














































































































































































































PARAMAGNETIC FRACTION
COPPER
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Figure 38. Geographic distribution of copper in samples of the paramagnetic fraction (C2) of the
heavy-mineral concentrates.
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samples with low copper concentrations occur west of the Mississippi River and occur in all
glacial lobes; another small cluster occurs in the northeast, in sediments from the Rainy lobe.
The geographic distribution of the zirconium data values (not illustrated) forms a random
distribution of concentrations without a strong pattern; the two high (300 ppm) zirconium
values occur in samples from the Wadena lobe. Factor analysis was rerun without copper and
zirconium; this did not change the overall factor results significantly, therefore, we went back
to the results of the sixteen element analysis.

NONMAGNETIC FRACTION GEOCHEMICAL RESULTS

Samples from the nonmagnetic fraction (C3) of the heavy-mineral concentrates were analyzed
by semiquantitative emission spectroscopy for thirty-five elements. In the eighty-five samples
analyzed, three elements were not detected at their lower determination limit: arsenic (500
ppm), cadmium (50 ppm), and germanium (20 ppm); and two elements were detected at levels
above their upper determination limit: titanium (2 percent ) and zirconium (2000 ppm). The
thirty elements with valid observations are summarized below by single-element data, paired-
element correlations, and multi-element associations.

Single-element Data in the Nonmagnetic Fraction

Of the thirty elements with valid observations in the nonmagnetic-fraction (C3) samples, eight
of these elements have a limited number of valid observations; these elements include nickel,
cobalt, gold, silver, molybdenum, tungsten, bismuth, and thorium. In the majority of samples
these elements were not detected at their lower determination limits. Nickel was detected in 16
percent of the samples with concentrations ranging from less than 10 to 100 ppm. Cobalt was
detected in 14 percent of the samples with concentrations ranging from less than 20 to 30 ppm.
The geographic distribution of the samples with valid nickel (>10 ppm) (Fig. 39) and cobalt
(220 ppm) (Fig. 40) values are quite similar, with over half of these samples containing both
elements. These samples are scattered across the study area with a small cluster occurring just
west of the Mississippi River; they occur in sediments from the Superior, Rainy, and Des
Moines lobes. [If we compare the geographic distribution of cobalt and nickel values in the
nonmagnetic-fraction (C3) samples (see Figs. 39 and 40) with the cobalt/nickel factor
association in the paramagnetic-fraction (C2) samples (see Fig. 36) we see a different
distribution pattern—which probably reflects the different mineralogy of the two fractions.]
Gold was detected in 8 percent of the samples with concentrations ranging from less than 20 to
300 ppm; these samples strongly cluster along the Mississippi River and occur primarily in
sediments from the Rainy lobe (Fig. 41). Silver was detected in 7 percent of the samples with
concentrations ranging from less than 1 to 7 ppm; these values are scattered in the central and
northeastern parts of the study area in samples from the Rainy and Superior lobes (Fig. 42).
Molybdenum was detected in 5 percent of the samples with concentrations ranging from less
than 10 to 15 ppm. The valid molybdenum values occur in the southwestern part of the study
area in samples from the Wadena and Superior lobes. The samples where molybdenum was
detected at levels below the sensitivity level (10 ppm) occur in the northeastern part of the
study area in Rainy lobe sediments (Fig. 43). Tungsten was detected in 4 percent of the
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NONMAGNETIC FRACTION
NICKEL
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Figure 39. Geographic distribution of nickel in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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NONMAGNETIC FRACTION
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Figure 40. Geographic distribution of cobalt in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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Figure 41. Geographic distribution of gold in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates. :
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NONMAGNETIC FRACTION

SILVER
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Figure 42. Geographic distribution of silver in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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samples with concentrations ranging from less than 50 to 100 ppm; these values occur in
isolated samples from the southwestern to the northeastern parts of the study area in samples
from the Wadena and Rainy lobes (Fig. 44). The geographic distribution of tungsten and

molybdenum is very similar, with most samples containing both elements (see Figs. 43 and 44).

Bismuth was detected in 5 percent of the samples with concentrations ranging from less than
20 to 100 ppm; these values occur in a small tight cluster of samples from the Rainy and
Wadena lobes in the north-central part of the study area, and in two isolated samples from the
Superior lobe in the vicinity of Mille Lacs Lake (Fig.45). Thorium was detected below the 200
ppm lower determination limit in a single sample; this sample was collected just west of the
Mississippi River in Superior lobe sediments (Fig. 46).

Four elements (Sb, Zn, Cu, Pb) have a limited data set because some samples are contaminated
with slivers of lead shot or brass or copper shell casings (Nelson and others, 1992). These
samples appear to reflect inflated geochemical values for antimony in sample 22635 and
23951, for zinc in sample 22632, for copper in samples 22632 and 23918, and for lead in
samples 22635, 23922, 23943, 23945, 23950, and 23951. These contaminated samples were
not included in the data set of the associated element in the following analysis. Lead was
detected in all samples with concentrations ranging from 20 to 2000 ppm, with the majority of
samples containing less than 100 ppm lead (see histogram Fig. 47). The thirteen samples with
lead values greater than 100 ppm are scattered throughout the study area (Fig. 47) in all glacial
sediment types. Copper was detected in the majority of samples with concentrations ranging
from less than 10 to 300 ppm, and most values are at or near the lower level of determination
(10 ppm) (see histogram Fig. 46). The samples with copper values of 70 ppm or greater are
distributed from southwest of the Duluth Complex to south of Mille Lacs Lake (Fig. 46) in
Superior lobe sediments. [The geographic distribution of copper values between the
nonmagnetic- and paramagnetic-fraction samples is very different (see figs. 46 and 38); this is
probably related to the difference in mineralogy of the two fractions.] Zinc was detected at the
lower level of determination (500 ppm) in a single sample from the Superior lobe collected
southwest of the Duluth Complex. This sample (number 23913) also contains the highest
copper value in the nonmagnetic fraction and contains high lead and gold values (Fig. 46).
Antimony was detected at the lower limit of determination (200 ppm) in a single sample from
the Superior lobe collected in the central part of the study area, just west of the Mississippi
River. This sample (number 23935) also contains the highest lead concentration in the
nonmagnetic fraction and contains high gold and silver values (Fig. 46).
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NONMAGNETIC FRACTION
~ MOLYBDENUM

Test & pilot study sample localities

e Molybdenum 10-15ppm
(sample value shown)

o Molybdenum detected, but less
than 10 ppm

1590 + + Molybdenum not detected

Figure 43. Geographic distribution of molybdenum in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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NONMAGNETIC FRACTION
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Figure 4. Geographic distribution of tungsten in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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NONMAGNETIC FRACTION
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Figure 45. Geographic distribution of bismuth in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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Figure 46. Geographic distribution of zinc, copper, antimony, thorium, and associated element
values in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION
LEAD
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Figure 47. Frequency and geographic distribution of lead in samples of the nonmagnetic fraction (C3)
of the heavy-mineral concentrates.
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Frequency distributions for the remaining eighteen elements observed in the nonmagnetic-
fraction (C3) samples are shown in groups in figures 48 to 52 and summarized below. Tin
~was detected in all samples with concentrations ranging from less than 20 to 1000 ppm, and
nearly half of these values are 30 ppm or less (Fig. 48A). Scandium was detected in all
samples with concentrations ranging from 10 to 100 ppm, and over half of these values are 20
ppm or less (Fig. 48B). Boron was detected in all samples with concentrations ranging from
20 to 500 ppm, and over 70 percent of these values are 100 ppm or less (Fig. 48C).
Phosphorus was detected in all samples with concentrations ranging from 2 to 20 percent, and
nearly half of these values are 10 percent or less.(Fig. 49A). Calcium was detected in all
samples with concentrations ranging from 5 to 50 percent, and over half of these values are
20 percent or less (Fig. 49B). Yttrium was detected in all samples with concentrations
ranging from 150 to 500 ppm, and over 70 percent of these values are 300 ppm or less (Fig.
49C). Lanthanum was detected in all samples with concentrations ranging from 150 to 700
ppm, and over 60 percent of these values are 300 ppm or less (Fig. 49D). Magnesium was
detected in all samples with concentrations ranging from 0.2 to 3 %, and over 60 percent of
these values are 0.7 % or less (Fig. S0A). Manganese was detected in all samples with
concentrations ranging from 200 to 1500 ppm, and over 65 percent of these values are 500
ppm or less (Fig. 50B). Iron was detected in all samples with concentrations ranging from 0.2
to 2 %, and over 70 percent of these values are 0.5 % or less (Fig. 50C).

Figure 48A-C. Frequency distribution of tin, scandium and boron in samples of the
nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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Strontium was detected in all samples except one, with concentrations ranging from 200 to
3000 ppm, and 60 percent of these values are 500 ppm or less (Fig. 51A). Chromium was
detected in all samples with concentrations ranging from 100 to 500 ppm, and over 80
percent of these values are 200 ppm or less (Fig. 51B). Gallium was detected in all samples
with concentrations ranging from less than 10 to 50 ppm, and over 80 percent of these values
are 20 ppm or less (Fig. 51C). Barium was detected in all samples with concentrations
ranging from 70 to 3000 ppm, and the majority of values are 500 ppm or less (Fig. 52A).
Sodium was detected in over 80 percent of the samples; most of these values are below the
0.5 % determination limit and the remaining values are at this limit (Fig. 52B). Niobium was
detected in almost all samples; most of these values are below the 50 ppm determination limit
and the remaining values are at this limit (Fig. 52C). Vanadium was detected in all samples
with concentrations ranging from 100 to 200 ppm, and the majority of these values are 100
ppm (Fig. 52D). Beryllium was detected in less than 33 percent of the samples with
concentrations ranging from less than 2 to 100 ppm, and over half of these values are less
than 2 ppm (Fig. 52E). The histograms show that Sn, Sc, B, P, Ca, Mg, Mn, Fe, Sr, Ga, and
Ba have more than analytical variation. The data values for chromium, yttrium, and
lanthanum show a small range. Histograms for sodium, niobium, vanadium, and beryllium
show inadequate variation for interpretation.

Figure 49A-D. Frequency distribution of phosphorus, calcium, yttrium and
lanthanium in samples of the nonmagnetic fraction (C3) of the heavy-
mineral concentrates. »
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Figures 53 and 54 show the geographic distribution of selected tin and beryllium values,
respectively. The two extreme tin values (1000 ppm) are isolated occurrences, located west
of the Mississippi River in samples from the Rainy and Wadena lobes. Mid-range tin values
(100 to 300 ppm) start in the Duluth Complex and continue southwest to west of the
Mississippi River, occurring predominantly in samples from the Superior lobe. Beryllium
concentrations of 2 ppm or greater predominantly cluster in central Minnesota west of the
Mississippi River and occur in samples from all four glacial lobes.

[See Table 3 for a summary of the frequency distribution data for the 35 elements analyzed in
the samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates].
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NONMAGNETIC FRACTION
TIN

Test & pilot study sample localities

e Tin 1000 ppm
o Tin 100 - 300 ppm

Tin less than 70 ppm

Figure 53. Geographic distribution of tin in samples of the nonmagnetlc fraction (C3) of the
heavy-mineral concentrates.
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Figure 54. Geographic distribution of beryllium in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates.
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Table 3. Summary of frequency distribution data for 35 elements analyzed in samples of the
nonmagnetic fraction (C3) of the heavy-mineral concentrates: [n = 85 samples; elements with
many valid observations are in the shaded boxes; elements with a limited number of valid observations are in italic
type; elements that were not detected are in standard type] '

e
&
?
Element See Lower Limit of | % of Samples Range of Comments @
Histogram | Determination | Element was Values ,
5mg sub-sample | Detected In Reported @
Antimony (Sh) 200 ppm 1% (n=2383) 200 ppm ?
Arsenic (As) 500 ppm 0% Not detected at 500 ppm ?
| Fig. 52A 50 ppm 100 % 70 - 3000 ppm Majority of values are < 500 ppm ?
Beryllium (Be) Fig. 52E 2 ppm 33% <2-100 ppm > 50 % of values are < 2 ppm ?
Bismuth (Bi) 20 ppm 5% <20- 100 ppm ?
Fig. 48C 20 ppm 100 % 20 - 500 ppm > 70 % of values are < 100 ppm ?
Cadmium (Cd) 50 ppm 0% Not detected at 50 ppm v
Fig. 49B 0.1% 100 % 5-50% > 50 % of values are < 20 % ?
Fig. 51B 20 ppm 100 % 100 - 500 ppm > 80 % of values are < 200 ppm ?
Cobalt (Co) 20 ppm 14 % <20-30ppm
Fig. 46 10 ppm 96 % (n=83) < 10 - 300 ppm Most values at or near 10 ppm z
Fig. 51C 10 ppm 100 % < 10- 50 ppm > 80 % of values are < 20 ppm
Germanium (Ge) 20 ppm 0% Not detected at 20 ppm ﬁ
Gold (Au) 20 ppm 8% <20 -300 ppm ?
Fig. 50C 0.1% 100 % 02-2% > 70 % of values are < 0.5 % ?
Fig. 49D 100 ppm 100 % 150 - 700 ppm > 60 % of values are < 300 ppm ﬁ
Fig. 47 20 ppm 100 % (n=79) 20 - 2000 ppm Majority of values < 100 ppm &
Fig. 50A 0.05 % 100 % 02-3% > 60 % of values are < 0.7 % %
Fig. 50B 20 ppm 100 % 200 - 1500 ppm > 65 % of values are < 500 ppm @
Molybdenum (Mo) 10 ppm 5% <10- 15 ppm ?
Nickel (Ni) . 10 ppm 16 % < 10- 100 ppm &
Fig. 52C 50ppm 96 % <50 - 50 ppm Most of values < 50 ppm F
Fig. 49A 0.5 % 100 % 2-20% 50 % of values are < 10 % ?
Fig. 48B 10ppm - 100 % 10- 100 ppm > 50 % of values are < 20 ppm y
Silver (Ag) 1 ppm 7% <1-7ppm P
Fig. 52B 0.5 % 82 % <05-05% Most of values are < 0.5 % ?
Fig. 51A 200 ppm 99 % 200 - 3000 ppm 60 % of values are s 500 ppm f
Thorium (Th) 200 ppm 1% <200 ppm f
Fig. 48A 20 ppm 7 100 % <20 - 1000 ppm 47 % of values are < 30 ppm E
0.005 % 100 % >2% All values >2 % upper determination limit ?
Tungsten (W) ' 50 ppm 4% <50 - 100 ppm @
Fig. 52D 20 ppm 100 % 100 - 200 ppm Majority of values are 100 ppm
Fig. 49C 20 ppm 100 % 150 - 500 ppm > 70 % of values are < 300 ppm &
Zinc (Zn) 500 ppm 1% (n=84) 500 ppm e
20 ppm 100 % > 2000 ppm All values 22000 ppm upper determin. limit g
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For these same eighteen elements (see page 70), we looked at the frequency distribution of the
single-element data in the nonmagnetic-fraction (C3) samples grouped by glacial lobe (not
illustrated). T-tests measured the significance of any differences in the element means between
samples from the various glacial lobes. Results showed significantly more (= .01) sodium,
yttrium, magnesium, boron, and (= .05) gallium in the Superior lobe compared with the
Wadena lobe; and significantly more (=< <.01) magnesium, (e .01) boron, and (= .05) yttrium in
the Superior lobe compared with the Rainy lobe. Differences in the element means between

- the lobes also showed significantly more (= .01) sodium and gallium in the Rainy lobe
compared with the Wadena lobe. Significantly more (= .01) scandium and (= .05) beryllium
occur in the Wadena lobe compared with the Superior lobe; and significantly more (=< .01)
scandium occurs in the Wadena lobe compared with the Rainy lobe. Overall, the number of
significant results is quite small, suggesting that element occurrences in the nonmagnetic
fraction (C3) of the concentrate are not closely related to glacial lobe. See Table 4 for a
summary of the elements in the nonmagnetic fraction that show a significant difference in their
means between samples from the various glacial lobes.

Table4. Summary of elements that show a signiﬁcanf difference in their means between
the samples from the various glacial lobes in the nonmagnetic fraction (C3) of the
concentrates. [n=18 elements; element listed below the significance level measured]

Higher Significance........... Lower Significance
Significantly more of the element listed « <.01 «.01 «.05
is found in samples in the:
Wadena lobe sediments compared w/ Superior Sc Be
Wadena lobe sediments compared w/ Rainy Sc
Superior lobe sediments compared w/ Wadena Na, Y,Mg,B | Ga
Superior lobe sediments compared w/ Rainy Mg B Y
Rainy lobe sediments compared w/ Superior
Rainy lobe sediments compared w/ Wadena Na, Ga

Paired-element Correlations in the Nonmagnetic Fraction

Paired-element correlation coefficients that represent the correlations between the twenty-five
elements observed in the nonmagnetic-fraction (C3) samples are shown in Figure 55. The
seven elements with few valid observations are included in the correlations because they do not
affect the correlations among the other elements. Although the correlation coefficients are
significant at 0.2 when < = .05 and at 0.28 when = = .01, only the stronger paired-element
correlation coefficients of > +0.4 and <-0.4 are highlighted on the matrix.
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The positive correlations between phosphorus and lanthanum of 43 and between phosphorus
and yttrium of .48 suggest a rare-earth element association. We calculated the normalized sum
of phosphorus, lanthanum and yttrium values and looked at the geographic distribution of the
high and low sum values (not illustrated). The nonmagnetic-fraction (C3) samples that show a
high association among phosphorus, lanthanum, and yttrium are clustered in and near the
Duluth Complex. Samples with the lowest associations among these elements predominantly
occur in a north-south trending line along the west side of the Mississippi River. These results
represent only the element concentrations in the nonmagnetic fraction (C3), not the complete
heavy-mineral concentrate.

Other positive paired-element correlations include: (1) phosphorus with: calcium, scandium,
and boron; (2) manganese with: magnestum, boron, and chromium; (3) boron with scandium
and magnesium; (4) gallium with sodium; and (5) iron with strontium (see Fig. 55). The
elements with few valid observations have several strong positive correlations of interest,
including the correlation of molybdenum with tungsten at .68; nickel with cobalt at .65; iron
with nickel at .64; and iron with cobalt at .52 (see Fig. 55). The geographic distribution of the
normalized sum values of cobalt, nickel, and iron (not illustrated) shows that samples with
either a high or a low association among these elements are randomly distributed across the
study area.

A few strong negative correlations also occur between elements in the nonmagnetic fractions
(C3) (see Fig. 55). The correlation coefficients suggest that the nickel, iron or cobalt content of
a sample is inversely related to the phosphorous content (Note: nickel and cobalt are elements
with few valid observations). The coefficients also suggest that the niobium or iron content of
a sample is inversely related to the yttrium content.

The nonmagnetic-fraction (C3) samples were also grouped by glacial lobe type and examined
for paired-element correlations. These results (not illustrated) show many paired-element
correlations within samples from the Wadena lobe, slightly less within samples from the Rainy
lobe, and markedly less within samples from the Superior lobe.

Multi-element Associations in the Nonmagnetic Fraction

R-mode factor analysis, using two- to ten-factor models, examined the multi-element
associations among the fourteen elements observed (Ba, B, Ca, Cr, Ga, Fe, La, Mg, Mn, P, Sc,
Sr, Sn, and Y) in the nonmagnetic-fraction (C3) samples. The eight elements with few valid
observations (Ni, Co, Au, Ag, Mo, W, Bi, Th), the four elements with some contaminated
samples (Sb, Zn, Cu, Pb), and the four elements with inadequate data variation (Na, Nb, V, Be)
were excluded from this analysis. The six-factor model was selected as the most reasonable
factor model becatise it clearly shows the strongest factor—a phosphorus-calcium rare earth
assemblage—and contains most of the other element associations seen in the other factor
models.

Elements most strongly correlated with factor I of the six-factor model are the positive
correlations of tin, yttrium, scandium, and boron. Although tin with yttrium and boron could
represent tin mineralization, this is not a strong factor because scandium is not usually
associated with these elements. Samples showing the strongest associations (factor scores >1)
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elements with few
valid observations

—

Sn Sc B P Ca Y LaMgMn Fe Sr Cr Ga Ba Na Nb Be V Ag Au Bi Ni CoMo W

Sn 32| .36| .21{.03]| .37 .22-.03-.02|-.19|-.02| .09 .01} .13|-.29]-.13| .09 |-.04 .03|-.25/-.03|-.13|-.10 .08 | .20
Sc 56).04]|.05|.03|.35|.12|.28.25|.16|.36 |-.04| .28 |-.30| .00| .13 | .30 -12|-.12|-.07-.10|-.07| .03| .13
08|.09|.16].32 (45)@3) 18|-02| 29|.05| 24|-17]-.01| .07| 25|  |-02|-.01|.05|.07|.00|-.17]-.04
P .6%@&1@-.03 .04(-.63]-24| .11| .05 |-.05|-.01/-.23|-.11|-.11|  |-.07|-.28|-.15(-.65]-.54] .02| .04
Ca 271.32|.17|.17|-.38-.16| 26| 22| 00| 26 |-.11|-.19- 24|  |-20|-.05|-.19|-.39|-.32| .08 .05
Y 39/-.07 -.14&4@-.14 .01]-.03 -.15-.146@ -.09| 08 26 |-.31|-.08|-.30|-.33|-.09|-.07
La .18].23|-.02|.14| .12/ .10| .01/ .01|-.13|-.17| .08 12|-.28| .04 |-.23|-.21|-.05| .09
-0 Mg .51).38|.01[.13|.26{.17{.23|.30]-.17|-.02 .04|.02|-.00|.34|.28] .11|.14
Mn , 26 -.04(43 07].19{.28| .23|-.13| .19 -.02|.12|-.02| .16|.26 | .05| .05
Fe (48) .09 .19 .14] 13| 32| 05] 12 .05|.16{.09 .6@02 02
Sr .07{.10{.23|.14|-.00| .06 |-.06 .02|.06{.15|.14|.14|.04| .05
Cr 25|.15/.05-.13|-.04/ .04|  |-.25/.04|-.18| .11].15|.16/-.04
Ga -.01(4@ .09].08|-00/ |-.09|.08]-.02|.16|.22|.03|.04
Ba -07|.17{.17].06 -13[-.01} .01|-.02| .12| 26 .15
Na 22-11|-17 A11.14|-.01} .11| .20}{-.07}-.03
Nb .01/.05 -10|.13}.09|.14|.19] 20| .25
Be 07 .07{.02|-.05|-.03|-.05| .03| .01
v 15/-.16/.00|.18].17|-.05|-.08
Ag -.08|-.06|.151.13{-.13|-.09
Au .|.19}.12].07|-.06|-.05
Bi .02/ .11|-.05|-.04
Ni .65)-.09/-.07
Co -.05}-.07
Mo . .68
w
O Correlation coefficient =+0.4 or <-0.4
Correlation coefficient =+0.5 or <—0.5

Figure 55. Paired-element correlation coefficients for 25 elements in samples
of the nonmagnetic fraction (C3 ) of the heavy-mineral concentrates.
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among these four elements are geographically distributed from the south edge of the Duluth
Complex to the southwestern part of the study area, but cluster in the central part of the study
area on both sides of the Mississippi River (Fig. 56). The samples with a low association
(factor scores <-1) among these elements are distributed in a tight cluster in the northeast
greenstone-granite terrane and in a second looser cluster in the southwestern part of the study
area (see Fig. 56). Histograms of the factor I scores grouped by glacial sediment type (not
illustrated) do not show any significant differences in the element associations among samples
from the various lobes. The samples from the Wadena lobe have a bimodal distribution that
suggests intra-lobe variation; the geographic distribution of these samples (not illustrated)
switches from high to mid-low values at adjacent sites indicating a very local characteristic.

Elements most strongly correlated with factor II of the six-factor model are the positive
correlations of phosphorous, calcium, yttrium, and lanthanum, and their inverse (negative)
correlation with iron. This is the strongest factor in the six-factor model and suggests that the
phosphorus-calcium rare earth assemblage would be apatite. Samples that show the strongest
positive associations (factor scores >1) among these elements strongly cluster in the Duluth
Complex area (Fig. 57). The samples that show a low association (factor score <-1) among
these elements cluster in the central part of the study area just west of the Mississippi River
(see Fig. 57). Histograms of the factor II scores grouped by glacial lobe (not illustrated) show
that the samples with the strongest element associations are in the Rainy and Superior lobes
(see Fig. 57), although differences in the element means between the lobes is not significant at
< =.05.

Magnesium, manganese, boron, and iron are the elements most strongly correlated with factor
III of the six-factor model. Boron suggests that tourmaline is contributing to this factor. The
strongest associations among these elements occur in samples clustered down ice from the
Duluth Complex, extending to the central part of the study area where the lowest factor scores
cluster along both sides of the Mississippi River (Fig. 58). The frequency distribution of the
factor III scores grouped by glacial lobe (not illustrated) show that there is significantly more
(=< .05) magnesium, manganese, boron, and iron in samples from the Superior lobe compared
with samples from the Wadena or Rainy lobes.

Elements most strongly correlated with factor IV of the six-factor model are strontium and iron,
which suggests a carbonate. The strongest associations (factor scores >1) between these
elements occur in a small group of samples in the northeast greenstone-granite terrane near the
iron formations, and in a group of samples scattered from the Animikie Basin to just west of
the Mississippi River (Fig. 59); these samples were collected in the Rainy and Superior lobe
sediments. Samples that show a low association (factor score <-1) between strontium and iron

form a tight cluster in the Duluth Complex area and in samples scattered predominantly west of

the Mississippi River (Fig. 59); these samples are from three glacial lobes.

The elements most strongly correlated with factor V of the six-factor model are chromium,
gallium, scandium, and manganese. Samples with the strongest associations (factor scores >1)
among these elements form a strong cluster in the central part of the study area along and near
the Mississippi River (Fig. 60). This cluster contains samples from all four lobes, which seems
to suggest an association of local character. The samples that show the lowest associations
(factor scores <-1) among these elements are randomly scattered throughout the study area;
these samples were collected in Superior and Wadena lobe sediments.
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NONMAGNETIC FRACTION

FACTOR SCORES FOR
FACTOR | OF SIX-FACTOR MODEL
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Figure 56. Frequency and geographic distribution of the high and low factor scores for Factor I
of the six-factor model, which represents the multi-element associations among Sn, Y,
Sc and B in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION

FACTOR SCORES FOR
FACTOR Il OF SIX-FACTOR MODEL
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Figure 57. Frequency and geographic distribution of the high and low factor scores for Factor IT of
the six-factor model, which represents the multi-element associations among P, Ca, Y, La
and -Fe in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION

FACTOR SCORES FOR
FACTOR Iil OF SIX-FAGTOR MODEL
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Figure 58. Frequency and geographic distribution of the high and low factor scores for Factor Il of

the six-factor model, which represents the multi-element associations among Mg, Mn, B
and Fe in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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Gallium and chromium are the most strongly correlated with factor VI of the six-factor model.
This gallium-chromium association occurs along the Mississippi River—although not as
strongly as in factor V—and with a second association in the northeastern part of the study area
(Fig. 61). Two general groups of samples have a negative association with this factor—one in
the southwestern part of the study area and another around Mille Lacs Lake; these samples are
from three glacial lobes. The frequency distribution of the factor VI scores grouped by glacial
lobe (not illustrated) shows significantly more gallium and chromium in samples from the
Rainy (= <.01) and Superior (= .05) lobes than in samples from the Wadena lobe.

Several of the strong element associations in the six-factor model are also seen in most of the
other factor models, although not always as clearly. These associations include the
phosphorous-calcium-rare earth (apatite) factor, the magnesium-manganese-boron (tourmaline)
factor and the strontium-iron (carbonate) factor. The tin-yttrium-boron (tin mineralization)
factor is also seen in several factor models. From the seven-factor model on, gallium and
barium drop out as single factors suggesting a weak association with the other elements. Also
characteristic of the other factor models is the occurrence of iron in several factors within most
models.

Three elements included in the above factor analysis have data with a poor distribution range:
chromium, yttrium, and lanthanum. These questionable elements were dropped and factor
analysis was computed again for the remaining eleven elements. This did not change the
results significantly, with essentially the same factors showing up but without the chromium,
yttrium, or lanthanum. Since these three elements support the element associations in the factor
models we included them in the factor analysis.

Factor analysis was also computed with the fourteen elements plus copper and lead, on a
reduced data set of 77 samples. The eight samples excluded (numbers 22632, 22635, 23918,
23922, 23943, 23945, 23950, and 23951) contained copper or lead contamination (Nelson and
others, 1992). This data set did not significantly change the factor results—copper occurred as
a single element in four factor models, and lead occurred with the gallium-chromium
association in two factor models before dropping out as a single element. These results
suggests that copper and lead have little association with the other elements.

~

CORRELATIONS BETWEEN THE GEOCHEMICAL DATA SETS

We looked for correlations between platinum and (or) palladium occurrences in the bulk-
concentrate samples and the occurrence of the magnesium-nickel-cobalt factor in the
paramagnetic-fraction (C2) samples or the apatite factor in the nonmagnetic-fraction (C3)
samples. The results showed an absence of any significant correlation between occurrences of
platinum or palladium with either factor.
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NONMAGNETIC FRACTION

FACTOR SCORES FOR
FACTOR IV OF SIX-FAGTOR MODEL
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Figure 59. Frequency and geographic distribution of the high and low factor scores for Factor IV
of the six-factor model, which represents the multi-element associations between Sr
and Fe in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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Figure 60. Frequency and geographic distribution of the high and low factor scores for Factor V
of the six-factor model, which represents the multi-element associations among Cr, Ga,
Sc and Mn in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION

FACTOR SCORES FOR
FACTOR VI OF SIX-FACTOR MODEL
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Figure 61. Frequency and geographic distribution of the high and low factor scores for Factor VI
of the six-factor model, which represents the multi-element associations between Ga
and Cr in samples of the nonmagnetic fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION MINERALOGICAL RESULTS

The mineralogy of the samples in the nonmagnetic fraction (C3) of the concentrates was
visually determined using binocular microscopy and shortwave ultraviolet light, and confirmed
with x-ray diffraction techniques when necessary. Seventeen minerals were identified in the
eighty-five nonmagnetic-fraction samples and are summarized below.

Gold was visually identified in nine samples, with observations ranging from one to three
particles in each sample; these samples predominantly cluster along the Mississippi River (Fig.
62). Two isolated samples that contain two or more visible gold particles also contain several
anomalous geochemical values. This includes sample number 23916, on the south edge of the
Duluth complex, which contains extreme fire assay gold, platinum, and palladium values; and
sample number 23960, in the southwestern part of the study area, which contains extreme base
metal values and fire assay gold values. The visible gold particles were observed in samples
from the Rainy, Wadena, and Superior lobes.

Scheelite (CaWO,) was identified in 54 percent of the samples, with observations ranging from
one to nine grains in each sample. Powellite (CaMoO,) was identified in less than 4 percent of
the samples, with one or two grains observed in each sample. Scheelite and powellite
occurrences are scattered across the study area. Figure 63 shows the geographic distribution of
samples that contain a combined value of four or more scheelite and powellite grains. These
samples predominantly cluster in central Minnesota, with two isolated samples in the
northeastern part of the study area. The sample (number 23960) that contains the most
scheelite and powellite grains, is the same sample with the extreme gold and base metal values
noted in the last paragraph.

Pyrite was identified in 20 percent of the samples, comprising less than 1 percent of each
sample. Most of these samples are geographically distributed in two clusters; one cluster trails
down ice from the south edge of the Duluth Complex and the other cluster occurs along the
west side of the Mississippi River in central Minnesota (Fig. 64). Over 50 percent of the
samples that contain pyrite are from the Superior lobe, with the remaining observations split
between samples from the Rainy and Wadena lobes.

Cassiterite was identified in two samples, comprising less than 1 percent of each sample. Both
samples were collected west of the Mississippi River, but are geographically isolated from each
other; one sample is from the Rainy lobe and the other is from the Wadena lobe (Fig. 65).

Sillimanite was identified in 82 percent of the samples, and in most of these samples it
comprises from 1 to 7 percent of the sample. Extreme sillimanite values of 20 and 30 percent
were observed in sample numbers 23922 and 23926, respectively. Andalusite was identified in
80 percent of the samples, and in the majority of these samples it comprises from less than 1 to
30 percent of the sample. Extreme andalusite values of 40 and 50 percent were observed in
sample numbers 23917 and 23922, respectively. The distribution of the samples with the
extreme sillimanite and andalusite values geographically confirm each other; these four
samples lie in the contact zone between the intrusive Duluth Complex and the Animikie Group
sediments (overlay Appendix A on Fig. 65).

88

2777 7T 77" 7" 71T"7T7T 71T 7T 71T 71T T 7T T1TTTTTTT1T1TTT1TT*"T"TT1T1TT'5 11 ¢



NONMAGNETIC FRACTION
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Figure 62. Geographic distribution of gold particles visually observed in samples of the nonmagnetlc
fraction (C3) of the heavy-mineral concentrates
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NONMAGNETIC FRACTION
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Figure 63. Geographic distribution of scheelite and powellite visually observed in samples of the
nonmagnetic fraction (C3) of the heavy-mineral concentrates.

90

e T T R R R



NONMAGNETIC FRACTION
PYRITE
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Figure 64. Geographic distribution of pyrite visually observed in samples of the nonmagnetic
fraction (C3) of the heavy-mineral concentrates.
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Apatite was identified in all samples, with values ranging from 30 50 percent of the sample.
The samples where apatite is abundant, comprising 40 to 50 percent of the sample, are
geographically scattered across the study area (Fig. 66). Those samples that contain less than
30 percent apatite are in a strong cluster in the Duluth Complex, and in a few isolated localities
west of the Mississippi River (Fig. 66).

Tourmaline was identified in less than 25 percent of the samples, comprising less than 5
percent of each sample. These samples geographically extend from the Duluth Complex to just
west of the Mississippi River (Fig. 67), and are about equally distributed in Superior and Rainy
lobe sediments.

Sphene was identified in almost all samples, with values ranging from 2 to 40 percent of the
sample. Although, the full range of sphene data values are geographically scattered throughout
the study area, generally the higher values are in samples from the northeastern-most part of the
study area (not illustrated).

Manganoan diopside was identified in 8 percent of the samples; comprising less than 1 percent
of each sample. These samples are geographically scattered across the study area (not
illustrated), with four samples from the Superior lobe and three samples from the Rainy or
Wadena lobe. The occurrences of manganoan diopside did not show any obvious relationships
to geologic features or the geochemical data.

Kyanite, rutile, and zircon were identified in more than 96 percent of the samples, but little
variation in the data values was observed between samples. Kyanite values range from less
than 1 to 10 percent of the sample; rutile values range from less than 1 to 30 percent of the
sample; and zircon values range from 10 to 40 percent of the sample.

Barite, corundum, and spinel were identified in less than 6 percent of the samples. Barite was
identified in sample numbers 23907, 23911, 23919, 23948, and 23965, and comprises less than
1 percent of each sample. These samples are geographicaily scattered from southwest of the
Duluth Complex to west of the Mississippi River (not illustrated), with three samples from the
Superior lobe and the other two from the Rainy and Wadena lobes. Corundum grains were
identified in samples numbers 23927, 23944, and 23952, and comprise from less than 1 to 3
percent of each sample. Two corundum occurrences are in samples from the Superior lobe in
central Minnesota, and the other occurrence is in a sample from the Rainy lobe in northeastern
Minnesota (not illustrated). Spinel comprises less than 1 percent of sample number 23909.
The spinel is in a sample from the Superior lobe in the central part of the study area (not
illustrated). The occurrences of these three minerals did not show any obvious relationships to
geologic features or the geochemical data.

92

X XJXIEIXEXEZXZXEE X XZ XX E X X X X N X X X X K X X K & & & 3 & 3 & 3 i K 0 K K



NONMAGNETIC FRACTION

ANDALUSITE, SILLIMANITE
AND CASSITERITE
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Figure 65. Geographic distribution of cassiterite and the extreme values of andalusite and
sillimanite visually observed in samples of the nonmagnetic fraction (C3) of the
heavy-mineral concentrates. '
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Figure 66. Geographic distribution of apatite visually observed in samples of the nonmagnetic
fraction (C3) of the heavy-mineral concentrates.
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NONMAGNETIC FRACTION
TOURMALINE
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Figure 67. Geographic distribution of tourmaline visually observed in samples of the non-magnetic
fraction (C3) of the heavy-mineral concentrates.
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DISCUSSION

VARIATION

The range of values obtained for most of the measurements made on these samples exceeds
what would be expected from sampling or analytical variation. For a few components the
range of values is extreme. Unfortunately, many of these extreme values can be explained by
contamination. Element associations in the samples with extreme values (for example: copper
with zinc; and lead with antimony) suggest a specific form of contamination, such as brass and
lead shot. The mineralogy of the concentrates confirms the presence of the contamination in
the form of slivers of brass, lead, and aluminum. The gravel pits sampled are popular places
for target shooting, and evidently the depth of penetration of both the bullets and the target
materials exceeded the amount of cleaning of the pit wall prior to sampling. Fortunately, we
can use a combination of chemistry and mineralogy to identify the contaminated samples and to
specify the composition of the contamination. Other components of these samples are not
affected by the contamination, and only a few of the samples are contaminated. Eliminating the
contamination, the high and the low end of the range of values obtained for most of the
components are in samples that are clustered geographically. This variation most likely reflects
a natural variation.

VARIATION IN THE HEAVY MINERALS RELATED
TO THE GLACIAL LOBE

Variation of the elemental composition of heavy minerals among samples from the various
glacial lobes was less than expected. Indeed, in the nonmagnetic fraction (C3) of the
concentrates, the chemical variation is largely independent of the lobe sampled. Of the 24
variables tested for the nonmagnetic fraction (18 elements and 6 factors) only seven, Mg, Na,
B, Be, Ga, Sc, and Y, exhibit variation that can be related to the lobe sampled (see Table 4).
Within these seven variables, the results seem contradictory. High magnesium in samples from
the Superior lobe, for example, could be related to the abundance of mafic rocks (the Duluth
Complex). Why, then, would the yttrium be high in the Superior lobe while scandium is high
in the Wadena lobe? Similarly, the low concentrations of boron in the Rainy lobe and of
sodium in the Wadena lobe are difficult to explain. Low gallium in samples from the Wadena
lobe is reflected in the low scores for the unusual association of gallium and chromium in factor
VI (see Fig. 61).

The paramagnetic fraction (C2) of the concentrates yield chemical characteristics more easily
related to the glacial lobes. Of the 19 elements with adequate data to test sample variability
between the lobes, 15 yield a significant difference for one or more of the lobe tyi)es (see Table
2). Sediment from the Wadena lobe is richest in the elements commonly associated with felsic
rocks (B, Ga, La, Nb, Pb, Sr, and Y) and is poorest in elements commonly associated with
mafic rocks [nickel and factor I of the two-factor model (Mg, Ni, and Co) (see Fig. 36)].
Sediment from the Superior lobe is poorest in the felsic components (B, Ga, La, Pb, and Y) and
in complex factor II of the two-factor model (see Fig. 37). Sediment from the Rainy lobe is
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poorest in zirconium but is generally intermediate in composition between the other two lobes,
most similar to the Superior lobe. This intermediate composition blurs the distinction among
the lobes.

The fire assay data for the bulk concentrates follow the general pattern seen in the nonmagnetic
concentrates. Those elements of the platinum group for which adequate data are available (Pt,
Pd, and Ru) are most abundant in samples from the Superior lobe (see Figs. 19 to 23). Gold-
rich samples are about equally distributed among the lobes (compare Fig. 18 to Fig. 17).

This comparison among the glacial lobes does not yield a set of criteria that could be used to
distinguish the lobe types. Although the means for some variables are different enough to
signify a specific lobe, the overlap of the data is too great to allow confident assignment of
individual sampling sites based on concentrate geochemistry. The generally intermediate
character of the sediment from the Rainy lobe precludes its identification, and further blurs the
distinction of the Superior and Wadena lobes. Those overall characteristics that could be used
to distinguish the lobe indicate a Superior lobe sediment derived from a relatively mafic rock
terrane, and a Wadena lobe sediment derived from a relatively felsic rock terrane. These
characteristics are compatible with underlying bedrock geology and do not necessarily reflect a
more distant provenance.

PATTERNS OF ANOMALOUS VALUES

The distinctive regional patterns of unusually high or unusually low values for the constituents
of the heavy-mineral concentrates are evidently related to regional patterns in the bedrock
geology. The distribution of high and low factor scores for factor I of the two-factor model for
the chemistry of the paramagnetic fraction (C2) of the concentrates best defines the overall
character of the patterns. High values for this factor are in the northeastern part of the area (see
Fig. 36), mostly in samples from the Rainy lobe, in drift resting on or adjacent to the Duluth
Complex. Only one of these samples is from the Superior lobe (sample number 23924) and
only one is "down ice" from the Duluth Complex (sample number 23931 from the Rainy lobe)
in an area underlain by the granite and greenstone terrane north of the Animikie Basin (Morey,
1994).

Low values for factor I of this two-factor model are more scattered, but all are in samples west
of the Mississippi River (see Fig. 36), mostly from the Wadena lobe, in areas underlain by
Archean rocks. A single sample (number 22632) is from the Rainy lobe, and sample 22631 is
from drift resting on Proterozoic sediments at the northwest edge of the Animikie Basin where
the sediments rest on Archean granite (Southwick and others, 1988). The composition of this
factor, Mg, Ni, Co at the positive end and La, Y, Pb, B at the negative end, defines the
distinction between mafic rocks, positive, and felsic rocks, negative. The geographic
distribution of the factor scores indicates that the greatest mass of mafic rocks is in the east end
of the study area and the greatest mass of felsic rocks is in the west, in accord with the bedrock
geology (Morey, 1994).

Two additional patterns that emerge from the data reflect the mafic character in the east.
Zirconium is unusually low in the paramagnetic fraction (C2) of the concentrates from drift
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above the Duluth Complex (Rainy lobe sediments) (see Table 2). The nonmagnetic fraction
(C3) of the concentrates over the Duluth Complex is also low in the mineral apatite compared
with drift over the metamorphic and felsic igneous rocks to the west (see Fig. 66).

The Duluth Complex is clearly delineated by the aluminum silicate minerals andalusite and
sillimanite in the nonmagnetic fraction (C3) of the concentrates. Andalusite ranges from less
than 1 to 30 percent throughout most of the data set, but is most abundant in samples 23917
(40 percent) and 23922 (50 percent). Sillimanite is uniformly less than 10 percent of the
nonmagnetic fraction of the concentrates except for samples 23922 (20 percent) and 23926 (30
percent). These three samples are on the contact of the Duluth Complex with the
metamorphosed sedimentary rocks of the Animikie Basin (overlay Appendix A on Fig. 65).
One likely explanation is that these two minerals reflect contact metamorphism where host -
rocks were thermally pushed to slightly higher grades than elsewhere.

Platinum, palladium, and ruthenium could be quantified in a sufficient number of the bulk
concentrates to define patterns, although the absolute values are not high. The patterns for
these elements appear to bear only an indirect relation to the Duluth Complex. A few scattered
samples from drift over the Duluth Complex have anomalous platinum and palladium, as
would be expected from the sporadic distribution of known occurrences of the platinum group
in the Complex (Morton and Hauck, 1991; MN DNR, General Assessment Files). The major
pattern of anomalous values for all three of the platinum-group elements begins at the western
contact of the Duluth Complex and extends southwestward to the vicinity of Mille Lacs Lake
(see Figs. 19, 20, and 23). The tightest clustering and the highest values in this pattern are
immediately to the southwest of the contact (overlay Appendix A on figures). The samples
defining this pattern are derived from the Superior lobe sediment where it overlies the
sedimentary rocks along the southern edge of the Animikie Basin or somewhat older rocks of
the Mille Lacs group (overlay Appendixes A and B on Figs. 19, 20, and 23) (Southwick and
others, 1988). :

The patterns of distribution of several other elements and minerals are similar to those of the
platinum group. (1) Anomalous gold in the bulk concentrate is coincident with high platinum
and (or) palladium in several samples (compare Figs. 18 with Figs. 19 and 20). Only one of
these samples contained visible gold in the nonmagnetic fraction (C3) of the concentrate (see
Fig. 62), and none of these had chemically detected gold in the nonmagnetic fractions. (2)
Pyrite was found in the nonmagnetic fraction of the concentrates where the samples are rich in
platinum-group elements (compare Fig. 64 with Figs. 19, 20, and 23). (3) Tourmaline is more
abundant in the general platinum-rich area than it is elsewhere (compare Fig. 67 with Fig. 19).
High values for tourmaline correlate better with platinum values than with pyrite. (4) The two
samples richest in copper in the nonmagnetic fraction, after contamination is excluded (23903
and 23913 with 100 and 300 ppm respectively), are within the area of platinum-rich samples
(see Fig. 46). One of these (23913) appears to be enriched in lead and zinc also.

The mafic-rich samples thus divide into two distinct assemblages. The Duluth Complex is
clearly defined by the magnesium-dominated assemblage with scattered suggestions of
platinum and palladium. This assemblage is appropriate to the mafic to ultramafic igneous
rocks of the Complex. Samples of mafic character from the Superior lobe sediments to the
southwest of the Duluth Complex are in an area underlain by sedimentary rocks along the
southeastern edge of the Animikie Basin. The association of consistently high values for the
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platinum group with tourmaline, pyrite, and occasionally gold or base metals suggests a more
classical style of hydrothermal activity.

The felsic assemblage of elements (La, Y, Pb, and B), reflected in the negative component of
the factor I scores for the two-factor model in the paramagnetic fraction (C2) of the
concentrates, appears to be a weaker and geographically more diffuse grouping than the mafic
(positive) component of this factor (see Fig. 36). In large part this is because the felsic
component is overshadowed by the extreme contrast exhibited by the mafic component. Other
features of the heavy minerals suggest a stronger and more coherent felsic signature along and
to the west of the Mississippi River. :

Factor scores for factor II of the six-factor model for the nonmagnetic fraction (C3) of the
concentrates are strongly positive over the Duluth Complex and strongly negative in a north-
trending belt west of the Mississippi River (see Fig. 57). This factor reflects the close
association of phosphorus, calcium, and the rare-earth elements, most likely in the mineral
apatite. Apatite is less abundant in samples from the vicinity of the Duluth Complex than in
samples from west of the Mississippi River (see Fig. 66), but in the vicinity of the Duluth
Complex apatite is the only presently known rare-earth accumulator. West of the Mississippi
River, the rare-earth minerals monazite, florencite, and cheralite contain a major portion of the
rare-earth elements in the samples. These rare-earth minerals are paramagnetic and appear in
the C2 fraction of the concentrates rather than in the nonmagnetic fraction (C3). These are
minerals found almost exclusively in felsic igneous and metamorphic rocks. Thus, the strong
negative anomaly for the phosphorus, calcium, and the rare-earth element factor west of the
Mississippi River (see Fig. 57), a feature of the nonmagnetic fraction of the concentrates, most
likely reflects the partitioning of the rare earths away from apatite into paramagnetic minerals in
the felsic terrane. The strong positive anomaly for this factor over the Duluth Complex (see
Fig. 57) reflects the partitioning of nearly all of the rare-earth elements into relatively less
abundant apatite.

The correlation of chromium with gallium in factor V of the six-factor model for the
nonmagnetic fraction (C3) and lanthanum in the paramagnetic fraction (C2) is also related to
changes in the host minerals for chromium between mafic to ultramafic rocks to the east and
felsic igneous and metamorphic rocks west of the Mississippi River (see Figs. 60 and 35).
These correlations are strongest along and to the west of the Mississippi River. Chromium is
selectively enriched in oxide minerals in the mafic and ultramafic rocks, and these are
concentrated in the magnetic fraction (C1) of the concentrates in the separation procedure used.
Chromium is selectively enriched in the amphiboles along and to the west of the Mississippi
River. These amphiboles are primarily found in the paramagnetic fraction and secondarily in
the nonmagnetic fraction of the concentrates. Gallium is most abundant in aluminum minerals
in felsic igneous and aluminous metamorphic rocks. These aluminum silicate minerals are
concentrated in the nonmagnetic fraction of the heavy minerals. The rare-earth elements are in
apatite (nonmagnetic fraction) in the mafic terrane and in the rare-earth phosphates
(paramagnetic fraction) in felsic terrane. Thus, the strong correlation of chromium and
lanthanum in the paramagnetic fraction, and of chromium and gallium in the nonmagnetic
fraction, are to be expected from the separation procedure and from the mineralogic hosts for
these elements. High concentrations of these elements in the appropriate fractions of samples
along and to the west of the Mississippi River confirm the felsic nature of the source rocks in
this area. The association of chromium with gallium, or chromium with lanthanum, do not
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occur in the same samples (compare Figs. 60 and 35). Therefore,@ these two measures may
provide independent, possibly mutually exclusive, evidence for the felsic terrane.

A number of elements and minerals common in deposits associated with felsic igneous rocks
are enriched in the felsic terrane west of the Mississippi River. In the paramagnetic fraction
(C2) of the concentrates, all of the detectable values for molybdenum, tin, and thorium, and
most of those for beryllium, are in samples from the felsic terrane (see Figs. 29 and 30). In the
nonmagnetic fraction (C3), most of the detectable values and the highest values for tungsten
and beryllium, the measurable values for molybdenum, and the single detectable value for
thorium are all in samples from the felsic terrane (see Figs. 43, 44, 46 and 54). Two of the
minerals commonly associated with granite-related ore deposits are most frequently
encountered in the nonmagnetic fraction (C3) of the concentrates from the felsic terrane. Both
confirmed occurrences of cassiterite are in this terrane (see Fig. 65), as well as the broad,
northerly aligned cluster of pyrite-rich concentrates just to the west of the Mississippi River
(see Fig. 64).

Visible gold and analytically detectable gold in the nonmagnetic fraction (C3) of the
concentrates are essentially confined to a northerly trending belt along the Mississippi River, in
the felsic terrane (see Figs. 41 and 62). Gold determined in the bulk concentrate is more
abundant and at a generally higher concentration in the felsic terrane (see Fig. 18). In the bulk
concentrate, gold is also found in a group of samples from the platinum-rich terrane, where
gold is generally not detected either analytically or mineralogically in the nonmagnetic fraction
of the concentrates (compare Fig. 19 with Figs. 18, 41, and 62). Thus, it appears that free gold
is a feature of the felsic terrane, whereas "no-see-em" gold is a feature of the platinum-rich
terrane.

The cluster of samples in the northeastern part of the area, north of the Animikie Basin and
northwest of the Duluth Complex, is generally intermediate in character between the mafic
rocks to the south and southeast and the felsic rocks to the west. The lack of a cohesive
alliance of these samples with the extremes represented by the other terranes lends a lackluster
character to the terrane. However, several individual instances of anomalous characteristics
suggest that the area has some potential. In the paramagnetic fraction (C2), four of these
samples have detectable beryllium and one has detectable silver (see Figs. 29 and 30). In the
nonmagnetic fraction (C3), two of these samples have detectable molybdenum, and one of
these is beryllium-rich while the other is tungsten-rich (see Figs. 43, 54 and 44). The bulk
concentrate is rich in gold at two of these sites (see Fig. 18). This area is generally regarded as
a granite-greenstone terrane, although most of the greenstones are north of the sample sites
(Morey, 1994; Southwick, 1993). This is in agreement with the characteristics outlined above,
which are most suited to a granitic terrane.

INDIVIDUAL SITES WITH EXTREME CHARA CTERISTICS

Four sites, samples 23960, 23935, 23908 (24111) and 23931 (see Fig. 68 for site locations),
stand out as extreme. Each has characteristics reflecting a different source material.

Sample 23960, from Wadena lobe sediment over Middle Archean bedrock (Morey, 1994), has
the most extreme granite-like characteristics. The nonmagnetic fraction (C3) of the concentrate
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Figure 68. Geographic location of the individual sample sites with extreme characteristics.
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has the maximum reported values for molybdenum, tin, and tungsten, the maximum number of
scheelite/powellite grains, the maximum number of gold particles and cassiterite grains (see
Figs. 43, 53, 44, 63, 62, and 65). This fraction also has high values for lead and beryllium (see
Figs. 47 and 54). The paramagnetic fraction (C2) has the only detected values for thorium and
tin and the bulk concentrate is gold-rich (see Figs. 30 and 18).

Sample 23935, from Rainy lobe sediment over metamorphosed late Archean volcanic and
sedimentary rocks (Southwick and others, 1988), has extreme characteristics that would be
attributed to base-metal deposits. The nonmagnetic fraction (C3) of the concentrates has high
values for silver, gold, and antimony (see Fig. 46). It has the maximum value for lead (see Fig.
47) among those samples determined to be uncontaminated. The bulk concentrate yielded the
maximum value for gold (see Fig. 18). These values are one to three orders of magnitude
above background, reflecting major enrichment.

Samples 23908 and 24111 were collected from the same gravel pit on the east side of Mille
Lacs Lake. The samples are from Superior lobe sediments over Early Proterozoic granite
(Southwick and others, 1988). The two samples are similar, although not identical, and exhibit
anomalous characteristics typical of the platinum-rich assemblage. The bulk concentrate is rich
in platinum (4.1 and 3.2 ppb) (see Fig. 19) and palladium (2.2 and 2.1 ppb) for both samples,
and sample 24111 also has detectable osmium, rhodium, and ruthenium (see Figs. 24 and 23).
In addition, sample 23908 is anomalous for copper (100 ppm) in the nonmagnetic fraction
(C3), both samples contain scheelite (3 or 4 grains), and 23908 has abundant tourmaline (see
Figs. 46, 63 and 67).

Sample 23931, from Rainy lobe sediment over granitic rocks of Archean age (Morey, 1994),
exemplifies the nondistinctive nature of the northeastern cluster of samples. On the basis of
factor I of the two-factor model for the paramagnetic fraction (C2) of the concentrates, it has
mafic affinities similar to those of samples from drift over the Duluth Complex (see Fig. 36).
The nonmagnetic fraction (C3) for this sample is relatively rich in beryllium and molybdenum,
similar to samples from the felsic terrane in the western part of the areas sampled (see Figs. 54
and 43). Thus, it exhibits dual characteristics, perhaps suitable to a "granite-greenstone”
terrane; hence, does not stand out in comparison with the more pure felsic and mafic terranes.
Extreme values, like those described above, are usually interpreted to reflect proximity to the
source. Yet, three of the four sites are presumably underlain by 100 feet or more of glacial drift
(Olsen and Mossler, 1982). Sample 23931, which was collected from a site with less than 100
feet of drift and abundant outcrop, is the weakest of extreme sites. Direct proximity to the
source seems unlikely to explain these extreme values both from the lack of relation to the
thickness of the drift and the apparent incompatibility of the two southern extremes (23960 and
23908) with present knowledge of the immediately underlying geology at these sites. The
reproducibility of the extreme values at 23908 (24111) argues against a fluke of concentration
or of sampling bias at least at this site. The amount of lateral and vertical transport in the drift
is unknown, but we suspect that it is short lateral transport that allows preservation of the
extremes.
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SUMMARY AND SPECULATION

The range in mineralogical and chemical parameters measured in these heavy-mineral
concentrates is sufficient to allow reproducible recognition of regional geochemical patterns.
Although some of the patterns are developed largely within the sediment of a single glacial
lobe, the predominant cause of the patterns appears to reflect the local bedrock geology at the
regional scale represented by the samples. In detail, individual samples do not appear to reflect
immediately underlying rock types, so some lateral displacement is suggested.. The amount of
lateral displacement of the anomalies is not known, but it does not appear to be sufficient to
overcome regional geochemical patterns.

Recognition of the geochemical patterns as being related to underlying regional geology allows
speculation on the regional patterns and their relationship to mineral resource potential. Three
large areas deserve special attention.

1. No source is presently known for the platinum-rich samples along the southeastern edge of
the Animikie Basin (overlay Appendix A on Fig. 19). These samples are associated with
tourmaline and some copper and gold. Considering the sporadic platinum associated with the
Duluth Complex in our samples, this coherent pattern to the southwest would seem to warrant
more attention. A classic hydrothermal type of mineralization is suggested.

2. In the northern part of the felsic terrane, in the general vicinity of the extreme sample
23935 (see location Fig. 68), the chemical and mineralogic characteristics suggests base and
precious metal deposits. The pattern, particularly for gold (see Fig. 18), is much more coherent
and stronger than would be expected for extensively reworked drift.

3. The extremely anomalous value for sample 23960 (see location Fig. 68) in the southwest
part of the felsic terrane suggests a granite-related deposit—stockwork, skarn, greisen, etc.
Elements such as tungsten, molybdenum, or tin may be sufficiently enriched to justify
additional exploration for a bedrock source in this area.
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APPENDIX A
GENERALIZED BEDROCK GEOLOGY
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