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DATA COLLECTION AND PROCESSING
From 1977 to 1981, the National Uranium Resource Evalua-

tion (NURE) Program was conducting high-sensitivity, airborne
radiometric surveys over each 1° x 2° NTMS quadrangle in Min-
nesota and surrounding states.

Airborne gamma rays are produced by decay of radioactive
elements in the upper 30 cm of the soil or rock outcrop.  The inten-
sity of gamma radiation emanating from the ground surface was
measured with sodium iodide detectors flown in fixed-wing air-
craft at an average elevation of 120 m above the land surface.  In
Minnesota, east-to-west flight lines were established at 9.65-km
spacings, north-to-south lines at 38.62-km spacings for all except
the New Ulm and St. Cloud 2° quadrangles.   For these two, east-
to-west flight lines were 4.83 km apart and the north-to-south lines
19.31 km apart.  About 60 percent of the gamma radioactivity at
the detector was derived from a cone with a ground diameter of 73
m, centered on and perpendicular to the flight line (Saunders and
Potts, 1977).  This was considered the size of the area on either
side of the flight path where the system was sensitive enough to
distinguish different radioactive targets.  To be most useful in iden-
tifying geologic trends, data should be acquired from flight pat-
terns oriented perpendicular to the long axes of boundaries between
units, particularly if the line spacings are wide.  In Minnesota, the
east-west flight lines are nearly perpendicular to most geologic
trends in the Quaternary sediments.

Separate energy windows were established for the diagnostic
photopeaks for 238U (bismuth-214 at 1.76 MeV), 232Th (thallium-
208 at 2.61 MeV), and 40K (1.46 MeV).  Radioactive equilibrium
within the decay series of uranium and thorium was assumed, and
concentrations were reported as equivalent uranium (eU), and
equivalent thorium (eTh) in parts per million (ppm).  Potassium-
40 (0.0118 percent total K) was reported as percentage of total
potassium.  Details of the collection methods and initial data re-
duction can be found in the individual quadrangle reports and
Saunders and Potts (1977).

Raw data for K, Th, and U were processed for consistency by
the U.S. Geological Survey (Duval and others, 1989, 1990) and
the flight-line data made available to the Minnesota Geological
Survey by Dr. Duval.  Lively gridded these data separately for each
quadrangle and combined the results to produce the statewide color
contour maps.

GEOLOGIC INTERPRETATION
The gamma-ray maps show broad regional patterns, some of

which trend to the southeast, similar to the trends of the Quater-
nary geologic units.  Concentrations of the radioactive elements in
Minnesota are near crustal norms (Levinson, 1974) and at the scale
of these maps, show no evidence of secondary enrichment.  For all
three radioactive elements, concentrations are generally highest in
the west and southwest and decrease gradually toward the east and
more sharply toward the northeast.  This corresponds to a general
west-to-east change in the composition and provenance of the Qua-
ternary units.  Widespread areas of low radioactivity in northern
and north-central Minnesota tend to coincide with peatlands and
lakes.

The gamma radiation associated with the 232Th decay series
shows more variability across the state than either U or K, but at
the same time it corresponds most closely with the Quaternary de-
posits.  The mean eTh concentration is 3.6 ± 2.4 ppm, with a range
from 0.0 to 13.8 ppm.  Maximum values are associated with out-
crops of granitic rocks in northern Minnesota.  Regional 232Th lev-
els are highest in western, southwestern, and southeastern Minne-
sota over units mapped as pre-late Wisconsinan and younger till
and glacial lake sediments.  They are lower over the Anoka Sand
Plain and other outwash deposits, and peat deposits are the least
radioactive.  Thorium is not geochemically mobile in the near-sur-
face environment, and therefore the observed variations can best
be explained by differences in surface sediments.  The low eTh
content implies that the top 30 cm of glacial deposits does not in-
clude large quantities of Cretaceous regolith and Precambrian crys-
talline rock, which have higher mean Th values (Setterholm and
others, 1989; Knight and Clark, 1991).  However, the higher re-
gional eTh levels in southwestern Minnesota and eastern South
Dakota may reflect more incorporated Cretaceous material in these
pre-late Wisconsinan materials than in the younger deposits far-
ther east.

Equivalent uranium concentrations are fairly low and uniform
across the state, with a mean of 0.92 ± 0.64 ppm and a range of 0.0
to 4.2 ppm.  The regional eastward gradient is similar to that of

thorium, as are higher levels over the Red River Valley and gran-
ites in northeastern Minnesota.  Local highs in southwestern Min-
nesota are thought to be associated with outcrops of the Sioux
Quartzite.  Both the pre-late Wisconsinan and late Wisconsinan
boundaries are less distinct than on the thorium map, but sandy
sediments of Labradoran provenance still show significantly lower
values than other Quaternary deposits.  The eU values may not
correspond to actual uranium content because of disequilibrium
within the decay series and loss of the intermediate decay product
222Rn gas.  As a result, eU is likely to be less correlative with geo-
logic units than eTh.  In spite of this, some of the regional trends
are still comparable to those on the other maps.

Potassium-40 also shows a relatively even distribution across
Minnesota.  It has a mean of 0.79% ± 0.44%, with a range of  0.0 to
2.3%.  The maximum values are associated with granitic outcrops
on the border between Minnesota and Canada.  Relatively high
concentrations trending through east-central Minnesota into north-
western Wisconsin are thought to be associated with surface expo-
sures of Precambrian feldspathic sandstones or incorporation of
feldspathic sandstone into the till.  Overall, the 40K regional distri-
bution pattern is similar to those of eTh, eU, and to the surface
geology.  However, the 40K radioactivity does not distinguish sandy
units as well as the eTh or eU maps.  Given that 40K concentrations
do not exceed average crustal values, and that regional patterns
resemble the surficial geology, potassium-bearing fertilizers are
unlikely to have contributed significantly to the map distribution
patterns.

In spite of relatively small differences in the concentrations of
radioactive elements and wide spacing of flight lines, airborne ra-
diometric data from Minnesota appear to distinguish between Qua-
ternary geologic deposits.  Both regional trends and more local
morphological features, such as moraines, areas of sand deposits
and lake clays, and ice margins, can be identified.  The aerial gamma
radiation maps are in some instances more detailed than the gener-
alized Quaternary map.  Some features on the radiometric maps,
such as the east-to-west lobate shapes suggestive of end moraines
within the Des Moines lobe, do not appear on either the large-scale
or small-scale Quaternary maps (Goebel and Walton, 1979; Hobbs
and Goebel, 1982).  Other deposits, such as loess, may not be shown
on Quaternary geologic maps, but could influence the measured
radioactivity so that it failed to correspond with the sediments shown
on the map.  We suggest that preparation of Quaternary maps can
be enhanced by using regional radiometric data as a screening tool,
or for early reconnaissance to isolate areas where more detailed
Quaternary geologic studies would be of benefit.
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INTRODUCTION
Gamma radiation has long been used in the exploration for

uranium deposits.  Advances in measurement techniques have al-
lowed rapid, large-scale regional studies to be carried out from the
air.  In addition to use of anomalous amounts of gamma radiation
for exploration, the lower background levels can be used to iden-
tify and map variations in radioactivity that relate to geologic fea-
tures.  In effect, mapped variations in gamma radiation emanating
from the surface can serve as a type of surficial materials map.

This plate shows the surface gamma radiation measured by
detectors carried in aircraft flying about 120 m above the ground.
The flight-line data from the three natural radioactive decay series
were converted into color maps.  This gamma radiation is produced
primarily by the decay of radioactive elements within the upper-
most 30 cm of the soil mantle or rock outcrop.  In Minnesota most
of the bedrock is covered by a mantle of unconsolidated sediments
deposited by Pleistocene glaciers.  Therefore glacially related
deposts are likely to be the principal source of gamma radiation.

QUATERNARY GEOLOGY OF MINNESOTA
The Quaternary geologic map is a modified materials map that

shows the distribution of various Quaternary sediments  and pre-
Quaternary bedrock at the land surface.  The former bedrock land
surface is exposed most widely in northeastern and north-central
Minnesota where glacial deposits are thin or absent.  Elsewhere
the bedrock is exposed in the valleys of the Mississippi and Min-
nesota Rivers and their many tributaries.  Most of the pre-Quater-
nary exposures consist of metamorphic and igneous rocks of di-
verse ages and compositions, except in southeastern Minnesota
where the outcrops are limestone, dolomite, shale, and sandstone.

Because they extend across so much of the land surface, Qua-
ternary deposits are considerably more important as a source of
gamma radiation than are the more limited exposures of bedrock.
Quaternary sediments are generally divided into those of Pleis-
tocene age (10,000 to about 2 million years old), which are di-
rectly attributable to glacial-interglacial cycles, and those of Ho-
locene age (less than 10,000 years old), which were deposited since
Minnesota was most recently free of glacial ice.

Glaciers flowed southward from an ice sheet that covered much
of Canada.  Generally, ice that reached Minnesota derived from
two spreading centers—the Keewatin dome to the northwest and
the Labradoran dome to the northeast.  The sediments that were
deposited are representative of the type of material along the flow
paths of the glaciers.  Sediments from the Keewatin dome contain
relatively equal proportions of igneous and metamorphic rock frag-
ments derived from Precambrian bedrock, carbonate fragments from
Paleozoic bedrock, and shale from Cretaceous bedrock.  In con-
trast, sediments from the Labradoran dome consist primarily of
Precambrian igneous and metamorphic rock fragments, variable
amounts of Paleozoic carbonate, and little if any shale.

In parts of the state, such as north-central Minnesota, glacial
deposits are more than 200 m thick and record more than a dozen
separate ice advances that alternate between the northwestern and
northeastern source areas.  These older deposits are poorly under-
stood because they have been mostly buried by younger
Wisconsinan (70,000-10,000 years old) tills.  The near-surface gla-
cial stratigraphy (and in turn interpretation of surface gamma ra-
diation) is further complicated by a cover of loess that can range
from several centimeters to more than 6 m in thickness.  Loess
deposits are rarely mapped where less than 2 m thick and are not
shown as separate units on the geologic map.

The geologic map shows the distribution of Pleistocene till from
both sources, exposed pre-late Wisconsinan sediments in south-
eastern and southwestern Minnesota, and glacial outwash and gla-
cial lake sediments.  The pre-late Wisconsinan materials, the sand
and gravel outwash deposits, and the glacial lake sediments can be
of mixed origin and are not attributed on the map to either prov-
enance.  Where the pre-late Wisconsinan sediments are visible, they
are similar in composition to younger deposits, but show distinct
evidence of weathering.  Most of the pre-late Wisconsinan mate-
rial is covered by windblown loess ranging in thickness from 30
cm to more than 6 m.  Outwash and alluvium vary in composition
from reworked silty loess to coarse sands and gravels.  Glacial lake
sediments are mostly fine silt and clay, but may locally contain
sand and gravel associated with bars and beaches.

The surface landforms in the state were well established by the
onset of Holocene time.  The map shows the locations of Holocene
alluvial terraces in the major river valleys and the well-developed
peat bogs in northern and northwestern Minnesota.
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