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INTRODUCTION 

East-central Minnesota, particularly near St. Cloud and adjoining 

parts of Stearns County, has been the site of a major granite industry since 

1867. In addition to a large number of major quarries, several plants cut 

and finish stone for a wide variety of monumental and building purposes. 

A wide diversity of rock types whose ages span much of Precambrian 

time occur within the region. However there is a relative paucity of 

outcrops and it is easy to perceive why the stratigraphic position and age of 

some of the rock units have been debated since the earliest field 

investigations. 

N.H. Winchell (in Winchell and Upham, 1884) first suggested that the 

granitic rocks were post-Animikie or Upper Precambrian in age, but he 

later concluded (in Winchell and Upham, 1888) that they were correlative 

with pre-Animikie, Lower Precambrian rocks exposed over much of 

northern Minnesota. Margaret Skillman Woyski (1949) divided the granitic 

rocks into four groups and sum marized their history as follows: (1) intrusion 

of the McGrath gneiss and regional dynamic metamorphism (Lower 

Precambrian); (2) intrusion of a series of intermediate igneous rocks; (3) 

intrusion of the Stearns magma series (Upper Precambrian); and (4) 

intrusion of felsite and basalt dikes (Upper Precambrian). However, 

Goldich and others (1961) found the igneous rocks to be neither Lower 

Precambrian (2,600-2,700 m.y.) nor Upper Precambrian (1,100 to 1,200 

m.y.) in age and suggested the name Penokean orogeny for the granite

forming events which occurred 1,600-1,800 m.y. ago. This orogeny marks 

the end of Middle Precambrian time. Consequently all of the igneous rocks 

exposed in east-central Minnesota were assigned a Middle Precambrian age. 

The Minnesota Geological Survey has conducted a bedrock geologic 

mapping program in east-central Minnesota since 1968. This ongoing 

program, which includes geochronological studies by 5.5. Goldich of 

Northern Illinois University, has yielded new and more complete informa

tion on the stratigraphy and age relationships of the rocks in the area. Of 

principal importance has been the recognition of a number of Lower 

Precambrian gneissic units which are analogous in structural style and 

metamorphic grade to the very old (3.8-3.9 b.y.) gneissic rocks typically 

exposed in the Minnesota River Valley (Morey and Sims, 1976). These 

gneissic rocks in turn have been intruded by a variety of Middle 

Precambr ian plutonic rocks. 
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GENERALIZED GEOLOGIC COLUMN 
EAST-CENTRAL MINNESOTA 

Stratified Deposits 

Pleistocene gravel-bearing 
sand (outwash) and clay- and 
silt-bearing sand (till) 

Igneous Rocks 

----------- disconformity 65 m.y. ------------

Upper Cretaceous sandstone, 
shale, clay and thin beds of lignite 

pre-Upper Cretaceous 
kaolinite-rich regolith 

-----------disconformity 225 m.y. -----------

Upper Cambrian sandstone 

pre-Upper Cambrian mixed
layer illite/montmorillionite 
rich regolith 

-------,.------- disconformity 570 m.y. -----------

Upper Keweenawan red beds, 
arkosic and quartzose sandstone 
and shale 

mafic volcanic rocks, dikes 
and sills 

------------- disconformity -. -----------

:{ "Penokean" intrusive rocks, 
..,..: diorite-granite 

Animikie metasedimentary 
rocks including the iron-formations 
of the Cuyuna range 

I 

r--

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

Pre-Animikie metasedimentary 
rocks; dominantly quartz-rich 

metabasalt and tuffaceous 
rocks 

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

metagraywacke, slate, and 
schist. Mainly greenschist facies 

"Algoman" intrusive rock 
dominantly granitic 

metabasalt 

------~~----- unconformity --------------

>:-{ Granitic gneiss and associated 
..Cl metamorphic rocks, undivided. 
~ Mainly upper amphibolite or 
1\ lower granulite facies 
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The purpose of this field trip is to examine some of the major Lower 

and Middle Precambrian rock units that comprise the geologic environment 

of the St. Cloud granite district. A brief summary of the stratigraphic and 

tectonic history of east-central Minnesota, by G.B. Morey, is appended to 

provide a geologic framework for this field trip. 

This field tr ip is designed as a one-day excursion. Typical exposures 

of some of the Lower and Middle Precambrian rock units in and around St. 

Cloud are included. Descriptions of the Lower Precambrian rocks are 

based on preliminary field studies by G.B. Morey, whearas several informal 

field trip guides by Hogberg (1965;1975) and Hogberg and Matsch (1967) 

were used in describing some of the exposures and quarries of Middle 

Precambrian rocks that will be visited. 

LOWER PRECAMBRIAN METAMORPHIC ROCKS 

Metamorphic rocks of upper amphibolite metamorphic grade are 

exposed between Sauk Rapids and Watab, north and west of St. Cloud and 

near Richmond southwest of St. Cloud. Representative rock types may be 

examined at the following four localites. 

Sartell Exposure 

(Locality 1, Figure 1) 

This locality, about 100 feet west of old U.S. Highway 10 in the N.W. 

~, Sec. 3, T.136 N., R.31 W., is typical of interlayered granitic gneiss and 

biotite-bearing quartzo-feldspathic gneiss exposed throughout much of the 

area. The granitic gneiss is a medium-grained, biotite-quartz-plagioclase

microcline rock that has discontinuous lenses of coarser-grained material; 

the lenses are parallel to a foliation, given by subparallel biotite plates, 

trending generally to the east and dipping 250 _300 to the north. The biotite 

gneiss is highly variable in grain size and mineralogy, but consists 

dominantly of two facies: (1) medium-grained, well foliated rock having 

irregular clots and lenses of coarser-grained granular material; and (2) 

medium-grained moderately massive gneiss. The medium-grained massive 

and foliated rocks consist dominantly of plagioclase, quartz, biotite, and 

lesser garnet and cordierite; the coarser-grained material in the foliated 

facies consists mainly of plagioclase, quartz, microcline, garnet, and 

locally cordierite. At places, relatively fine-grained, quartz-rich biotite 

gneisses occurs as boudins in the more common, coarser-grained biotite 

gneiss. 
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Wa tab Exposure 

(Locality 2, Figure 1). 

This group of exposures in the N. W. Yz, Sec. 14, T .36 N., R.3l W. 

consists dominantly of pyroxene-hornblende gneiss interlayered with pink 

porphyritic granite and intruded by basaltic dikes, both presumably of 

Middle Precambrian age. As at the Sartell exposure, a well defined 

foliation strikes generally east and dips approximately 200 to the north. 

The mineralogy and texture of the hornblende-pyroxene gneiss are varied; 

they reflect differences in original mineralogy, texture, and subsequent 

alteration. The least altered rocks consist dominantly of clinopyroxene, 

plagioclase, and biotite, iron-oxides are ubiquitous. The biotite is stongly 

poikilitic. More altered phases contain varying amounts of hornblende 

which replaces clinopyroxene,and locally, they contain a small amount of 

chlorite. In some of the finer-grained facies, moderately well oriented, 

lath-like plagioclase crystals have rims of a more albitic plagioclase. 

Microcline occurs rarely as a late interstitial mineral. 

A reddish-gray porphyritic granitoid rock occurs as a thin sheet in the 

hornblende-pyroxene gneiss; apophyses of this granite cut the overlying and 

underlying mafic gneiss suggesting that it may be Middle Precambrian age. 

The basaltic dikes trend generally N.70oE. and are two to three feet wide. 

They are characterized by plagioclase phenocrysts in a micro-diabasic 

groundmass. 

St. Wendel Township Quarry 

(Locality 3, Figure 1) 

Both biotite gneiss (or garnet-bearing biotite gneiss) and pyroxene- . 

hornblende gneiss are exposed in this abandoned quarry in the S. E. ~, Sec. 

12, T.125 N., R.29 W. The general arrangement of rock types in this area 

suggest that the pyroxene-hornblende gneiss forms an antiformal core 

surrounded and overlain by the biotite gneiss. In general the folds appear 

to be asymmetric with steep southeast-dipping limbs and more gently 

dipping northwest limbs. The folds appear to plunge 200
, N600 -800 E, but 

are somewhat warped about fold axes trending N250W. 

The pyroxene-hornblende gneiss is coarse-grained and has a massive 

texture; persumably it originally was a gabbro or related mafic rock. 

The biotite gneiss at this locality is considerably weathered and forms 
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a punky to gruss-like cap on the more resistent pyroxene-hornblende gneiss. 

The contact between the two rock types is gently folded along axes 

trending approximately N700 E; the axes of these folds also appear to 

plunge in that direction. 

Richmond Quarries 

(Locality 4, not shown on Figure 1) 

This group of abandoned quarries and associated bedrock exposures in 

the S.E. Yz, Sec. 19, T.123 N., R.30 W. consist dominantly of a porphyritic 

mafic gneiss which was mapped previously by Woyski (1946) as "hornblende 

norite." Near Rockville, dikes and apophyses of the Middle Precambrian 

Rockville quartz monzonite and inclusions of "norite" in the quartz 

monzonite show that the "norite" is older. 

This rock has an equigranular, granoblastic texture characterized by 

large porphyroblasts of plagioclase that are as much as 10 mm long. The 

porphyroblasts define a near-vertical foliation trending N.500 -600 E. Small 

lenticular inclusions of amphibolite define a lineation plunging 150
, S700 E. 

The principle rock type is a dark gray to black phase which consists 

dominantly of hypersthene, calcic plagioclase, brown hornblende, and lesser 

amounts of quartz, garnet, opaque oxides and symplectic intergrowths of 

albite and microcline. The foliated texture and the presence of mineral 

assemblages containing hypersthene, garnet and symplectite suggests a 

rock of charnokitic affinity metamorphosed to the granulite grade. For 

these reasons, the exposures are considered to be Early Precambrian in age. 

The charnokitic gneiss has been extensively altered to a rock having a 

reddish-gray color. Contacts between fresh and altered phases are in some 

places fairly sharp and in other places gradational. Alteration appears to 

be particularly prevalent near and along epidote veins and pegmatite dikes. 

The altered rock is characterized by sericitized and oxidized plagioclase; 

and the opaque oxiqes are rimmed by hematite or leucoxene. In addition 

biotite is present locally and there are small patches of intergrown calcite, 

epidotite, and chlorite. The general character and distribution of the 

altered phases suggests that the original gneiss was hydrated by oxidizing 

solutions which were channeled along pre-existing fractures. 
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MIDDLE PRECAMBRIAN IGNEOUS ROCKS 

The dimension stones of the St. Cloud district are quarried from 

intermediate to felsic igneous rocks of Middle Precambrian age. Woyski 

(1949) assigned most of the igneous rocks in this area to either an "older 

granodiorite" or to the "Stearns magma series". She subdivided the 

"Stearns magma series" into a number of units including the St. Cloud red 

granite, Rockville quartz monzonite, Crystal Gray quartz monzonite, and 

late felsite dikes. Representative rock types may be examined at the 

following four localities. 

Rockville Quarry 

(Locality 5, Figure 1) 

The Rockville Quarry, owned by the Cold Spring Granite Company, 

has been Minnesota's largest producer of dimension stone for several years. 

It is located in the Village of Rockville in the S.W. M.. Sec. 9~ T.123 N., R.29 

W. 

The Rockville quartz monzonite intrudes the Lower Precambrian 

gneissic terrane as evidenced by inclusions within the upper part of the 

quarry, and it has an irregular and gradational contact with the St. Cloud 

red granite to the north and east of the quarry. Consequently the Rockville 

is considered to be a border phase of the St. Cloud red granite. 

The Rockville is a medium-grained quartz monzonite having large 

phenocrysts of perthitic, zoned, and albite-rimmed microcline'. The 

groundmass consists of equal amounts of quartz, andesine-oligoclase, and 

biotite. Accessory minerals include hornblende and magnetite. 

Crystal Gray Granite Quarry 

(Locali ty 6" Figure 1) 

The Crystal Gray Quarry located just east of the Sauk River in the 

S.E. }f" Sec. 27, T.124 N., R.29 W., was opened about 25 years ago. The 

quarry is northeast of and along the same outcrop trend as the Rockville 

quarry. 

The quarry exposes a porphyritic quartz monzonite much like that 

observed in the Rockville quarry. The rock is a distinctly purplish to 

greenish-gray facies of the St. Cloud red granite (Skillman, 1949). 

Alteration is strong along fractures as shown by the presence of pyrite, 

chlor ite and oxidized feldspar. 

As at Rockville, the potash feldspar phenocrysts are perthitic. The 
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medium-grained groundmass consists of opalescent quartz, plagioclase 

(andesine to oligoclase) and biotite. Some of the larger plagioclase grains 

contain small grains of biotite and are rimmed by orthoclase, atesting to a 

complex crystallization history. 

A basalt dike, about 5 feet wide, is present in the quarry and the 

bedrock is overlain by about 10 feet of kaolin ide-rich residium presumably 

formed during a period of intense weathering before or during Cretaceous 

time. 

St. Cloud Red Granite Quarries 

(Locality 7, Figure 1) 

Various phases Woyski's St. Cloud red granite are exposed in a group 

of three quarries located about 1,000 feet southeast of Minnesota Highway 

23 in section 19, T.124 N., R.29 W. At several localities, but not here, the 

granite clearly transects the St. Cloud gray granodiorite and contains 

inclusions of it. It in turn is cut by several kinds of basaltic and felsic dikes 

which are present in these exposures. 

The St. Cloud granite is a texturally heterogeneous rock consisting of 

both porphyritic and non-porphyritic phases. However, the rock is 

relatively massive except for late east-northeast-trending, cataclastic 

zones containing epidote, chlorite and pyrite, and no sharp contacts 

between the various textural phases have been observed. 

Typically the rock is coarse-grained, pink to red in color and contains 

white plagioclase (andesine-oligioclase), quartz and biotite. Identifiable 

accessory minerals include hornblende, pyroxene, magnetite and hematite. 

Woyski (1949) attributed the pronounced red color to intense alteration by 

late-stage hydrothermal solutions. 

At least two kinds of felsic dikes are exposed at this locality. Fine

grained, equigranular, aplitic dikes consisting of quartz and potassium 

feldspar are very common. However also present are dikes of quartz-Iatite 

porphyry characterized by large quartz phenocrysts in a fine-grained 

groundmass of quartz and plagioclase. The phenocrysts are particularly 

unique in that they have a hexagonal bipyramidal morphology. 

Two kinds of basalt dikes also have been recognized. Both types have 

an aphanitic to microdiabasic texture, but one type is characterized by 

plagioclase phenocrysts whereas the other type contains amphibole pheno

crysts. Both types trend N600 _700 E and no cross cutting relationships 

have been observed. 
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Charcoal Quarry 

(Locality 8, Figure 1) 

Stone from this quarry located in the N.W. ~, Sec. 34, T.124 N., R.28 

W. is the oldest Middle Precambrian igneous rock in the district which 

Woyski (1949) termed the St. Cloud gray granodiorite. Generally the rock 

contains abundant dark gray to black, hornblende- and biotite-rich 

inclusions, which locally impart a vague foliation to the rock. In addition 

the granodiorite is cut by dikes of aplite, red granite, and basalt. 

Unaltered phases of the St. Cloud gray granodiorite are medium- to 

fine-grained and consist of plagioclase (andesine-oligioclase), hornblende, 

augite, quartz and potassium feldspar. Accessory minerals include opaque 

oxides, pyrite and chalcopyrite. 

The rocks have been extensivley altered in places as evidenced by 

pink to red to mottled greenish black halos around pyrite-epidote-bearing 

veinlets. Skillman (1949) attributed the alteration to metasomatism during 

the intrusion of the younger granites associated with the Stearns magma 

series. 

A considerable thickness of glacial drift overlies the bedrock surface 

in the south part of the quarry property. Glacial grooves and striations on 

the bedrock surface in several parts of the quarry provide evidence for the 

local direction of movement of the Pleistocene ice sheets. 
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THE PENOKEAN OROGENY IN 
EAST-CENTRAL MINNESOT A 

G.B. Morey 
Minnesota Geological Survey 

University of Minnesota 
St. Paul, Minnesota 55108 

INTRODUCTION 

The term "Penokean" was first proposed by Blackwelder (1914) for a 

period of post-Keweenawan diastrophism in northern Wisconsin. Subse

quently Goldich and others (1961) redefined the term and applied it to a 

period of pre-Keweenaw,an deformation and metamorphism which affected 

Middle Precambrian strata throughout the Lake Superior region. The term 

has since achieved wide recognition and acceptance for an orogeny which 

marks the close of Middle Precambrian time. 

Many of Goldich and others (1961) original ideas regarding the 

Penokean orogeny were developed in ea'st-central Minnesota where it 

appeared from K-Ar and Rb-Sr mineral ages that metamorphism and 

plutonism occurred at approximately 1.6-1.8 b.y. ago. However, additional 

work in Minnesota (Peterman, 1966; Keighin and others, 1972), Wisconsin 

(Van Schmus and others, 1974), and Michigan (Banks and Van Schmus, 1972) 

indicates that certain aspects of the Penokean orogeny may be as much as 

1.9 b.y. old. 

Although there is no question that the Middle Precambrian strata in 

east-central Minnesota have been metamorphosed, deformed, and intruded 

by a variety of igneous rocks, a geologic synthesis relating these events to 

a well-founded Middle Precambrian stratigraphic sequence has not been 

developed, mainly because the bedrock is diverse and much of it is covered 

by younger mater ials. The scarcity and var iety of bedrock exposures is 

frustrating, but geologic mapping utilizing surface and subsurface observa

tions in conjunction with magnetic (Bath and others, 1964; 1965) and 

gra vity data (McGinnis and others, 1975; Carlson, 1971) has lead to a more 

complete understanding of the stratigraphic relationships in this critical 

area. The principal purpose of this paper is to outline a synthesis of the 

geologic events which occurred in Middle Precambrian time, before, during, 

and after the Penokean orogeny. A second purpose is , to show that these 

events were closely related to the tectonic behavior of contrasting kinds of 

Lower Precambrian rocks which are basement to the area. 



gd 

K 
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! i 
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FIGURE 1 -- Generalized geologic map of east-central Minnesota. CompiJed 
in part from Schmidt (1963) and Marsden (1972). See Table 1 for explanation 
of symbols for Lower and Middle Precambrian rocks; K, Cretaceous rocks, 
undivided, ,Cambrian rocks, undivided; f, Keweenawan sandstone and 
b, Keweenawan basalt. NW -SE, location of cross section, Figure 2. 
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TABLE 1 - STRATIGRAPHIC SEQUENCE OF LOWER AND MIDDLE PRECAMBRIAN EVENTS IN EAST-CENTRAL MINNESOTA 

(Bars represent sequential development of specific events; XiS indicate erosion) 

---faulting 
- basalt dikes 

- aplite dikes 
Upper Precambrian 

--~---------------------------------------------unconformity---------------------------------------

)(.X)< 

- St. Cloud red granite (stgr) 
-- St. Cloud gray granodiorite (gd) 

-- - --- -- unnamed granitic plutons (gu) 
- Warman and Pierz quartz monzonites (wqm, pqm) 

- Isle quartz monzonite (igm) 
- diorite (not shown separately) 

--- metamorphism 
_____ uplift and cataclasis of L. Precambrian gneIssIc and schistose 

rocks and folding of Middle Precambrian stratified rocks 
Feldspathic graywacke and mudstone v, Virginia Formation; 

--- r, Rabbit Lake Formation; t, Thomson. Formation 
mafic igneous activity - mafic tuffs, dikes and sills 
(not shown separately) 

iron-formation, tif, Trommald Formation; 
bif, Biwabik Iron Formation 

feldspathic siltstone, quartzite, some limestone (m, Mahnomen Formation; 
pq, Potegama Quartzite) 

folding and faulting 
limestone (Trout Lake Formation of Marsden) (not shown separately) 

pillowed basalt, mafic tuff, iron-formation and carbonaceous argillite (b) 
quartzite and quartzose siltstone (qu) 

limestone and dolomite (not shown separately) 
? l()(X)C>-lt)r ? 

Freedhem Tonalite (it) 
Hillman Tonalite (ht) 

?-- metasedimentary terrane represented by inclusions in Hillman tonalite 

---------------------------------------------------. unconformity----------------------------------------

-- Algoman granites (gr) 
Lower Precambrian 

-- metagraywacke (mg) 
- metabasalt (mb) 

)C l<'< 

gneissic rocks undivided (gn) including the McGrath gneiss 



GENERAL GEOLOGY 

The distribution of rock types shown in Figure 1 is based on the 

simplest possible interpretation of all presently available geological and 

geophysical data. A more elaborate interpretation would lead to rock units 

having slightly different shapes and therefore slightly different petro

genetic implications. However the stratigraphic and structural implica

tions embodied in the map and summarized here would remain relatively 

unchanged. 

The pre-Upper Precambrian rocks of east-central Minnesota are 

divisible into three distinct terranes: (1) A diverse Lower Precambrian 

terrane; (2) overlain unconformably on the north by a thick sequence of 

folded and metamorphosed Middle Precambrian sedimentary and mafic 

volcanic rocks and, (3) intruded on the south by a variety of Middle 

Precambrian plutonic rocks. All of these rocks are overlain unconformably 

by generally flat-lying sedimentary rocks of Upper Precambrian, Paleozoic, 

or Meozoic age. 

Lower Precambrian Rocks 

The Lower Precambrian rocks in the western part of Figure 1 are 

divided into three distinctly different litho-tectonic segments by two east

northeast-trending, presumably high-angle fault zones of Early Precam

brian age. The southernmost segment consists dominantly of highly 

deformed, medium- to coarse-grained, quartzo-feldspathic gneiss, which is 

grossly interlayered with appreciable quantities of pyroxene-bearing amphi

bolite, garnet-cordierite-biotite-bearing gneiss, and lesser amounts of 

hypersthene-garnet-perthite-bearing gneiss. 

Biotite-bearing, quartzo-feldspathic gneissic rocks assignable to the 

southern structural segment are also exposed east of Mille Lacs Lake (Fig. 

1). These rocks -- the McGrath Gneiss of Woyski (1949) -- are medium-to 

coarse-grained and are characterized by large euhedral or subhedral 

porphyroblasts of microcline and a fine-scale mineralogic layering striking 

in an easterly direction. In many places the mineralogic layering is partly 

to totally obliterated by an east-northeast-trending cataclastic foliation 

marked by thin plates of strongly oriented biotite or hornblende (Keighin 

and others, 1972; Morey and Sims, 1976). Where the gneiss is cataclasized, 

the porphyroblasts are rounded so as to resemble augen. The McGrath 

Gneiss forms part of an east-northeast-plunging anticlinorium, bounded and 



overlain locally by metasedimentary rocks of Middle Precambrian age. 

Middle Precambrian plutonic rocks along the south side, and several 

northwest-trending faults along the east side of the anticlinorium some

what obscure the dome-shaped structure. 

Lower Precambrian rocks in the northernmost structural segment 

consist dominantly of granite and lesser amounts of metasedimentary and 

metavolcanic rocks assignable to the Superior Province of the Canadian 

Shield, a terrane exposed over much of northern Minnesota and adjacent 

Ontario (Morey and Sims, 1976). 

The lithic and tectonic characteristics of Lower Precambrian rocks in 

the middle structural segment are problematical. Granitic rocks similar to 

those in the Lower Precambrian greenstone terrane are exposed locally, but 

definitive data pertaining to the host rocks are sparse. Water well logs 

from a few scattered localities describe the host rocks as being "schistose". 

These "schistoes" rocks may be of sedimentary origin, as inferred here, or 

they may be the reactivated and cataclasized equivalents of less severely 

deformed gneissic rocks to the south (Sims, 1976, oral comm.). Regardless 

of their original age and character, they comprise a discrete zone 

separating two considerably different Lower Precambrian terranes (Morey 

and Sims, 1976). 

Middle Precambrian Stratified Rocks 

A thick sequence of Middle Precambrian sedimentary and volcanic 

rocks underlies much of east-central Minnesota (Fig. 1). The sequence is 

divisible into two groups, each having a maximum thickness of approxi

mately a kilometer, and separated by a major unconformity. The 

distribution and extent of the older group has been only recently 

recognized, whereas the younger group is correlative with the well defined 

Animikie Group of northern Minnesota and Ontario (Marsden, 1972; Morey; 

1973). 

The older and as yet unnamed group consists dominantly of quartzite 

and quartzose siltstone. Carbonate rocks are abundant in the upper part 

(the Trout Lake Formation of Marsden, 1972), but also are present near the 

base of the group. A thick sequence of pillowed metabasalt, mafic tuff and 

associated hypabyssal rocks is interla:yered with the quartzitic rocks near 

the base of the group. Thin, lenticular beds of oxide-to carbonate-facies 

iron-formation and thin to thick beds of pyrite- and pyrrhotite-rich, 
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carbonaceous argillite are interlayered with the volcanic rocks and to a 

lesser extent with the quartzose rocks. 

An angular unconformity separates the unnamed group from the 

overlying Animikie rocks. The basal part of the Animikie Group consists 

dominantly of feldspathic siltstone with lesser amounts of quartzite and 

limestone. The middle part of the group consists of oxide- and silicate

facies iron-formation, whereas the upper part consists of carbonaceous 

mudstone, siltstone, and intercalated beds of fine-grained, feldspathic 

graywacke (Morey, 1973). The upper part also contains subordinate 

amounts of mafic tuff and associated diabasic sills or dikes (Morey, 1973). 

All of the above-mentioned Middle Precambrian stratified rocks have 

been extensively deformed and metamorphosed; events which were the 

major manifestations of the Penokean orogeny as originally defined by 

Goldich and others (1961). Regionally, the stratified rocks comprise a 

broad, eastward-plunging synclinorium bounded on the north, west, and 

southeast by Lower Precambrian rocks. However the extent to which the 

stratified rocks were deformed varies considerably from place to place 

within the synclinorium, and these differences can be attributed to the 

tectonic behavior of contrasting kinds of underlying Lower Precambrian 

rocks (Fig. 2). In the northern part of the synclinorium, where the 

sedimentary strata lie on granite-greenstone basement rocks, the beds dip 

gently southward and the surface between the basement and overlying 

rocks appears to be relativley undistrubed. However, to the south, both the 

sedimentary rocks and the underlying "schistose" and gneissic rocks are 

complexly infolded into a number of large anticlines and synclines having 

numerous coaxial second- and third-order folds on their limbs (Schmidt, 

1963). The syle of deformation changes from folds on the north that are 

open and have near-vertical, axial planes to folds on the south that are 

isoclinally overturned with axial planes that dip as much as 600 to the' 

southeast. In addition, axial planes of folds to the north strike in an east

northeast direction, whereas those to the south conform in a general way to 

the anticlinorial geometry of the McGranth gneiss. 

The Middle Precambrian stratified rocks also reflect an increase in 

metamorphic grade from north to south. To the north, iron-formation and 

associated argillaceous rocks overlying granite-greenstone basement rocks 

contain minerals indicative of high-grade diagenesis or zeolite-facies 

metamorphism (Perry and others, 1973). However, argillaceous rocks 
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overlying schistose basement rocks are characterized by a slaty cleavage 

(Marsden, 1972) and minerals indicative of lower greenschist facies 

metamorphism. Farther south the same rocks contain biotite, muscovite, 

plagioclase (oligoclase to andesine), quartz, and calcite. Still farther south, 

garnet appears in the more quartzose beds, hornblende is abundant in 

calcareous units, and staurolite occurs locally in proximity to the McGrath 

gneiss. 

The degree of metamorphism and the intensity of deformation were 

directly related in that the area of most intense deformation is also the 

area of most intense metamorphism. The biotite, garnet, and staurolite 

isograds conform in a general way to the fold geometry (Fig. 3) and define 

a metamorphic high which centers in proximity to the McGrath gneiss. 

However, in detail, the metamorphic isograds transect fold axes, implying 

that deformation occurred somewhat earlier than metamorphism. The time 

of deformation has not been determined, but metamorphism occurred 

around 1850 m.y. ago (Peterman, 1966). 

Middle Precambrian Plutonic Rocks 

Middle Precambrian plutonic rocks are confined to that part of east

central Minnesota underlain by Lower Precambrian gneissic rocks. How

ever, as evidenced by a wide variety of metavolcanic and metasedimentary 

inclusions in the igneous rocks, the gneissic terrane was covered by Middle 

Precambrian stratified rocks when emplacement took placed 1.7-1.8 b.y. 

ago (Keighin and others, 1972). 

The igneous rock statigraphy used here (Table 1) is much like that 

defined by Woyski (1949) who recognized a number of discrete intrusions 

ranging in size from small stocks to batholiths. Because the individual 

intrusions are generally in sharp contact with one another or contain 

inclusions of one rock type in another, Woyski was able to define a 

sequence of events beginning with the emplacement of small bodies of 

dioritic composition and culminating with moderate- to large-size bodies 

varying in composition from granodiorite to monzonite and finally to 

granite. 

Most of the igneous rock units recognized by Woyski, (1949) were 

emplaced after deformation as evidenced by their masssive, relatively 

homogeneous, and undeformed nature. However, two of Woyski's rock units 

- her "Hillman" and "Freedhem" tonalites -- were emplaced sometime 

before Penokean deformation occurred. 
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The Hillman tonalite is a medium- to coarse-grained rock intruded by 

post-tectonic monzonite and granite on the east and south and in contact 

with pre-Animikie metasedimentary rocks to the north and west. It 

contains blocky inclusions and schilern of folded metasedimentary rocks · 

that locally are so abundant that the unit is best described as a migmatite. 

Woyski (1949) suggested that the inclusions are the metamorphosed 

equivalents of sedimentary rocks now assigned to the upper part of the 

Animikie Group (Keighin and others, 1972). This correlation appears 

doubtful for several reasons: (1) The pre-Animikie metasedimentary rocks 

to the west and north of the Hillman tonalite are deformed about 

northeast-trending axes, a direction coincident to a vaguely developed 

cataclastic foliation in the tonalitic rocks. However, the metasedimentary 

rocks included in the tonalite are folded about north-northeast-trending 

axes, and this structural direction appears to have controlled the 

emplacement of igneous material. 

The Freedhem tonalite is a small ellipitical pluton that discordantly 

intrudes the Hillman tonalite and its included metasedimentary rocks. It 

also is characterized by a east-northeast-trending cataclastic foliation. The 

coincidence of structural elements in the pre-Animikie metasedimentary 

rock to the cataclastic-foliation in the Hillman and Freedhem tonalites 

suggests that deformation in these rock units occurred contemporaneously. 

The observation that the metasedimentary rocks included in the Hillman 

tonalite were folded before, whereas the pre-Animikie metasedimentary 

rocks were folded after emplacement of the tonalite strongly implies that 

the two units are separated by an unconformity. Consequently the included 

material and perhaps the tonalites themselves may have formed part of the 

basement upon which the pre-Animikie rocks were deposited. 

SYNOPTIC HISTORY 

Middle Precambrian sedimentation occurred dominantly within an 

intracratonic basin centered over and approximately parallel to a tectoni

cally active zone separating Lower Precambrian rocks of gneissic and 

greenstone-granite affinity. The sedimentary sequence is thickest in the 

south indicating that subsidence and sedimentation were greatest over the 

"schistose" and that gneissic segments of the Lower Precambrian terrane 

(Fig. 4). 

Early deposition of quartzite, quartzose siltstone, and dolomite was 
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followed in the southern part of the basin by extrusion of subaqueous 

basaltic rocks and concurrent deposition of thin, lenticular bodies of oxide

to carbonate-facies iron-formation and pyrite-bearing, carbonaceous argil

lite. The latter assemblage of rock types suggests that the basin floor 

underwent abrupt subsidence after sedimentation had started. However, as 

volcanism waned, quartz-rich clastic rocks were again deposited throughout 

the basin and, as the basin filled, the precipitation of carbonate rocks in a 

shallow-water environment dominated. The source of much of the clastic 

material in unknown, but some of it was derived from the McGrath gneiss 

(Keighin and others, 1972). 

After a period of tilting and erosion the basin floor again subsided and 

detritus both from the greenstone-granite terrane to the north and from 

the gneissic terrane to the west or south (Morey, 1973; Peterman, 1966) 

was deposited as poorly sorted feldspathic siltstone, argillite, and lesser 

amounts of quartzite. Clastic deposition ceased and was abruptly followed 

by precipitation of oxide- to silicate-facies iron-formation. As the basin 

floor continued to subside, iron-formation deposition gradually gave way to 

fine-grained, carbonaceous mud. Mud deposition was periodically inter

rupted by southward-flowing turbidity currents which deposited thin to 

thick beds of feldspathic graywacke and siltstone (Morey and Ojakangas, 

1970), by deposition of mafic tuff, and by the intrusion of diabasic sills and 

dikes. 

Sedimentation was either terminated or closely fol.lowed by a 

pronounced period of tectonism assignable to the Penokean orogeny. 

Whereas the greenstone-granite terrane remained relatively stable fol

lowing deposition, the "schistose" and gneissic rocks underwent a period of 

pronounced instability. Instability was manifested principally by vertical 

uplift of the gneissic rocks and the development of a mantled gneiss dome 

consisting of the McGrath gneiss, and metasedimentary and tonalitic rocks 

of unkown age. The virtual coincidence of bedding in the folded Middle 

Precambrian strata that surround and overlie the gneiss dome to the 

cataclastic foliations within the gneissic and tonalitic rocks suggests that 

folding and uplift occurred contemporaneously. In addition, the spatial 

coincidence of high-grade metamorphic rocks along the flanks of the 

uplifted block suggests that the metamorphism also is attributable to the 

processes responsible for the development of the mantled gneiss dome. 

Deformation and metamorphism were followed by the post-tectonic 
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emplacement of plutonic igneous rocks, beginning with small bodies of 

dioritic composition and culminating with moderate to large plutons of 

granodiorite, monzonite, and granite. Erosion following uplift along 

northwest-trending faults exposed the gneissic and plutonic rocks prior to 

deposition of Upper Precambrian sedimentary rocks. 

CONCLUSIONS 

In east-central Minnesota, largely vertical tectonic movements 

between several diverse Lower Precambrian terranes during Middle 

Precambrian time provided the crustal depression and environment neces

sary to trap detritus eroded from highlands along the flanks of the basin. 

Continued differential vertical movements of fault-bounded blocks of 

Lower Precambrian rocks, and relatively high heat flow in the gneissic 

terrane, lead to the passive deformation and subsequent metamorphism of 

the overlying supracrustal rocks during the Penokean orogeny. The origin 

of the Middle Precambrian igneous rocks is unkown, but most likely they 

too are related to tectonic instability and high heat flow in the gneissic 

terrane. 

The Middle Precambrian tectonic history of east-central Minnesota as 

described here is much like that described for ~ocks of similar age in 

northern Michigan in that vertical uplift of basement blocks, rather than 

regional horizontal compression, was the principal cause of Penokean 

deformation and metamorphism (Cannon, 1973). Lastly, there is no 

conclusive evidence that the Middle Precambrian rocks in Minnesota 

evolved as a result of Phanerozoic type, plate-tectonic processes operative 

along the edges of a continental margin. 
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