlain. up
river, by basalt breccia and pillow-breccia (fig. V-SB) , which 
in turn overlie a very thick porphyritic rhyo lite flow com
plex (Brule River rhyolite. as much as 3,500 feet thick). 
The basalt group is overlain by a thick eries (about I,SOO 
feet) of interlayered basaltic, intermediate, and less com
mon felsic flows (Marr Island lavas). westward nearly to 
Kadunce Creek . One andesitic flow from thi series (M 1·35. 
table V-3) contains abundant glass having minute. immi -
cible iron-rich glass spheres. Another thick rhyo lite, the 
Kimball Creek felsite (1,300 feet thick) follows; this is 
traceable at least 16 1/2 miles westward along strike to the 
Cascade River. It is overlain at Red Cliff by another series 
of about five ophitic basalt flows (the Red Cliff basalts, 
about 900 feet thick). some of which have a few plagioclase 
phenocrysts that have floated in one flow and sunk in 
another. Overlying these basalts are two felsite flows (Devi l 
Track felsites) total ing about 1,020 feet in thickness; the 
deep canyon of the Devil Track River has been cut into the 
upper, thicker one. This flow has been traced west-south
westward inland for about 23 miles. This felsite is overlain 
by at least six basalt flows (the Croftville basalts, about 600 
feet thick) just south of the Devil Track River east of Grand 
Marais, but a fault probably separates this group from the 
lakeshore outcrops west of the river mouth. where a variety 
of basalts (probably the same Croftville group) and a por
phyritic rhyolite, much intruded and deformed by diabase, 
extend westward to Grand Marais. 

The town of Grand Marais is mainly underlain by the 
porphyritic rhyolite, discussed above, which is locally in
truded by diabase. The Grand Marais rhyolite is estimated 
to be 500 feet thick, and has been traced with certainty for 
about S miles. The harbor is protected by the massive base 
of a thick trachybasalt (the Breakwater trachyba a lt) that 
directly overlies the rhyolite . This massive trachybasalt, 
320-400 feet thick, is thought to be a flow because it has a 
zeolitized, amygdaloidal top zone (although the actual top 
surface is not exposed). It may, however, be a sill. 

Two thick intermediate flows totaling 310 feet in thick
ness (the Good Harbor Bay andesites, equivalent to at least 
six flows on strike farther west) overlie the trachybasalt and 
are in turn overlain at Cutface Creek by a thick unit of 
sandstone that grades upward into interbedded fine sandy 
and shaly siltstone. This sandstone unit continues inland 
for at least 6 miles, and thins to the west. It is overlain by a 
major ridge-forming, fine-grained, ophitic basalt flow that is 
characterized by thomsonite in its amygdules as well as by 
its texture ; it can be traced at least 16 miles west-southwest
ward to the Poplar River. Known as the Terrace Point 
basalt, it contains some complex units (some possibly pi l
lowed) and is about 160 feet thick . 

The Terrace Point basalt is followed stratigraphicall y by 
a thick succession (the Lutsen basa lts) that starts just east of 
the Cascade River with rather thick, coarse-grained o li vine 
basalts. This group includes two flows at the base, totaling 
at least 220 feet thick , an overlying 300-fooHhick wedge of 
red sandstone, and about six more olivine basalts which are 



together 700 feet thi ck. Overl ying these are a group of seven 
or eight thinner olivine basalts, which mark the apparent 
top of th e section at Lutsen vill age. Unfortun ately , faulting 
in thi s area makes it diffi cult to ascerta in the exact thick
ness of thi s gro up and prec isel y which segment of the con
tinuou sho relin e exposure contains the highes t fl ow. Th e 
gro up is estim ated to be at least 100 feet thi ck. 

Southwe t from Lutsen, th e basa lt ucces ion descends 
stratig raphicall y to th e Onion Ri ver; in thi s sequence many 
o f th e olivin e basalts cont ain abundant ma ll pl ag ioc lase 
phenocrys ts, and the Terrace Po int ophite appears to pin ch 
o ut. At th e Oni on Ri ve r, th ere are fin e-gra ined, po rph yriti c 
and e iti c and basalti c fl ow with rubbl y tops th at may be 
equiv alent to th e andes iti c g roup seen to th e north east be
nea th th e T errace Po int basalt at G ood Harbo r Bay. Th e 
hi gh hill s just inl and from th ere (Levea ux, Onion, and 
Eagl e Mo untain s) are cue ta held up by a thi ck po rph yritic 
trachyba alt sill th at c ros cuts th e fl ow at a small angle 
(see below). 

Proceedin g toward T ofte fro m th e On ion Ri ver, pro
gressively younger fl ows are met again , all basalts, but 
abundant fa ults (see fig . V-4C) make tracing of individ ual 
flows difficult . The basalts probabl y a re th e lateral equ iva
lents of the Lutsen basalts, and include some sim ila r pl agio
cl ase-porph yritic oli vin e basalts. Th e topmost flow is 
th ought to be th at ex posed at th e o ld boat dock at T ofte 
vill age. Th ese basalt , here called info rm all y th e chroeder 
basalts, are a lmost entirely of th e ophit ic o li vi ne-tholeiite 
type, and include many thin flow units, a lthough o nl y a 
mil e inl and , o n th e fl ank of th e intrusion-co red Carl ton 
Peak, rhyolite and quartz th oleiite a re exposed . A t least 
700 feet of basa lt s are exposed a t T oft e at th e top of th e 
success io n (figs. V -9B , 9C, and I I D). 

The ophiti c Schroeder ba alts can be traced nearl y con
ti nuo u Iy to the so uthwest past Schroeder and T acon ite 
Ha rbor to th e C ook-Lake County line, and apparently 
thi cken in thi s direction ; southwest of T aco nite H arbo r, 
abo ut 4,000 feet of basalt are present (fig. V-6). The 

Figure V-I 7. Photographs of Keweenawan rocks. A, Bell H arbor lavas (dark , middle distance) overlying Palisade rhyolite 
(left foreground) . View northeastward from Shovel Point, IIlgen C ity, Lake County. Hills and deep road cut in 
distance are intrusive rocks of Beaver Bay Complex ; B, view southwestward toward Palisade Head from top of 
Shovel Point , IIlgen City , Lake County. Viewpoint and Palisade Head both held up by Palisade rhyolite flow; 
intervening horelin e is cut into underlying Baptism River lavas, except for fault-dropped section of Palisade 
rhyolite that forms light-colored cliffs in middle distance by Baptism River mouth ; C. wave-stripped, coarsely 
wrinkled basalt flow surface in Lakewood basalts. Lake Superior shore at 7710 Congdon Blvd ., Duluth ; D , 
sections across several lava toes or lobes in diabasic basalt of Ely's Peak lavas: southwest slope of Ely's Peak 
on Duluth , Winnipeg, and Pacific Railroad. Some structures such as these in this unit bea r strong resemblance 
to pillows, but they occur with good ropy surfaces and are thought to be subaerial rather than sub aqueous. 
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Schroede r ba alts continue southwestw ard p ast Little Ma
rai , and thin in thi s direction ; th ey a re interrupted in th e 
vici nit y of the Manitou Rive r by a thi ck, reddish trachy
basalt flow th at rests o n a seri es of int erbedded thin basalts 
and breccia-agglomerate, and locall y, on felsite. The top of 
the Manitou trachybasalt i no t exposed , but the fl ow is at 
least 300 feet thick (figs. V -lOB and 10C) . 

Southwest of Little Marais, faultin g aga in int erferes with 
detailed accou nting of the lava succession, but th e ophitic 
Schroede r basalt are und erl ai n by a seri es of fine-grained 
quar tz tho lei ite , trachybasalts, and other basaltic va ri eti es 
(the Bell H arbor lava , at least 2S0 feet thick), which in turn 
overli e a great rhyolite flow at Crystal Bay at !lIge n C ity 
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(fig. V-I 7 A). This flow . at least 300 feet thi ck, fo rm s Shovel 
Point and re-enters the shore 2 miles to the southwest to 
form Pa li sade H ead (fig. V-II A). The Pali ade rh yo lite i 
in turn und erl ai n by a few hundred feet of mi xed basa lti c 
fl ow ex posed in and near th e mouth of the Bapti m Riv er 
(Bapti sm River lavas; fi g. V-17B) . In thi reg io n, th e fl ows 
a re intruded by many large dikes and small pluton of th e 
Beaver Bay Complex, and th eir attitudes a re locall y stro ng
ly disturbed from th e regiona l no rth-no rth easterl y trend . 
Recent mappi ng of th e fl ows has not ye t been ex tend ed 
southwest of Pali sade Head. 

According to Grout and Schwartz ( 1939) , both basalts 
and rhyolite form the volcani c remn ant between th e domi-
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Figure V-IS. 
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Generalized bedrock geologic map of Lake Superior shore between Two Harbors and Split Rock Po int , Lake 
County, and adjacent inland areas. Northwestern part of map area has few outcrops but they are nearly al l of 

gabbroic rocks (after Bonnichsen, 1971) . 
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nant intrusions of th e S il ver Bay- Beaver Bay a rea, but th ey 
can no t yet be ti ed strati graph ically to th e succession farther 
removed from th e intrusive co mpl ex. 

To the so uth west from th e Beaver Bay Com pl ex at Sp lit 
Rock River, the stra ti graphi c succession descends, and th e 
shorelin e as far as Two Harbors ha been mapped by R. M. 
Groga n ( 1940, op . cit.) . Fro m this work and that of and
berg ( 193S), tentative group ing of flows into informal 
stratigraphic units (tab le V-6 ; fig . V-IS) can be given. For 
a distance of S miles, a succession of genera ll y basaltic 
rocks (" melaphyres and ophites"), including one glomero
porphyritic basalt and one porphyritic fe lsite, forms shore
line expo ure to the vicinity of row reek , where a thick 
diabase intrusion ha deformed the flows and forms Lafay
ette Bluff and Encampment Island . T his group i herein 
ca ll ed the Goo eberry River basa lt s. Additional ba altic 
flow progressively underlie thi s succes ion southwe tward 
to Si lver reek C li ff, where they again are intruded by a 
thick gabbroic si ll that cros cuts the flows at a sma ll angle 
and which probably once connected inland with the La
fayette Bluff intrusion . More basalt (Two Harbors fine
grained ba alt s) , principally " melaphyres," continue south
westward to Two Harbors; at least one of the e, at the city 
to uri st park on Burlington Bay, i a quartz tholeiite (TH-2 , 
tab le V-3) . 

Sandberg's mapping (193S) , from Two Harbors to Du
luth , shows the sequ ence of melaphyres at Two Harbors to 
be underl a in by a thick group of ophitic ba alts ("Larsmont 
ophiti c basalts") that ex tends southwestward to the Knife 
River , where the flows once again are cut by a thick cro s
cutting diabase sheet that projects eastward into the lake to 
form Knife I land and extend outhwestward to Stony 
Point (see fig . V-19) . Quaternary lake clays cover much of 

the success ion between Stony Point and the French River, 
but th ere are a few expos ure of ophitic ba alt and other 
ophitic ba alt underlie the shoreline to the Talmadge River. 
This gro up of dominantly ophitic basalts between ton 
Poi nt and the Talmadge River is herein ca ll ed the ucker 

LAKE 

WISCONSIN o , 

Ri ver basalts. These are succeeded down- ection by domi
nantl y thin " melap hyre" lavas ("Lakewood basalts") which 
ex tend past th e Eakewood pumping station (fig. V-17C). 
These a re underlain successively by additional melaphyres 
(some of whi ch a re porphyritic olivine trachybasalts), two 
fe lsi te flows, and the thick Lester River diabase sill , char
acterized by it red , granit ic top zone . Other melaphyres 
appear beneath the diabase at the Lester River, and are un
derlain in turn in the East End of Duluth by a mixed e
quence of porphyrites, melaphyres, and fel ites, including a 
thick , banded fl ow into which the Tischer Creek gorge has 
been cut. This latter group, beneath the Lester River sill , is 
here termed informally the Lakeside lavas. 

Further so uth westward in Duluth, the thick, differenti
ated Endion si ll underlies the Tischer Creek felsite. It is in 
turn underlain in the vicinity of Leif Ericson Park by a 
mixed serie of "melaphyres" and " porphyrites" (Leif Eric
so n Park lavas), which are truncated by the upper contact 
of the Duluth Complex. 

Beneath the Duluth Compl ex at opeming, west of 
Duluth , a wedge of lavas (th e Ely's Peak basalts) is pre
served at the base of the volcanic sequence; it conformably 
overlies the basal Keweenawan Puckwunge sandstone (fig. 
V-4A ; see Mattis, thi s chap ter). Their reversed magnetic 
po larity (Green and Books, 1972) shows these Ely's Peak 
basalts to be Lower Keweenawan. They are strikingly simi
lar to the basalts at the northeastern extremity of the se
quence on Lucille and Magnet Islands at Grand Portage; 
identical pyroxene-and-olivine-porphyritic basalts at the 
ba e are overlain by massive, diabasic basalts (fig. V- 17D; 
see Kilburg, 1972 , op . cit.) . The Ely 's Peak basalts extend 
northward for a distance of 7 miles, where they wedge out 
beneath the Duluth Complex. Kilburg's mapping indicates 
that only abou t 1,200 fee t of lavas are represented in this 
group , in contrast to earlier estimates. 

I n addition to the extensive areas underlain by volcanic 
rock that are in direct conti nui ty with the lakeshore out
crops, everal isolated patc hes or inli ers of flows have been 
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Figure V-19 . Generalized bedrock geologic map of Lake Superior shore zone from Duluth to Two H arbors, with adjacent 
inland area, showing intrusive bodies and volcano-stratigraphic units. 
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found that are urrounded by intrusive bodies of the Duluth 
Complex . About 6 miles northea t of Hoyt Lakes. in sec. 
19. T. 59 N oo R. 13 W oo Bonnich en (thi s ch apter) ha rec
ognized a thin zone of ba alts immediately underly ing th e 
complex. These lava have been thoroughly recrystallized 
by the overlying troctolite. I n southwestern Lake County. 
between T. 56 oo R. II W . and T . 58 oo R. 10 W oo south
west of Whyte. i a long. northeasterly-t rending area of 
sparsely outcropping lavas of several varieti es. They also 
have been partl y recrys tallized. and many of the basalts 
contain abundant magnetite. Nort h and north east of Dumb
bell Lake. in east-central Lake County (T. 60 Noo R. 7 W .) 
i another area of both basalts and rhyolites. which mayor 
may not be isolated with in the Duluth Complex. Alt hough 
their boundaries are obscure because of poor ou tc rops, 
these lavas probably cover an area of at least 7 square mile . 

I n addition to the above, most of th e extensive regions 
that contain little or no outcrop (in southwestern Cook, 
southern Lake, and southea tern St. Louis Coun ti es). are 
inferred to be underl ain by volcanic rocks. 

INTRUSIONS INTO THE 
NORTH SHORE VOLCANIC GROUP 

General Relations 

A large proportion of the magma generated during Ke
weenawan time never reached th e surface, and intrusive 
bodies having a variety of shapes. sizes, and compositions 
occur within the limits of the extrusive lavas. The largest of 
these is th e Duluth Complex. which is discussed separately 
in another section of this chapter. Severa l smaller units wi ll 
be discussed in thi s section ; it should be noted, however, 
that the delineation of the Duluth Complex and of ot her 
intrusions is based primarily on whether or not the small er 
bodies are known or inferred to be connected with the Du
luth Complex at the present erosion surface. If the rocks 
were exposed better, the distinction between the Duluth 
Complex and " minor intrusions" might well be different 

from th at made here . The distinction is pa rti cul a rly diffi
cult to make for th e Beaver Bay omplex , wh ich merges 
to th e no rth into th e Duluth omp lex. and for th e intru-
io ns in the area no rth and west of Two Harbo rs. where 

outcrops are sparse. With respect to th e Beaver Bay om
plex. its northern boundary is drawn a rbitraril y at th e mid 
dle of the Cramer I :62 ,500 qu adra ngle (see fi g. V-23 , sec
ti on o n Duluth o mplex) . Bonni chsen (a lso in th e secti on 
o n the Duluth Complex) int erprets th e eastern bo und a ry of 
th e complex in th e area north or Two Harbors to be th e 
eastern limit of ex po ed trocto liti c and ano rtho iti c rocks 
th at ar clearly co ntinuous with th e remainder of th e Du
luth Complex; thi s g ives a fair ly smooth co ntact o n the map 
(ee fig . V-19) . Bo nni ch en discu ses th e minor intru ions 
th at a re ea t of. and stra tigraphicall y a bove, thi s co nt act in 
anot her section in thi s chapter. The locati ons of th e various 
intrusive bodies di c us ed below are given o n F igures V-6 . 
V-18. V-19 , and V-20 ; ma\1Y of them are designated in 
forma ll y. Several ma il er intrusive bodies that are known to 
exist are not described in this report. C hemi cal analyses 
published since 1899 are compil ed in Table V-7 . 

Mafic Sill s of the Duluth-Two Harbors Area 
Several large gabbroic si ll cut th e lava in th e Duluth

Two Harbor area (fig. V -19) . From so uthwest to no rth east 
along th e hore these include the Endi o n si ll . o rthland 
sill , Lester River sill , Stony Po int-Knife Island si ll and . be
yo nd Two H arbors. the Si lver Creek C liff-Lafayette Bluff 
si ll. The Endion si ll , in the eastern part of Duluth , has been 
described by Schwartz and Sandberg (1940) and mo re re
centl y by Ernst ( 1960) . About 1.500 fee t thick and exposed 
over a distance of abo ut 6 mil es. it is composed primari ly 
of diabasic , medi um -grained oli vi ne gabb ro, but contains in 
its upper part approximately 40 percent intermed iate to fel
sic differentiates. The e how gradationa l co nt ac ts with the 
diabase and wit h each oth er, but because of th e anomalous 
bulk com po ition of the exposed po rti ons, Ernst interpreted 
the body a a composite si ll th at formed ei th er by migration 

NOT MAPPED 

Schroeder basalis 
lovos Bell Harbor loyas 

Figure V-20. 

LAKE SUPERIOR o 6 M.tes 

Generalized bedrock geologic map of the Beaver Bay Complex, Lake County. g, gabbroic rocks, undifferenti
ated, mostly ophitic olivine diabase ; Ig, layered gabbro ic rocks; It , layered troctolite (Duluth Complex); bbg, 
" Black Bay gabbro" ring dikes; fg, Beaver Bay ferrogabbro; sg, syenogabbro, syenodiorite, and others; gr, 
granitic rocks; and v, volcanic rocks. 
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Table V-7. Chemical analyses" of Keweenawan intrusive rocks (exclusive of Duluth Complex). 

SiO" 43.21 

TiOc 4.16 

AlcO" 14.22 

FeCO:1 5.11 

FeO 

MnO 

13.46 

0.20 

MgO 4.53 

CaO 9.31 

Na"O 2.66 

K"O 0.67 

H.,O+ 0.73 

HcO 

P"O .• 

CO. 

S 
BaO 

0.60 

o.n 
0.01 

2 

45.84 

3.44 

11.19 

4.02 

I G.30 

0.27 

3.66 

8.39 

2.68 

0.83 

0.87 

0.45 

1.74 

0.04 

3 

45.87 

4.G5 

10.66 

4.11 

15.59 

0.29 

3.50 

8.21< 

2.R4 

0.96 

1.42 

0.47 

1.70 

Total 99.65 99.72 100.34 

" Published since 1899 

See footnotes p. 326. 
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46.94 

3.86 

11.'1',7 

4.66 

11.33 

0.24 

5.99 

10.88 

2.2G 

0.48 

0.G4 

OG} 

0.17 

99.95 

Beaver Bay Complex 

5 

47)l8 

3.00 

11.86 

4.05 

15.56 

0.30 

2.47 

7.22 

V~9 

1.29 

0.92 

0.85 

1.41 

0.03 

99.73 

6 

48.77 

1.52 

18.25 

2.25 

8.44 

0.15 

4.94 

10.SI 

2.77 

0.45 

0.84 

0.45 

0.24 

99.88 

7 

49.16 

1.36 

17.09 

2.28 

7.99 

0.19 

7.43 

10.89 

2.35 

0.45 

0.60 

0.39 

0.13 

0.02 

100.33 

8 

49.83 

2.21 

11.59 

4.51 

17.1<) 

(U7 

1.06 

7.34 

2.93 

115 

0.53 

0.48 

0.54 

0.01 

99.74 

9 

50.04 

3.36 

13.00 

4.20 

10.71 

0.22 

3.h 1 

7.59 

2.66 

l. 1 7 

1.51 

0.95 

0.h9 

0.05 

10 

50.8G 

15.72 

9.77 

2.48 

3.55 

10.52 

3.89 

0.90 

2.53 

99.76 100.22 

11 

63.18 

1.51 

13.27 

4.(U 

4.42 

0.12 

1.62 

2.74 

3.47 

3.57 

1.20 

0.40 

0.31 

99.84 

12 

47.25 

2.89 

15.00 

2.64 

11.09 

0.21 

G.52 

8.40 

2.52 

O.SI 

1.63 

0.35 

0.5G 

99.87 

13 

48.51 

13.79 

19.34 

4.81 

8.34 

1.67 

0.19 

96.65 

Endion sill 

14 

52.42 

2.66 

12.66 

3.90 

9.55 

0.25 

3.74 

5.16 

301 

2.44 

2.00 

0.80 

1.14 

15 

6107 

1.37 

13.66 

3.04 

5.54 

0.15 

2.48 

2.36 

3.40 

4.10 

179 

0.45 

0.48 

0.20 

99.73 100.09 

16 

61.46 

1.37 

13.22 

3.08 

5.42 

0.18 

2.00 

2.96 

3.33 

4.30 

124 

0.32 

0.40 

0.53 

99.81 



w 
tv 
.j:>. 

r-
>-
-l 
tTl 
'"tI 
:;0 
tTl Table V-7 (cont'd). Chemical analyses of Keweenawan intrusive rocks (exclusive of Duluth Complex). (") 

>-
3:: 
to 

Logan :;0 

:; Lester River sill Northland sill Pigeon Point sill sills 
Z 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 

SiO~ 50.46 51.62 54.86 56.76 58.88 61.22 47.50 58.01 58.06 62.85 63.33 49.18 61.09 50.04 51.00 

TiO~ 1.64 2.26 1.97 1.62 1.38 1.62 3.74 2.14 2.16 1.59 1.55 1.09 3.76 1.82 

Al~03 16.90 11.39 11.92 12.55 11.84 12.30 12.94 13.63 13.09 13.10 12.99 19.01 15.34 11.70 18.93 

Fe~03 4.68 4.94 5.04 4.70 6.82 9.51 3.94 4.59 3.34 2.71 2.87 0.89 5.74 2.28 1.19 

FeO 6.47 12.94 10.32 8.04 5.63 2.93 11.52 5.19 7.22 5.56 5.12 7.79 3.69 13.51 9.54 

MnO 0.17 0.30 0.26 0.33 0.20 0.28 0.22 0.19 0.17 0.14 0.16 0.51 0.15 

MgO 4.01 3.00 1.53 3.57 2.06 1.36 5.62 3.05 2.05 1.40 2.21 6.42 1.33 4.20 4.04 

CaO 8.45 6.36 5.84 1.75 3.63 1.46 8.38 3.63 4.78 3.31 2.05 9.12 3.10 7.16 9.46 

Na:p 2.82 2.59 2.96 2.76 2.82 3.24 2.39 4.23 3.48 3.51 3.97 3.32 3.41 3.47 1.46 

K20 1.21 2.03 2.25 3.09 4.07 3.84 1.07 3.30 3.02 4.02 3.52 0.82 3.65 1.03 1.20 

H~O+ 1.63 1.32 1.68 3.06 1.18 1.05 1.31 1.02 1.48 1.08 1.25 1.80 1.28 1.18 
2.06 

H~O- 1.28 0.78 0.53 1.16 0.58 0.32 0.68 0.52 0.39 0.16 0.58 0.07 0.16 

P~05 0.42 0.54 0.66 0.55 0.41 0.54 0.69 0.41 0.70 0.40 0.37 0.47 

CO2 0.58 0.11 0.25 

S 0.11 0.02 
BaO 0.02 0.15 

Total 100.14 100.07 99.82 99.94 100.08 99.78 100.00 99.91 99.94 99.83 99.97 100.21 99.15 99.60 100.15 

See footnotes p. 326. 



(") 
::t 

< --Cl m 
o 
r o o 
-< 
o 
'Tl 

~ 
Z 
Z 
m 
VJ o 
-l 
>-
W 
t--> 
U. 

Table V-7 (cont'd). Chemical analyses of Keweenawan intrusive rocks (exclusive of Duluth Complex). 

32 

SiOe 47.05 

TiOz 

AIZO;j 32.03 

FeZ03 

FeO 

MnO 

2.01 

MgO 0.15 

CaO 15.85 

Na"O 1.00 

K"O 0.05 

HzO+ 1.36 

HzO-

P20" 

COz 

S 
BaO 

Total 99.50 

See footnotes p. 326. 

33 

49.78 

0.00 

29.37 

0.34 

0.60 

0.08 

1.01 

11.86 

4.39 

0.46 

1.76 

99.65 

Anorthosites 

34 

50.59 

0.05 

29.88 

0.35 

0.49 

0.01 

1.18 

13.08 

3.48 

0.12 

0.79 

0.22 

0.05 

100.29 

35 36 

50.68 51.45 

0.07 0.15 

30.67 28.47 

0.21 

0.29 

0.01 

0.42 

13.79 

3.40 

0.09 

0.50 

0.03 

0.16 

0.03 

0.80 

1.00 

0.02 

1.07 

12.08 

3.90 

0.33 

0.63 

0.18 

0.04 

100.35 100.12 

37 

51.54 

0.12 

28.87 

1.06 

0.22 

0.01 

0.39 

12.70 

3.72 

0.27 

0.82 

0.08 

0.09 

0.03 

99.92 

38 

48.10 

1.49 

15.88 

2.23 

10.16 

0.18 

7.54 

8.82 

3.26 

0.49 

1.44 

n.d. 

0.16 

0.14 

99.89 

39 

49.18 

2.99 

13.82 

2.46 

10.99 

0.20 

5.44 

9.16 

2.72 

0.98 

1.04 

0.20 

0.56 

0.04 

0.09 

99.87 

Dikes 

40 

49.21 

2.83 

14.24 

2.36 

10.59 

0.19 

5.73 

9.14 

2.72 

0.97 

1.00 

0.19 

0.50 

0.02 

0.07 

99.76 

41 

49.34 

3.16 

13.03 

2.50 

13.74 

0.51 

3.64 

7.40 

4.55 

1.57 

0.69 

0.24 

0.15 

0.96 

0.12 
0.03 

101.69 

42 

57.31 

1.62 

13.39 

4.23 

8.05 

0.17 

1.89 

3.61 

3.88 

2.66 

2.05 

0.61 

0.59 

100.06 

43 

46.88 

1.11 

20.98 

3.32 

5.56 

0.12 

4.74 

11.15 

2.49 

0.29 

1.45 

1.59 

0.15 

0.12 

0.02 

99.97 

Miscellaneous 

44 

52.02 

2.17 

14.15 

6.07 

7.76 

0.17 

4.40 

7.29 

2.92 

1.03 

1.48 

0.30 

0.00 

99.76 

45 

52.82 

2.15 

13.67 

7.66 

6.61 

0.15 

3.66 

6.94 

2.94 

1.19 

1.67 

0.42 

0.0l 

99.89 

46 

53.91 

1.22 

17.25 

2.50 

4.87 

0.09 

2.38 

3.38 

6.08 

3.21 

1.93 

0_33 

0.40 

2.12 

0.04 
0.10 

99.84 
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1. Hortonolite-ferrogabbro; L. Superior shore SE14NE14 sec. 14, T. 55 N., R. 8 W., Lake Co.; anal. D. Thaemlitz (Gehman, 1957, unpub. Ph.D. thesis, Univ. Minn., 
table 6, no. 9) 

2. Diabasic gabbro; Hwy. 61, SW14SW14 sec. 14, T. 55 N., R. 8 W., Lake Co.; anal. R. B. Ellestad (Grout and Schwartz, 1939, table 2, no. 2) 
3. Iron-rich diabase (M 3174); Hwy. 61, 5fs mile SW of settlement, Beaver Bay, Lake Co. (NEI,4SWl,4 sec. 14. T. 55 N., R. 8 W.); anal. J. W. Scoon (Muir, 1954, 

table 1, no. 2) 
4. Diabase with olivine spots; L. Superior shore, SE14SWlI.! sec. 6, T. 55 N., R. 7 W .. Lake Co.; anal. T. Kameda (Grout and Schwartz, 1939, table 2, no. 3) 
5. Ferrohortonolite-ferrogabbro; L. Superior shore, NWl,4 NWl,4 sec. 13, T. 55 N., R. 8 W., Lake Co.; anal. D. Thaemlitz (Gehman, 1957, op. cit., table 6, no. 11) 
6. Mottled diabase; Hwy. 61, SW14 SWl,4 sec. 28. T. 55 N., R. 8 W., Lake Co.; anal. R. B. Ellestad (Grout and Schwartz, 1939, table 2, no. I) 
7. Fine-gr. border of Beaver River gabbro; Reserve Mining Co., Silver Bay. T. 55 N .. R. 8 W .. Lake Co.; anal. D. Thaemlitz (Gehman, 1957, op. cit., table 1, no. 1) 
8. Fayalite ferrogabbro; L. Superior shore. NWl/.iNWl,4 sec. 13. T. 55 N., R. 8 W., Lake Co.; anal. C. O. Ingamells (Gehman, 1957, op. cit., table 6, no. 12) 
9. Black Bay gabbro; cut near diesel repair shop of Reserve Mining Co., Silver Bay, Lake Co., T. 55 N., R. 8 W.; anal. D. Thaemlitz (Gehman, 1957, op. cit., table 

11. no. 18) 
10. Diabase; E. of Baptism R., Lake Co.; anal. J. A. Dodge and C. F. Sidener (Winchell and Grant, 1900, p. 226, no. 156) 
11. "Intermediate rock;" near Finland, SEl,4SEl,4 sec. 8, T. 57 N .. R. 7 W., Lake Co.; anal. R. B. Ellestad (Grout and Schwartz, 1939. table 2, no. 5) 
12. Ophitic diabase; L. Superior shore at 18th Ave. E., Duluth, St. Louis Co.; anal. S. S. Goldich (Schwartz and Sandberg, 1940, table 1, no. 1) 
13. "Traprock, cupriferous;" Tischer's Ck. quarry, Duluth. St. Louis Co.; anal. J. A. Dodge (Winchell and Grant, 1900, p. 149, no. 57) 
14. Diabase; L. Superior shore at 22nd Ave. E., Duluth. St. Louis Co.; anal. R. W. Perlich (Schwartz and Sandberg, 1940. table 1, no. 3) 
15. "Red rock" within a few feet of overlying rhyolite; Tischer Ck. near 2nd St. E., Duluth, St. Louis Co.; anal. R. W. Perlich (ibid., table 1, no. 6) 
16. "Intermediate red rock;" McLean quarry near L. Superior shore between 24th and 25th Ave. E., Duluth, St. Louis Co.; anal. R. W. Perlich (ibid., table 1, no. 4) 
17. Diabase; L. Superior shore 4,600 ft. E. of Lester R., SW1,4 NEl,4 sec. 4, T. 50 N., R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table 1, no. 15) 
18. Massive, dark diabase; Hwy. 61 (now St. Louis Co. 61) 2,000 ft. E. of Lester R., Duluth. St. Louis Co.; anal. L. A. Danielson Ubid., table 1, no. 14) 
19. Massive, dark, medium-gr. diabase; Hwy. 61. 1,000 ft. E. of Lester R., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table I, no. 13) 
20. Reddish diabase; L. Superior shore, NElI.!NE1,4 sec. 4, T. 50 N., R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table 1, no. 18) 
21. "Red rock;" main facies, L. Superior shore, SE1,4NE1,4 sec. 4, T. 50 N., R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table 1, no. 17) 
22. "Red rock;" along fractures in reddish diabase, L. Superior shore, NEl,4 NEll.! sec. 4, T. 50 N .. R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table 1, 

no. 19) 
23. Diabase; L. Superior shore at 30th Ave. E., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table I. no. 8) 
24. "Red rock;" Skyline Blvd. at 41st Ave. E. proj., Duluth. St. Louis Co.; anal. S. S. Goldich (ibid., table 1, no. 10) 
25. Reddish diabase; Amity Ck .. NWl,4SWl,4 sec. 32, T. 51 N .. R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (ibid., table 1, no. 9) 
26. "Intermediate red rock;" 1,4 mi. W. of center sec. 33, T. 51 N., R. 13 W., Duluth, St. Louis Co.; anal. R. W. Per/ich (ibid., table 1, no. 11) 
27. "Red rock;" Amity Ck. above bridge at Maxwell Rd., SWl/4 NE1,4 sec. 32. T. 51 N., R. 13 W., Duluth, St. Louis Co.; anal. S. S. Goldich (Schwartz and Sandberg, 

1940, table I, no. 12) 
28. Olivine diabase; Pigeon Point, Cook Co.; anal. W. F. Hillebrand (Winchell, 1900, p. 213, no. 1) 
29. Med.gr., miarolitic red granite; N. side Pigeon Point. SElI.!NWl,4 sec. 26, T. 64 N., R. 7 E .. Cook Co.; anal. J. A. Dodge and C. F. Sidener (Winchell and Grant, 

1900, p. 303 ) 
30. Chilled phase of diabase near top of sill, sec. 25, T. 65 N., R. 2 W .. Cook Co.; anal. R. B. Ellestad (Grout and Schwartz, 1939, table 8, no. 1); total includes 0.10% 

Cl.. 0.00% ZrO, 
31. Quartz diabase; SWl,4 NW14 sec. 35, T. 65 N., R. 2 W., Cook Co.; anal. H. F. Kendall (ibid., table 8, no. 3) 
32. Anorthosite; foot of Caribou Peak, St. Louis Co. (?); anal. C. F. Sidener (Grout, 191 8d, p. 650. no. 24) 
33. "Plagioclasyte;" Carlton Peak, Tofte, T. 59 N., R. 4 W .. Cook Co.; anal. A. N. Winchell (Winchell, 1900, p. 281. no. 1) 
34. Very coarse anorthosite; cove in L. Superior shore. sec. 5, T. 56 N .. R. 7 W., Lake Co.; anal. W. T. Kameda (Grout and Schwartz, 1939, table 4, no. 9) 
35. Anorthosite; Split Rock quarry. sec. 5. T. 54 N .. R. 8 W., Lake Co.; anal. R. B. Ellestad (ibid., table 4, no. 7) 
36. Black anorthosite; Beaver Bay, sec. 12, T. 55 N .. R. 8 W .. Lake Co.; anal. W. T. Kameda (ibid., table 4, no. 8) 
37. Brown anorthosite; Hwy. 61, sec. 1, T. 56 N., R. 7 W., Lake Co.; anal. R. B. Ellestad (ibid., table 4, no. 6) 
38. Dark green, massive. fine-gr. olivine diabase dike; NW shore of W. end Moose Lake, NEl,4 sec. 36, T. 64 N., R. 10 W., Lake Co.; anal. K. Ramlal (Green, 1970a, 

table 2, M-7129); intrudes Knife Lake Gp. 
39. Basaltic chilled zone of microgabbro dike (M 3744-1); near TV tower, sec. 28, T. 50 N., R. 14 W., Duluth, St. Louis Co.; anal. E. Oslund (Taylor, 1964, table 14, 

no. XXVI); intrudes Duluth Complex. 
40. Microgabbro dike (M 3744-2); near TV tower. sec. 28, T. 50 N., R. 14 W., Duluth. St. Louis Co.; anal. E. Oslund (ibid., table 14, no. XXVII); intrudes Duluth 

Complex " 
41. Olivine diabase dike; Carlton Co.; anal. W. H. Truesdale (Grout, 19IOa, table 8, no. I); intrudes Thomson Fm. 
42. Aphanitic, brown trachyandesite dike (H-4); Hwy. 61 at old road jct., NElI.!NWl,4 sec. 12, T. 62 N., R. 4 E., Cook Co.; anal. T. Konda (cuts Lower Keweenawan 

Hovland lavas) 
43. Diabase; Lafayette Bluff, sec. 12, T. 53 N., R. 10 W., Lake Co.; anal. S. S. Goldich (Grout and Schwartz, 1939, table 2, no. 4) 
44. Fine- to med.-gr., brown trachybasalt sill; S. of Devil Track Lake, SE1hNEl,4 sec. 8, T. 61 N., R. 1 W., Cook Co.; anal. K. Ohta (Bally Creek sill) 
45. Fine- to med.-gr., brown, nonporphyritic lower part of large trachybasalt sill; W corner of Hill NE of Leveaux Mtn., SE14NWI/4 sec. 1, T. 59 N., R. 4 W.; anal. K. 

Ohta (Leveaux porphyry sill) 
46. Coarse-gr., red syenite; (drill hole) NWl,4 NEl,4 sec. 2, T. 58 N., R. 15 W., Aurora, St. Louis Co.; anal. E. Oslund (White, 1954, p. 65) ("Aurora sill") 



and conccntration of felsic differentiates up-dip within a 
single larger body, or by separate intrusion of the grano
phyric magma from some outside source into the still-hot 
diabasic sill. 

The Northland and Lester River sills have been studied 
by Schwartz and Sandberg (1940). The Northland sill is at 
least 6 miles long and varies in thickness from 30 to ap
proximately 1,030 feet. It forms a major scarp in the East 
End of Duluth (Lakeside district). It also contains inter
mediate and felsic differentiates, but they are less regularly 
distributed than in the Endion sill. The Lester River sill 
forms a conspicuous ridge still farther east, and can be 
traced for about 17 miles; it is approximately 1,000 feet 
thick. Its major phase is ophitic olivine gabbro or diabase, 
but it also contains local irregular zones of felsic and inter
mediate differentiates. Small amounts of interstitial grano
phyre arc common in the diabase of both 'ilb. Schwartz 
and Sandberg concluded that the "red rocb" of these sills 
are magmatic differentiates of their host gabbroic magmas. 

At Stony Point (sec. I, T. 51 N .. R. 12 W.). another 
gabbroic sill intrudes the lavas; ib thickness is about 1.600 
feet, and its exposed length is about 3 miles (Sandberg. 
1938). The sill appears to be conformable with the basalts 
beneath it at Stony Point. where it strikes slightly east of 
north, but it swings to the east and crosscuts the !lows at 
Knife River, where it forms Granite Point and Knife Island 
as it passes beneath Lake Superior. The upper contact ap
pears to be irregular, beneath ophitic basalts. The sill is an 
olivine diabase or gabbro that contains several local peg
matitic patches and an anorthosite xenolith. but lacks ap
preciable felsic differentiates. 

Approximately 5 miles east of Two Harbors (fig. \'-18). 
Silver Creek Cliff. which rises abruptly above the volcanic 
terrane, is held up by another large. slightly crosscutting 
olivine gabbro sill. This sill trends north by east fl1r 2 miles. 
then swings to the east and then back Sl)uth to form Lafay
ette Bluff and Encampment Island. Diabase bodies to the 
southwest (SWI/~ sec. 21, T. 53 N .. R. lOW.) and to the 
northeast across Crow Creek (SEl.j sec. I. T. 53 N .. R. 10 
W .. and SWl,~ sec. 6, T. 53 N., R. 9 W.) are probably out
liers or are connected with the main sill. According to R. 
M. Grogan (1940, op. CiL), the sill at Silver Creek Cliff dips 
10°_20 0 W., transgressing the easterly-dipping tlows. where
as at Lafayette Bluff it dips eastward at a high angle. Just 
east of Crow Creek, it has gently-dipping layering. Its con
tacts are complex and somc arc faulted. and in some places 
the intrusion evidently has forcefully deformed the overly
ing lavas. The sill forms a scarp 200 feet high along much 
of its length; Grogan estimated it to be 600 feet thick at 
Lafayette Point, but it is probably thinner over most of its 
extent. It is an olivine gabbro that has little or no segre
gated felsic material. Near the base in Silver Creek Cliff 
some layering can be seen. the individual layers ranging in 
thickness from an inch to two feet. Evidently. the base has 
remelted some of the rhyolite tlow immediately beneath it 
at this locality, and basaltic dikes project downward into 
the tlow. The upper parts of the sill contain scattered amyg
dules in some outcrops. Plagioclase phenocrysts as much as 
2 inches long are common in some parts of the sill, es
pecially in the eastern exposures. 

Beaver Bay Complex 

For several miles on either side of Beaver Bay. in Lake 
County, a complex series of intrusive rocks is exposed that 
range in composition from troctolite to granite (fig. V-20). 
They have been studied by Grout and Schwartz (1939) and. 
more recently, the southwestern most part was studied by 
H. M. Gehman (1957, unpub. Ph.D. thesis, Univ. Minn.). 
I have done reconnaissance in the eastern and northern 
parts of the complex. Pyroxenes from the complex have 
been analyzed by Muir (1954) and Konda (1970). Inliers of 
lavas appear at several places within the complex. Although 
its lower (western) margin is rather abrupt for about 11 
miles inland from the Lake Superior shore. its relations with 
the underlying !lows and Duluth Complex to the north are 
obscured by a thick cover of glacial drift. There is no ques
tion that a continuous series of mafic intrusive bodies con
nects the Duluth Complex proper. in the northern half of 
the Cramer IS-minute quadrangle. with the Beaver Bay 
Complex, as mapped near the Lake Superior shore. and an 
arbitrary contact tentatively is placed between the two (see 
fig. V -23). I here describe the intrusive rocks south of the 
middle of the Cramer quadrangle (S. edge of T. 60 N .. 
approx. lat. 4 r 38' N.), whereas Davidson (this chapter). 
discusses those to the north in his discussion of the eastern 
part of the Duluth Complex. From the vicinity of Silver Bay 
to /lIgen City. the Beaver Bay Complex penetrates and de
forms the lavas along the Lake Superior shore: north of 
/lIgen City. it passes inland. forming highlands that extend 
north-northeast into the Cramer quadrangle. 

The dominant rock type of the Beaver Bay Complex is 
medium- to coarse-grained. ophitic olivine gabbro; the 
smaller bodies are generally fine- to medium-grained dia
base. This rock type. informally termed the "Beaver River 
gabbro" by Gehman (1957, op. cil.). underlies most of the 
southern part of the complex. and consists of thick sill-like 
and less regular bodies, which extend from Split Rock Point 
northeastward through Silver Bay. Finland, and Cramer. In 
many exposures it contains angular to rounded blocks of 
light-colored anorthosite that range in size from single 
xenocrysts to blocks more than a quarter of a mile across 
(Grout and Schwartz, 1939, p. 50). According to Grout and 
Schwartz (1939) the anorthosites contain at most a small 
percentage of olivine, augite, and/or interstitial zeolite 
(most commonly thomsonite). The plagioclase varies in 
composition from one inclusion to another. but is in all 
cases either labradorite or bytownite. The diabase that en
closes the anorthosite commonly shows intrusive relations 
to it. and the blocks are thought to have been rafted upward 
from some deeper source, most likely from the uppermost 
mantle or lower crust. although their origin is still unclear 
(Phinney, 1968). 

l'vlany local variants of olivine gabbro occur in the com
plex. Plagioclase phenocrysts. approximately I cm across, 
are widespread but not abundant in many of the ophitic 
diabases. At Beaver Bay and Silver Bay. Gehman (1957. "p. 
cit.) has described two round plugs of ferrogabbro ("'Beav
er Bay ferrogabbro"'l, one or two miles in diameter. that are 
each surrounded by an uneven-textured gabbroic ring dike 
and that cut the dominant ophitic olivine diabase. The ferro-
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gabbro h ave a horizont al fo li ation and c ryptic layerin g, 
wit h plagioclase ranging fro m An-l8 to An28 and o li v ine 
ranging from F034 to FO t (Gehman, 1957 , op . c it ., p. 57-
58). Discontinuous flow-banding can be seen in o li vine 
gabbros in the great north-trending ridge east of Cramer 
(sec. 10, T. 58 N ., R. 6 W .), in a large sill north of lll gen 
City (SElf.. sec. 26 , T. 57 N ., R. 7 W .), and in a small troc
tolite knob near Finland (NE Y4 sec. 20, T. 47 N ., R. 7 W .). 
A layered in t rusion of o livine gabbro occurs near Sonju 
Lake, northeast of Fin land (secs. 2 1, 22 , 27 , 28 and 29, of 
T. 58 oo R. 7 W .). Near Shoepack and Crooked Lakes, 
north of Cramer (secs. 4 to 9 , T . 59 oo R. 6 W.), is a body 
of layered o li vi ne gabbro or troctolite that appea rs to be 
conti nuous with the uppermost part of th e Duluth Complex. 

In some intrusions of th e Beaver Bay Compl ex, inter
sti ti al granophyre is a significan t component. In such bodies 
the o livine, if present, is generally a ltered. there is com
monly some hornblende as well as augi te, apatite is abu n
dant, and the plagioclase is strongly zoned and h as andesine 

or o li goclase rims. Intrusio ns of uch augiti c granodior it es, 
syenodio rite , o r syenogabbros are found no rth east of 1 li gen 
C ity (sec. I , T. 56 Noo R. 7 W oo fig . V-21 A) , north of Little 

Marais (sec . 4 . T. 57 N ., R. 6 W .), ncar Ble ncr Lake and 
Bl esner Creek (secs. 19 and 29 , T. 58 Noo R. 6 W .), and in 
th e high ridge northwest of Ill gen Ci ty (sec. 3, T. 56 N oo R. 
7 W .). The large (up to 20 X 20 cm), skeleta l iron-rich py
roxenes and olivines in some of these bodies are common 
and distinctive. 

Grani ti c or adamelliti c intrusions also occur in the 
Beaver Bay Complex . Genera ll y brick red from their hema
tite-clouded fe ldspars, the e "red rock " have granophyric 
combi ned with porphyritic and hypidiomorphic texture . 
Locally, such as just west of Fin land, miarolitic cavities are 
common, wherea elsewhere (suc h as northeast of Fin land) 
th e rocks approach a rhyolitic texture; both textures sug
gest a relatively hall ow dept h of intrusion. The large t 
bodies occur north and west of Finland (secs. 4 , 5, 6, 7 , 8, 
17 , 18 and 19 of T . 57 ., R. 7 W.), and farther north (sec. 

Figure V-21. Photographs of Keweenawan intrusive rocks. A, layered syenogabbro of Beaver Bay Complex, cut in U.S. 
Highway 61, 1.5 miles northeast of Illgen Ci ty , Lake County ; B, Leveaux Mountalll , north of Tofte, Cook 
County. Hill from which photo was taken (Leveaux Mtn.) and other hill s in right di stance are held up by 
large, dipping si ll of Leveaux trachybasalt porphyry, in which plagiocl ase phenocrysts have floated to tops; 
C contact between richly and sparsely porphyritic (upper and lower, respectively) parts of Leveaux trachy
b~salt sill as seen on Bear Island , Taconite Harbor. There is no evidence of intrusion of one type by th e 
other, and the plagiocl ase phenocrys ts are inferred to have floated ; D, diabase choked with inclusions of 

anorthosite and gabbro, Carlton Peak quarry, Tofte, Cook County. 

328 LATE PRECAM BRIAN 



16, T. 58 N., R. 7 W.). Smaller red granitic dikes and ir
regular bodies that cut the other rocks of the complex are 
widely distributed. 

Leveaux Porphyry 
A large differentiated sill of porphyritic trachybasalt, 

informally named the Leveaux porphyry, slightly trans
gresses the basalts in the area between Taconite Harbor and 
the Cascade River in southwestern Cook County (figs. V-6 
and V-7). It forms large cuesta-like ridges (Leveaux and 
Eagle Mountains) behind Tofte and Lutsen (fig. V-21 B) as 
well as two hills near the Tofte airstrip (secs. 10, 11, 14 and 
15, T. 59 N., R. 4 W.); its southwestern extension has been 
eroded away. Outliers of the sill form Bear and Gull Islands 
at Taconite Harbor. Another small outlier is present 41/2 
miles north of Tofte in sec. 33, T. 60 N .. R. 4 W. Its total 
known length is 24 miles. However, if a very similar sill 
outlier which forms a knob known as Pincushion Mountain 
just east of Grand Marais (SEYl sec. 11, T. 61 N., R. 1 E.) 
is part of the same intrusion, its minimum length is 36 miles. 
Neither its top nor its base is exposed, but it has a minimum 
thickness of 150 feet at Leveaux 1\10untain and a possible 
thickness of 350 feet at Eagle Mountain. It is a brown. 
granular, iron-rich trachybasalt containing pigeonite and 
augite, large magnetite crystals and, in the upper half of the 
sill, abundant (about 40 percent), blocky. 1-2 cm labra
dorite phenocrysts that are assumed to have tloated. The 
contact between the porphyritic and non-porphyritic parts 
of the sill-which can be readily examined on Bear Island 
and on the southwest end of the hill just northeast of Le
veaux Mountain and the Onion River-is gradational over 
a distance of one to three feet and lacks any evidence of 
chilling or intrusive relations. The nonporphyritie, lower 
part of the sill (no. T-36, table V-7) is the same rock as 
the groundmass of the upper porphyry (fig. V-21 C). On the 
hilltop on the peninSUla in Caribou Lake (NEI4 sec. 2. T. 
60 N .. R. 3 W.), the contact is gradational over 3 to 10 feet 
and is vertical. Here, it may have been disturbed by the 
intrusion of the nearby diabase. 

Diabases of the Tofte-Lutsen Area 
A few miles inland from the shore, behind Tofte and 

Lutsen, is a group of irregular hills underlain by gabbroic 
and diabasic intrusions. These extend from just west of the 
Temperance River (sec. 30, T. 59 N .. R. 4 W.) northward 
for 6 miles along the east side of the river to Six Mile 
Creek, and thence northeastward behind the Leveaux por
phyry sill past the Poplar River. The complex continues 
past Caribou Lake and probably crosses the Cascade River 
to merge with diabase sills of the Grand I\larais area. men
tioned below. 

Most exposures appear to be sills (or one large sill) and 
consist of massive, ophitic olivine diabase that has rare 
plagioclase phenocrysts. Locally, banded gabbros occur, 
such as in the road cut just west of Temperance River in the 
NWVl sec. 30, T. 59 N., R. 4 W. and a cut southwest of 
Caribou Lake, in the NEJl4 sec. II, T. 60 N .. R. 3 W. One 
of the most notable parts of this complex is Carlton Peak, 
at Tofte, which is held up largely by massive inclusions of 

anorthosite similar to those in the Beaver Bay Complex (see 
Grout and Schwartz, 1939, p. 64-67). Rising 924 feet above 
the level of Lake Superior, this hill has recently been quar
ried for riprap, and the relations between the anorthosite 
blocks and host diabase and gabbro are excellently ex
posed. At one place in the quarry, the diabase is choked 
with angular blocks of a variety of coarser anorthositic 
gabbros and anorthosites (fig. V -21 D). 

Grand Marais Intrusions 
At Grand Marais. the lavas, especially the thick rhyolite 

flow that underlies much of the town, are intruded in a 
complex manner by ophitic olivine diabase. which is ex
posed in many places along the Lake Superior shore just 
east of the harbor. Five Mile Rock, five miles east of the 
harbor, is also made up of diabase, and probably is an ex
tension of the complex. The Grand Marais diabase passes 
westward beneath the Grand Marais rhyolite to form a ma
jor cuesta (including Murphy Mountain) that extends to the 
Cascade River, which it crosses in sec. 24, T. 61 N .. R. 2 
W. From there it merges into a branch of the Tofte-Lutsen 
diabase complex just described. 

North of Grand Marais, a long, low strike-ridge is un
derlain by another tabular mafic body that probably is a sill 
at least 100 feet thick. It forms the 9-mile-long ridge just 
south of Little Devil Track River and Bally Creek between 
the Gunflint Trail (Cook Co. Hwy. 12) and the Cascade 
River. The contacts of the sill (?) are not exposed. The rock 
has a hypidiomorphic to diabasic texture but is not ophitic 
like the normal diabases, and it contains abundant iron-rich 
pigeonite and granophyre. It is here informally called the 
Bally Creek trachybasalt. 

The knob called Pincushion Mountain, 3 miles north
east of Grand Marais in the SEI/~ sec. II, T. 61 N .. R. 1 
E .. also is held up by a nonophitic trachybasalt silL which 
may be an outlier of the Bally Creek sill. However. it con
tains very abundant blocky plagioclase phenocrysts and it 
may be an outlier of the very similar Leveaux porphyry. 

Northeast of Grand Marais. several isolated hills in secs. 
24 and 25, T. 62 N .. R. I E. are underlain by diabase that 
appears to trend in a west-northwesterly direction, and may 
constitute another minor sill. 

Diabases of Central Cook County 
Several large sills and dikes, each a few hundred feet 

thick, intrude the lavas in the area between the upper Cas
cade River (T. 62 N .. R. 2 W.), Crescent Lake (T. 62 N .. 
R. 4 W.l. and White Pine Lake (T. 61 N .. R. 3 W.l. One 
large diabase intrusion has an arcuate map pattern, and 
forms the western and sOllthern shore of Crescent Lake. 
Another, longer diabase trends northward from a point west 
of Mistletoe Lake (W. side of T. 61 N .. R. 3 W.l to just 
southeast of Crescent and Lichen Lakes, and then swings 
east to pass north of Little Cascade Lake and Swamp Lake 
to the Cascade River; its inferred length is at least 14 miles. 
A third major dike-like unit trends northward to northeast
ward from east of White Pine Lake to east of Tait Lake (T. 
62 N .. R. 3 W.l. Where studied, all the rocks are ophitic 
olivine gabbros. 
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Hovland Diabase Complex 

In the vicinity of Hovland (Ts. 62 and 63 N .. Rs. 3 and 
4 E.). nearly all exposures consist of mafic intrusive rocks. 
Earlier published works (for example Grout and others. 
1959) considered some of these an extension of the Duluth 
Complex eastward to Lake Superior. but in a more recent 
study Jones (1963. op. cit.) concluded that the Duluth Com
plex does not extend east of the Brule River and that the 
intrusive rocks near Hovland belong to five separable units. 
To the east. the Hovland complex appears to merge with 
rocks assigned to the Reservation River diabase complex 
and with the large sills and dikes of the Logan intrusions. 
The Hovland complex (ivliddle Keweenawan according to 
its normal magnetic polarity) intrudes the reversed-pol;rity 
Hovland lavas of Early Keweenawan age (Green and Books. 
1972). 

The Hovland sill is the southernmost of the units 
mapped by Jones; it forms the shoreline ledges and upland 
outcrops between the Brule River and Chicago Bay. An 
underlying smaller unit of similar lithology that may be 
connected to it continues eastward across the northern parts 
of sections 19 and 20 (T. 62 N .. R. 4 E.). The sill strikes 
about N. 80° E. and dips 10° S. and. although its top is 
eroded away. it is at least 500 feet thick. It is a remarkable. 
brown- or red-weathering ferrogabbro. the lower part of 
which has a pronounced igneous lamination and the upper 
part of which is a coarser grained. unlaminated fayalite
syenodiorite. The sill crosscuts lavas at the Brule River in 
sec. 27. T. 62 N .. R. 3 E. 

A smaller. sill-like ferrogabbro underlies the Hovland 
lookout hill in sec. 6. T. 62 N .. R. 4 E. and sec. 1. T. 62 N .. 
R. 3 E. From the topography and igneous lamination. the 
"Lookout sill" appears to strike about N. 80° W. and dip 
15 ° S. and must be at least 200 feet thick. It is similar to 
the Hovland sill in that. in most samples studied. it con
tains abundant interstitial granophyre. A possible lower ex
tension of this unit. south of Moosehorn Lake on the south 
edge of sec. 36. T. 63 N .. R. 3 E .. includes some highly 
granophyric red monzonite. 

A larger. irregular area of intrusive rocks north of the 
sills described above has been called the "Tom Lake-Swamp 
River unit" by Jones (1963, op. cil. p. 70). It underlies the 
low ridge along the south side of Tom Lake, passes east
ward through M oosehorn Lake. and thence northeastward 
across the Swamp River to large highlands in secs. 14 and 
15, T. 63 N .. R. 4 E. The eastern part appears to be sill
like. but the western parts probably are more discordant. 
and sharp. crosscutting contacts have been observed. Near
ly all samples are ophitic olivine gabbro or diabase. 

Two high. northeasterly-trending ridges northeast of 
Hovland are held up by thick gabbroic dikes. which are part 
of what Jones (1963. op. cit.) called the "Moose Valley
Farquhar unit." The northwestern most dike (in secs. 33 and 
34, T. 63 N., R. 4 E. and secs. 4 and 5 of T. 62 N .. R. 4 
E.) is a medium- to coarse-grained, fresh, ophitic olivine 
gabbro which appears to range in thickness from 1,000 to 
3.000 feet. Some samples have poikilitic inverted pigeonite 
as well as augite. The other large dike-to the southeast 
across Moose Valley (in sec. 35. T. 63 N .. R. 4 E. and secs. 
2,3.9 and 10, T. 62 N .• R. 4 E.), incluoing Farquhar Peak 
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-is more feldspathic. contains more interstitial granophyre 
and/or alkali feldspar. and is more highly altered than the 
northwestern dike. It shows strong shearing and retrograde 
alteration in Carlson Creek. in section 10. Both of these 
large dikes appear to pass eastward into the Reservation 
River diabase complex. but relative ages have not been 
determined. 

The relationships of the other exposed mafic intrusive 
rocks. particularly between Hovland and Big Bay. are ob
scure. Most are olivine gabbros. 

Reservation River Diabase Complex 

A large area of gabbroic rocks underlies the Lake Su
perior shore zone at and east of the Reservation River. 
mostly in secs. 27. 28. 29. 31. 32. 33 and 34. T. 63 N .. R. 
5 E. and secs. 4. 5 and 6. T. 62 N .. R. 5 E. Along their 
western and northwestern sides the gabbroic rocks cut the 
Hovland lavas and apparently merge with the Hovland dia
base complex. On the east. they intrude the uppermost part 
of the Grand Portage lavas and may pass into the great 
northeasterly-trending dikes of the Logan intrusions. Al
though crosscutting. the rocks appear to be generally sill
like in character; foliated gabbro with low dips can be seen 
in some outcrops. The dominant rock type is ophitic olivine 
gabbro. which has a conspicuous luster-mottling. A larger 
area in the northern parts of sections 28 and 29. separated 
apparently from the main gabbro mass. is composed of a 
reddish-brown-weathering syenogabbro or granogabbro. 
which contains distinctive long. curved augite crystals as 
well as about 20 percent granophyre. A coarse granogabbro 
dike. apparently connected with this complex. is crossed by 
U.S. Highway 61, and forms a point on the lakeshore at 
the west side of sec. 12. T. 62 N .. R. 4 E .. about 1.3 miles 
southwest of the Reservation River. It is 100 to 200 feet 
thick and contains 20 percent interstitial quartz and alkali 
feldspar. At the road cut it apparently cuts an unrelated. 
aphanitic trachyandesite dike. 

The Reservation River diabase complex has normal 
magnetic polarity. and thus is Middle Keweenawan. where
as the Grand Portage lavas which it cuts have reversed 
polarity and are Lower Keweenawan. 

Grand Portage Dike Swarm 

Basaltic to trachybasaltic dikes are common in the Low
er Keweenawan lavas of the Grand Portage area. and simi
lar dikes have been seen on strike to the west. north of 
Hovland. Generally more resistant than the enclosing lavas. 
they tend to form low ridges on land and small points pro
jecting into the lake. The great majority of the dikes strike 
eastward or slightly north of east (between N. 65° E. and 
N. 70° W.) and dip 68° or more to the north; a few strike 
about N. 10-20° E. and dip steeply southeast. and others 
strike about N. 30° W. and dip steeply northeast. Although 
outcrops are sparse inland from the lakeshore, one large 
dike has been traced for 1'12 miles and others for distances 
of about a mile. The thicker dikes are 30 to 200 feet thick, 
and are gray or dark-brown, granular, plagioclase-porphy
ritic trachybasalts and basalts, whereas the thinner ones (10 
feet or less thick) are generally black, fine-grained or 
aphanitic basalts. Two dikes on Lucille and Brick Islands, 



east of Grand Portage, are red granophyric-porphyritic 
rhyolites. All the dikes have chilled contacts. The Grand 
Portage dike swarm also has reversed magnetic polariza
tion, as do the Hovland lavas (Green and Books, 1972). 

Other Dikes 
About 40 basaltic dikes were noted by Sandberg (1938) 

in the succession of lavas between Duluth amI Two Har
bors, mainly in the lower part; generally, they strike a little 
east of north and dip steeply west. Taylor (1964) has also 
described some dikes that cut the Duluth Complex in Du
luth. Generally, the dikcs in both areas have diabasic tex
ture, chilled margi ns, and normal basaltic composition. The 
dikes are the youngest igneous roch of the area. 

Basaltic dikes thought to be of Keweenawan age have 
been found in many areas beyond the limits of the North 
Shore Volcanic Group and the Duluth Complex. Although 
Hanson (1968) and Hanson and Malhotra (1971) have 
found that some basaltic dikes, particularly in areas other 
than the northeastern part of the state. are Middle Precam
brian in age, there are several dikes that cut older rocks 
near the main mass of Keweenawan igneous rocks which. 
on structural and petrographic evidence. are probably Late 
Precambrian in age. One such dike set was mapped by 
Green (Green and others. 1966: Green. 1970a) in the Gab
bro Lake quadrangle, east of Ely in Lake County. Here. 
the dikes are unmetamorphosed aphanitic basalts or fine
grained, massive olivine diabases. They range in thickness 
from 3 inches to 50 feet, and show chilled borders. Most 
strike about N. 65° E .. parallel to the regional trend of the 
base of the Duluth Complex, but a few trend in other di
rections. The dikes cut all the Lower Precambrian forma
tions in the area, and are as much as 41 '2 miles from the 
Duluth Complex. Whole-rock K-Ar ages ranging from 955 
to 1.100 m.y. have been obtained by Hanson and i\lalhotra 
(1971) on similar dikes farther east in the Saganaga Lake 
area. 

Near Carlton, in northeastern Pine County. a major 
swarm of dikes is exposed in the St. Louis River valley 
(Wright and others. 1970). The dikes trend about N. 30° E .. 
are nearly vertical. and are generally about 30 feet thick, 
but some are as much as 220 feet thick. They are fine
grained ophitic diabases. in which some of the augite has 
been retrograded to amphibole, as is the case in the Ely's 
Peak lavas 51/1 miles to the east. Hanson and i\lalhotra 
(1971) reported a whole-rock K-Ar age of 1,050 m.y. for 
one of these dikes. The dikes cut the I\liddle Precambrian 
Thomson Formation and at least one cuts the Ely's Peak 
basalts. Both of these dike sets may have acted as feeders 
for now-eroded overlying Keweenawan lavas. 

ECONOMIC GEOLOGY 
Despite the general similarities between the North 

Shore Volcanic Group and the richly endowed Portage 
Lake Lava Series of Michigan, no economically profitable 
mineral deposits have yet been discovered in the Keweena
wan lavas and minor intrusive bodies of Minnesota. The 
important copper-nickel deposits in the Duluth Complex 
are discussed in another section. 

After the Treaty of Fond du Lac in 1826 opened up all 
the Chippewa country to mineral exploration, and especi
ally after the discovery of the immense copper deposits of 
the Keweenaw Peninsula soon afterward. the north shore 
area was the scene of intense prospecting activity, which 
lasted throughout most of the remainder of the 19th cen
tury. Only a small number of mineral occurrences have been 
discovered, however, and none of these has as yet shown 
promise for development. The localities and character of 
many of these occurrences are obscure; this brief report 
covers the approximately 20 occurrences known to me 
from a wide variety of sources, including Hall (1889), and 
Foster (1962, unpub. M.S. thesis, Univ. Missouri; 1963). 
The aid of the St. Louis County Historical Society is here
by acknowledged, with appreciation. 

Most of the known mineralized outcrops are found in 
two areas: (1) between Duluth and Two Harbors; and (2) 
between Tofte and Grand Marais (see fig. V-22). In each, 
the principal metal of value is copper, which occurs either 
in the metallic state or as sulfides. 

The majority of occurrences contain native copper. In 
these. the copper occurs in much the same way as it does 
in the deposits on the Keweenaw Peninsula: in veinlets and 
amygdule fillings in amygdaloidal basalt; as disseminated 
specks in massive basalt; as flecks in amygdaloidal prehnite: 
in veins with calcite; in laminae and veinlets in interflow 
sands: and as thin sheets along joints in mafic intrusions. It 
is nearly everywhere accompanied by calcite and/or prehn
ite: other minerals also associated locally with native cop
per are quartz, chlorite, epidote, laumontite. heulandite, 
datolite, stilbite. and natrolite. In two prospects northeast 
of Duluth (sec. 17. T. 51 N .. R. 12 W.: sec. 25. T. 52 N .. 
R. 12 W.). masses of copper weighing as much as IS pounds 
had been recovered by 1866 (Hall. 1889). but more recent 
(1929) intensive exploration in the area by the Mining Cor
poration of Canada (see Schwartz. 1949. p. 130-133) proved 
unsuccessful. Similar disappointing results were obtained 
from diamond drilling in 1969 by the New Jersey Zinc 
Company in similar rocks east of Grand Marais (sec. 8. T. 
61 N .. R. 2 E.). 

A few occurrences of copper sulfides are known from 
the north shore area. At the trap-rock quarry at Ely's Peak. 
west of Duluth. small calcite veins in fractures carry rare. 
small crystals and stringers of pyrite, chalcopyrite. chalco
cite. and bornite. Native copper is present elsewhere in the 
same quarry, in amygdules and veinlets. On a small hill 
just north of Finland (sec. 17. T. 57 N .. R. 7 W.). sulfide 
minerals occur as disseminations in a red. medium- to 
coarse-grained syenodiorite. Trace-element analyses of a 
mineralized sample by the U.S. Geological Survey show 89 
ppm copper. 120 ppm zinc. 5 ppm nickel, and 0.6 ppm 
silver. Near the mouth of the Cascade River, an old pros
pect worked by H. Mayhew in 1868- 1869 is reported to 
have consisted of stringers of bornite in a four-foot-wide 
(calcite?) vein (Hall. 1889). Another of Mayhew's prospects 
farther up the Cascade River now shows only secondary 
copper stains (Foster, 1962. op. cit., p. 119). One-fourth 
mile up the canyon of Cutface Creek. 5 miles west of Grand 
Marais, Foster (1962, op. cit.; 1963) reported chalcocite 
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