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SUfl1MARY 

This report is the result of work done at Pipestone National filonument 
by the Minnesota Geological Survey from September 16, 1980 through 
February 15, 1981. Highlights are as follows: 

Much of the monument is characterized by a thin mantle of glacial 
drift of possibly Kansan age. In general the drift is less than 10 
feet thick and consists dominantly of oxidized light-olive-brown, 
clayey, calcareous till with scattered pebbles and cobbles of basalt 
and quartzite. 

Bedrock underlying the drift is assigned to the Sioux Quartzite; it 
strikes to the north, dips to the east at angles of 5° to 10°, and 
consists predominantly of orthoquartzite with lesser amounts of 
quartz-rich siltstone, clayey siltstone, silty mudstone and 
catlinite. 

The Sioux Quartzite contains a variety of sedimentary structures 
indicative of sedimentation by fluvial processes associated with a 
braided-stream system that flowed in a predominantly southward to 
south-southeastward direction. 

The sandy and silty units in the Sioux channel deposits formed during 
periods of low water, whereas the catlinite deposits formed only 
during major floods as vertical accretion deposits. Such deposits 
tend to be quickly eroded by laterally migrating river channels. · 
Consequently the sedimentological model predicts that the catlin'ite 
beds will have patchy and discontinuous distributions. 

Geologic mapping a~d . the analysis of subsurface data obtained by the 
U • S. Geological Survey in 1979 and the t'.linnesota Geological Survey in 
1980 have identified numerous catlinite units that range in thickness 
from 1 or 2 inches to approximately 2 feet. Many of the thin catlin
ite beds have very limited distributions, but the thicker units have 
a broadly curvilinear geometry and can be traced for distances of 700 
to' 800 feet ~n the strike direction and 300 to 400 feet in the . down
dip direction. Thus their distribution is consistent with the 
inferred distribution of vertical accretion deposits in a braided 
stream system. 

Interpretative procedures used to extrapolate the various catlinite 
beds intersected in the subsurface to the dri·ft-bedrock interface 
involve assump~ions that ~ould be .the sources of several erro~s. 
These assumptions center around the fact that the catlinite beds have 
curvilinear rather than ' planar contacts'; Angular deviations of 1 ° or 
2° from an assumed dip can lead to projection errors of as much as + 
100 feet in the locations of beds at the drift-bedrock interface.
Actual locations at the' drift-bedrock interface can be determined 
only by excavation. 

None of the stratigraphic data obtained in either the 1979 or 1980 
drilling programs provide substantive information regarding the 
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"carving" or aesthetic characteristics of the various catlinite beds 
where they occur at the drift-bedrock interface. ~hese features can 
be determined only be excavation. 

Because the ultimate development of specific quarry sites requires 
excavation, the various catlinite units recognized in the subsurface 
were assigned to one of four general groups. These groups reflect 
criteria used to estimate the likelihood of finding a specific catlin
ite unit at the drift-bedrock interface with a minimum amount of 
excavation. 

Three sites identified in the southern mine area and five sites iden
tified in the northern mine area appear to have the highest potential 
for easily obtainable catlinite with a minim~ amount of excavation. 

The eight high-potential sites that have been defined do not repre
sent the total catlinite resource of the monument. Rather they 
define specific starting points for the development of new resources. 
Once the trace of a given catlinite unit is established at the drift
bedrock interface, quarrying operations can proceed laterally along 
the strike of that unit until the resource potential of that bed is 
exhaused. 
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INTRODUCTION 

Beds of red-colored claystone and shale have been quarried from the 
general vicinity of Pipestone National Honument, near the city of 
Pipestone in southwestern ~tinnesota, since perhaps as early as A.D. 900 
and almost certainly since A.D. 1200 (Corbett, 1980). Because of its 
peculiar properties, the claystone at this site is soft and easily carved. 
Consequently it was used by American Indians to make the ceremonial pipes 
which were an integral part of their religious and civic ceremonies. 
Because of this specific use, the rock is commonly called "pipestone." , 

Ceremonial pipes and other items carved from pipestone were widely 
distributed among the Indian tribes of the Northern Great Plains, and the 
quarry near Pipestone came to have considerable religious significance for 
them. 'I'he importance of this site to the Indians was recognized by the 
white populace after a visit by George Catlin in 1836. Among other 
things, he painted a now classic panoramic picture of the quarry and asso
ciated terrain. More linportantly from a scientific point of view, he also 
collected several samples of the pipestone for subsequent geologic study. 
Because this study showed that rock had a unique chemical composition and 
because the rock was believed to occur only where Catlin had found it, it 
was given the name "catlinite" in his honor (Jackson, 1839). This geolog
ic term is still used today for this particular kind of rock. 

Although a nill~ber of other localities containing catlinite have been 
identified in Wisconsin and South Dakota (Berg, 1938), the quarries at 
Pipestone National Monument are still the single most important source of 
this commodity. Carved objects of one kind or another valued at approxi
mately $145,000 were sold at the monument in 1979 (Corbett, 1980, p. 92), 
and therefore the catlinite -quarried there has considerable economic 
importance. 

The local industry developed around the monument reflects a renewed 
interest in the historical and aesthetic value of objects carved from 
Catlinite. Today there are approximately 50 inactive and active quarries 
within the boundaries of Pipestone National Monument. These quarries have 
almost totally developed the known reserves, and it seems likely that 
demand will outstrip production in the next few years. The National Park 
Service has, therefore, undertaken several geologic studies aimed at iden
tifying and evaluating additional sources of catlinite in the monument. 
As part of that program, the U.S. Geological Survey in 1979 identified a 
number of previously unrecognized catlinite units in the southern mine 
area (fig. 1) and suggested that at least some of them were suitable as 
potential quarry sites. The Minnesota Geological Survey study, undertaken 
during the fall of 1980, was essentially a continuation of that program. 
It primarily involved an evaluation of the catlinite resource potential of 
the northern mine area (fig. 1). A qetailed bedrock geologic map of the 
monument also was prepared to establish the sedimentological -and struc
tural framework needed to better understand the geologic setting of the 
catlinite and more rigorously interpret the results of the 1979 and 1980 
research programs. 
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Index map of Pipestone National Nonument showing the locations 
of the northern and southern mine areas. 
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GENERAL GEOLOGY 

Pipestone National Monument occupies a 282-ac~e tract of land in 
parts of the western half of section 1 and the eastern half of section 2, 
T. 106 N., R. 46 W. Huch of the monument is characterized by a mantle of 
glacial drift of possibly Kansan age (Hatsch, C.L., 1979, oral 
communication). In general, the drift is less than 10 feet thick and con
sists dominantly of oxidized, light-olive-brown, clayey, calcareous till 
with scattered pebbles and cobbles of basalt and quartzite. The basalt 
fragments were transported from an exotic source to their present site by 
glacial processes, whereas the quartzite fragments were obviously derived 
from the underlying bedrock. 

All of the underlying bedrock is assigned to the Sioux Quartzite of 
early Proterozoic (ca. 1,770-1,600 m.y.) age. The Sioux consists predomi
nantly of orthoquartzite, but fine-grained rocks, including quartz-rich 
siltstone, clayey siltstone, silty mudstone, and catlinite also are pre
sent in minor amounts. In general, the quartzitic rocks are highly 
resistent to erosion and weathering, whereas the finer grained rocks are 
readily eroded and rarely form outcrops. Consequently quartzite crops out 
at many places in the monUlnent, particularly along a prominent north
trending ridge that presents a west-facing escarpment, 25 to 30 feet high 
along the eastern edge of the monument (fig . 2). This ridge is part of a 
major bedrock high that extends for several miles to the north of the 
monument. Other bedrock exposures of more IUlited areal extent also occur 
in the monument as north-trending ridges that rise a few feet above the 
general land surface, or in the bottoms of shallow valleys dissected 
through the drift by small streams that intermittently flow into pipestone 
Creek. 

l·1aster bedding in the Sioux Quartzite generally strikes to the north 
and dips to the east at angles of 50 to 10 0 • This general trend is 
characterized on the outcrops by a series of ridges and valleys that have 
a topographic relief of a few inches to a few feet. Nonetheless, these 
ridges and valleys define a number of north-trending topographic 
lineaments that more or less parallel bedding in the quartzite (fig. 3). 
The outcrops also are characterized by many well-developed joints that 
trend N. 30 0-40 0 W., N. 80 0 W., and N. 60 0-65 0 E. The last set is well 
defined on aerial photographs; most likely it was topographically enhanced 
by glacial ice which moved ~ a southwesterly direction. 

Mineralogical Attributes of the Quartz-rich Rocks 

The quartzite is characterist1cally pink in color, but beds vary from 
light pink_ to deep re~. Th~ ligh~er colors result .front finely disse~i
nated hematite, whereas the deep red colors result from detrital grains of 
iron-formation in which magnetite is oxidized to hematite. 

Much of the quartzite has a simple mineral composition. Most con
sists of 90 to 95 percent framework grains and 5 to 10 percent quartz 
cement that fills the interstitial voids. The framework grains are 
generally well rounded and range in size from silt «0.0625 rom in 
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Figure 2. outcrop map of the Sioux ~uartzite in pipestone National 
Monument showing major structural features. 
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diameter) to granules (>2 rnrn in diameter). Although quartz is the pre
donlinant phase, trace amounts of cherty iron-formation, opaque minerals 
including magnetite, hematite and rutile, and heavy minerals such as zir
con and tourmaline also can be recognized. Nany of the quartz grains have 
abraded authigenic quartz overgrowths indicative of several cycles of 
deposition and erosion. In addition pore spaces between detrital grains 
are filled completely with an authigenic quartz cement, forming a well
indurated roc-k. Authigenic sericite may occur locaily as finely 
crystalline aggregates that replace the framework grains, their 
overgrowths, and the pore-filling cement. In places both the authigenic 
sericite and the authigenic quartz cement are replaced by lenses and 
patches of pyrophyllite. 

There is a more or less continuous textural and mineralogical grada
tion from quartzite to quartz-rich siltstone to silty mudstone. Quartz
rich siltstone is the fine-grained equivalent of the quartzite, and 
differs from it only in having a finer grain size ~ld in containing 
somewhat more very fine grained sericite. Silty mudstone contains even 
less quartz, which occurs either as irregularly dispersed grains in a 
sericite matrix or as concentrations in thin layers less than 0.5 inches 
thick that give the rock a distinctly shaly fabric. Regardless, the 
quartz grains are typically angular to subangular in shape and fairly well 
sorted in size. As in the quartzites, much of the detrital quartz and the 
sericite is replaced by pyrophyllite. 

Mineralogical Attributes of the Catlinite 

Beds of catlinite occur in marked contrast to the quartz-:-rich rock 
types, even those that are very fine grained. For the most part they lack 
appreciable quantities of quartz, are typically deep red to pale orange in 
color, and are generally massive except for a few shaly parting planes 
parallel to the bedding. 

In general, catlinite is a claystone that consists predominantly of 
very fine grained sericite with lesser amounts of hematite, pyrite and 
possibly rutile (Berg, 1938). Pyrophyllite also occurs locally either as 
small white specks or as lenses as much as 4 inches long and 2 inches 
thick that lie more or less parallel to bedding. Its general lack of 
quartz makes catlinite soft and easy to carve. However, most beds of 
catlinite have gradational contacts with underlying and overlying strata, 
and the gradational intervals are marked by scattered grains of silt-size 
quartz that tend to become smaller in size and less abundant t9ward the 
interior parts of the catlinite layers. Additionally some of the thinner 
catlinite units have quartz grains dispersed throughout . 

Post-consolidation Alteration and Weathering Phenomena 

All of the above-mentioned rock types contain variable quantities of 
pyrophyllite. The origin of the pyrophyllite is not completely 
understood, but Berg (1938) has suggested that it formed by a reaction 
between sericite, quartz and water. However, the driving mechanism for 
the reaction and its timing are not known. 
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Most of the rock types also have been subjected to one or more 
periods of weathering and alteration as indicated by the presence of: (1) 

bleached yellowish-gray to white zones along joint faces; (2) zones of 
poorly cemented to almost friable quartzose sandstone at depths as much as 
20 feet below the drift-bedrock interface; (3) diaspore-cemented beds of 
quartzite at the drift-bedrock interface. 

The light-colored bleached zones along joint faces stand out in 
marked contrast to the typically pink or red rock types. These zones have 
an irregular distribution and occur regardless of joint orientation or 
joint spacing. Many zones are less than 2 inches wide, but some are as 
much as 18 inches wide. Bleaching may occur more or less symmetrically on 
both sides of a joint face, or it may occur preferentially on only one 
side. Regardless, the zones appear to have resulted from dissolution of 
the hematite and rutile, probably by the action of ground water that cir
culated throug-h the joint system. 

The poorly cemented to almost friable zones of quartzose sandstone 
encountered in the subsurface appear to reflect a continuation of the 
hydrologic processes tilat were active along the joints. These zones 
occur as planar features that lie more or less parallel to bedding. They 
are typified by the almost complete removal of the silica cement in the 
quartzitic units, most likely by intense chemical leaching in a ground
water system that circulated to some depth. 

Zones of diaspore-cemented quartzites also have an irregular and 
patchy distribution but typically do not extend more than 3 or 4 feet 
below the drift-bedrock interface. The fact that drift directly overlies 
fresh bedrock in many places implies that glacial processes selectively 
removed altered material. Where they are intact, the altered zones are 
characterized by quartz grains set in a diaspore-rich groundmass; typi
cally the diaspore gives way downward to a mixture of diaspore and 
pyrophyllite, which in turn gives way downward to only pyrophyllite. This 
apparent paragenetic sequence, supported by the fact that diaspore also 
replaces pyrophyllite in some of the catlinite wiits, implies that the 
diaspore formed at the expense of the pyrophyllite (Berg, 1938). 

sedimentological Attributes 

The quartzitic units that crop out in the monument contain a variety 
of sedimentary structures that are indicative of sedimentation in a flu
vial regime. These structures include channels, festoon cross-beds, sym
metrical ripple marks, asymmetrical or current ripple marks, and mud 
cracks. Other less common structures such as lag deposits, planar 
cross-beds, load casts, mud chips, and flutes also occur locally. 

Channels filled with festoon cross-bedded strata are by far the most 
prevalent sedimentary structure; they occur in every rock type exposed in 
the monument except for the catlinite. Individual channels are charac
terized in cross section by a concave-downward basal surface that has been 
scoured into underlying strata. A few basal surfaces have flute marks 
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indicative of scouring along the axis of the channel or load casts indica
tive of rapid deposition. In general, most channels have a relief of 
several inches to several feet and widths of less than 1 foot to more than 
5 feet; however, some channels as much as 5 feet deep and '30 feet wide 
have been recognized. In plan view, the channels are marked:)..y curved at 
one end and can be traced in some outcrops for as much as 150 feet; 
however most are less than 50 feet long. 

Typically the basal part of each channel is filled with structureless 
beds characterized by granule-size quartz grains or mud chips dispersed 
through a somewhat finer grained groun&nass. These structureless units 
give way upward to strata having festoon cross-bedding. The festoon 
cross-bedding is characterized by numerous curvilinear beds that thin 
toward the edges of the channels in cross section and downcurrent in plan 
view. Most of the cross-beds have a maximum thickness ranging from 2 
inches to 6 inches, but some beds as much as 5 feet thick have been 
recognized. Regardless of thickness, the grain size in any given bed · 
typically decreases upward and laterally toward the edges of the channel. 
Moreover, the overall grain size of each group of cross-beds within any 
given channel also decreases upward and laterally. Thus each set of 
festoon cross-beds forms a broadly fining-upward sequence of strata. 

Channels occurring individually are extremely rare; more commonly 
they occur in sets where younger channels overstep and truncate older 
channels. Thus individual beds, ranging in thickness from several inches 
to several feet, and groups of beds, ranging in thickness from several 
feet to several tens of feet or more, have a broadly lenticular geometry. 

Fine-grained, muddy beds, including some catlinite, typically occur 
as thin, nearly planar beds or laminae of limited lateral extent within 
individual channel deposits, particularly near their edges or as a cap 
that broadly overlaps several channels. These units typically contain 
thin sets of planar cross-beds, asymmetrical and symmetrical ripple marks, 
and mud cracks. This distribution implies that these strata formed by the 
ultimate filling of a channel or by the spillover of water beyond the 
limits of several channels, perhaps during flood stage. The major catlin
ite beds, however, are discrete layers, as much as 3 feet thick, that are 
intercalated between the larger lenses of quartzitic strata, and con
sequently have a broadly curvilinear geometry. Many can be traced for 
fairly long distances, whereas others appear to be lenses only several 
tens of feet long. Regardless of extent, many of the catlinite beds grade 
laterally from typical claystone to silty claystone to clayey siltstone 
and ultimately to argillaceous quartzite, and their upper surfgces com
monly are marked by sets of planar cross-beds, asymmetrical and sym
metrical ripple marks, and mud cracks. 

The azimuths of current directions associated with the festoon cross
bedding were measured at a number of places (fig. 4). Because in festoon
type cross-bedding, only one direction -- the axial plane -- parallels the 
current flow, and because it is unlikely that all the measured azimuths 
entirely parallel that direction, most of the measured values deviate 
somewhat from the true current direction. The results, however, indicate 
a predominantly southward to south-southeastward paleocurrent direction. 
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These observation are consistent with the regional paleocurrent patterns 
documented by Baldwin (1951) and Weber, R.E., (1977, written 
communication) • 

~he azimuths of other current-direction indicators, such as planar 
cross-beds and asymmetrical ripple marks, have diverse orientations. Some 
of the measured azimuths imply a paleocurrent direction to the south, but 
they more commonly show a large angular divergence from the directions 
measured on festoon cross-bedding. 

structural Attributes 

The ubiquitous presence of lenticular masses of cross-bedded .strata 
complicates the recognition of master bedding surfaces in the monument. 
In fact the only bedding surfaces that can be seen in many outcrops are 
those associated with the cross-bedding. Thus orientations of presumed 
master bedding surfaces shown on the geologic map in Figure 2 were 
derived from measurements on catlinite beds or on other bedding surfaces 
marked by thin muddy layers, some of which have ripple marks or mud 
cracks. Although the master bedding appears to strike generally to the 
north and dip to the east, there is considerable local variability. These 
data imply that even the master bedding does not have a simple planear 
orientation, but rather is characterized by numerous gentle warps or rolls 
of sonlewhat diverse size and orientation (fig. 5). 

The rolls or warps on Figure 5 could reflect gentle folding about 
east-trending axes, but the lack of any systematic geometric arrangement 
implies a nontectonic origin. It seems more likely that the rolls or 
warps are the local manifestations of curvilinear master bedding surfaces 
that separate large lenticular bodies of strata. 

Because outcrops are limited, the inferrence that the lenticular 
bodies of strata have strike lengths of 200 to 800 feet is somewhat 
hypothetical. Nonetheless, these lenticular masses have axial traces that 
are oriented to the south-southeast or to the east, orientations that are 
more or less subparallel to , the paleocurrent directions measured in indi
vidual outcrops (fig. 4). These generally coincident directions imply 
that the lenticular bodies formed in response to the same dynanlic pro
cesses that formed the sedimentary structures that can be observed in 
individual outcrops. 

paleoenvironmental Synthesis 

The sedimentological data summarized above imply that the Sioux 
Quartzite, as exposed in the monument, consists dominantly of interlayered 
bodies of lenticular, quartz-rich strata. These large lenses in turn con
sist of somewhat smaller lenses, many of which are of outcrop or smaller 
size. Although fine-grained clayey units of limited size occur within 
lenses of all sizes, the major catlinite units appear to occur as discon
tinuous layers between the very large quartzitic lenses. 
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The lenticular nature of the strata, the extensive development of 
festoon-type cross-bedding, and the general lack of silt- and clay-size 
detritus imply that the Sioux Quartzite as exposed in the monument was 
deposited by fluvial processes associated with a braided-stream system. 
Modern braided-stream systems can occupy fairly extensive areas. In 
general, they consist of a number of branching and coalescing sand- and 
silt-filled channels separated by clayey accumulations deposited during 
periods of high water when the river spilled beyond the channels. Thus, 
four major lithotopes can be recognized in modern braided-stream systems 
(Allen, 1965): channel-floor lag deposits, in- channel deposits, nearly 
filled channel deposits, and vertical accretion deposits (fig. 6) •. 

These same lithotopes can be recognized in the Sioux Quartzite. The 
coarser grained detritus recognized in the lower parts of many channels 
appears to have accumulated as channel-floor lag deposits formed by the 
removal of finer material by through-flowing currents. However, most 
channels are filled with sand-size· detritus transported through the system 
as bed-load material. This form of sediment transport gives rise to 
festoon-type cross-bedding, with azimuths subparallel to the dominant 
paleo slope direction. In this regime, finer grained sediments are depos
ited in shallow water toward the edges of the c~annels, in channels nearly 
filled with sediments, or in interchannel areas that receive deposits 
during periods of high water. Because currents during high-water periods 
are not entirely constrained by the original channel geometry, these depos
its are characterized by current ripple marks and by small-scale planar 
cross-beds that exhibit widely divergent paleocurrent transport 
directions. 

Individual channel deposits in the Sioux Quartzite are rare, mainly 
because the river flowed over previously formed sandy accumulations in a 
constantly branching and rejoining pattern (fig. 6). Thus the original 
distribution of any particular channel deposit has been obscured by 
dissection and redeposition during subsequent changes in the courses of 
individual channels, and deposits have coalesced to form extensively 
distributed sandy bodies having a generally lenticular shape. 

The major catlinite units in the Sioux Quartzite appear to have 
formed as vertical accretion deposits. However such deposits are uncommon 
features in braided-stream environments for several reasons. First, most 
fine material such as silt and clay is transported through individual 
channels without significant accumulation. Secondly, vertical ' accretion 
deposits form only when the river spills from its main channel system onto 
the surrounding flood plain, during major floods. During the waning 
stages of the major floods, the river reverts back to its main channels 
leaving the ripple-marked fine-grained detritus that ultimately becomes 
desiccated and mud cracked. Lastly the fine-grained vertical accretion 
deposits tend to be quickly eroded by relatively rapidly migrating 
channels. Consequently, any shaly units preserved in a braided-stream 
system, such as the major catlinite units, will tend to have patchy and 
discontinuous distributions. 
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a braided-system system (modified from Allen , 1965). Note the 
lenticular nature of the sandy (quartz-rich) sediments and the 
irregular distribution of the vertical accretion (catlinite) 
deposits. 
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RESOURCE POTENTIAL 

Catlinite beds of variable thickness are now exposed in the quarries 
that bisect the monument along a generally north-trending line (fig. 1). 
Although this arrangement implies that only one or two catlinite layers 
are currently being quarried, the detailed geologic mapping has 
demonstrated that at least five or possibly six separate units are 
exposed. However, because the catlinite beds are exposed only in the 
quarries, specific information regarding their distribution and resource 
potential must be inferred entir~ly from the subsurface data acquired 
during the · 1979 and 1980 drilling programs. 

The 1979 Drilling Progrrun 

During 1979, the U.S. Geological Survey drilled five test holes 
totalling 326 feet of strata to determine the subsurface distribution of 
catlinite in the southern mine area (fig. 7). In a report submitted to 
the National Park Service, Delin (1980) showed for the first time that 
catlinite is a ubiquitous part of the total stratigraphic section in the 
southern mine area. Several distinct catlinite beds, ranging in thickness 
from 1 or 2 inches to approximately 2 feet, were identified in the subsur
face at each test site. Many of the thinner units could not be traced 
from drill hole to drill hole and therefore appear to have a patchy 
distribution. However, Delin was . able to correlate some of the thicker 
catlinite beds from drill hole to drill hole on the basis of color, 
thickness, and predicted stratigraphic position (depth below land 
surface). As part of this stratigraphic analysis, Delin (1980, fig . 3) 
prepared a generalized geologic cross section oriented in a direction more 
or less perpendicular to the quarry line and thus in a direction nearly 
perpendicular to the strike direction of the catlinite units exposed in 
the quarries. A somewhat modified version of this cross section (fig. 8) 
clearly shows that nearly all of the catlinite units, regardless of 
thickness, have a limited downdip distribution of only 300 to 400 feet. 

Furthermore, this cross section shows that most of the major catlin
ite units are confined to a stratigraphic interval of about 100 feet, more 
or less centered on the catlinite layers exposed in the quarries. Thus 
Delin (1980) demonstrated that most potential sources of mineable catlin
ite are confined to a zone about 300 feet wide that lies just east of the 
present quarry line. 

When Delin (1980) made his stratigraphic analysis he logieally 
concluded that the catlinite exposed in the quarries was a planar entity 
of considerable lateral extent. Therefore he was less concerned with the 
distribution of catlinite in the strike direction. However, because 
several catlinite layers are exposed in the quarries and because the 
braided-stremn model predicts that the catlinite should have patchy and 
irregular distribution, a longitudinal cross section was constructed to 
evaluate the distribution of catlinite units parallel to their inferred 
strike direction (fig. 9). This cross section is rigorously constrained 
only at two places -- drill holes 79-1 and 79-2. The catlinite units 
intersected in these drill holes also are correlated with catlinite units 
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Figure 7. Geologic map of the southern mine area showing the present 
distribution of catlinite beds at the surface and their 
inferred distribution at the drift-bedrock interface. 
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Figure 8. Generalized east-west cross section through the southern mine 
area (modified from Delin, 1980). See Figure 7 for the loca
tion of the .cross s~ction and the specific drill hole sites. 
Note that the cross section is rigorously constrained only by 
catlinite exposures in the quarry and by drill hole 79-3. The 
geologic logs for drill holes 79-2, 79-4, and 79-5 were pro
jected onto the cross section line on the basis of 'their rela
tive distances east of the quarry line. Although the drill 
holes were projected along lines not exactly parallel to the 
strike direction of the strata, the cross section illustrates 
the easterly dip of the catlinite beds and their patchy and 
discontinuous distribution in the dip direction. 
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exposed in two of the quarries (fig. 10). Catlinite units from other 
localities were projected downdip from the quarries to the line of the 
cross section utilizing measured dip angles, and updip from drill holes 
79-4 and 79-5 utilizing a calculated dip angle of 5° (Deli'n, 1980). The 
catlinite units intersected in drill hole 79-3 were omitted from the cross 
section mainly because Delin (1980) showed that they could not be corre
lated with certainty with those exposed in the quarries or intersected in 
the other drill holes. Although the cross section was constructed from 
sparsely distributed data points and utilized projection distances that in 
some cases may exceed the downdip extent of some of the catlinite units, 
it clearly demonstrates that the catlinite units have a broadly cur
vilinear rather than a planar geometry in the strike direction. Moreover, 
the catlinite units occur as interfingering and possibly crosscutting len
ses that are no more than 700 to 800 feet long in the strike direction. 
Thus it can be inferred that the catlinite beds are thin units that are 
several times longer in the strike direction than they are wide in the dip 
direction. Because the strike direction is subparallel to the paleoslope 
direction, it also can be inferred that catlinite units are elongated more 
or less parallel to the inferred paleocurrent direction -- a geometry pre
dicted by the braided-stream model. 

Any additional evaluation of the resource potential of the catlinite 
units intersected in the drill holes depends in large part on establishing 
their distribution and the drift-bedrock interface. Therefore the subcrop 
map in Figure 7 was prepared by projecting the various catlinite units 
identified on the longitudinal cross section updip to the point where they 
intersect the bedrock surface. The significance of this map in evaluating 
the catlinite resources of the southern mine area will be discussed more 
completely below. 

The 1980 Drilling Program 

The 1980 drilling program was undertaken to evaluate the distribution 
of catlinite beds in the northern mine area (fig. 1). In all, eight test 
holes totalling 283 feet of strata were drilled . The locations of the 
test holes are shown on Figure 11. Six of the test holes were sited spe
cifically to maximize the amount of subsurface information that could be 
obtained from the middle two-thirds of the mine area where no active 
quarries now exist. Holes 80-1 .and 80-8 were sited to provide subsurface 
information that could be correlated directly with catlinite units exposed 
in the several active quarries located at the northern and southern ends 
of the northern mine area. 

All of the test holes \'lere drilled by air- rotary methods. Samples of 
the cuttings were taken over 5-foot intervals and at each major color 
change to determine the stratigraphic succession of rock units intersected 
at each test site (Appendix I). Subsequently gamma-ray geophysical logs 
were obtained from each drill hole except 80-1 which caved sometime after 
drilling. In general, there is a good correlation between the geophysical 
and geological logs, implying that the tops of most catlinite un.its can be 
established with an accuracy of approximately ~ 0.5 feet (Appendix I). 
In addition, the geophysical logs identified the presence of several 
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Figure 9. Longitudinal cross section showing the distribution of catlin
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the irregular ·distribution and lenticular shape of the catlin
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tion of the cross section . 
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catlinite units not recognized in the drill cuttings and confirmed the 
presence of weathered and altered sandstone intervals in several of the 
test holes. 

Depth to water below land surface was 32 feet in 80-2, 33 feet in 
80-3, 24 feet in 80-4, 26 feet in 80-5, 36 feet in 80-6, 25 feet in 80-7, 
and 22 feet in 80-8. The lack of a systematic relationship among these 
water levels implies that surface water has variably filled the holes. 

As in the southern mine area, catlinite is a ubiquitous part of the 
stratigraphic section in the northern mine area. However, because of the 
drill-hole layout, only a stratigraphic interval of about 75 feet, more or 
less centered on the present quarry line, could be evaluated in any 
detail. Other significant catlinite units could be present both above and 
below this stratigraphic interval, but as judged from the southern mine 
area this possibility appears to be rather small. Therefore, most of the 
potential for additional sources of mineable catlinite appear to be con
fined to a zone 200 feet to 300 feet "dde that is more or less centered on 
the present quarry line (fig. 11). 

Individual catlinite units intersected in the subsurface range in 
maximum thickness from several inches to more than 2 feet. However, con
tacts between many of the catlinite beds and the enclosing quartzite are 
gradational, and some of the beds themselves appear to grade laterally 
into argillaceous siltstone or argillaceous quartzite~ 

In general, all of the catlinite beds resemble one another in color, 
texture, and geophysical signature; apparent stratigraphic position was 
the only criterion that could be used confidently to correlate individual 
beds from drill hole to drill hole . 

Because there are several active quarries at the northern and 
southern ends of the northern ndne area, measured dip angles on the cat
linite beds in these quarries were used to establish the correlations 
shown in cross sections A-A' and H-H' of Figure 12. Other catlinite 
units intersected in drill holes 80-1 and 80-8 were projected updip to the 
bedrock surface at the same angle, as shown on Figure 12. No outcrop 
data were available that could be used in the stratigraphic interpretation 
of drill holes . 80-2 to 80-7, and therefore a somewhat different procedure 
was used. As an example, a preliminary cross section (G-G' in fig. 13) 
was prepared through drill hole 80-7 in an approximate downdip direction 
and with an assumed dip ang'le of 5°. The various catlinite beds inter
sected in the drill hole were then projected updip to the bedrock surface 
where they were tentatively correlated with the updip projections of 
catlinite units as established in cross section If-H'. More precisely 
detennined strike and dip values were then calculated by the three-point 
method with known elevations on the tops of the correlated catlinite beds 
in cross sections G-G' and H-H'. A new cross section was then constructed 
through drill hole 80-6 perpendicular to the calculated strike (fig. 13). 
The various catlinite units defined in drill hole 80-7 were then projected 
updip to the subcrop surface at the calculated dip angles and their 
subcrop position was transfered to Figure 11. This proceaure was repeated 
at each drill site until ultimately the catlinite beds in cross section 
B-B' were correlated with those present in cross section A-A'. 
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Figure 12. East-west cross sections from the northern mine area showing 
the aowndip correlations and updip extensions of major catlin
ite beds intersected in drill hole 80-1 (cross section A-A') 
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Because a number of catlinite layers have be en identified, and 
because the procedures outlined above lead to somewhat tenuous 
correlations, a longitudinal cross section (I-I' in fig. 14) was 
constructed so as to further evaluate the proposed correlations. This 
cross section is rigorously contrained at three places by drill holes 
80-1, 80-5, and 80-8. The other catlinite units were projected downdip 
from the quarries using measured dip angles and updip or downdip from the 
other drill holes using the calculated dip angles. Although the catlinite 
units are discontinuous in the strike direction and have a broadly cur
vilinear geometry, their stratigraphic positions relative to one another 
are generally consistent with the proposed correlations shown on Figure 11. 
The catlinite units also have a distribution parallel to strike analogous 
to that of the southern mine area. Although it can not be demonstrated, 
it seems reasonable to infer that the catlinite units of th~ northern mine 
area have downdip distributions similar to those in the southern mine area. 
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Figure 14. Longitudinal cross section showing the distribution of catlin
ite along a trend generally parallel to the strike of bedding 
Although individual data points were projected to the cross 
section along lines not everywhere parallel to the dip 
direction, the cross section illustrates the irregular distri
bution and lenticular shape of the catlinite units in the 
strike direction. See Figure 11 for the location of cross 
section. 

DISCUSSIOi'S 

Catlinite units in the northern and southern mine areas must be in 
some way continuous with one another. Iiowever, inasmuch as there is no 
geologic evidence to support this contention, the resource potential of 
each area will be considered separately. Nonetheless it should be noted 
that an unidentified potential also exists between the two mine areas. 

The maps in Figures 7 and 11 identify a number of discrete layers 
that could represent a substantial number of new sources of ca~linite in 
the monument. It should be emphasized at this point, however, that the 
maps in Figures 7 and 11 and all of the cross sections were base d on a 
number of assumptions that may not be entirely valid. Some of these 
assumptions are of a geolog"ic nature, whereas others have to do with the 
interpretative procedures that were used. Because the ultimate develop
nlent of any of the catlinite units recognized in the subsurface depends 
entirely on the validity of the assumptions and the interpretative 
procedures, they are discussed here in some detail. 

In all of the cross sections (figs. 8-10 and figs. 12-14) it was 
assunled that all of the subsurface catlinite units project updip to the 
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drift-bedrock interface. Nonetheless many of the catlinite beds do not 
appear to extend in a downdip direction for any great distance. ~loreover , 
because these layers formed in a dynamic braided-stream environment, they 
can be expected to have a more or less random distributio~ in any vertical 
stratigraphic section. Thus statistically, a thin catlinite layer, as 
intersected in a drill hole, could just as well be the edge of a lens that 
extends downdip as the edge of a lens that extends updipi many of the thin 
catlinite beds could pinch out before they reach th.e drift-bedrock 
interface. Nonetheless, because there is no way to discriminate between 
those layers that thicken updip from those that thicken downdip, all were 
projected updip to the drift-bedrock interface. 

It also should be noted that none of the stratigraphic data obtained 
in either the 1979 or the 1980 drilling progrruns provide substantive 
information regarding the "carving" characteristics of the various catlin
ite beds, particularly where they occur at the drift-bedrock interface. 
All of the catlinite now being utilized in the monument is a very special 
rock that consists almost entirely of ultra fine-grained sericite and 
pyrophyllite. More importantly it lacks appreciable quantities of silt
or sand-size grains of quartz or other minerals. Yet all of the available 
geologic data indicate that catlinite beds can grade laterally over very 
short distances in both the strike- and dip-direction into rocks having 
appreciable quantities of silt or sand. Thus many of the catlinite units 
that occur at the drift-bedrock interface may lack just those properties 
that make catlinite amenable to carving. 

Lastly it should be noted again that much of the Sioux Quartzite has 
undergone weathering and alteration at the drift-bedrock interface. Where 
the altered rocks can be seen, they range from being simply bleached to 
lighter colors to being almost totally disaggregated. Therefore, it seems 
likely that many of the catlinite units at the drift-bedrock interface 
could be altered in a similar manner. However, because the altered rocks 
have a patchy and irregular distribution, it is not possible to predict 
where unaltered or only slightly altered catlinite units can be found 
beneath the drift cover. 

The interpretive procedures that were used to project the various 
'catlinite units from where they were intersected in the drill holes to the 
drift-bedrock interface also involve a number of assumptions that could be 
the sources of several errors. In general, the so-called "three-point 
method" was used to project the catlinite units updip to the bedrock 
surface. This method provides a relatively simple way of calculating the 
strike and dip of an inclined bed if the elevations on top of that bed are 
known at three places. The calculated strike is the direction. or trend of 
a line formed by the intersection of an inclined surface and a horizontal 
plane, whereas the calculated dip is the angle formed by the intersection 
of the inclined surface and a horizontal plane measured perpendicular to 
the strike. However, the calculated dip will correspond to the true dip 
only if the inclined surface has a planar geometry. Similarly, the posi
tion of the line formed by the intersection of the inclined surface and 
the bedrock surface will correspond to the actual trace of that line only 
if the bedrock surface forms a horizontal plane. Quite obviously neither 
the catlinite beds nor the bedrock surfaces are completely planar 
features. Therefore a certain runount of error is associated with the 
inferred positions of the catlinite units at the bedrock surface as 
portrayed in Figures 7 and 11. 

26 



The extent to which the land surface deviates from the horizontal is 
rather small in the general vicinity of the quarries and in the drill 
holes in the northern and southern mine areas. At both localities the 
land surface is very gently inclined to the west. Noreover, because the 
drift is generally less than 10 feet thick wherever it was measured, it 
seems likely that the bedrock surface is inclined in a similar direction 
and has a local relief of no more than + 10 feet relative to the land 
surface. Local deviations of this magnitude would not have any important 
affect on the inferred positions of the catlinite units at the bedrock 
surface. 

In contrast, deviations in the dip angle of only 1° or 2° can 
substantially change the inferred positions of the catlinite units at the 
bedrock surface. For ' example, a difference of ~ 1° from an assumed dip of 
5° for a catlinite unit intersected at a depth of 20 feet below tile 
bedrock surface would result in a projection error at the bedrock surface 
of approximately ~ 50 feet. Similarly the same angular difference for a 
bed intersected at a depth of 40 feet would result in a projection error 
of approximately ~ 100 feet. Because the catlinite beds have curvilinear 
rather than planar contacts in the strike direction, they most likely have 
curvilinear contacts in the dip direction. Thus angular errors of 1° or 
2° must be considered in locating specific quarry sites. 

Because the ultimate development of a specific quarry site requires 
excavation, the various catlinite units recognized the subsurface have 
been assigned to one of four general groups. These groups provide a means 
of estimating the likelihood of finding a catlinite unit at the drift
bedrock interface with a minimum amount of excavation. Specific criteria 
used to define the groups are completely arbitrary (fig. 15). A thickne ss 
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27 



of 1 foot or more was selected as the principal criterion, mainly because 
there is a greater likelihood that the thicker units will extend updip to 
the drift-bedrock interface. Similarly a depth of 20 feet or less below 
the land surface was selected as a second criterion inasmuch as projection 
errors increase markedly for catlinite units intersected at greater 
depths. 'l'he distinction between Group 1 and Group 2 is minimal, but there 
probably is less projection error in those places where catlinite units in 
the subsurface can be correlated with catlinite beds exposed in the 
quarries. However, this criterion was not applied to those catlinite 
units intersected at depths of more than 20 feet (Group 3), simply because 
the projection errors far outweigh any advantage gained from a knowledge 
of the surface geology. Catlinite units assigned to Group 4, even at 
depths of less than 20 feet, could well occur at the drift-bedrock inter
face within reasonable projection errors. However, their updip intersec
tion at the drift-bedrock interface will not be considered further as a 
potential quarry site, mainly because thin units have a greater likelihood 
of containing silt and thus being unsuitable for carving~ 

Potential Quarry Sites 
Southern Nine Area 

Although Figure 7 shows that a number of catlinite beds occur in 
the southern mine area, only six have an intersected thickness of 1 foot 
or more. Using the criteria of Figure 15 these beds define six potential 
quarry sites (fig. 16). However, only three involve beds that were inter
sected at depths of 20 feet or less. The bed at site 1-a on Figure 16 was 
intersected at a depth of 16 feet in drill hole 79-1, whereas the bed at 
site 1-b occurs at a depth of 18 feet in drill hole 79-2 (Delin, 1980). 
Furthermore, the updip projections of both are well constrained by the 
geometry of catlinite units exposed in the quarries. Therefore, these 
sites are assigned to Group 1. Although the catlinite bed at site 2-b was 
intersected at a depth of 17 feet in drill hole 79-4, its subcrop position 
is not well constrained; this site is assign~d to Group 2~ 

The catlinite unit at site 3-a is unique within Group 3. It was 
intersected in drill hole 79-2 at a depth of 29 feet and therefore the 
site is assigned to Group 3. However, the bed can be traced updip from 
the drill hole through a quarry to its present subcrop location. 
Therefore from a geologic point of view, its location at the drift-bedrock 
interface is well constrained. other beds assigned to Group 3 (3-b and 
3-c on fig. 16) were intersected in drill hole 79-4 at depths of 36 feet 
and 44 feet respectively. Consequently the locations of these, sites are 
not well constrained because of possibly fairly large projection errors~ 

In summary, two sites, 1-a and 1-b, both approximately 115 ~ 20 feet 
east of the walking trail appear to have the greatest likelihood of con
taining easily obtainable catlinite at the drift-bedrock interface. 
Additionally site 3-b, approximately 15 ~ 10 feet west of the walking 
trail, would also probably be a suitable quarrying site. Sites 2-b, 3-b, 
and 3-c probably should not be considered as quarry sites inasmuch as they 
are well removed from present quarrying operations in an area directly on 
or very close to a major scenic walking trail. 
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Potential Quarry Sites 
Northern Mine Area 

Although Figure 11 shows that a number of catlinite beds can be 
mapped in the northern mine area, only 10 have an intersected thickness of 
1 foot or more. These beds define 11 potential quarry sites (fig. 17). 
However, only five of the potential sites involve beds that were inter
sected at depths of 20 feet or less. Bed 1-a at a depth of 9.5 feet in 
drill hole 80-1, bed 1-b at a depth of 20 feet in drill hole 80-7, and bed 
1-c at a depth of 15 feet in drill hole 80-8 have updip projections that 
are constrained by geologic data from nearby quarries; these potential 
sites are assigned to Group 1. 

The catlinite beds at sites 2-a and 2-b, which also were intersected 
at depths of 20 feet or less (15.5 feet in drill hole 80-3 and 7.5 feet in 
drill hole 80-4, respectively), are assigned to Group 2 because their 
locations at the drift-bedrock interface are not well constrained. The 
remainder of the potential quarry sites are based on catlinite beds inter
sected at depths greater than 20 feet and are assigned to Group 3. 

In summary, the Group 1 sites appear to have the greatest likelihood 
of containing easily obtainable catlinite at the drift-bedrock interface. 
Of these, site 1-a is located 80 ~ 10 feet east of the easternmost walking 
trail, whereas site 1-c is located 110 ~ 15 feet east of the main walking 
trail. Site 1-b, located 60 ~ 40 feet east of the main walking trail, has 
the greatest probable error in this group. Because the . sites assigned to 
Group 2 are not as well constrained, their locations on Figure 17 have 
somewhat larger probable prOjection errors. Site 2-a, 210 feet east of 
the main walking trail has an associated error of approxbntely ~ 30 feet, 
whereas site 2-b, 85 feet east of the main walking trail, has a probable 
error of + 20 feet. 

The inferred positions of sites assigned to Group 3 have associated 
errors ranging from ~ 50 feet to ~ 100 feet as shown on Figure 17. 
'l'herefore I they should not be considered as possible quarrying sites until 
those sites assigned to Groups 1 and 2 have been completely evaluated. 

SUGGESTIONS FOR ADDITIONAL WORK 

This study has demonstrated the existence of numerous catlinite 
layers at the drift-bedrock interface. As judged from available geologic 
criteria, several of these units could be potential sources of catlinite. 
However, excavation will be required to confirm the inferred locations of 
the catlinite units beneath the drift and to assess their suitability for 
new quarries. In order to minimize the disruptive effects associated with 
excavation, and to aid in formulating an excavation plan, eight specific 
high-potential sites have been identified. Quite obviously these sites do 
not represent the total catlinite potential of the monument. Rather they 
define specific starting points for the development of new resources. 
Once the location of a given catlinite unit and its peculiar properties 
are firmly established at one or several of the selected sites, less 
disruptive quarrying operations could proceed laterally along the strike 
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of the unit until the resource potential of tllat bed is completely 
utilized. 
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GEOLOGIC LOG -- DRILL HOLE 80-1 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226956 
LABORATORY NUMBER: 1706 
ELEVATION: 1658.9 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 4 
(4 ) 

4 9.5 
(5.5) 

9.5 10.5 
( 1 ) 

10.5 15. 
(4.5) 

15 20 
(5) 

20 20.1 
( .1) 

20.1 25.5 
(5.4) 

25.5 27.5 
(2 ) 

27.5 34 
(6.5) 

34 34.9 
( .9) 

34.9 37 
(2. 1 ) 

37 37.1 
( • 1 ) 

37.1 39.5 
(2.4) 

39.5 39.6 
( .1) 

39.6 40 
( .4) 

Top soil, black and clay, yellow. 

Quartzite, very fine grained, dark red (10R 3/6). 

Catlinite, red (10R 4/6) to light red (10R 6/8); some 
speckled. 

Quartzite, fine to coarse grained, red (10R 5/6) to weak 
red (10R 4/4) to yellowish red (5YR 5/6). 

Quartzite, very fine to coarse grained, weak red (lOR 5/2). 

Catlinite, red (lOR 4/6). 

Quartzite, fine to coarse grained, pale red (10R 6/3); 
with thin layer of quartzite, red (lOR 4/6). 

Catlinite, red (lOR 4/8) to light red (10R 5/8) to light 
red (lOR 6/8). 

Quartzite, fine to medium grained, weak red (10R 4/3). 

Catlinite, red (lOR 4/8) to red (10R 4/6); some is white 
speckled. 

Quartzite, medium grained with some coarse grains, weak 
red (lOR 4/3) to dusky red (10R 3/3). 

Catlinite, red (lOR 4/6). 

Quartzite, medium grained, dusky red (lOR 3/4) and coarse 
grained, - dark red (lOR 3/6); with a layer of quartzite, 
medium grained, pink (7.5YR 7/4). 

Catlinite, red (lOR 4/6). 

Quartzite, medium to coarse grained, dusky red (lOR 3/4) 
to dark red (10R ·3/6). 

TOTAL DEPTH 40 FEET 
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GEOLOGIC LOG -- DRILL HOLE 80-2 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226957 
LABORATORY NUMBER: 1707 
ELEVATION: 1654.1 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 1 
(1) 

1 5 
(4 ) 

5 10 
( 5) 

10 12.5 
(2.5) 

12.5 13 
( .5) 

13 15 
(2 ) 

15 24 
(9 ) 

24 24.5 
( .5) 

24.5 25 
( .5) 

25 30 
(5) 

30 33 
(3 ) 

33 33.1 
( • 1 ) 

33.1 35 
( 1. 9) 

Top soil, black. 

Clay, yellow. 

Quartzite, medium to coarse grained, dark red (10R 3/6); 
with layers of quartzite, medium to coarse grained, red 

(10R 5/8) and light brown (7.5YR 6/4). 

Quartzite, medium to coarse grained, weak red (10R 4/3). 

Catlinite, reddish yellow (5YR 6/6); speckled, to light 
red (10R 6/6); speckled, to red (10R 5/8). 

Quartzite, medium to coarse grained, dark red (10R 3/6). 

Quartzite, medium to coarse grained, weak red (10R 5/4) 
to pale red (2.5YR 6/4); locally silty and clayey. 

catlinite, light red (lOR 6/8). 

~uartzite, medium to coarse grained, light reddish brown 
(5YR 6/4). 

Quartzite, medium to coarse grained, pale red (10R 6/3), 
grading into weak red (10R 4/3). 

QUartzite, medium to coarse grained, weak red (10R 5/3) 
to weak red (10R 4/3). 

Catlinite, red (10R 5/8) . 

Quartzite, medium to coarse grained, weak red (10R 5/3) 
to weak red (10R 4/3). 

TOTAL DEPTH 35 FEET 
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GEOLOGIC LOG -- DRILL HOLE 80-3 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226958 
LABORATORY NUMBER: 1708 
ELEVATION: 1660.1 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 7 
(7) 

7 10 
(3 ) 

10 15.5 
(5.5) 

15.5 15.6 
( .1) 

15.6 19.9 
(4.3) 

19.9 20 
( .1) 

20 21 
( 1 ) 

21 22 
(1) 

22 25 
(3 ) 

25 25.1 
( .1 ) 

25.1 26 
( .9) 

26 26.1 
( .1) 

26.1 29.5 
(3.4) 

29.5 29.6 
( • 1 ) 

29.6 30 
( .4) 

Top soil, black and drift. 

~uartzite, very fine to fine grained, dark red (10R 3/6) 
to medium to coarse grained, dusky red (10R 3/3). 

QUartzite, medium to coarse grained, weak red (10R 5/3) 
to weak red (10R 4/3). 

Catlinite, light red (10R 6/8). 

Quartzite, medium to coarse grained, weak red (10R 5/3) 
to weak red (10R 4/3). 

Catlinite, light red (10R 6/8). 

Quartzite, medium to coarse grained, weak red (10R 5/3). 

Catlinite, red (10R 4/8). 

Quartzite, very fine to fine grained, dusky red (10R 3/3) 
to dark red (10R 3/6) to red (10R 4/6); with layer of 
quartzite, fine grained, brownish yellow (10YR 6/8). 

Catlinite, red (10R 4/8). 

Quartzite, medium to coarse grained, dusky red (10R 3/3) 
to red (10R 4/6). 

Catlinite, red (10R 4/8). 

Quartzite, medium to coarse grained, dusky red (10R 3/3) 
to red (10R 4/6). 

Catlinite, red (10R 4/8). 

~uartzite, medium to coarse grained, dusky red (10R 3/3) 
to red (10R 4/6). 
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30 31 
(1) 

31 31.5 
( .5) 

31 .5 33 
( 1. 5) 

33 33.1 
( .1) 

33.1 40 
(6.9) 

Quartzite, fine to medium grained, dusky red (10R 3/3) to 
medium to coarse grained, weak red (lOR 5/3). 

Catlinite, dark red (lOR 3/6) to red (lOR 5/8). 

Quartzite, medium to coarse gr~ined, weak red (lOR 5/3). 

Catlinite, dark red (10R 3/6). 

~uartzite, medium to coarse grained, dusky red (lOR 3/3) 
to weak red (lOR 4/3) to \o{eak red (lOR 5/3). 

TOTAL DEPTh 40 FEET 
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GEOLOGIC LOG -- DRILL HOLE 80-4 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226959 ' 
LABORATORY NUMBER: 1709 
ELEVATION: 1651.4 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 3 
(3) 

3 7.5 
(4.5) 

7.5 8.5 
( 1 ) 

8.5 11 
(2.5) 

11 11.1 
( .1 ) 

11.1 12 
( .9) 

12 12.1 
( .1) 

12.1 13.5 
( 1.4) 

13.5 13.6 
( .1) 

13.6 17.5 
(3.9) 

17.5 17.6 
( .1) 

17.6 18.5 
( .9) 

18.5 ' 18.6 
( .1) 

18.6 19.6 
(1) 

19.6 19.7 
( .1) 

Top soil, black and drift. 

Quartzite, fine grained matrix with medium to coarse 
quartz grains, light reddish brown (5YR 6/4), grades 
into medium to coarse grained, dark red (lOR 3/6). 

Catlinite, red (10R 4/6) to red (lOR 4/8) to red (lOR 
5/8) • 

Quartzite, fine grained matrix with coarse quartz grains, 
pink (7.5YR 7/4) grades into medium grained, dusky red 
( 10R 3/4). 

Catlinite, red (10R 5/8) to light red (lOR 6/8). 

Quartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) to weak red (10R 4/3). 

Catlinite, red (10R 5/8) to light red (10R 6/8). 

Quartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) • 

Catlinite, red (lOR 5/8) to light red (10R 6/8). 

Quartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) to dusky red (10R 3/3) to weak red (10R 4/4). 

Catlinite, red (10R 4/8) to red (10R 5/8). 

~uartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) to dusky red (10R 3/3) to weak red (lOR 4/4). 

Catlinite, red (10R 4/8) to red (10R 5/8). 

~uartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) to dusky red (10R 3/3) to weak red (lOR 4/4). 

Catlinite, red (10R 4/8) to red (lOR 5/8). 
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19.7 20.5 
( .8) 

20.5 21.5 
( 1 ) 

21.5 24.9 
(3.4) 

24.9 25 
( .1) 

25 27 
(2 ) 

27 27.1 
( . 1) 

27.1 28.5 
( 1 .4) 

28.5 29.1 
( .6) 

29.1 29 . 3 
( .2) 

29.3 30 
( .7) 

30 35 
(5 ) 

Quartzite, medium to coarse grained, light reddish brown 
(5YR 6/3) to dusky red (lOR 3/3) to weak red (lOR 4/4). 

Catlinite, red (10R 4/6) to red (10R 4/8); speckled light 
red (lOR 6/8) and some light red (lOR 6/8). 

Quartzite, medium grained, dusky red (lOR 3/3) to weak 
red (10R 5/3) to dark red (lOR 3/6); with a layer of 
fine to medium grained, yellow (10YR 7/6). 

Catlinite, dark red (lOR 3/6) to red (10R 4/8) to red 
(lOR 5/8); some speckled light red (lOR 6/8). 

~uartzite, medium to coarse grained, with some fine 
grained layers, weak red (lOR 5/2) to weak red (10R 
4/2) to medium to coarse grained, pink (5YR 7/4). 

Catlinite, dark red (10R 3/6) to red (10R 4/8) to red 
(lOR 5/8). 

Quartzite, medium to coarse grained, with some fine 
grained layers, weak red (lOR 5/2) to weak red (lOR 
4/2) to medium to coarse grained, pink (5YR 7/4). 

~uartzite, fine grained, yellow (10YR 7/8) to yellow (10YR 
6/8); with muscovite, grading into pink (7.5YR 7/4). 

Quartzite, fine grained matrix with coarse quartz grains, 
pink (5 YR 7/4) • 

~uartzite, fine grained matrix with coarse quartz grains, 
pink (5YR 7/4), grading into fine grained, yellow (10YR 
7/8) to fine grained matrix with layers containing 
coarse quartz grains, dark red (lOR 3/6). 

Quartzite, fine grained with thin layers containing coarse 
quartz grains, red (10R 4/8) to dark red (10R 3/6). 

TOTAL DEPTH 35 FEET 
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GEOLOGIC LOG -- DRILL HOLE 80-5 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226960 
LABORATORY NUMBER: 1710 
ELEVATION: 1655.3 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

0 5 
( 5) 

5 6 
(1) 

6 6.3 
( .3) 

6.3 10 
(3.7) 

10 11.5 
( 1 .5) 

11.5 16.5 
(5 ) 

16.5 20 
(3.5) 

20 23.5 
(3.5) 

23.5 23.6 
( .1) 

23.6 30 
(6.4) 

30 31.5 
( 1. 5) 

31.5 32 
( .5) 

Top soil, black and drift. 

Quartzite, medium to coarse grained, weak red (10R 4/4) 
to weak red (1 OR 5/3) to weak red (lOR 5/4). 

Catlinite, red (10R 4/6) to light red (lOR 5/8) to light 
red (1 OR 6/8) . 

Quartzite, medium to coarse grained, weak red (lOR 4/4) 
to weak red (10R 5/3) to weak red (lOR 5/3). 

Quartzite, medium to coarse grained, weak red (10R 4/4) 
to dark red (10R 3/6). 

Quartzite, coarse grained, light brown (7.5YR 6/4) to 
pink (7.5YR 7/4). 

Quartzite, coarse grained, weak red (lOR 4/4) to light 
brown (7.5YR 6/4); with layers fine to medium grained, 
dusky red (lOR 3/3); within the quartzite are thin 
layers of catlinite, light red (lOR 6/8). 

Quartzite, coarse grained with thin layers of fine to 
medium grained, dusky red (lOR 3/3) with thin layer 
fine to medium grained, very pale brown (10YR 7/3); 
with muscovite. 

Catlinite, red (10R 5/8). 

Quartzite, coarse grained, weak red (lOR 4/4) to medium 
to coarse grained, pink (7.5YR 7/4); wi~h muscovite. 

Catlinite, red (10R 5/8) to dark red (10R 3/6); some 
speckled white. 

Quartzite, medium to coarse grained, wea~ red (lOR 4/3) 
to fine to medium grained, moderate pink (SR 7/4) to 
moderate red (5R 5/4) uo pink (7.5YR 7/4). 

TOTAL DEPTH 32 FEET 

40 



GEOLOGIC LOG -- DRILL HOLE 80-6 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226961 
LABORATORY NUMBER: 1711 
ELEVATION: 1659.3 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 4.5 
(4.5) 

4.5 10 
(5.5) 

10 16 
(6 ) 

16 25 
(9 ) 

25 25.5 
( .5) 

25.5 30 
(4.5) 

30 35 
(5 ) 

35 38.5 
{3.S} 

38.5 38 . 6 
( .1) 

38.6 39 
( .4) 

39 40.2 
( 1 .2) 

40.2 41 
( .8) 

Top soil, black and sandy till, light olive brown (2.5Y 
5/4); with basalt pebbles. 

Quartzite, medium to coarse grained, weak red (10R 4/3) 
TO light brown (7.5YR 6/4). 

Catlinite, red (10R 5/8) to dark red (10R 3/6), some 
speckled white, thin layers, interbedded with 
quartzite, coarse grained, pink {SY 7/3h weathered. 

~uartzite, coarse grained, pink (5YR 7/3); weathered, 
interbedded with thin layers of catlinite, red {10R 
5/8} to red (10R 4/8) to light red (10R 6/8). 

Catlinite, red (10R 4/8) to red (10R 5/8) to light red 
(10R 6/8); some red (10R 4/8) speckled red (10R 5/8). 

Quartzite, coarse grained, pink (5YR 7/3}i weathered. 

Quartzite, interbedded fine to medium grained with coarse 
grained, pink (5YR 7/3); weathered with white kaolin 
clay, to fine to medium grained with coarse quartz 
grains, dusky red (10R 3/2). 

Quartzite, coarse grai~ed, light reddish brown {2.5YR 
6/4} to dusky red (10R 3/2}i weathered with kaolin 
clay; thin layer fine grained, white (2.5Y 8/2); highly 
weathered with kaolin clay and muscovite. 

Catlinite, light red {10R 6/8} to light red (10R 6/6). 

Quartzite , coarse grained, light reddish brown (2.5YR 
6/4) to dusky red (10R 3/2); some weathered with kaolin 
clay . 

Catlinite, red (10R 5/8) to red (10R 4/8). 

Quartzite, fine to medium grained, dusky red {10R 3/2} to 
moderate red {5R 5/4} to reddish yellow (7.5YR 6/6). 

TOTAL DEPTH 41 FEET 

41 



GEOLOGIC LOG -- DRILL HOLE 80-7 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226962 
LABORATORY NUl'lEER: 1712 
ELEVATION: 1655.4 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

o 9.5 
(9.5) 

9.5 10 
( .5) 

10 10.2 
( .2) 

10.2 20 
(9.8) 

20 21.8 
( 1 .8) 

21.8 25 
(3.2) 

25 28 
(3 ) 

28 29.5 
( 1.5) 

29.5 30 
( .5) 

Top soil, black and sandy till, light olive brown (2.5Y 
5/4), with rounded grains of quartz and basalt. 

Quartzite, medium to coarse grained, pale brown (10YR 
6/3) to weak red (lOR 4/3). 

Catlinite, light red (lOR 6/6). 

Quartzite, interbedded fine grained with medium to coarse 
grained, dusky red (10R 3/2~ to grayish red purple (SRP 
4/2). 

Catlinite, red (10R 4/6) to red (10R 4/8) to dark red (lOR 
3/6); some speckled red (lOR 4/8). 

Quartzite, fine to medium grained, grayish red purple (5RP 
4/2) to dusky red (10R 3/2) with layers of coarse 
grained, reddish brown (5YR 5/3) and fine to medium 
grained, yellowish brown (10YR 5/6); weathered. 

Quartzite, medium grained, grayish red purple (5RP 4/2) to 
coarse grained, light reddish brown (5YR 6/3). 

~uartzite, fine grained with some coarse quartz grains, 
red (10R 4/6) to dark red (10R 3/6) to alternating 
layers of fine grained to coarse grained, brownish 
yellow (10YR 6/8) to yellowish brown (10YR 5/8) with a 
thin layer of catlinite, light red (10R 6/6). 

Quartzite, fine to medium grained with coarse quartz grains, 
red (lOR 4/6) to brownish yellow (10YR 6/6); alternating 
layers. 

TOTAL DEPTH 30 FEET 

42 



GEOLOGIC LOG -- DRILL HOLE 80-8 

MINNESOTA GEOLOGICAL SURVEY UNIQUE NUMBER: 226963 
LABORATORY NUMBER: 1713 
ELEVATION: 1656.9 feet 

DEPTH BELOW LAND SURFACE 
(THICKNESS, IN FEET) 

DESCRIPTION 

0 3 
(3 ) 

3 6 
(3 ) 

6 10 
(4) 

10 15 
(5 ) 

15 16 
(1) 

16 20 
(4) 

20 26 
(6) 

26 28 
(2 ) 

28 31 
(3) 

31 32 
( 1 ) 

32 32.5 
( .5) 

32.5 40 
(7.5) 

Top soil, black and sandy till, light olive brown (2.5Y 
5/4) • 

Quartzite, coarse grained, grayish red (5R 4/2) to reddish 
brown (2.5YR 5/4) to light reddish brown (5YR 6/4); 
decomposed. 

Quartzite, coarse grained, grayish red (5R 4/2) to reddish 
brown (2.5YR 5/4) to light reddish brown (5YR 6/4). 

Quartzite, coarse grained, light reddish brown (5YR 6/3) 
to weak red (10R 4/3) to dusky red (lOR 3/2); alter
nating hard and soft layers. 

Catlinite, red (10R 4/8). 

Quartzite, coarse grained, dusky red (lOR 3/2) to light 
brown (7.5YR 6/4). 

Quartzite, coarse grained, dusky red (lOR 3/2) to pinkish 
gray (7.5YR 6/2) to light reddish brown (5YR 6/3) to 
pink (5YR 7/3) • 

Catlinite, dusky red (lOR 3/3) to dark red (lOR 3/6). 

Quartzite, fine grained, dusky red (10R 3/2). 

Siltstone to sandy catlinite, very fine grained to quartz
ite, fine grained, brownish yellow (10YR 6/8) to red
dish yellow (5YR 6/6); weathered with muscovite. 

Siltstone to quartzite, fine grained witn coarse quartz 
grains, strong brown (7.5 YR 5/6); transition zone. 

Quartzite, very fine to fine grained, dusky red (lOR 3/3) 
to dark red (10R 3/6). 

TOTAL DEPTH 40 FEET 

43 
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