
NCE LIBRARY 

'~'~ij~\ii\ii\l\il\i~i\f 

QC 
~)'I b 
• El 4 2 
·198 ~) 

RECONNAISSANCE SCALE WELL WATER 
GEOCHEMICAL SURVEY OF 

CENTRAL MINNESOTA 

Minnesota Department of Natural Resources 
Division of Minerals 

Report 236-2 

Hibbing, Minnesota 
1985 

; 

This document is made available electronically by the Minnesota Legislative Reference Library as part of an ongoing digital archiving 
project. http://www.leg.state.mn.us/lrl/lrl.asp                                                                                                                                                      
(Funding for document digitization was provided, in part, by a grant from the Minnesota Historical & Cultural Heritage Program.) 

 



Neither the State of Minnesota nor the Department of Natural Resources nor any of their employees, nor any of their contrac
tors, subcontractors, or their employees, makes any warranty, express or implied, or assumes any legal liability or responsibil
ity for the accuracy, completeness or usefulness of any information, apparatus, product or process disclosed, or represents 
that its use would not infringe privatfj!IY owned rights. 

Reference to a Company or Product name does not imply approval or recommendation of the product by the State of Minne
sota or the Department of Natural Resources to the exclusion of others that may meet specifications. 



RECONNAISSANCE SCALE WELL WATER 
GEOCHEMICAL SURVEY OF 

CENTRAL MINNESOTA 

By: D.W. Beckwith and R.C. Clark 

L.W. Gladen, Supervisor of Geoscience Section 

Minnesota Department of Natural Resources 
Division of Minerals 

Report 236-2 

t~libbing, Minnesota 
1985 



This report is on deposit at various 
major libraries in Minnesota 



TABLE OF CONTENTS 

Page 
ABSTRACT ............................................................................................ 01 

INTRODUCTION ....................................................................................... 02 

GEOLOGY AND PHYSIOGRAPHY ....................................................................... 02 

Precambrian Geology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 02 
Glacial Geology ..................................................................................... 06 
Physiography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 O 

SAMPLING TECHNIQUE ................................................................................ 14 

CHEMICAL ANALYSIS .................................................................................. 14 

STATISTICAL ANALYSIS ................................................................................ 14 

Analysis of Data Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 
Relation of Bedrock and Groundwater Chemistry ........................................................ 15 
Relation of Glacial Deposit Type and Groundwater Chemistry ............................................. 16 
Relation of Bedrock Penetration and Groundwater Chemistry ............................................. 16 
Relation of Plumbing Composition and Groundwater Chemistry ...................................... : ..... 19 
Relation of Well Depth and Groundwater Chemistry ...................................................... 19 
Correlation Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 
lnterpretational Considerations ....................................................................... 27 
Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 

SUMMARY AND CONCLUSIONS ......................................................................... 28 

SELECTED REFERENCES .............................................................................. 28 

APPENDIX ............................................................................................ 31 



LIST OF FIGURES 

Figure 1. Location Map of Minnesota showing the topographic quadrangles included in the well water survey ........ 03 
Figure 2. Generalized Precambrian Geology of Central Minnesota ............................................. 04 
Figure 3. Pre-tectonic Cross Section of the Animikie Basin in Minnesota ........................................ 05 
Figure 4. Depth to Bedrock in Central Minnesota ............................................................. 07 
Figure 5. Composite map showing main phases of Wisconsin Glaciation in Minnesota ............................ 08 
Figure 6. Quaternary Geology of Central Minnesota .......................................................... 09 
Figure 7. Physiographic areas of Central Minnesota .......................................................... 11 
Figure 8. Map of Watershed Areas and Regional Groundwater Flow in Central Minnesota ......................... 12 
Figure 9. Location of Water Well Samples .................................................................. 13 

LIST OF TABLES 

Table 1: Detection Limit and Analytical Precision for Well Water Survey ........................................ 15 
Table 2: Distribution Statistics of the Element Concentrations ................................................ 15 
Table 3: Distribution Statistics of Well Water Element Data Segregated by Major Bedrock Subdivisions ............. 17 
Table 4: Distribution Statistics of Well Water Element Data Segregated by Major Drift Subdivisions ................ 18 
Table 5: Distribution Statistics of Well Water Element Data Segregated by Bedrock Penetration ................... 20 
Table 6: Distribution Statistics of Well Water Element Data Segregated by Plumbing Composition ................. 21 
Table 7: Distribution Statistics of Well Water Element Data Segregated by Well Depth ........................... 22 
Table 8: Correlation Matrix for Samples from all Rock Types ................................................. 23 
Table 9: Correlation Matrix for Samples over the Rabbit Lake/Thomson Formations ............................. 23 
Table 1 O: Correlation Matrix for Samples over Archean Gneisses and Granites .................................. 24 
Table 11: Correlation Matrix for Samples over the Denham/Mahnomen Formations ............................... 24 
Table 12: Correlation Matrix for Samples over Keweenawan Sandstones ....................................... 25 
Table 13: Correlation Matrix for Samples from Superior Lobe Drift. ............................................. 25 
Table 14: Correlation Matrix for Samples from Rainy Lobe Drift ................................................ 26 
Table 15: Correlation Matrix for Samples from Des Moines Lobe Drift. .......................................... 26 

LIST OF PLATES 

Plate 1 : Reconnaissance Scale Well Water Survey in Central Minnesota-Sample Location Map 
Plate 2: Reconnaissance Scale Well Water Survey in Central Minnesota-Arsenic 
Plate 3: Reconnaissance Scale Well Water Survey in Central Minnesota-Copper 
Plate 4: Reconnaissance Scale Well Water Survey in Central Minnesota-Nickel 
Plate 5: Reconnaissance Scale Well Water Survey in Central Minnesota-Iron 
Plate 6: Reconnaissance Scale Well Water Survey in Central Minnesota-Zinc 
Plate 7: Reconnaissance Scale Well Water Survey in Central Minnesota-Sulfate 
Plate 8: Reconnaissance Scale Well Water Survey in Central Minnesota-Calcium 
Plate 9: Reconnaissance Scale Well Water Survey in Central Minnesota-Magnesium 
Plate 1 O: Reconnaissance Scale Well Water Survey in Central Minnesota-Sodium 
Plate 11 : Reconnaissance Scale Well Water Survey in Central Minnesota-Alkalinity 
Plate 12: Reconnaissance Scale Well Water Survey in Central Minnesota-Upper 10% Multi-Element Anomaly Map 



RECONNAISSANCE SCALE WELL WATER GEOCHEMICAL SURVEY 
OF MINNESOTA 

by: D. w. BECKWITH and R. c. CLARK 

ABSTRACT 

A reconnaissance scale well water geochemical survey was conducted over portions 
of central and east-central Minnesota. The primary objective of the survey was to deter
mine if the chemical analyses of groundwater obtained from domestic water wells would 
reflect differing rock types located beneath thick glacial overburden, and consequently, 
could be used to help evaluate the mineral potential of the area. 

In the course of the survey, samples were collected from 226 water wells over an area 
of 2160 mi 2 (5600 km 2

). The survey area is underlain by Archean granites and gneisses, 
Early Proterozoic sedimentary and volcanic rocks and Late Proterozoic (Keweenawan) 
volcanic and sedimentary rocks, and includes drift from several phases of Wisconsin 
glaciation. The water was analyzed by atomic absorption spectrophotometry for Au, Ag, 
As, Cu, Ni, Pb, Zn, Fe, Ca, Mg, Na and K, and measurements of specific conductance, 
alkalinity, sulfate content and pH were made. 

Statistical analyses were performed on the data in an attempt to identify relationships 
between elemental concentrations and other parameters that could be useful as indica
tors of bedrock geology. The effect of bedrock lithology, drift composition, bedrock pene
tration, plumbing composition and well depth on water chemistry was investigated. It 
was determined that there are differences in elemental concentrations of water analysis 
between rock types, and that many of these differences can be related to rock lithology. 
The effect of drift composition was found to be less prominent; the variation in water 
chemistry between drift types is only slight. The analysis also showed that pipe composi
tion and whether the well penetrated bedrock or not had little effect on water chemistry. 
There was a correlation, however, between well depth and the concentration of some el
ements in the well water. 

It was determined from correlation coefficients that Ca, Mg, alkalinity and specific con
ductance showed a moderate to strong positive relation to each other for each rock and 
drift subdivision. Other elemental pairs, however, showed little or no correlation. 

Two areas of multi-element anomalies, consisting of mainly the major elements, were 
indicated by this survey, one occurring in the Glen Township Formation near Thor and the 
other in portions of the Thomson Formation. 

This survey indicates that with a few modifications such as increased sampling den
sity, additional analyzed elements and expanded analytical techniques, there may be 
some potential in using a reconnaissance scale well water sampling program for geo
logic interpretation purposes. 



INTRODUCTION 

A reconnaissance scale geochemical survey involving 
the collection and analysis of water from domestic wells 
was conducted over a portion of central and east-central 
Minnesota during the summer and fall of 1984 (Fig. 1 ). This 
area was selected because previous lake sediment geo
chemical surveys and drill core assays, as well as the re
gional geologic relationships, suggest that gold and sulfide 
mineralization may exist, and because the population den
sity of the area is great enough so that a suitable number 
and distribution of wells could be sampled. 

The project was initiated as a result of funding provided 
to the Minnesota Department of Natural Resources, Miner
als Division, by the Legislative Commission on Minnesota 
Resources (LCMR). The primary objective of the survey 
was to determine if the chemical analysis of groundwater 
obtained from domestic water wells would reflect differing 
rock types located beneath thick glacial overburden where 
other exploration methods do not work well, and conse
quently, could be used to effectively evaluate the mineral 
potential of these different rock types. A well water sam
pling program conducted in eastern Canada (Dyck, Chat
terjee, Gemmell, Murricane, 1976) has suggested that well 
water surveys may be informative in delineating some 
types of mineralization. Portions of the study area in Carl
ton and Pine counties were included in a water well survey 
(emphasizing the evaluation of uranium potential of the 
area) conducted by the Minnesota Geological Survey un
der the direction of the National Uranium Resource Evalua
tion (NURE) Program of the United States Department of 
Energy in the summer of 1979 (Morey & Lively, 1980). The 
results of this survey, which involved a much greater sam
pling density, identified several radon and uranium anoma
lies in the groundwater. 

Two hundred twenty-six water wells were sampled over 
an area of 2160 mi2 (5600 km2

) in parts of Aitkin, Carlton, 
Cass, Crow Wing, Mille Lacs, Morrison and Pine counties. 
The water was analyzed by atomic absorption spectropho
tometry for Au, Ag, As, Cu, Ni, Pb, Fe, Ca, Zn, Mg, Na and K 
at the Division of Minerals chemistry lab in Hibbing, Minne
sota by Janet Beitzel and Jean Drotts under the direction of 
Al Klaysmat. Measurements of alkalinity, pH, specific con
ductivity, S04, and temperature were also made. Com
puter-assisted statistical analyses were later performed on 
the data to identify relationships between the different rock 
types/till types and trace element concentrations that 
would assist in mineral potential evaluation, and to deter
mine what influence plumbing composition, bedrock pene
tration and depth had on water composition. 

GEOLOGY AND PHYSIOGRAPHY 

Precambrian Geology 

The Precambrian rocks of the study area can be divided 
into three distinct terranes: 1) Lower Precambrian rocks, 2) 
Middle Precambrian stratified rocks, and 3) Upper Precam
brian (Keweenawan) sedimentary and volcanic rocks (Fig. 

2 

2). Thick glacial overburden and the resultant scarcity of 
outcrop throughout much of east-central Minnesota has 
necessitated the use of geophysical and drill hole data in 
the interpretation of the geology. Only a brief discussion of 
the rocks will be presented here; however, detailed de
scriptions can be found in Morey (1978). 

The Lower Precambrian rocks consist of a northern 
granite-greenstone terrane (2.7 b.y.) and a southern highly 
deformed gneissic terrane (3.5 b.y.) separated by a 30-60 
km wide sheared, schistose zone termed the Great Lakes 
Tectonic Zone (GL TZ) (Sims, Card, Morey and Peterson, 
1980). The McGrath gneiss (2.75 b.y.) located in the GL TZ 
northeast of Mille Lacs Lake is a coarse-grained, partly 
migmatic quartzo-feldspathic gneiss locally cataclasized 
during the Penokean Orogeny. At the end of the Archean, 
granite to tonalitic plutons such as the Giants Range gran
ite (2.6-2.7 b.y.) located in the northwest corner of the study 
area were intruded along the southern edge of the green
stone terrane forming a relatively stable Archean craton. 

During the Early Proterozoic the Animikie basin formed 
over the Lower Precambrian rocks and the Hillman 
migmatite (which appears to form the basement southwest 
of Mille Lacs Lake). The northeast-southwest trending 
basin was initiated by crustal foundering in an extensional 
environment. Basin infilling (2.0-2.1 b.y.) began with the 
deposition of the Denham Formation; a sequence of 
arenitic quartzite and siltstone with lesser dolomite and vol
canic rocks (Fig. 3). Deposition continued with the forma
tion of the Randall and Glen Township formations, two 
mafic to intermediate volcanic sequences with associated 
sedimentary rocks. Both formations contain some oxide to 
carbonate facies iron formation and pyrite-rich carbona
ceous argillite. The Mille Lacs Group also includes the Little 
Falls and Trout Lake formations which are not known to ex
ist in the survey area. 

Following a period of uplift and erosion the Mahnomen 
Formation, a southward-thickening wedge of quartzite, silt
stone and argillite, was deposited over the Mille Lacs 
Group sedimentary rocks. This was followed by the deposi
tion of the cherty and slaty iron formation of the Trommald 
Formation, the principal iron formation of the Cuyuna 
Range. Continued foundering and subsidence of the basin 
led to the deposition of the Rabbit Lake Formation, a thick 
sequence of carbonaceous slate, argillite and greywacke 
with local mafic flows in the "lower member" and carbonate 
iron formation inthe "Emily member." Atthe same time, the 
Thomson Formation, a thick (1 km) greywacke-argillite se
quence (with associated carbonaceous-pyritic slate and 
volcanic rocks) was deposited by turbidity currents in the 
southeastern part of the basin. The rocks resulting from this 
second phase of deposition are referred to as the Animikie 
Group. 

Deposition ended with the compression of the basin dur
ing the Penokean Orogeny (1.8-1.9 b.y.). The resulting de
formation and metamorphism were asymmetric across the 
basin, being more intense in the southern portion than in 
the north. During and after the Penokean orogeny, synoro
genic gabbroic to granodioritic dikes, sills and stocks and 
post-orogenic granitic plutons were intruded into the Mid
dle Precambrian stratified rocks and adjacent gneisses. 

The Precambrian history of east-central Minnesota 
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ended with the deposition of the Upper Precambrian Ke
weenawan System (1. 1 b.y.). This system includes the nu
merous basaltic flows and interbedded conglomeratic and 
tuff horizons of the Chengwatana Volcanic Group located 
in the southeast corner of the survey area. The slightly 
younger arkosic sandstones of the Fond du Lac Formation 
and the quartzose sandstones of the Hinckley Formation 
were later deposited over the volcanic rocks. Associated 
with the Keweenawan igneous rocks are several augite 
porphyritic basalt dikes and numerous diabase dikes and 
sills which intruded the Middle Precambrian stratified 
rocks. 

Upper Cambrian and Upper Cretaceous sedimentary 
rocks were deposited over many of the Precambrian rocks, 
but most have since been removed by erosion. 

Glacial Geology 

The Precambrian bedrock of Central Minnesota is buried 
beneath glacial overburden that ranges in depth from O to 
more than 400 feet (Fig. 4). The survey area was subject to 
multiple events of continental glaciation during Pleistocene 
time (Fig. 5), however, evidence of only the Wisconsin 
glaciers is indicated in the present-day glacial surficial de
posits. Drift from all the major phases of Wisconsin glacia
tion (the Hewitt, St. Croix, Automba, Split Rock and 
Nickerson-Alborn phases) and from the four major ice 
lobes (the Wadena, Rainy, Superior and Des Moines 
lobes) is represented in the survey area (Fig. 6). Conse
quently, central Minnesota has a complex variety of glacial 
deposits with regard to composition, color, drift type, and 
spatial relationships (both lateral and vertical) between the 
drift types. An understanding of the glacial geology is im
portant because the chemical composition of the drift may 
affect the chemistry of the groundwater as well as the mi
gration of metals from bedrock to groundwater. Further
more, the distribution of the drift has an important role in 
groundwater movement. The following simplified discus
sion of the phases of Wisconsin glaciation is based on 
Wright (1972b). 

Hewitt Phase 
During the Hewitt phase (30,000-60,000 BP), the 

Wadena lobe advanced out of the Winnipeg lowland south
eastwardly into the Red Lakes lowland of northern Minne
sota. It was then diverted towards the southwest by the 
Rainy lobe which was simultaneously advancing from the 
northeast, forming the Wadena drumlin field before termi
nating at the Alexandria Moraine Complex in western Min
nesota. The eastern limit of the Wadena lobe is poorly 
defined because its drift is deeply buried by drift of the 
Rainy and Superior lobes, but it may have extended as far 
east as Mille Lacs Lake. Unlike the Alexandria Moraine 
complex at the western margin of the Wadena lobe, there is 
no surviving moraine complex along the eastern margin. 

The drift of the Wadena drumlin field is composed of grey 
to light brown, sandy till with fragments of Paleozoic car
bonate rock from the Winnipeg area, but lacks fragments of 
Cretaceous shale typical of eastern North Dakota. The 
Wadena lobe may have incorporated some Rainy lobe ice 
where the two lobes made contact near the eastern margin, 

6 

as the resulting till contains a mixture of indicator stones 
with a corresponding dilution of the carbonate content. 

St. Croix Phase 
Upon retreat of the Wadena lobe, the Rainy lobe ad

vanced from the north-northeast following a path roughly 
parallel to the Superior lobe which was moving out of the 
Lake Superior trough (20,000 BP). The combined Rainy
Superior lobe formed the St. Croix moraine, a nearly con
tinuous, steep-fronted ridge of rugged topography that is 
traceable for 350 miles through Minnesota and Wisconsin, 
at its terminus. The Brainerd drumlin field south of Brainerd 
was formed by the Rainy lobe during the St. Croix phase, 
while a series of deep, southwest-trending tunnel valleys 
(some with associated eskers) near Willow River was 
eroded by meltwater beneath the Superior lobe. As the 
Rainy lobe retreated from the western St. Croix moraine, it 
formed a series of closely spaced recessional moraines 
and large outwash plains often strewn with large stranded 
ice blocks, especially in the Brainerd Lakes area. 

The western St. Croix moraine is composed of brown, 
sandy till and associated ice contact gravels containing 
clasts of basalt, felsite, gabbro and iron formation indicative 
of the Rainy lobe. The brown, sandy till of the Brainerd 
drumlins is nearly identical to that of the St. Croix 
moraine.The eskers in the Willow River area, however, 
contain red sandy drift with clasts of red sandstone and 
shale diagnostic of the Superior lobe. 

Automba Phase 
During the Automba phase (18,000 BP) the Superior 

lobe readvanced out of the Lake Superior basin and thence 
westward to the Mille Lacs Lake region where it formed the 
Mille Lacs moraine at its terminus. The northern segment of 
the moraine is very prominent on the west side of Mille Lacs 
Lake and can be easily traced to the east-northeast; how
ever, the southern limit of the moraine fades out east
wardly. The Automba drumlin field along the Carlton-Aitkin 
county line was formed during this stage. 

The drift of the Superior lobe in the Automba phase is 
similar to that of the St. Croix phase consisting of red sandy 
till with stones of red sandstone and shale. 

Split Rock Phase 
During the Split Rock phase (16,000 BP) the Superior 

lobe readvanced to near Sandstone depositing a thin, dis
continuous blanket of red, clayey till over the till and out
wash of previous phases of glaciation. No terminal moraine 
is apparent, but a small field of drumlins composed of red, 
clayey drift was formed just west of Moose Lake. Meltwater 
from the ice produced outwash fans among the hills of the 
Automba phase to the west, as well as several large eskers 
in the Barnum area. 

The till of the Split Rock phase is very clayey in nature, 
being derived from proglacial lake sediments that were de
posited at the margin of the Superior lobe at the end of the 
Automba phase. 

Nickerson-Alborn Phase 
The Superior lobe advanced for the final time during the 

Nickerson phase (12,000 BP) terminating at the Nicker
son-Thomson moraine near Moose Lake. The moraine ex
hibits a very hummocky terrane with deep exposures of 
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massive, red, clayey till in the south, whereas along the 
north margin the moraine consists largely of red, sandy till 
and outwash locally fronted by outwash fans and plains. As 
the Superior lobe retreated into the basin a large proglacial 
lake, Glacial Lake Nemadji, formed in front of it with deposi
tion of sand near shore and clay in deeper water. As the ice 
continued to retreat a lower outlet was uncovered to the 
east lowering the lake level and forming Glacial Lake Du
luth. Again, thick sequences of red sand and clay were de
posited. 

The Alborn phase of the St. Louis sublobe occurred con
temporaneously with the Nickerson phase of the Superior 
lobe. This sublobe was formed by an eastward extension of 
the Des Moines lobe which had advanced into central Iowa. 
The sublobe spread eastward from the Red River lowland 
into the Red Lakes lowland where a sub-sublobe spread 
south to the north shore of Mille Lacs Lake. This sub-sub
lobe was responsible for the end moraines and outwash 
plains deposited north of Mille Lacs Lake. As the St. Louis 
sublobe withdrew, Glacial Lakes Upham II and Aitkin II 
formed at its front. 

In this area the till is typically a pebbly clay or clayey till 
with variable amounts of limestone and Cretaceous shale 
fragments. The color of the till ranges from light brown to 
dark brown to reddish brown, depending on the origin of the 
clay that was incorporated into the ice as it passed over 
Glacial Lakes Upham I and Aitkin I. The reddish brown clay 
originates from the Superior lobe, the dark brown clay from 
the Rainy lobe, and the light brown clay from the St. Louis 
sublobe. 

Post-Glacial History 
The topography of the survey area has been locally mod

ified by post-glacial processes. Terrace deposits com
posed of sand and gravel representing former floodplains 
and channels are found in the Mississippi River valley. Allu
vium in the form of sand, gravel, silt and clay was deposited 
in channels and flood plains of many modern streams. Fi
nally, deposits of peat formed in areas of poor drainage, 
particularly in parts of Aitkin County. 

Physiography 

The study area includes portions of seven physiographic 
areas of Minnesota established by Wright (1972a) includ
ing the Wadena drumlin area, the western St. Croix 
moraine area, the Brainerd-Automba drumlin area, the 
Sugar Hills-Mille Lacs moraine area, the Barnum clay-till 
area, the Glacial Lake Aitkin area and the Glacial Lake Du
luth area (Fig. 7). The relief of the area is generally low to 
moderate with elevations ranging from approximately 900 
feet in the Nemadji River Valley near Nickerson to more 
than 1525 feet north of Pillager. The area is partly forested 
with a mixed coniferous-deciduous forest, and a substan
tial portion has been cultivated. 

The Wadena drumlin area is located in the extreme west
ern portion of the survey area. The low-rising northeast
southwest oriented drumlins were formed by the Wadena 
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lobe and are partly obscured in places by outwash from the 
St. Croix moraine of the Rainy lobe. 

The western segment of the St. Croix moraine transects 
the western part of the survey area in a north-south direc
tion. The prominant moraine is about 6 miles in width and 
consists of rather hummocky terrane with many small kettle 
lakes. It has been transected west of Brainerd by a broad 
water gap formed by the Crow Wing River. 

The Brainerd-Automba drumlin area constitutes a large 
portion of the central and eastern parts of the survey area. 
The area is marked by several drumlin fields formed by ice 
of the Rainy and Superior lobes. The drumlin fields are in
terrupted in several places by outwash plains and pitted 
outwash plains, particularly near Brainerd, resulting in flat 
topography characterized by numerous deep lakes. 

The Sugar Hills-Mille Lacs moraine area is an arcuate 
shaped moraine complex in the central portion of the sur
vey area formed from till and outwash of the Superior lobe 
with a cap of clayey till deposited from the St. Louis sub
lobe. Glacial Lake Aitkin, located immediately to the north, 
was dammed by the Sugar Hills-Mille Lacs moraine. The 
lake plain consists of a broad expanse of swamp covered 
silt and sand and has been transected by the meandering 
Mississippi River. 

The Barnum clay-till area is located in the eastern portion 
of the survey area and is the result of at least two short ad
vances of the Superior lobe. It is characterized by 
moraines, outwash and thin veneers of clayey till consisting 
of reworked proglacial lake clays. 

The Glacial Lake Duluth area in the extreme northeast
ern part of the survey area is a partly dissected clay plain 
that marks the former bed of Glacial Lake Duluth. The plain 
is composed of homogenous red clay and is deeply dis
sected by the St. Louis and Nemadji rivers. 

The survey area is contained within portions of 7 water
sheds as defined by the USGS Hydrologic Investigations 
Atlas (Fig. 8). The entire area is located within the Missis
sippi drainage system with the exception of the extreme 
northeast corner which is part of the Lake Superior 
drainage basin. Most shallow groundwater movement is 
from areas of local recharge toward local surface waters. 
Regional movement, particularly of deeper water, is gener
ally toward the Mississippi River, the Kettle River or other 
major river systems. 

The groundwater of the survey area is of the calcium
magnesium bicarbonate type with locally higher concen
trations of iron. Total dissolved solid content generally 
ranges from less than 100 mg/I to 1600 mg/I with locally 
higher amounts in water from the Des Moines lobe drift 
(Morey and Lively, 1980). Water yields of Quaternary 
aquifers range from less than 1 gpm (4 lpm) for wells fin
ished in till and lake sediments to over 500 gpm (1900 gpm) 
for wells finished in outwash (Brainerd Lakes area) and al
luvium (Mississippi and Kettle River valleys). Most bedrock 
aquifers, particularly those in Archean and Proterozoic 
rocks, have relatively low water yields of 1-25 gpm ( 4-100 
lpm) except in zones of secondary porosity resulting from 
faulting or leaching, where locally higher water yields are 
obtained. The Fond du Lac acquifer, on the other hand, has 
high water yields that typically range from 400 to 700 gpm 
(1600 to 2900 lpm) (Kanivetsky, 1978, 1979). 
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SAMPLING TECHNIQUE 

Sample sites in this survey were selected to represent 
the various types of bedrock lithologies in the area. In areas 
of relatively complex geology (Middle Precambrian strati
fied rocks) at least one water well was sampled in each rock 
formation as the geology was traversed in several north
west-southeast trending "belts." In areas where the geol
ogy is rather simple, sampling was conducted on a grid 
basis with sample sites being located 2-6 miles apart. Ac
tual san:ple den~ities were determined to a large extent by 
population density; however, sample density amounted to 
approximately one sample per 9.5 square miles (24.5 km2

) 

(Fig. 9). 
The prime sampling target was groundwater from fre

quently used, untreated, private domestic wells more than 
one year in age. To prevent contamination from stagnated 
water, wells were required to be used daily. New plumbing 
less than one year old was avoided to reduce the effects of 
pipe composition on water chemistry, and water systems 
using water softeners or other purification devices were not 
sampled. Wherever possible, wells that penetrated 
bedrock were sampled; however, in much of the study area 
very few wells were deep enough to reach bedrock. 

Sampling procedures follow the guidelines of Ferguson 
and others ( 1977). Prior to the field work, sample bottles 
and filter systems were acid washed with dilute nitric acid 
and rinsed with doubly distilled water. At each sample site 
information on the type of well, age and depth of the well, 
and plumbing composition was obtained when available 
from the homeowner. Samples were taken as close to the 
well head as possible, usually at an outside faucet. After 
running the pump for 2-3 minutes to flush the system, two 
500 ml plastic bottles and a Millipore filtering apparatus 
were rinsed twice and filled with water. The first 500 ml wa
ter s~':lple was used to measure temperature, specific con
duct1v1ty and pH and then discarded. The second 500 ml 
bottle was labelled and stored in a cooler for later sulfate 
and alkalinity analysis in the lab. The final sample, col
lected for metal analysis, was pressure filtered through 
0.45 µm filter paper using a Millipore filtering apparatus into 
~n 80 .ml plastic bottle. The sample was immediately acidi
fied with 0.1 ml concentrated nitric acid to keep the metals 
in solution, labelled, placed in a cooler and kept chilled until 
the analysis was completed. 

A total of two hundred twenty-six wells were sampled 
throughout the sampling season. Forty-eight duplicate 
samples, two EPA standard samples and two distilled wa
ter "blank" samples were also submitted for analysis. 
Thirty-eight water wells, chosen because of apparently 
anomalous values for the trace metals, were resampled 
near the end of the field season. 

Chemical Analysis 

Laboratory analyses were performed at the Minnesota 
Department of Natural Resources, Minerals Division in Hi
bbing, Minnesota. The alkalinity of the water was mea
sured by titrating 100 ml of sample with 0.02N H2S04 to a 
pH of 4.5. Total alkalinity measured as mg/I CaC03 was de-
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termined using the equation: 

Alk = (8) (N) (50,000) 
ml sample 

where Bis the ml of H2S04 of normality N needed to reach a 
Pi! of 4.~. Sulfate content was measured by injecting a 
stirred mixture of 100 ml sample, 5 ml conditioning agent 
and 0.2 ml BaCl2 into an HF Instruments Model DRT-100 
turbidity meter. Actual sulfate content in mg/I SO 
4 was then determined from standard sulfate curves. 

Each water sample for metal analysis was filtered and 
acidified with 0.1 ml concentrated HN03 at the time of sam
pling .. samples were analyzed for trace elements (Ag, Au, 
C~, N1 and P?) straight, with no dilution or reagents added, 
using a Perkin-Elmer Model 603 atomic absorption spec
tra-photometer (AA) graphite furnace. Arsenic was also 
analyz~d using a graphite furnace; however, one part 1000 
P.Pm N1.N03 was added to each part sample prior to analy
sis. Major metals (Mg, Ca, K, Na) were diluted 1 o times with 
doubly distilled water (distilled then deionized), and 1 o ml 
of. lanthanum ~hloride (LaCI) was added to each sample 
prior to analysis. LaCI reduces background ionization for 
samples being analyzed on the AA. The samples were then 
analyzed by the flame method on the AA Iron was also an
alyzed by the flame method but no dilution or mixing with 
LaCI was required. 

The analytical detection limits are given in Table 1. The 
determina~ion of analy~ical variability was accomplished by 
the analysis of 12 duplicate samples from the original sam
pling and the analysis of 38 duplicate samples from resam
pled wells. The analytical precision was calculated from 
these analyses at the 95 percent confidence level using the 
"t" distribution according to a method adapted from Garrett 
(1973). The results of these calculations are shown in 
Table 1. All Au and Ag values and a majority of the Pb val
ues were below the detection limit; therefore analytical 
precision for these elements was not calculated. 

Two E~A .water pollution quality control check samples 
and two d1st1lled water samples were submitted for analy
sis. Because only two of each of these samples were ana
lyzed, the analytical precision could not be calculated. 
However, all analyzed values for the EPA standards fall 
within the published 95% confidence intervals, and all val
ues for the blank samples were found to be below the ana
lytical detection limit. The complete analytical data for the 
226 wells are given in the Appendix. 

STATISTICAL ANAL VSIS 

A statistical analysis of the elements and other parame
ters was conducted to identify various relationships and 
characteristics that may assist in the interpretation of the 
survey for mineral potential purposes. The parameter dis
tributions were examined for normality compared to log
normality to determine whether log transformation was 
necessary to linearize the relationship of lognormal data 
prior to scatter diagram, correlation, and regression analy
sis. The various statistical parameters of the elements 
were compared for four major bedrock subdivisions and 
three major glacial deposit type subdivisions to determine if 



Table 1: Detection Limits and Analytical Precision for Well 
Water Survey 

Element 

Ag 
As 
Au 
Cu 
Ni 
Pb 
Zn 
Fe 
Ca 
Mg 
Na 
K 

804 
Alk 

*not calculated 

Detection Limit 

1 ppb 
1 ppb 
1 ppb 
1 ppb 
1 ppb 
1 ppb 

0.01 ppm 
0.1 ppm 
1 ppm 
1 ppm 
1 ppm 
1 ppm 
1 ppm 

0.1 ppm 

Analytical Precision 
from Reanalyzed Samples 

10.2% 

4.4% 
11.8% 

* 
3.6% 
4.3% 
13.5% 
2.2% 
1.3% 
1.8% 

the bedrock or till type chemistry was reflected in the water 
samples. 

Analysis of Data Distribution 

An analysis of the total data set was performed to deter
mine if the elements and other parameters approximate a 
lognormal or a normal distribution. This analysis was per
formed by visually examining histograms and cumulative 
frequency distributions of the elements. It was concluded 
from this analysis that the parameters As, Cu, Ni, Pb, Fe, 
Zn, S04, Mg, Na, K and specific conductance approxi
mated a lognormal distribution, and these parameters 
were log10 transformed prior to subsequent statistical anal
ysis. Ca, pH, temperature and alkalinity appeared to more 
closely approximate a normal distribution and, therefore, 
no log transformation was necessary for subsequent anal
ysis. 

The range, arithmetic mean, standard deviation and me
dian for these parameters are given in Table 2. The his
tograms and cumulative frequency distributions for the 
elements (for values above the detection limit) are shown 
on plates 2-11 (in pocket inside back cover). 

Table 2: Distribution Statistics of the Element Concentrations 

Range Arith. X 

As (ppb) 0-42 5.01 
Cu (ppb) 0-111 4.86 
Ni (ppb) 0-20 1.65 
Pb (ppb) 0-8 0.44 
Zn (ppm) 0-3.64 0.13 
Fe (ppm) 0-34.0 1.38 
Ca (ppm) 4-129 47.32 
Mg (ppm) 2-70 18.84 
Na (ppm) 2-69 11.61 
K (ppm) 0-44 1.96 
804 (ppm) 0-144 11.83 
Alk. (mg/I) 7.9-593.4 218.16 
Spec. Cond. (µ,ohm/I) 95-1225 340.73 
pH 6.4-8.6 7.69 
Temp (°C) 6-20 12.47 

Note: N = 226 

A large percentage of the samples analyzed contained 
values that were below the analytical detection limit, partic
ularly for the elements As, Cu, Ni and Pb. To reduce the 
bias that these low values might have on the remainder of 
the data, these values, as well as extraneously high values 
(as determined by visual examination of log transformed 
histograms) were subsequently discarded and new his
tograms and cumulative frequency distributions containing 
only values above the detection limit were plotted. New 
means and standard deviations were calculated from the 
revised data and are shown in Table 2. The mean values 
calculated for all the analyzed elements are in good agree
ment with published values of major and trace elements in 
groundwater (Hawkes and Webb, 1962; Rose, Hawkes 
and Webb, 1979) with the exception of Fe content, which is 
an order of magnitude greater than the average groundwa
ter value. 

Relation of Bedrock and Groundwater Chemistry 
Groundwater should reflect variation in the bedrock 

chemistry to be useful as an indicator of favorable geologic 
units and possible economic mineralization. Therefore, the 
relation of metal concentration in the water sample to four 
major bedrock geologic subdivisions in the survey area 
was investigated. 

Statistical parameters were calculated for each of four 
major bedrock subdivisions. Because of the large number 
of rock formations present in central Minnesota, it was nec
essary to group similar rock units together to obtain suffi
cient data points within each subdivision. The four major 
bedrock subdivisions are: (1) the Archean gneisses and 
granites, (2) the Mahnomen/Denham Formation, (3) the 
Rabbit Lake/Thomson Formation, and (4) the Ke
weenawan sandstones. The Archean gneisses and gran
ites include the McGrath gneiss, the Giants Range Granite 
and the Early Proterozoic Hillman migmatite. The Mah
nomen/Denham Formation is a combined group consisting 
of quartzite, siltstone, argillite and minor volcanics of the 
Mille Lacs and Lower Animikie Groups. The Rabbit Lake/ 
Thomson Formation is composed of greywackes, slates 
and minor volcanics of the Upper Animikie Group, and the 
Keweenawan sandstones include the Hinckley and Fond 
du Lac Formations.Several other rock units occur in the 

Arith. X* Std. Dev. Std. Dev.* Med. 

5.70 5.04 4.25 4 
7.21 12.15 9.82 1 
2.89 2.53 2.83 1 
1.90 0.95 1.45 0 
0.12 0.29 0.13 0.06 
1.43 3.56 2.56 0.2 

47.00 20.34 18.78 46 
18.21 11.99 10.79 17 
11.14 13.78 11.84 7 

1.67 3.64 1.68 1 
13.02 17.81 14.05 5.0 

215.90 104.01 98.07 214.0 
329.62 167.53 138.15 315 

7.69 0.43 0.43 7.7 
12.47 2.39 2.39 12 

*mean and standard deviation calculated after the extraneously high and low (below detection limit) values were discarded. 
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area including the Glen Township Formation, the Randall 
Formation, various iron formations and several Mid
Proterozoic dikes and sills. However, an insufficient num
ber of data points were located within these rock types; 
therefore, they were not included in the statistical analysis. 
The arithmetic mean, standard deviation and median are 
listed by rock type for each element in Table 3.As was the 
case for the total data set, the arithmetic mean and the 
standard deviation for each bedrock subdivision was cal
culated after values below the detection limit and extrane
ously high values were deleted. These values are also 
recorded in Table 3. 

From Table 3 it is apparent that there are subtle to distinct 
differences in the concentrations of several elements be
tween the rock type subdivisions. For example, water col
lected over the Rabbit Lake/Thomson Formation has 
relatively high Cu, S04, alkalinity and specific conductance 
values. Water from the Archean gneisses and granites ex
hibits high Ca and Na values, and water from the Mah
nomen/Denham Formation has a relatively high Fe 
content. Relatively low background values of As, Cu, Zn, 
Ca, Mg, alkalinity and specific conductance were found in 
water collected over the Keweenawan sandstones. The 
relative differences in the element concentrations of the 
groundwater are only in partial agreement with average rel
ative abundances of the elements in the various rock 
lithologies(Hawkes and Webb, 1962; Levinson, 1980). 
This may be due, in part, to the fact that each of the four ma
jor rock subdivisions are not composed of a single rock 
type, but rather, they contain several different lithologies. 

Relation of Glacial Deposit Type and Groundwater 
Chemistry 

The chemistry of groundwater may be affected to a large 
degree by the compositon of the unconsolidated glacial 
material through which it passes. Therefore, the relation of 
water composition to three major glacial deposit subdivi
sions in the survey area was investigated. 

Statistical parameters were calculated for each of three 
major glacial subdivisions representing surficial material 
deposited from the three lobes of ice that advanced over 
central Minnesota during the Pleistocene. The three subdi
visions are (1) Rainy lobe deposits, (2) Superior lobe de
posits, and (3) Des Moines lobe deposits. Deposits of the 
Rainy lobe are characterized by brown sandy till with clasts 
of basalt, felsite, gabbro and crystalline rocks typical of 
northeastern Minnesota. Deposits of the Superior lobe 
consist of red sandy to clayey till with stones of red sand
stone and shale, and deposits of the Des Moines lobe are 
composed of light brown clayey till with limestone and 
shale fragments. Deposits of theWadena lobe and 
Holocene alluvium also occur in the survey area; however, 
an insufficient number of data points were located within 
these deposit types, so they were not included in the statis
tical analysis. Because the difference in composition be
tween the various types of glacial deposits (such as end 
moraine, ground moraine, or outwash) within an individual 
lobe is negligible, the effects of individual end moraine, 
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ground moraine and outwash units was not considered in 
the analysis. The subdivisions created for this analysis rep
resent only surficial glacial deposits, however, the source 
of the material from which the well is actually drawing water 
from may not necessarily be the same as the surficial mate
rial. The arithmetic mean, standard deviation and median 
are listed by glacial till type for each element in Table 4. As 
was the case for the total data set and the data subdivided 
into bedrock type, the arithmetic mean and the standard 
deviation for each till type subdivision were calculated after 
values below the detection limit and extraneously high val
ues were deleted. The resultant values are also recorded in 
Table 4. 

Relation of Bedrock Penetration and Groundwater 
Chemistry 

Whether a well penetrates bedrock or not (that is, 
whether the well produces water directly from bedrock 
aquifers or from quaternary materials above the bedrock) 
may have an effect on the well water's composition. For 
that reason the relation of water chemistry to bedrock pen
etration was investigated. 

The groundwater data base was subdivided into two cat
egories-water from wells that terminated in glacial over
burden and water from wells that penetrated bedrock. In 
many cases this distinction could be made from information 
by the well owner. In cases where the homeowner didn't 
know whether bedrock was penetrated or not, however, in
direct evidence such as the presumed depth of the well and 
the approximate thickness of the surficial material (as de
termined from the depth to bedrock map in Fig. 4) was used 
to assign the well to one of the two subdivisions. The 
range,arithmetic mean, standard deviation and median 
was then calculated for each element. The resultant values 
are recorded in Table 5. 

From Table 5 it is apparent that only subtle differences at 
best exist between the two subdivisions. Differences in the 
concentration of most of the trace elements between the 
two categories is negligible, although water from wells that 
terminated in the overburden have slightly higher values for 
Mg, Na, K, specific conductance and alkalinity. The limited 
differences in composition of the water between the two 
subdivisions can be attributed to the fact that water in 
bedrock aquifers and water in quaternary aquifers have a 
similar ancestry (Morey & Lively, 1980). 

It can be seen from Table 4 that there are subtle differ
ences in the concentrations of several elements between 
the different till type sub-divisions. For instance, groundwa
ter collected from Superior lobe deposits has relatively high 
values of Cu, S04, specific conductance and alkalinity. Wa
ter from the Des Moines lobe glacial deposits has slightly 
lesser values of Ca, S04, specific conductance and alkalin
ity and slightly greater amounts of As. Groundwater from 
the Rainy lobe deposits doesn't appear to be enriched or 
depleted in any of the analyzed elements. The failure to 
identify major differences between the drift subdivisions 
suggests that glacial deposit type probably does not play 
the dominant role in the variability of groundwater composi
tion. 



Table 3: Distribution Statistics of Well Water Element Data Segregated by Major Bedrock Subdivisions 

Element Rock Type Range Arith. X Arith. X* Std. Dev. Std. Dev.* Med. 

As (ppb) Archean Gneiss & Gran. 0-24 5.42 5.82 4.64 4.57 4 
Mahnomen/Denham 0-42 4.90 5.70 6.56 4.65 3 
Rabbit Lake/Thomson 0-19 5.73 6.02 4.25 4.16 4 
Keweenawan SS 0-13 3.59 4.22 3.46 3.39 2.5 

Cu (ppb) Archean Gneiss & Gran. 0-22 4.15 6.32 5.85 6.25 1 
Mahnomen/Denham 0-111 5.36 5.80 12.41 7.14 1 
Rabbit Lake/Thomson 0-30 4.64 10.44 8.20 9.66 0 
Keweenawan SS 0-20 1.37 4.25 3.91 6.15 0 

Ni (ppb) Archean Gneiss & Gran. 0-14 1.22 3.33 2.79 3.94 0 
Mahnomen/Denham 0-6 1.16 2.23 1.46 1.47 0 
Rabbit Lake/Thomson 0-20 2.27 3.28 3.67 4.06 0 
Keweenawan ss· 0-7 2.76 4.17 2.48 1.91 0 

Pb (ppb) Archean Gneiss & Gran. 0-5 0.40 1.75 0.87 1.39 0 
Mahnomen/Denham 0-8 0.65 2.33 1.30 1.81 0 
Rabbit Lake/Thomson 0-3 0.37 1.71 0.70 0.88 0 
Keweenawan SS 0-2 0.20 1.50 0.39 0.50 0 

Zn (ppm) Archean Gneiss & Gran. 0-0.35 0.08 0.10 0.08 0.08 0.05 
Mahnomen/Denham 0-1.47 0.16 0.15 0.25 0.15 0.07 
Rabbit Lake/Thomson 0-3.64 0.21 0.11 0.57 0.11 0.06 
Keweenawan SS 0-0.22 0.04 0.05 0.05 0.05 0.03 

Fe (ppm) Archean Gneiss & Gran. 0-6.4 0.89 1.09 1.42 1.50 0.2 
Mahnomen/Denham 0-17.0 1.82 2.33 2.93 3.41 0.4 
Rabbit Lake/Thomson 0-25.0 1.05 0.56 3.93 1.18 0.2 
Keweenawan SS 0-34.0 2.60 1.60 6.90 3.13 0.2 

S04 (ppm) Archean Gneiss & Gran. 0-71 10.21 13.69 16.16 17.43 4.2 
Mahnomen/Denham 0-37 8.90 10.78 8.38 8.07 6.0 
Rabbit Lake/Thomson 0-120 18.61 18.36 24.19 18.51 6.5 
Keweenawan SS 2-144 18.84 13.84 27.95 12.68 12 

Ca (ppm) Archean Gneiss & Gran. 12-129 56.51 54.78 19.68 16.39 55 
Mahnomen/Denham 4-95 49.51 50.28 17.75 17.27 47 
Rabbit Lake/Thomson 18-119 49.68 47.95 21.89 19.18 50 
Keweenawan SS 12-62 33.03 33.03 14.94 14.94 31 

Mg (ppm) Archean Gneiss & Gran. 4-64 22.93 21.95 12.04 10.36 20 
Mahnomen/Denham 2-56 17.93 17.90 10.07 11.16 15 
Rabbit Lake/Thomson 3-70 23.60 21.46 14.88 11.71 20 
Keweenawan SS 3-33 . 14.00 14.00 8.72 8.72 11.5 

Na (ppm Archean Gneiss & Gran. 2-64 13.53 13.53 15.86 15.86 7 
Mahnomen/Denham 2-69 10.65 10.68 11.16 11.47 7 
Rabbit Lake/Thomson 2-47 10.31 10.31 8.98 8.98 7 
Keweenawan SS 2-48 12.38 12.38 12.99 12.99 6 

K (ppm) Archean Gneiss & Gran. 1-44 2.51 1.52 6.42 0.58 1 
Mahnomen/Denham 0-20 1.96 2.00 2.92 2.96 1 
Rabbit Lake/Thomson 1-26 2.29 1.70 3.90 1.12 1 
Keweenawan SS 1-3 1.65 1.65 0.67 0.67 1 

Spec.Cond. Archean Gneiss & Gran. 200-1200 385.18 348.48 198.02 109.46 325 
µ,ohm/I Mahnomen/Denham 160-1225 350.29 335.47 170.32 132.02 307 

Rabbit Lake/Thomson 98-820 388.48 388.48 175.14 175.14 350 
Keweenawan SS 95-435 260.57 260.57 95.82 95.82 277 

Alk. Archean Gneiss & Gran. 27.4-593.4 253.53 245.44 96.73 82.25 250.7 
mg/I Mahnomen/Denham 7.9-438.5 202.23 207.40 91.48 93.13 224.0 

Rabbit Lake/Thomson 60.4-550.5 270.13 263.12 125.42 118.79 245.6 
Keweenawan SS 53.0-320.5 171.38 171.38 68.83 68.83 182.2 

pH Archean Gneiss & Gran. 6.4-8.2 7.66 7.66 0.37 0.37 7.7 
Mahnomen/Denham 6.4-8.6 7.60 7.60 0.38 0.38 7.6 
Rabbit Lake/Thomson 6.9-8.5 7.74 7.74 0.41 0.41 7.8 
Keweenawan SS ' 6.9-8.6 7.81 7.81 0.45 0.45 7.75 

Temp Archean Geniss & Gran. 8-20 12.57 12.57 2.50 2.50 12.5 
oC Mahnomen/Denham - 6-18 12.60 12.60 2.11 2.11 12.5 

Rabbit Lake/Thomson 8-17 12.12 12.12 2.77 2.77 12 
Keweenawan SS 8-16 11.53 11.53 2.11 2.11 11 

Note: Archean Gneiss and Gran. N = 43 
Mahnomen/Denham N = 60 
Rabbit Lake/Thomson N = 41 
Keweenawan SS N = 26 

* mean and standard deviation calculated after the extraneously high and low (below detection limit) values were discarded. 
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Table 4: Distribution Statistics of Well Water Element Data Segregated by Major Tilltype Subdivisions 

Element Till Type Range Arith. X Arith. X* Std. Dev. Std. Dev.* Med. 

As (ppb) Des Moines Lobe 0-19 6.15 6.97 4.49 4.16 6 
Rainy Lobe 0-42 4.13 4.76 5.98 4.05 3 
Superior Lobe 0-19 5.10 5.69 4.08 3.92 4 

Cu (ppb) Des Moines Lobe 0-48 5.16 6.54 9.68 8.50 2 
Rainy Lobe 0-111 6.26 6.04 16.88 11.66 1 
Superior Lobe 0-59 3.89 8.69 8.85 6.84 0 

Ni (ppb) Des Moines Lobe 0-8 1.71 2.36 1.72 1.64 1 
Rainy Lobe 0-14 1.10 2.36 2.20 2.84 0 
Superior Lobe 0-20 2.22 3.18 3.02 2.39 1 

Pb (ppb) Des Moines Lobe 0-8 0.76 2.63 1.60 2.26 0 
Rainy Lobe 0-3 0.50 1.60 0.80 0.86 0 
Superior Lobe 0-4 0.29 1.81 0.65 1.02 0 

Zn (ppm) Des Moines Lobe 0-1.47 0.15 0.14 0.23 0.12 0.07 
Rainy Lobe 0-0.78 0.10 0.14 0.13 0.14 0.06 
Superior Lobe 0-3.64 0.16 0.11 0.40 0.12 0.06 

Fe (ppm) Des Moines Lobe 0-17.0 1.23 1.47 2.96 3.19 0.2 
Rainy Lobe 0-25.0 1.63 1.84 3.45 2.31 0.4 
Superior Lobe 0-34.0 1.28 1.14 4.05 2.44 0.2 

804 (ppm) Des Moines Lobe 0-35.0 6.75 8.56 7.46 7.45 5.0 
Rainy Lobe 0-42.0 8.32 10.16 9.22 9.25 5.0 
Superior Lobe 0-144.0 17.50 17.25 23.63 16.81 9.5 

Ca (ppm) Des Moines Lobe 9-98 40.33 41.09 21.26 20.94 35 
Rainy Lobe 4-89 51.01 51.65 17.66 16.90 49 
Superior Lobe 12-119 45.70 44.92 20.18 18.81 44 

Mg (ppm) Des Moines Lobe 3-64 17.80 16.68 14.51 12.74 14 
Rainy Lobe 2-34 15.45 15.45 7.77 7.77 15 
Superior Lobe 3-70 21.47 20.52 13.04 11.43 19 

Na (ppm) Des Moines Lobe 3-53 11.16 11.16 11.22 11.22 7.5 
Rainy Lobe 2-118 12.20 10.75 18.00 13.15 6.5 
Superior Lobe 2-48 11.30 11.30 10.07 10.07 7 

K (ppm) Des Moines Lobe 1-5 1.47 1.47 0.73 0.73 1 
Rainy Lobe 0-20 1.63 1.65 2.64 2.65 1 
Superior Lobe 1-26 2.06 2.06 2.65 2.65 2 

Spec. Cond. Des Moines Lobe 75-1075 307.04 288.31 192.49 152.39 260 
(µohm/I) Rainy Lobe 155-1225 336.86 324.69 151.22 110.58 305 

Superior Lobe 95-820 353.07 353.07 153.17 153.17 340 

Alkalinity Des Moines Lobe 29.7-593.4 185.26 175.30 108.91 89.38 168.8 
(mg/I) Rainy Lobe 7.9-345.8 189.22 191.81 82.43 80.09 185.6 

Superior Lobe 53-550.5 244.74 241.49 108.59 104.47 230.0 

pH Des Moines Lobe 6.4-8.6 7.69 7.69 0.53 0.53 7.6 
Rainy Lobe 6.4-8.6 7.65 7.65 0.44 0.44 7.7 
Superior Lobe 6.9-8.6 7.73 7.73 0.39 0.39 7.8 

Temp (aC) Des Moines Lobe 9-17 12.55 12.55 2.02 2.02 12 
Rainy Lobe 6-20 13.02 13.02 2.51 2.51 13 
Superior Lobe 8-17 11.96 11.96 2.36 2.36 12 

Note: Des Moines Lobe N=42 
Rainy Lobe N=74 
Superior Lobe N=95 

*mean and standard deviation calculated after the extraneously high and low (below detection limit) values were discarded. 
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Relation of Plumbing Composition and Groundwater 
Chemistry 

The chemistry of the water samples may be affected by 
the composition of the well and plumbing system through 
which it passes from its source in the aquifer to the sample 
site at the faucet. Therefore, the relation of water chemistry 
to plumbing composition was investigated. 

Information on the composition of the plumbing system 
was obtained from the well owner and by direct observa
tion, and it was determined that nearly all plumbing sys
tems were composed of copper, galvanized steel, plastic, 
or some combination of the three. The groundwater data 
base was subsequently subdivided into two categories
water collected from plumbing systems containing copper 
pipes and water from systems with galvanized steel pipes. 
Plumbing systems consisting of both copper and plastic 
pipes were classified under the copper pipe category; simi
larily, systems with galvanized and plastic pipes were clas
sified under the galvanized pipe category. When both 
copper and galvanized pipes were encountered in the 
same plumbing system, the data was classified under both 
categories, thus some duplication of data was recorded. 
The range, arithmetic mean, standard deviation and me
dian was then calculated for each element, with the resul
tant values being recorded in Table 6. 

From Table 6 it can be seen that there is very little differ
ence in the element concentrations between water col
lected from systems with galvanized pipes and systems 
with copper pipes. Despite the fact that a few wells con
tained both copper and galvanized pipes and were as
signed to both categories (thus tending to lessen the 
differences between categories), it appears that in this sur
vey plumbing composition had little effect on groundwater 
chemistry. 

Relation of Well Depth and Groundwater Chemistry 

The depth of the sampled well may be an important con
sideration in the interpretation of the water chemistry. 
Groundwater from shallow wells tends to have a more local 
source, and is more subject to contamination from the sur
face. Groundwater from relatively deep wells, on the other 
hand, usually has a more distant source and has a greater 
interaction with deeply buried bedrock. 

The groundwater data base was initially subdivided into 
two categories-water from wells greater than 30 feet in 
depth and water from wells less than 30 feet in depth. 
Statistical parameters for each element were calculated 
and it was evident that a number of differences existed be
tween deep and shallow wells for several elements. To as
certain the degree of influence that well depth had on these 
differences, the original data base was again subdivided 
into deep and shallow wells, this time with a 50 foot depth 
being used as the dividing line between categories. The 
range, arithmetic mean, standard deviation arid median 
were again calculated for each element, and the results are 
shown in Table 7. 

From Table 7 it is evident that there are a number of dif
ferences in element concentrations between deep and 
shallow wells. For example, water from wells less than 30 
feet deep has more than twice the concentration of copper 
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than wells deeper than 30 feet; and water from wells 
greater than 30 feet has greater values for Fe, Ca, Mg, pH 
and alkalinity. When the data is re-examined using a 50 
foot depth as the division between categories, it is apparent 
that most differences in element concentration between 
deep and shallow wells either decreases (as for Mg, pH 
and alkalinity) or disappears entirely (as for Fe and Ca). 
Only the copper concentration retains a large difference 
between deep and shallow wells when the 50 foot dividing 
line is used. 

Correlation Analysis 

Correlation coefficients were calculated forthe total data 
set using a univariate linear model. Elements that were pre
viously determined to approximate a lognormal distribution 
were log10 transformed prior to correlation calculations. 
The correlation coefficients were determined for both the 
original data set including values below the analytical de
tection limit and forthe revised data set where element con
centrations below the detection limit were discarded. The 
resulting coefficients determined from the two sets were 
very similar, thus only the coefficient calculated from the 
data set where values below the detection limit were dis
carded are shown in Table 8. 

From Table 8 it can be seen that several parameters, 
namely Ca, Mg, alkalinity and specific conductance show a 
moderate to strong positive (0.44-0.66) relation for each 
other. Several other elements show much weaker relation
ships. Na, K, and specific conductance show a weak posi
tive (0.12-0.13) relation for each other. pH shows a very 
weak negative relation with Zn (-0.11) and Cu (-0.17). Very 
weak negative relations are also apparent between Cu and 
Fe (-0.14) and between Cu and As (-0.12). 

Linear correlation coefficients were calculated for each 
of the four major bedrock subdivisions described in the pre
vious section. The results are listed in Tables 9-12. The re
lations of Tables 9-12 are somewhat variable between rock 
type but are generally similar to that of the total data (Table 
8). Frequently, the correlation coefficients of Tables 9-12 
are somewhat greater than Table 8 which may result from 
the smaller number of data points within each bedrock sub
division. 

The relatively strong positive relation between Ca, Mg, 
alkalinity and specific conductance is very evident in all four 
bedrock subdivisions as it is in the total data set, and a mod
erate negative relation between Cu and pH is evident in all 
subdivisions except the Archean gneisses and granites. 
Several other element pairs correlate within individual 
bedrock groups including moderate negative relations of 
Fe with Cu and S04 and positive relations of S04 with Kand 
Na in the Archean gneisses and granites, a moderate neg
ative Fe to pH relation in the Keweenawan sandstones, 
and moderate positive Cu to Na and Mg relations in the 
Rabbit Lake/Thomson Formation. It should be mentioned 
that extreme care must be used when considering the sig
nificance of the correlation coefficients of the individual 
bedrock s.ubdivisions because of the limited number of 
data points above the detection limit for some elements, 
particularly Pb, Cu and Ni. 

Correlation coefficients were also calculated for each of 



Table 5: Distribution Statistics of Well Water Element Data Segregated by Bedrock Penetration 

Bedrock vs 
Element Quaternary Range Arith. X Std. Dev. Med. 

As (ppb) Bedrock 1-14 5.56 3.47 4.5 
Quaternary 1-24 5.77 4.61 4 

Cu (ppb) Bedrock 1-36 7.55 8.25 4 
Quaternary 1-59 7.08 10.35 3 

Ni (ppb) Bedrock 1-13 3.02 2.67 2 
Quaternary 1-14 2.60 2.20 2 

Pb (ppb) Bedrock 1-5 2.22 1.47 1 
Quaternary 1-8 1.82 1.44 1 

Zn (ppm) Bedrock 0.02-0.66 0.12 0.14 0.07 
Quaternary 0.02-0.78 0.13 0.12 0.08 

Fe (ppm) Bedrock 0.1-17.0 1.52 3.22 0.3 
Quaternary 0.1-11.8 1.38 2.11 0.4 

804 (ppm) Bedrock 1-72 12.51 12.53 7.1 
Quaternary 1-71 13.27 14.72 6.2 

Ca (ppm) Bedrock 11-95 44.96 18.00 45 
Quaternary 12-106 48.04 19.09 46 

Mg (ppm) Bedrock 3-56 20.31 12.06 18 
Quaternary 2-53 17.20 9.96 16 

Na (ppm) Bedrock 3-53 12.02 10.83 8 
Quaternary 2-69 10.70 12.28 7 

K (ppm) Bedrock 1-7 1.90 1.04 2 
Quaternary 1-20 1.55 1.91 1 

Spec. Cond. Bedrock 95-805 344.7 143.8 330 
(µohm/I) Quaternary 75-820 322.0 134.6 230 

Alkalinity Bedrock 52.4-500.8 243.7 98.9 233.7 
(mg/I) Quaternary 27.4-492.0 201.8 94.5 197.1 

pH Bedrock 6.9-8.6 7.75 0.36 7.8 
Quaternary 6.4-8.6 7.66 0.46 7.7 

Note: Bedrock N= 75 
Quaternary N= 151 
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Table 6: Distribution Statistics of Well Water Element Data Segregated by Plumbing Composition 

Element Pipe Composition Range Arith. X Std. Dev. Med. 

As (ppb) Copper 29.7-500.8 5.54 3.67 5 
Galvanized 1-22 5.73 4.12 4 

Cu (ppb) Copper 1-59 7.18 10.02 3 
Galvanized 1-59 8.21 11.60 3 

Ni (ppb) Copper 1-14 2.96 2.99 2 
Galvanized 1-8 2.67 1.90 2 

Pb (ppb) Copper 1-5 1.83 1.11 
Galvanized 1-5 1.95 1.32 

Zn (ppm) Copper 0.02-0.66 0.12 0.13 0.08 
Galvanized 0.02-0.78 0.13 0.13 0.08 

Fe (ppm) Copper 0.1-11.8 1.14 1.85 0.4 
Galvanized 0.1-17.0 1.34 2.84 0.03 

S04 (ppm) Copper 1.5-72 11.08 14.06 5 
Galvanized 1-71 13.47 13.99 7 

Ca (ppm) Copper 12-98 45.56 17.66 44 
Galvanized 12-106 46.83 19.25 48 

Mg (ppm) Copper 2-49 17.65 10.28 16 
Galvanized 3-53 18.31 10.83 17 

Na (ppm) Copper 2-69 12.57 13.75 7 
Galvanized 2-53 10.77 10.89 7 

K (ppm) Copper 2-7 2.28 0.87 2 
Galvanized 1-20 1.63 1.82 1 

Spec. Cond. Copper 98-795 320.3 130.4 302 
(µohm/I) Galvanized 75-820 334.4 144.3 320 

Alkalinity Copper 27.4-423.0 217.5 94.33 214 
(mg/I) Galvanized 29.7-500.8 219.3 98.31 215 

pH Copper 6.4-8.6 7.77 0.43 7.8 
Galvanized 6.4-8.6 7.72 0.44 7.75 

Note: Copper N= 89 
Galvanized N= 121 
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Table 7: Distribution Statistics of Well Water Element Data Segregated by Well Depth 

Element Depth (ft.) Range Arith. X Std. Dev. Med. 

As (ppb) <30 1-14 4.16 3.16 3 
>30 1-24 6.26 4.42 5 
<50 1-24 5.28 4.33 4 
>50 1-22 5.96 4.05 5 

Cu (ppb) <30 1-59 11.28 13.26 6 
>30 1-48 5.48 7.95 2 
<50 1-59 10.55 12.60 6 
>50 1-35 5.07 6.79 2 

Ni (ppb) <30 1-7 2.76 1.76 2 
>30 1-14 2.72 2.59 2 
<50 1-13 2.62 2.25 2 
>50 1-14 2.75 2.44 2 

Pb (ppb) <30 ND ND ND ND 
>30 1-5 1.83 1.21 1 
<50 1-5 1.45 1.15 1 
>50 1-5 1.87 1.12 1 

Zn (ppm) <30 0.02-0.78 0.16 0.15 0.12 
>30 0.02-0.66 0.11 0.12 0.07 
<50 0.02-0.78 0.13 0.13 0.08 
>50 0.02-0.66 0.12 0.13 0.07 

Fe (ppm) <30 0.1-1.6 0.37 0.45 0.1 
>30 0.1-17.0 1.62 2.83 0.5 
<50 0.1-17.0 1.43 2.89 0.2 
>50 0.1-13.5 1.46 2.51 0.5 

S04 (ppm) <30 1.5-64 13.60 15.26 6.6 
>30 1-72 12.88 13.41 7 
<50 1.5-64 14.04 14.81 6.75 
>50 1-72 12.44 13.48 6 

Ca (ppm) <30 12-106 45.38 24.31 39.5 
>30 12-96 48.24 17.32 49 
<50 12-106 47.54 21.90 46 
>50 12-96 47.32 17.34 47 

Mg (ppm) <30 2-56 16.25 12.94 12 
>30 3-53 19.50 10.22 18 
<50 2-56 17.29 12.78 14 
>50 3-49 19.00 9.58 18 

Na (ppm) <30 2-51 13.02 13.75 6 
>30 2-64 10.71 10.37 7 
<50 2-64 12.55 13.42 7 
>50 2-53 10.58 9.67 7 

K (ppm) <30 1-14 1.72 2.21 1 
>30 1-7 1.63 0.82 2 
<50 1-20 1.80 2.77 1 
>50 1-7 1.67 0.85 2 

Spec. Cond. <30 75-820 327.9 179.6 295 
(µ,ohm/I) >30 95-795 341.1 127.6 327.5 

<50 75-820 339.0 169.4 305 
>50 95-795 333.5 122.1 325 

Alkalinity <30 27.4-491.3 189.2 118.5 174.2 
(mg/I) >30 46.7-500.8 229.3 90.4 220.0 

<50 27.4-492.0 203.7 113.9 200.2 
>50 53-500.8 226.0 87.3 216.5 

pH <30 6.4-8.1 7.37 0.53 7.4 
>30 6.4-8.6 7.79 0.37 7.8 
<50 6.4-8.2 7.44 0.47 7.5 
>50 6.9-8.6 7.82 0.36 7.8 

Note: Wells <30 N= 34 
Wells >30 N=158 
Wells <50 N= 66 
Wells >50 N=131 
ND = not determined 
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Table 8: Correlation Matrix for Samples from All Rock Types (N = 226) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 

pH .08 -.17 -.01 0 -.07 - .11 -.01 -.02 0 0 0 0 0 -.01 

Temp .01 0 -.02 0 0 .06 -.03 -.01 -.03 -.04 0 -.02 -.05 

Alk .01 0 0 -.05 .01 0 .01 .45 .66 .06 .08 .60 

Spec 0 0 0 0 .01 0 .08 .66 .63 .13 .12 

K 0 0 0 0 0 0 .03 .01 .04 .13 

Na 0 0 0 0 -.02 0 .09 0 .08 

Mg 0 0 .01 0 0 0 .04 .47 

Ca 0 0 0 0 .03 .01 .03 

S04 -.01 .06 0 -.01 -.10 0 

Zn -.01 .05 0 0 0 

Fe 0 -.14 0 0 

Pb 0 -.04 0 

Ni 0 .01 

Cu -.12 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 

Table 9: Correlation Matrix for Samples Over the Rabbit Lake/Thomson Formation (N = 41) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 
pH .06 -.60 -.06 -.14 0 - .11 -.22 -.28 -.12 -.20 0 -.29 -.12 -.03 

Temp .17 -.21 -.01 -.04 0 .01 -.10 -.08 0 -.04 -.03 -.02 -.04 

Alk .10 .33 .03 -.33 .21 -.01 .13 .40 .67 .38 .15 .79 

Spec .02 .26 .05 0 .12 0 .27 .57 .70 .34 .12 

K .01 0 -.02 .32 .15 0 0 0 .09 .26 

Na .01 .54 0 .11 .02 .03 .13 .06 .38 

Mg .07 .47 .12 -.24 .15 0 .16 .22 

Ca 0 .30 .03 0 .08 0 .14 

S04 -.07 .34 .01 .01 -.01 0 

Zn -.05 .04 .02 - .11 -.03 

Fe .09 -.21 .12 -.37 

Pb - .11 .14 .25 

Ni 0 .21 

Cu 0 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 
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Table 10: Correlation Matrix for Samples Over Archean Gneisses and Granites (N = 43) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 

pH .10 0 0 .05 -.08 -.18 -.01 .04 .08 -.03 0 0 .07 -.01 

Temp 0 0 -.03 .27 .01 .07 -.02 -.13 -.16 -.09 .01 -.13 -.15 

Alk 0 .02 .02 -.31 0 0 0 .44 .61 .03 -.01 .32 

Spec 0 0 -.07 .12 0 .03 .17 .61 .78 .06 .01 

K -.10 .05 0 0 -.22 0 .48 0 0 -.01 

Na .01 0 .03 .02 -.02 0 .37 .03 .07 

Mg 0 0 0 .07 -.03 0 0 .64 

Ca 0 .03 0 .05 -.01 0 .03 

S04 -.04 .15 .01 .01 -.41 0 

Zn -;05 -.05 0 .08 0 

Fe .21 -.41 -.02 -.19 

Pb 0 -.13 -.11 

Ni 0 .05 

Cu -.36 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 

Table 11: Corr~lation Matrix for Samples Over the Denham/Mahnomen and Related Formations (N = 60) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 

pH .01 -.27 -.03 .08 -.03 -.16 0 0 .07 -.01 -.03 0 0 -.08 

Temp .02 .11 .03 -.05 -.07 .17 0 -.03 -.12 0 0 .01 -.12 

Alk 0 - .11 .06 0 0 0 0 .52 .73 .05 .06 .63 

Spec 0 -.01 0 -.08 0 0 .01 .75 .51 .14 .18 

K -.08 .07 .05 -.08 -.13 0 .06 .03 .03 .15 

Na -.03 .01 .06 0 0 -.03 0 0 .10 

Mg 0 -.08 .01 .03 0 0 0 .44 

Ca -.01 -.04 0 .02 .03 0 0 

S04 -.04 .03 0 -.09 -.04 .02 

Zn -.07 .05 .08 -.01 0 

Fe 0 -.29 -.05 0 

Pb .14 -.78 .22 

Ni 0 0 

Cu - .11 

Note: Element data log10 transformed prior to calculation of correlation coefficient with the exception of Ca, alkalinity, temperature and pH. 
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the three glacial type subdivisions (Tables 13-15). As can 
be seen from the tables, the coefficients tend to suggest the 
same general relationships as for the bedrock categories. 
Once again, Ca, Mg, alkalinity and specific conductance 
show a strong positive relation, especially in the Des 
Moines lobe drift. Moderate negative relations of Cu with 
Fe and pH are also evident in some of the subdivisions. 

Table 12: Correlation Matrix for Samples Over Keweenawan Sandstones (N = 26) 

As Cu Ni Fe Zn 804 Ca Mg Na 
pH .19 -.33 -.08 -.50 -.01 .05 -.03 0 .29 

T .06 -.23 -.08 .01 0 -.12 .02 0 -.23 

Alk -.08 -.09 .10 .08 -.01 -.21 .59 .64 .01 

Spec -.03 -.02 .08 .03 -.01 -.02 .57 .59 .15 

K .03 -.16 0 0 -.02 .01 .02 .04 .26 

Na 0 -.02 0 -.12 -.03 .10 -.04 0 

Mg -.22 0 .21 .03 .01 -.07 .66 

Ca -.05 -.02 .21 .20 0 -.18 

S04 .02 .28 -.06 -.21 0 

Zn 0 .41 .11 0 

Fe -.06 -.06 .09 

Ni -.05 -.20 

Cu .35 

K s Alk T 

.05 .02 0 0 

0 0 0 

.12 .64 

.35 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 

Table 13: Correlation Matrix for Samples from Superior Lobe Drift (N = 95) 

As Cu Ni Pb Fe Zn 804 Ca Mg Na K Spec Alk Temp 

pH .12 -.27 -.02 0 -.12 -.13 -.02 .10 -.07 0 0 -.06 -.04 0 

Temp .15 -.06 -.05 0 0 0 -.07 .01 0 -.06 0 0 0 

Alk .03 0 -.01 - .11 .04 .02 .01 .46 .68 .09 .04 .70 

Spec .01 0 0 0 -.02 .05 .11 .63 .75 .16 .11 

K 0 -.01 -.02 .09 0 0 .02 .01 .03 .11 

Na 0 .07 0 .08 -.02 0 .05 0 .08 

Mg 0 .02 0 -.15 0 .06 .02 .48 

Ca 0 0 0 .08 .06 .06 .05 

804 0 .05 0 -.04 -.09 .01 

Zn 0 .22 0 -.17 0 

Fe 0 -.39 0 0 

Pb .02 0 0 

Ni -.04 .01 

Cu -.04 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 
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Table 14: Correlation Matrix for Samples from Rainy Lobe Drift (N = 74) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 

pH 0 -.01 -.01 -.03 -.01 -.08 -.02 0 .05 -.06 -.04 -.01 0 -.05 

Temp 0 0 0 -.01 0 .09 0 -.03 -.04 -.01 0 - .01 -.12 

Alk .03 0 .05 -.02 .02 -.03 0 .52 .50 0 0 .31 

Spec 0 0 0 -.04 0 -.02 .09 .73 .30 -.09 .04 

K -.02 0 .04 -.01 0 0 .05 0 0 .07 

Na 0 0 .03 .01 0 -.02 .15 0 .05 

Mg 0 -.01 .02 0 0 -.03 .07 .48 

Ca 0 -.01 0 -.01 .01 -.02 .03 

S04 -.02 .01 0 -.14 -.18 0 

Zn 0 -.03 0 .02 .01 

Fe 0 -.25 -.01 .12 

Pb -.24 -.08 -.01 

Ni 0 0 

Cu 0 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 

Table 15: Correlation Matrix for Samples from Des Moines Lobe Drift (N = 42) 

As Cu Ni Pb Fe Zn S04 Ca Mg Na K Spec Alk Temp 

pH .26 -.33 0 0 -.13 -.12 0 0 .13 .09 .04 .13 .06 -.07 

Temp 0 .06 0 .15 -.01 .28 -.04 -.01 - .11 -.02 0 -.08 -.06 

Alk .01 -.08 0 -.01 .01 0 0 .74 .77 .16 .25 .85 • I 

I 

Spec .04 -.16 0 .06 .01 0 .02 .80 .85 .18 .28 

K .01 0 0 0 -.04 .03 0 .12 .27 .23 

Na 0 -.01 0 -.05 -.03 -.01 0 .06 .11 

Mg .04 -.18 0 0 0 -.02 .02 .70 

Ca -.03 0 0 0 0 .05 .05 

S04 0 .09 0 0 0 -.03 

Zn -.15 .15 .03 0 0 

Fe 0 -.01 -.02 -.23 

Pb .21 -.05 .05 

Ni 0 0 

Cu -.48 

Note: Element data log10 transformed prior to calculation of correlation coefficients with the exception of Ca, alkalinity, temperature and 
pH. 
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lnterpretational Considerations 
It is evident from the chemical and statistical analyses 

that there is some degree of variability in well water compo
sition across the survey area. However, the significance of 
the variability is difficult to assess because so many fac
tors, both those taken into account and those that could not 
be evaluated, have an important effect on water chemistry. 
The interpretation of the data for geologic information and 
mineral potential purposes, therefore, depends to a large 
degree on the determination of what factors actually control 
the composition of the water. 

Each water sample was assigned to a specific group of 
rock lithologies and to a specific drift type. Statistical analy
ses were then performed, and it was determined that there 
was some difference in water composition between the dif
ferent rock groups and drift types. But it was not conclu
sively determined how much relative influence the bedrock 
composition and the drift composition had in controlling wa
ter chemistry. For example, it was determined that water 
from the Rabbit Lake/Thomson Formation and from the Su
perior lobe (which are spatially coincident) had relatively 
high Cu and S04 contents. However, it is very difficult to as
sess how much effect rock type and drift type actually had 
on the high Cu and S04 content; in all likelihood both vari
ables had some influence on water chemistry. 

The assignment of each water well-to a bedrock or drift 
subdivision entails some uncertainty in itself. The bedrock 
subdivisions are not homogenous; each contains several 
related, but chemically different lithologies, so individual 
wells within each subdivision may not penetrate the exact 
same rock type. The glacial drift subdivisions were based 
only on surficial geology. In places where drift from the dif
ferent ice lobes overlap, the drift at the surface may be very 
different from that at the depth from where the water is actu
ally produced. 

The mobilization, transport and deposition of the trace el
ements involves variable and complex chemical processes 
(Levinson, 1980). The element concentrations observed in 
the water samples are a result of Eh, pH, complexing and 
other chemical factors that were not able to be controlled 
during the sampling. Variations in these factors can affect 
the availability of metals at their source and the mobility of 
metals during transport, and thus the elemental concentra
tions in the water collected. The degree of interaction of 
groundwater with bedrock is also quite variable and uncer
tain across the survey area. Some aquifers have little con
tact with bedrock and thus, water from these aquifers may 
not be good indicators of bedrock geology. The presence of 
clay layers may also influence water chemistry. Not only do 
these layers act as impermeable barriers to water flow re
ducing interaction between aquifers, but they may also sig
nificantly alter water chemistry by adsorbing elements into 
their structure. 

In general, it was determined that plumbing composition 
had little affect on water chemistry. However, for individual 
wells this may not be the case. Water composition may be 
influenced by the amount of material precipitated within the 
pipe, the frequency of well use, the volume of water flow, 
the type of soldering present, the age of the plumbing, and 
a number of other related factors. For example, one well 
containing a galvanized sand point less than a month old 
was resampled three months later, and it was noticed that 
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the Zn content of the water decreased from 1 .55 ppm to 
1.03 ppm over that three months. 

The chemistry of each major bedrock subdivision pro
duces its own background levels in the groundwater and 
should be considered during interpretation. It is possible 
that lower concentration anomalies over a lower back
ground may be as, or more, significant than high concen
tration anomalies over a high background. Anomaly to 
background contrast should be considered. 

The scope of this project entailed that sampling be per
formed over a rather large surficial area encompassing a 
large number of different rock units. Consequently, a rela
tively small number of samples per rock type were used in 
the statistical analyses. Values below the detection limit 
and extraordinarily high values may carry an inordinate de
gree of influence on the calculated results. The actual nu
merical results of the analyses may not be statistically 
exact, and therefore should be used as only a general indi
cation of the relationships present. 

Despite the fact that there are a large number of vari
ables involved in the well water survey, an analysis of the 
data indicates some consistancy to the process. If the oper
ative processes were random or inconsistant, the element 
concentrations of the water would not reflect those of 
bedrock (Table 2) and bedrock elemental association 
would not be reflected in the water (Table 3) to any signifi
cant degree. 

Discussion 
Symbol maps using symbols designed and used by the 

Geological Survey of Canada were constructed to depict 
the concentrations of As, Cu, Ni, Fe, S04, Zn, Mg, Ca, Na 
and alkalinity, and are shown on Plates 2-11 (in pocket in
side back cover). The symbols represent ranges of con
centrations that were determined by ranges of percentiles 
of the cumulative frequency distribution and by increments 
of ppm or ppb for each element. The ranges of percentiles 
selected for some elements are approximate because ac
tual concentrations of the elements in ppm or ppb doesn't 
necessarily coincide with ten percent or 20 percent ranges. 
{The 2-3 ppb interval for As, for example, correlates with 
the 27 to 47 percent frequency range.) In addition, for ele
ments that have many points below the detection limit, a 
skewed percentile range is used, with all below detection 
limit values (up to 45 cumulative percent for Cu and Ni) in
cluded within the lowest concentration range. At high con
centrations, the ranges are reduced to illustrate the 
distribution of the most anomalous samples (i.e. percent
ages of 90-95%, 95-97.5% and 97.5-100%). As is evident 
from the plates, there are several areas with anomalous 
values for many of the major elements. However, most of 
the trace elements (As, Cu, Ni and Zn) showed relatively 
consistent background values across the survey area. 
High values were found in areas underlain by the Glen 
Township Formation for Ca, Mg and alkalinity near Thor in 
Aitkin County and for Na along the northeast shore of Mille 
Lacs Lake. High Ca content from areas overlying volcanic 
rocks near Borden Lake in Crow Wing County and high Fe 
content in the water from the iron formation area north of 
Brainerd in Crow Wing County were also observed. Plate 
12 illustrates samples where two or more elements exceed 
90 percent cumulative frequency. Two general areas with 



several multi-element anomalies are present in the survey 
area. The first is located near Thor in Aitkin County and the 
second is located in central and southern portions of the 
Thomson Formation in Carlton County. In both cases, the 
majority of anomalous elements are the major elements 
such as Ca, Mg, S04 and alka-linity. The element concen
trations for any sample can be determined by first locating 
the sample site and sample number on Plate 1 and refer
ring to the appendix where concentrations are listed. 

Summary and Conclusions 
A reconnaissance scale geochemical survey that in

volved the collection and analysis of groundwater samples 
from 226 domestic wells was conducted over an area of 
2160 sq. mi. in central Minnesota. The water samples were 
analyzed for Ag, As, Au, Cu, Ni, Pb, Fe, Zn, Ca, Mg, Na and 
K by atomic absorption techniques. Measurements of alka
linity, pH, S04 content and specific conductance were also 
made, either in the field or in the lab. 

Statistical analyses were performed on the water well 
data in an attempt to identify relationships between ele
mental concentrations and other parameters that could be 
useful as indicators of favorable geologic units and possi
ble economic mineralization. The effect of bedrock lithol
ogy, drift composition, bedrock penetration, plumbing 
composition and well depth on water chemistry was investi
gated. The analysis indicated that there are differences in 
the concentration of several elements between rock types. 
The relatively high Cu and S04 content in the Rabbit Lake/ 
Thomson Formation is in good agreement with known sul
fide mineralization in that area. Higher Ca and Na values in 
the feldspar-rich Archean gneisses and granites and 
higher Fe content in the Mahnomen/Denham Formation 
(which is located near the Trommald iron formation and 
contains some associated mafic volcanics) are also geo
logically consistent. The effect of drift type is less conclu
sive; any differences in water chemistry between the 
different drift types is only slight, and aren't always consis
tent with the composition of the drift. Water from the car
bonate-rich Des Moines lobe, for example, had a slightly 
lesser Ca content than the other drift types. The analysis 
also showed that in this survey pipe composition and 
whether the well penetrated bedrock or not had little effect 
on water composition. There was some correlation, on the 
other hand, between well depth and elemental concentra
tions. Cu content was found to be significantly higher in 
shallow wells than in deep wells. 

Correlation coefficients were calculated for the total data 
set, each bedrock subdivision and each drift type subdivi
sion. In all cases Ca, Mg, alkalinity and specific conduc
tance showed moderate to strong positive correlation, and 
is particularly high in the carbonate-rich Des Moines lobe 
drift. Other parameter pairs, most notably Cu and pH, show 
weak relations in some of the rock and drift subdivisions. 

Two areas of multi-element anomalies, consisting of 
mainly the major elements, were indicated by this survey, 
one occurring in the Glen Township Formation near Thor in 
Aitkin County and the other in central and southern portions 
of the Thomson Formation in Carlton County. 

This survey indicates that there may be some potential in 
using a reconnaissance scale well water sampling pro
gram for mineral potential evaluation. However, in geologi-
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cally complex areas such as central Minnesota, a greater 
sampling density should be used to ensure adequate cov
erage of all the different rock types. Seasonal or other time
related variations in water chemistry determined by 
periodic sampling of individual control wells should also be 
considered. Several elements not included in this investi
gation, particularly Sb, F and Mn (Boyle, 1974) could be 
useful as indicator elements and should be included in sub
sequent surveys. And finally, since gold and silver occur in 
natural waters in minute amounts not detectable by ordi
nary analytical techniques, solvent extraction techniques 
similar to that recently developed by McHugh (1984) could 
be used in the direct analysis of well water for gold and sil
ver content. 
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several multi-element anomalies are present in the survey 
area. The first is located near Thor in Aitkin County and the 
second is located in central and southern portions of the 
Thomson Formation in Carlton County. In both cases, the 
majority of anomalous elements are the major elements 
such as Ca, Mg, S04 and alka-linity. The element concen
trations for any sample can be determined by first locating 
the sample site and sample number on Plate 1 and refer
ring to the appendix where concentrations are listed. 

Summary and Conclusions 
A reconnaissance scale geochemical survey that in

volved the collection and analysis of groundwater samples 
from 226 domestic wells was conducted over an area of 
2160 sq. mi. in central Minnesota. The water samples were 
analyzed for Ag, As, Au, Cu, Ni, Pb, Fe, Zn, Ca, Mg, Na and 
K by atomic absorption techniques. Measurements of alka
linity, pH, S04 content and specific conductance were also 
made, either in the field or in the lab. 

Statistical analyses were performed on the water well 
data in an attempt to identify relationships between ele
mental concentrations and other parameters that could be 
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Correlation coefficients were calculated for the total data 
set, each bedrock subdivision and each drift type subdivi
sion. In all cases Ca, Mg, alkalinity and specific conduc
tance showed moderate to strong positive correlation, and 
is particularly high in the carbonate-rich Des Moines lobe 
drift. Other parameter pairs, most notably Cu and pH, show 
weak relations in some of the rock and drift subdivisions. 

Two areas of multi-element anomalies, consisting of 
mainly the major elements, were indicated by this survey, 
one occurring in the Glen Township Formation near Thor in 
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cally complex areas such as central Minnesota, a greater 
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SAMP. 
NUM. 

l 
2 
3 
5 
6 
8 
g 

10 
11 
13 
1-l 
15 
17 
20 
21 
2J 
~4 

.25 
2b 
27 
30 
31 
32 
34 
36 
37 
38 
40 
41 
42 
44 
45 
47 
48 
49 
50 
51 
52 
53 
54 
57 
58 
59 
60 
61 
62 
b3 
65 
67 
68 
71 
72 
73 
74 

SPEC. 

TWP. 
1/4 ROCK TILL DEPTH As Cu Ni Pb Fe 504 Ca Mg No K Zn CONO. ALK. JEMP. 

RGE. SEC. SEC. TYPE TYPE FT. ppb ppb ppb p_Db ppm porn ppm ppm ppm ppm ppm pH ctim71 mg/I C 

46.00 24.00 19 BAAB 
44.00 25.00 8 CCB 
44.00 25.00 32 CBA 
45.00 25.00 36 DDDD 
44.00 25.00 l DDCC 
46. 00 26. 00 34 DAB 
46.00 26.00 35 DAD 
46. 00 25. 00 30 DAC 
46.00 25.00 29 CDC 
46. 00 25. 00 32 DDA 
46.00 25.00 29 ~AD 

46.00 25.00 2 CBC 
46. 00 25. 00 15 AAA 
46. 00 24. 00 18 BBA 
45.00 25.00 10 ACB 
45. 00 26. 00 12 AAB 
45. 00 25. 00 32 DCC 
45. 00 25. 00 32 'BCA 
45. 00 25. 00 30 ·DOD 
45. 00 25. 00 30 DBD 
44. 00 25. 00 16 1ADD 
44. 00 . 24. 00 29 AAO 
44. 00 23. 00 17 ·DDD 
46. 00 26. 00 14 'ADA 
46.00 25.00 6 -ODD 

AG D 
AG S 
AG S 
ML S 
ML · S 
HL . D 
G D 
G D 
G D 
G D 
G D 
G D 
G D 
ML D 
G D 
G D 
AG D 
ML D 
G D 
G D 
ML S 
AG S 
AG D 
ML D 
l'IL D 

46.00 25.00 
45.00 26.00 
46.00 28.00 
46.00 28.00 
46.00 27.00 
44.00 28.00 
44.00 28.00 
44.00 28.00 

11 .cce G D 
D 
D 
D 
D 
s 
s 
s 
s 
s 
s 
s 
D 
R 
R 
s 
s 
s 
s 
R 

24 'l)DO G 
14 'CAB RL 
24 ·CAD I 
30 ·BCA HA 

3. DCCCA HV 
9. ·BADBD HV 
3. CCCDA HV 

44.00 28.00 4. ~AACC ML 
45. 00 28. 00 31 ·DABBA HA 
45. 00 29. QO 25 BCDAD I 
45.00 28.00 7 ·CAABC RL 
46. 00 28. 00 32 1ACDCA I 
45. 00 29. 00 9 1DDCCB I 
45.00 29.00 8 1CACCO MA 
43.00 27.00 18 1DCBBA ML 
43.00 28.00 13 1BDCDB AG 
43.00 28.00 13 1BDCDC AG 
44.00 28.00 30 1DCDCB HV 
44.00 29.00 24 'BDCAD MV 
44.00 29.00 
44.00 30.00 
45.00 
45.00 

30.0U 
30.00 

45.00 30.00 
134.00 28.00 
135.00 28.00 
135.00 28.00 
135.00 28.00 

22 1CCDCA ML R 
24 1AAACA I S 
25 il3CBCC RL R 
10 1ADCCC HA D 

8 1BCCHD ML R 
1 ICBCDC RL R 

24 IAAACD I R 
35, IBBBCC I R 
29 IDDCBA RL ' R 

90 9.00 .1 
111 7.00 1.00 
100 5.00 1.00 
75 . 1 .1 
60 . 1 . 1 

19. 00 1. 00 
60 11.00 1.00 
72 12.00 2.00 
30 3.00 4.00 

120 7.00 2.00 
122 11.00 1.00 

55 6.00 1.00 
13 3.00 5.00 

175 11.00 .1 
3.00 6.00 

22 2.00 .1 
140 12.00 2.00 

73 12.00 1.00 
86 9.00 2.00 

160 10.00 1.00 
129 12.00 2.00 

90 7.00 3.00 
32 4.00 2.00 
26 6.00 .1 
65 8.00 3.00 
68 7.00 .1 

110. 6.00 2.00 
80. 9.00 2.00 

130. 16. 00 . 1 
80 6. 00 1. 00 
47 8.00 3.00 

230 4.00 1.00 
78 4.00 3.00 

6. 00 .1 
26 6.00 2.00 
35 7. 00 .1 

100 6.00 .1 
9.00 7.00 
6.00 .1 

22 6.00 20.00 
80 7. 00 1. 00 
80 17. 00 . 1 
1B B. OD 5. 00 
28 9.00 2.00 

156 8.00 7.00 
90 22.00 .1 

104 9. 00 . 1 
46 15. 00 . 1 

8.00 5.00 
42 10. 00 1. 00 
50 4. 00 1. 00 
80 6.00 .1 
60 5. 00 . 1 
24 4. 00 . 1 

1. 00 
1.00 

. 1 

. 1 
1. 00 
5.00 
3.00 
2.00 

·1. 00 
2.00 
3.00 
2.00 
4.00 
1. 00 
8.00 
1. 00 
2.00 
3.00 
2.00 
1. 00 
.1 

2.00 
. 1 

2.00 
1. 00 
1. 00 
1.00 
2.00 
1. 00 
3.00 
1. 00 

. 1 

.1 

.1 

. 1 

.1 

.1 

. 1 

. 1 

. 1 
l. 00 
1. 00 
.1 
• 1 
. 1 
. 1 

1. 00 
1. 00 

. 1 
• 1 

1. 00 
1. 00 
2.00 

. 1 

• 1 
. 1 
. 1 

1. 00 
1. 00 
8.00 
2.00 

. 1 

. 1 
5.00 

. 1 
1. 00 
.1 
. l 

1. 00 
. 1 
. 1 
.1 

1. 00 
1. 00 
4.00 
3.00 
5.00 

. 1 

.1 

. 1 

.1 

. 1 

.1 

. 1 

. 1 

. 1 

. l 

. 1 

. 1 

.1 

.1 
3.00 

. 1 
• 1 
. 1 
. l 
. l 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 
. 1 

1. 00 
1. 00 

. 1 

. 1 

1. 50 
1. 40 
1. 50 
1. 30 

. 8 

.1 

. 1 

. 1 

. 1 

. l 
• 1 
. 3 

1. 20 
.5 

1. 00 
. 01 
. 3 
. 01 
. 01 
. 1 

1. 00 
. 1 
. 01 
. 01 
• 1 

3.10 
.2 
. 3 

6.30 
. 6 
. l 

4.90 
. 01 
. 5 
. 01 

1. 60 
.1 
. 01 
. 4 
. 01 

1. 40 
.2 
. 01 
. 01 
.01 

5.40 
3.30 
1. 80 
.1 
. 01 
. 01 

1. 40 
2.10 

25.00 

16!00 
.1 
.1 
. 1 

21.00 
12.00 
3.50 

. 1 
6.50 
.1 

5.00 
.1 

7.00 
15.00 
5.00 
3.00 
5.10 

.1 

.1 

.1 
1.00 

14.50 
7.00 

14.00 
14.00 
15.00 
1.00 
4.00 
3.00 
7.00 

21.00 
26.50 
9.30 

20.00 
9.00 
3.10 

45.00 
5.00 
6.10 

18.00 
. 1 
.1 

4.20 
4.00 
4.10 
1. 00 

. 1 

. 1 
7.10 

15.50 
4.00 

.1 
3.80 
2.30 

74.00 
54.00 
79.00 
54.00 
39.00 
32;00 
34.00 
28.00 
16.00 
34.00 
28.00 
40.00 
17.00 
63.00 
17.00 
9.00 

50.00 
26.00 
22.00 
30.00 
64.00 
63.00 
76.00 
37.00 
36.00 
56.00 
23.00 
54.00 
47.00 
40.00 
76.00 
72.00 
96.00 
83.00 
31. 00 
53.00 
79.00 
26.00 
27.00 
31. 00 
70.00 
55.00 
45.00 
33.00 
59.00 
77.00 
61. 00 
62.00 
25.00 
69.00 
22.00 
40.00 
43.00 
89.00 

45.00 
27.00 
49.00 
36.00 
36.00 
14.00 
9.00 

20.00 
6.00 

11. 00 
8.00 

29.00 
7.00 

41. 00 
7.00 
3.00 

26.00 
10.00 
10.00 
16.00 
25.00 
11.00 
34.00 
16.00 
25.00 
26.00 
6.00 

21.00 
11. 00 
14.00 
29.00 
6.00 

31. 00 
26.00 
7.00 

10.00 
21. 00 
7.00 
7.00 

11. 00 
27.00 
27.00 
19.00 
6.00 

24.00 
28.00 
18.00 
24.00 
5.00 

14.00 
5.00 

11.00 
8.00 
4.00 

10.00 
22.00 
9.00 
8.00 

17.00 
5.00 
6.00 
9.00 
3.00 

24.00 
4.00 

13.00 
6.00 

17.00 
7.00 
3.00 
8.00 

12.00 
15.00 
18.00 
17.00 
10.00 
9.00 
9.00 
9.00 
4.00 

32.00 
6.00 
5.00 
5.00 
8.00 
6.00 
6.00 
7.00 
3.00 
3.00 
5.00 
3.00 
4.00 

11. 00 
8.00 
7.00 
5.00 
8.00 
9.00 
7.00 

11. 00 
10.00 
4.00 
4.00 
2.00 

13.00 
4.00 
3.00 

2.00 
2.00 
2.00 
2.00 
3.00 
1. 00 
1. 00 
2.00 
1. 00 
2.00 
1.00 
2.00 
1. 00 
2.00 
1.00 
1. 00 
2.00 
1.00 
2.00 
2.00 
2.00 
2.00 
2.00 
1. 00 
2.00 
1. 00 
2.00 
2.00 
2.00 
1. 00 
2.00 
5.00 
2.00 
1. 00 
1. 00 
1.00 
1. 00 
1.00 
1. 00 
1. 00 
2.00 
2.00 
1. 00 
1. 00 
2.00 
1. 00 
2.00 
2.00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 

.07 7.70 600.00 353.80 

.12 7.80 420.00 254.70 

.1 7.40 568.00 335.50 

.01 7.70 500.00 271.60 

.13 7.70 391.00 248.60 

.04 8.30 230.00 127.10 

.04 8.20 230.00 131.20 14.0 

.06 8.30 240.00 154.80 12.0 

.12 7.10 110.00 60.50 12.0 

.01 8.20 280.00 175.30 12.0 

.01 8.30 195.00 111.70 15.0 

.02 8.00 350.00 220.40 12.0 

.04 6.40 150.00 60.50 11.0 
'.02 7.70 540.00 322.90 11.0 
.28 7.60 140.00 77.90 12.0 
.33 6.50 75.00 29.70 17.0 
.07 8.10 340.00 228.60 10.0 
.1 8.60 210.00 133.20 13.0 
.02 8.60 205.00 124.00 11.0 
.1 8.40 250.00 168.10 12.0 
.06 7.70 420.00 286.00 14.0 
.02 8.20 222.00 116.90 14.0 
.31 7.50 590.00 210.10 14.0 
.15 7.60 290.00 137.40 15.0 
.01 8.00 300.00 196.80 11.0 
.02 7.60 390.00 215.30 11.0 
.01 8.10 240.00 148.10 13.0 
.26 7.70 335.00 213.70 16.0 
.29 7.30 280.00 175.80 13.0 
.17 7.40 250.00 182.50 13.0 
.06 7.50 462.00 319.40 13.0 
.12 7.90 362.00 202.20 10.0 
.24 7.70 600.00 371.00 10.0 
.17 7.90 560.00 311.40 12.0 
.19 7.50 195.00 111.10 15.0 
.07 7.70 292.00 186.10 11.0 
.25 7.70 470.00 240.40 15.0 
.06 7.50 170.00 91.00 10.0 
.1 8.20 180.00 101.00 12.0 
.78 6.90 260.00 101.90 16.0 
.03 7.80 412.00 311.40 10.0 
.01 8.20 370.00 267.90 15.0 
.05 8.00 300.00 208.40 12.0 
.17 8.10 230.00 120.20 11.0 
.05 8.00 375.00 265.60 15.0 
.06 7.60 455.00 320.60 11.0 
.18 7.70 350.00 262.20 10.0 
.02 7.90 380.00 286.20 10.0 
.18 7.20 160.00 105.30 17.0 
.06 7.90 350.00 227.30 15.0 
.01 8.50 160.00 79.60 12.0 
.11 8.10 275.DO 198.10 13.0 
.06 7.90 255.00 155.70 14.0 
.13 7.30 435.00 282.20 10.0 



w w 

Spec. 
Samp. 1/4 Rock Till Depth As Cu Ni Pb Fe S04 Ca Mg Na K Zn Cond. Alk. Temp. 
Num. Twp. Rg e. Sec. Sec. Type Type ft. ppb ppb ppb ppb ppm ppm ppm ppm ppm ppm ppm pH ohm/I mg/I ° C 

75 135.00. 2B.OO 29 BABBA HA R 30: 3.00 .1 1.00 .1 3.70 6.20 28.00 7.00 18.0D 1.00 .D3 7.5D 245.DD 94.50 13.0 
76 135.00 28.00 20 BBCCA HL R 30 3.DO .1 1.00 1.00 1.30 6°20 30.00 4.00 3.00 1.00 .06 8.20 170.00 96.20 10.0 
77 46.DD 29.DO 6 BBDDD HA R B~ 5.00 .1 .1 1.00 .4 5.00 37.00 10.00 5.00 1.00 .OB B.10 215.00 14B.BO 15.0 
78 46.DO 3D.OD 13 DDADB HA D 100· 3.00 .1 .1 .1 .2 14.60 65.00 16.00 4.00 1.00 .25 7.80 330.00 233.60 12.0 
79 42.00 29.00 3 DCADD AG R 25 2.00 1.00 .1 .1 .2 6.70 74.00 34.00 13.00 1.00 .01 7.90 520.DO 341.20 9.0 
80 43.00 30.00 24 ADBCD HV R 50 1.00 3.00 1.00 .1 .01 24.00 63.00 21.00 10.00 2.00 .05 7.80 395.00 214.10 14.0 
81 43.00 30.00 14 DCBDA HL R 60 1.00 3.00 1.00 .1 .01 19.50 61.00 15.00 4.00 1.00 .1 8.10 335.00 160.30 10.0 
82 43.DO 30.00 14 DCBBD HL R 30 1.00 9.00 3.00 .1 . 1 21.10 41.00 10.00 34.00 20.00 .23 7.30 380.00 174.00 11.0 
83 43.00 30.00 3 ADBBA HA R Bl 1.00 2.00 2.00 .1 4.30 .1 83.00 25.00 6.00 1.00 .01 7.40 510.00 322.90 11.0 
84 44. DO 30. 00 33 ADAAB I R 20 1. 00 2. 00 1. 00 · 1 · Dl 3. 8D 33. DO 9. 00 5. DO 1. DO . 01 7. 80 205. DO 95. 60 13. D 
85 44.00 JO.OD JJ CDDDC RL R 3.00 · 1 · 1 · 1 .5 4.50 50.00 14.00 4.00 1.00 .01 8.00 280.00 122.BO 16.0 
i:lb 44. 00 30. 00 lb llCBCD HA. R 130 2. 00 . 1 . 1 . 1 . 01 12. oo· 45. 00 15. 00 5. 00 1. 00 . 01 8. 20 285. 00 118. 30 13. 0 
8'/ 44.0U 30.00 8 BBBAC• I R 60 3.00 .1 .1 .1 .6 4.00 71.00 23.00 7.00 1.00 .34 7.70 395.00 218.70 12.0 
88 44. 00 31. 00 11 DDBBB RL R 18 1. 00 . 1 . 1 . 1 . 5 6. 50 56, 00 15. 00 5. 00 1. 00 . 03 B. 00 290. 00 155. 30 14. O 
89 44.00 31.00 lD CCAAB HA R 42 1.00 12.0D 1.DO .1 .Dl 5.DO 54.00 15.00 3.00 1.00 .38 7.90 300.DO 141.3D 15.0 
90 133.0D 28.00 17 BBBDC HL R 20 .1 10.0D l.DO .1 .3 6.00 28.00 5.00 3.00 1.00 .12 7.40 165.00 63.00 14.0 
93 43. 00 3D. 00 32 ABACC 11L R 90 . 1 . 1 · 1 · 1 2. 4D · 1 76. 00 28. 00 8. 00 2. 00 . 06 7. 40 510. 00 246. 70 12. 0 
94 42.00 30.00 6 BACAD 11V R 30 .1 2.00 2.DO .1 .1 36.00 85.00 34.00 17.00 1.00 .12 7.00 625.00 182.90 16.0 
95 43.0D 31.DO 25 BCBCC HA R lDO .1 1.DO .1 .1 .01 6.00 62.00 15.00 5.00 1.00 .16 7.90 345.00 166.50 16.0 
96 43.0D Jl.00 24. CCBBB I R .1 1.00 .1 .1 .01 17.00 53.00 16.00 5.00 1.00 .2 8.00 330.00 116.30 17.0 
97 43.00 31.DD 15 ADDAA RL R 110 .1 2.00 3.00 .1 .2 5.00 43.00 12.00 4.00 1.00 .22 8.20 305.00 142.40 13.0 
98 43.00 31.0D 3 DABAA 11A R 25 .1 9.0D 3.00 1.00 .01 16.00 59.00 4.00 8.00 14.00 .05 7.00 480.00 112.60 16.0 

100 44.00 31.00 J2 AAAAD I R 60 . 1 .1 2.00 1.00 .01 29.00 72.00 26.00 8.DO 1.00 .OB 7.60 500.00 167.70 16.0 
101 44.00 31.00 32 ADDBD RL R 76 5.00 .1 1.00 3.00 .1 6.00 35.00 9.00 5.00 1.00 .01 205.00 96.70 11.0 
102 44.00 31.00 16 BABAA HA R 61 .1 2.DO 2.00 3.00 1.40 3.00 4B.OO 9.00 3.00 1.00 .01 7.90 245.00 123.60 11.0 
103 133.00 2B.OO 18 BBCDC KL R 66 3.0D .1 1.00 3.00 2.00 .1 49.00 10.00 3.00 1.00 .01 7.40 260.00 129.00 13.0 
104 133. 00 29. 00 12 BCACC HV R 55 2. 00 . 1 .1 .1 2. 10 3. 00 42. 00 6. 00 118. 00 1. 00 . 01 7. 80 610. 00 119. 90 13. O 
105 133.00 29.00 2 ADCCC KL R . 1 10.00 1.00 .1 .1 14.50 37.00 7.00 17.00 2.00 .03 7.90 240.00 B8.60 14.0 
107 l34. 00 29. 00 24 CDCCC KL R 80 .1 3. 00 1. 00 . 1 . 01 13. 50 52. 00 12. 00 5. 00 1. 00 . 01 7. 90 290. 00 124. 60 13. O 
108 l34.00 29.00 9 DBAAD AG R 20 .1 1.00 .1 .1 1.60 5.40 12.00 4.00 3.00 2.00 .25 6.50 200.00 27.40 20.0 
l09 l34.DO 29.00 9 DABBB AG R 2B 3.00 6.0D 1.00 .1 .01 18.60 15.00 5.00 38.00 1.00 .1 6.40 220.00 33.40 13.0 
110 l34.00 29.00 3 AAABD HL R 48 9.00 .1 .1 .1 6.80 21.00 54.00 8.00 12.00 1.00 .29 6.40 300.00 196.00 13.0 
ll2 l35.00 29.00 l2 BCDCC AG R 57 4.00 9.00 .1 .1 .01 16.00 70.00 21.00 19.DO 1.00 .06 7.60 500.00 119.00 12.0 
114 136. 00 29. 00 8 ADDDD AG R 65 7. 00 . 1 . 1 . 1 3. 20 1. 90 44. 00 11. 00 5. DO 1. 00 . 04 7. 80 24D. 00 190. 10 10. 0 
115 135.00 29.00 6 CCCDB AG R 80 5.00 5.00 1.00 .1 .01 3.10 68.00 24.00 4.00 1.00 .2 7.70 360.00 303.30 18.0 
116 135.00 29.DO 32 ADBBC AG R 160 14.00 .1 .1 .1 .3 .1 56.00 18.00 14.00 2.00 .01 7.90 330.00 286.00 13.0 
llB 134. 00 2B. DO JD CCADB HA R 6. 00 . 1 . 1 . 1 . 3 . 1 49. 00 22. 00 19. 00 2. 00 . 01 7. 80 320. 00 2B5. 40 11. 0 
119 133.00 29.0D 28 DCACA HL T 6.00 5.00 .1 .1 .01 3.20 49.00 15.00 2.00 1.00 .OJ 7.80 260.00 214.00 10.0 
120 133.00 29.00 33 BDDDD 11L T 47 12.00 .1 .1 .1 2.20 . 1 48.00 13.00 3.00 1.00 .13 7.50 265.00 224.90 12.0 
121 133.00 29.00 29 DDACD 11V T 50 8.00 .1 .1 .1 .3 6.00 58.00 17.00 3.00 1.00 .12 7.80 320.00 244.90 15.0 
122 133.00 29.00 21 CADDO 11L R 30 7.DO .1 .1 .1 .8 5.60 60.00 17.00 2.00 1.00 .02 7.70 315.00 249.80 11.0 
123 133. 00 29. 00 19 DDDCA AG T 74 7. 00 . 1 .1 . 1 . 3 2. 20 58. 00 20. 00 4. 00 1. 00 .11 7. 80 315. 00 261.10 13. O 
124 133. 00 29. 00 19 ADACB l1V R 6. 00 . 1 . 1 . 1 . 01 19. 00 63. 00 22. 00 2. 00 1. 00 . 24 7. 40 355. 00 266. 70 16. O 
125 133.00 29.00 18 CBCBC HL R 35 5.00 9.00 .1 1.00 .01 15.00 78.00 26.00 43.00 1.00 .02 7.60 620.00 233.40 13.0 
126 133.00 30.DO 29 ABBAC AG D 4.00 .1 3.0D 1.00 2.10 4.80 63.00 15.00 3.00 1.00 .01 7.50 315.00 255.30 11.0 
127 133.00 30.00 32 DADAB l1V R 82 4.00 9.DO 4.00 1.DO .01 4.40 40.00 12.00 2.00 1.DO .05 7.60 225.00 170.90 13.0 
128 136. 00 30. 00 12 CCCDD AG R lOD 8. 00 1. 00 . 1 . 1 . 4 . 1 40. 00 13. 00 9. 00 1. 00 . Dl 8. 00 230. 00 208. 50 13. 0 
129 136. 00 30. 00 30 ADBCD AG R 60 5. 00 . 1 . 1 . 1 . 5 . 1 49. 00 lB. DO 7. 00 1. 00 . 02 7. 90 285. 00 249. 40 16. 0 
131 136. 00 32. 00 24 CCAAD AG W 140 9. 00 . 1 . 1 . 1 . 8 .1 65. OD 26. 00 9. 00 2. 00 . 01 8. 00 350. 00 331. 20 13. 0 
132 136. 00 32. OD 21. AABBA AG W 220 6. 00 . 1 . 1 . 1 . 6 . l 43. 00 31. 00 46. 00 2. 00 . 01 8. 00 390. 00 364. 90 11. 0 
134 135. 00 31. 00 5 l>DDCA AG W 47 . 1 . 1 1. 00 . 1 6. 40 4. 00 32. 00 13. 00 6. 00 2. 00 . 02 7. BO 225. 00 165. 70 14. 0 
137 132.00 31.00 12 DuAAB HV R 69 .1 35.00 .1 .1 .9 7.00 55.00 f8.00 3.00 1.00 .01 7.70 280.00 252.30 12.0 
138 132. 00 31. OD 6 DBADA AG R 2B 2. 00 10. 00 . 1 1. 00 . 01 5. 00 42. 00 10. 00 2. 00 1. 00 . 05 8.10 228. DO 174. 2D 16. 0 
139 133.00 JJ.00 20 DCCDB AG D 30 7.00 3.00 .1 . 1 4.30 2.00 64.00 lB.00 8.00 1.00 .01 7.40 325.00 272.90 13.0 
140 135. 00 30. 00 33 AADAf> HV R 23 1. 00 . 1 . 1 , 1 1. 30 4. 00 69. 00 22. 00 5. 00 2. 00 . 06 7. 30 350. 00 296. BO 14. 0 



u:> 
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So mp. 1/4 Rock TI 11 Depth As 
Num. Twp. Rge. Sec. Sec. Type Type H. ppb 

Cu 
ppb 

141 
142 
143 
144 
145 
147 
148 
149 
150 
1:i1 
153 
154 
155 
156 
157 
158 
159 
lt:iO 
161 
16:.J 
164 
165 
166 
167 
16B 
169 
171 
172 
173 
174 
175 
176 
178 
179 
180 
181 
182 
183 
184 
18~ 

186 
187 
189 
190 
192 
193 
195 
197 
200 
202 
203 
204 
205 
206 
207 

134.00 31.00 26 BCBDB AG 
135.00 31.00 34 CBBBC AG 
135.00 31.00 31 BCBDB AG 
134.00 32.00 2. ABABC AG 
134.00 32.00 20. DDCBD AG 
134.00 31.00 32. ADBDB HV 
133.00 31.00 2. CDDDC AG 
45.00 31.00 36 BBCBD HA 
45.00 31.00 36 BBCBA HA 
45.00 31.00 35 ADAAD HA 
47.00 18.00 3. ABAAA RL 
47.00 18.00 2 CCCCB K 
47.00 lB.00 2. CCCCC K 
47.00 
46.00 
47.00 
48.00 
48.00 
47.00 
47.00 

17.00 5. AAABC RL 
lB.00 1. HABAB S 
17.00 17. CDDCB S 
18.00 33. BDOAA RL 
19.00 36. DDAAA RL 
19.00 3 AABAB RL 
18.00 31 DDDDB RL 

47.00 19.00 31 DCCDB RL 
47.00 20.00 36 DDDBD K 
47.00 20.00 35 CDDDC K 
47.00 20.00 26 ABCCC RL 
47.00 19.00 18 ACCBC RL 
47.00 19.00 5 AABBB RL 
4B.OO 20.00 27 BABAB RL 
48.00 20.00 32 DDCAC RL 
48.00 20.00 32 DDCAC RL 
47.00 21.00 14 'ADCBC RL 
4B.00 21.00 29 •DCBBC RL 
47.00 21.00 33 'BBBBB HL 
46.00 20.00 B 1DCACB K 
46.00 21.00 23 1DDBBB RL 
46.00 21.00 9 IDAABB RL 
47.00 18.00 19 IACACC RL 
46.00 17.00 17 lDDDAD S 
46.00 18.00 10 IABABD S 
45.00 18.00 3 IAADDD S 
45.00 17.00 4 IBCBAB S 
45.00 18.00 22 IABBBD S 
45.00 17.00 32 1CCCDA S 
44.00 18.00 26 1BAABB K 
44.00 18.00 17 1AADDA S 
45.00 21.00 5 1CCCAB AG 
45.00 21.00 15 AADDC K 
45.00 21.00 12 COAAA HL 
46.00 20.00 33 BDDDC RL 
46.00 20.00 10 DCBAB RL 
45.00 20.00 21 DABCB RL 
45.00 20.00 30 AADBC K 
45.00 21.00 25 DBACC HL 
45.00 21.00 32 DBDDD AG 
44.00 21.00 19 ADDCA AG 
44.00 21.00 33 BBBBB S 

w 
w 
w 
w 
R 
w 
w 
R 
R 
R 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 

B5 
200 

BO 

BO 
73 

145 
123 
157 
150 

25 
65 

126 
485 
119 
360 
150 

39 
153 
120 

2B 
163 

20 
25 
50 
40 

180 
35 
70 
40 

225 
18 

145 
500 
267 
316 
415 
33B 
125 
100 

90 
60 
62 
50 

310 
67 
70 
25 
17~ 
25 
68 

100 
210 
166 

2.00 
1. 00 
2.00 
3.00 
2.00 
1. 00 
2.00 
1. 00 
2.00 
1. 00 
5.00 

. 11. 00 
11. 00 
5.00 

12.00 
9.00 
8.00 
8.00 

12.00 
9.00 
4.00 
3.00 
4.00 
4.00 

10.00 
19.00 
6.00 
7.00 
7.00 

12.00 
11.00 
10.00 
14. 00 
14.00 
7.00 
6.00 

13.00 
5.00 
5.00 
3.00 
2.00 
1. 00 
2.00 

. 1 
2.00 
2.00 
3.00 
4.00 
4.00 
4.00 

. 1 
19.00 
3.00 

. 1 

. 1 

. 1 

. 1 
1. 00 
1. 00 
.1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 

9.00 
. 1 
.1 
• 1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 

10. 00 
. 1 
. 1 

2.00 
• 1 

2.00 
.1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
.1 
.1 
.1 
. 1 
. 1 
. 1 
. 1 

2. 00 
4.00 4.00 
3. 00 11. 00 
4.00 5.00 
4.00 5.00 
4. 00 . 1 

Ni Pb 
ppb ppb 

. 1 

. 1 

.1 

. 1 

. 1 

. 1 

. 1 

.1 

.1 

.1 
1. 00 
1. 00 
8.00 
1. 00 
6.00 
1. 00 
1. 00 

.1 
13.00 
2.00 
4.00 
3.00 
3.00 

. 1 
6.00 

. 1 
1. 00 
4.00 

. 1 
1. 00 
2.00 
6.00 
1. 00 
3.00 
1.00 
1. 00 
1. 00 
3.00 
.1 
. 1 

1. 00 
. 1 

1. 00 
.1 
.1 
. 1 
. 1 

1. 00 
1. 00 

. 1 

. 1 
2.00 

. 1 

. 1 

. 1 

.1 

.1 
• 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 

1. 00 
. 1 
.1 
. 1 
. 1 
• 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 

Fe S04 
ppm ppm 

.3 

. 01 

. 01 

. 2 
2.10 
1. 20 

. 3 
• 6 

2.10 
1. 60 

. 1 

. 3 

. 1 

. l 

.01 

. 1 

.1 

.1 

. 3 

. 2 

.7 

.01 

. 7 

. 1 

.9 

.3 

. 1 
1. 30 
.2 
• 2 

6.80 
.2 
. 01 
.7 
.3 
. 01 
. 1 
. 01 
. 1 

1. 40 
2.50 

. 1 
13.00 
2.20 

• 1 
. 2 
.2 
.B 
. 1 
.6 
. 1 
. 1 
. 1 
. 1 

1. 10 

3.00 
4.00 
4.00 
.1 

4.50 
.1 

5.00 
37.00 
4.50 
4.00 
3.00 
5.50 
.1 

14.00 
144.00 

6.00 
.1 

5.00 
2.50 
1. 00 
3.00 

15.00 
5.00 

14.00 
43.00 
26.00 
4.00 
3.00 

47.00 
3.00 
.1 
. 1 

16.50 
. 1 

31.00 
20.00 
23.00 
28.50 
7.00 
2.00 
3.00 

11. 50 
2.50 

34.00 
27.00 
9.50 

13.00 
14.00 
2.00 
2.00 
3.00 

19.00 
71.00 
34.00 
16.00 

Ca 
ppm 

34.00 
78.00 
68.00 
54.00 
57.00 
62.00 
46.00 
74.00 
65.00 
46.00 
25.00 
29.00 
28.00 
23.00 
22.00 
22.00 
24.00 
38.00 
37.00 
39.00 
45.00 
36.00 
48.00 
26.00 
53.00 
44.00 
49.00 
40.00 
54.00 
24.00 
58.00 
44.00 
39.00 
68.00 
54.00 
21. 00 
15.00 
14.00 
17.00 
25.00 
40.00 
22.00 
42.00 
12.00 
42.00 
41. 00 
5B.OO 
53.00 
53.00 
40.00 
42.00 
51.00 
60.00 
51. 00 
36.00 

Mg 
ppm 

11.00 
32.00 
19.00 
17.00 
20.00 
23.00 
16.00 
24.00 
18.00 
11. 00 
10.00 
11.00 
10.00 
7.00 
6.00 
6.00 

14.00 
20.00 
19.00 
20.00 
29.00 
17.00 
18.00 
13.00 
34.00 
38.00 
24.00 
21. 00 
53.00 
17.00 
30.00 
25.00 
17.00 
35.00 
61.00 
13.00 
3.00 
7.00 
B.00 
7.00 

13.00 
10.00 
10.00 
4.00 

19.00 
33.00 
33.00 
24.00 
23.00 
19.00 
20.00 
23.00 
32.00 
29.00 
17.00 

Na 
ppm 

4.00 
6.00 
4.00 

12.00 
2.00 
7.00 
7.00 

11. 00 
7.00 

10.00 
10.00 
10.00 
11. 00 
4.00 

48.00 
3.00 
8.00 
6.00 
7.00 

13.00 
7.00 
4.00 
7.00 
6.00 
6.00 
7.00 

11.00 
17.00 
25.00 
10.00 
7.00 

11. 00 
6.00 

12.00 
8.00 

19.00 
36.00 
33.00 
29.00 

4.00 
4.00 
6.00 
4.00 
3.00 
5.00 

17.00 
10.00 
5.00 
5.00 
6.00 
7.00 
3.00 

11. 00 
7.00 
4.00 

K 
ppm 

1. 00 
2.00 
2.00 
2.00 
1. 00 
1. 00 
1. OD 
2.00 
2.00 
2.00 
2.00 
1. 00 
1. 00 
1. 00 
3.00 
1. 00 
1. 00 
2.00 
1.00 
2.00 
2.00 
2.00 
1. 00 
1.00 
1.00 
1. 00 
1. 00 
3.00 
2.00 
1. 00 
2.00 
2.00 
2.00 
2.00 
3.00 
7.00 
2.00 
2.00 
2.00 
1. 00 
2.00 
1. 00 
1. 00 
1. 00 
3.00 
2.00 
3.00 
2.00 
2.00 
2.00 
2.00 
4.00 
3.00 
2.00 
3.00 

Zn 
ppm 

.. 35 
. 01 
. 01 
.07 
. 12 
. 01 
. 01 
. 01 
. 01 
. 01 
. 01 
. 04 
• 13 
.OB 
.03 
.02 
.02 
. 16 
.04 
.04 
.02 
.01 
• 32 
. 1 
.02 
.06 
. OB 
. 51 
.09 
. 01 
. 06 
. 04 
. 05 
. 04 
.02 
. 08 
.02 
. 04 
. 02 
. 05 
. 03 
. 03 
. 45 
.OB 
. 04 
.66 
.06 
. 02 
• OB 
.09 
. 13 
.41 
. 22 
. 17 
. 22 

Spec. 
Cond. Al k. Temp. 

pH ohm/I mg/I ° C 

7.40 215.00 158.40 17.0 
7.50 425.00 3Bl.2D 11.0 
7.40 350.00 284.80 11.0 
7.70 305.00 280.30 11.0 
7.50 315.00 261.30 14.0 
7.70 345.00 307.00 17.0 
7.80 265.00 210.80 14.0 
7.50 410.00 305.10 9.0 
7.50 315.00 273.00 10.0 
7.50 265.00 196.70 6.0 
8.20 195.00 162.10 13.0 
8.10 230.00 202.90 12.0 
B.30 210.00 189.BO 14.0 
8.40 160.00 111.40 14.0 
8.50 325.00 112.40 10.0 
8.40 155.00 97.10 16.0 
8.00 215.00 182.50 13.0 
8.10 290.00 245.60 12.0 
8.00 285.00 238.60 14.0 
8.30 320.00 295.50 11.0 
8.10 360.00 340.BO 11.0 
8.10 260.00 210.50 11.0 
7.50 350.00 292.00 15.0 
6.90 320.00 143.40 17.0 
7.80 520.00 348.90 15.0 
7.BO 490.00 365.00 16.0 
7.70 405.00 311.60 17.0 
7.90 365.00 322.70 15.0 
7.80 710.00 492.00 14.0 
8.20 245.00 211.70 14.0 
7.30 510.00 40B.80 13.0 
7.80 360.00 343.BO 12.0 
7.80 310.00 253.60 15.0 
7.80 560.00 500.80 11.0 
8.00 740.00 423.00 12.0 
7.90 255.00 214.00 12.0 
B.60 225.00 157.00 13.0 
7.70 240.00 159.00 9.0 
B.30 240.00 207.00 10.0 
7.60 155.00 152.00 11.0 
7.60 275.00 260.90 12.0 
7.30 185.00 124.60 12.0 
7.30 290.00 253.90 13.0 
7.40 95.00 77.00 10.0 
7.90 305.00 220.00 13.0 
7.80 390.00 419.80 12.0 
7.70 500.00 438.50 13.0 
7.90 360.00 362.50 B.O 
7.30 395.00 258.00 17.0 
7.80 315.00 223.10 11.0 
7.80 340.00 230.60 14.0 
7.30 375.00223.10 15.0 
7.70 530.00 230.00 14.0 
7.70 490.00 233.BO 11.0 
7.60 275.00 172.80 16.0 



c.u 
01 

Sa mp. 
Num. 

208 
209 
210 
211 
212 
213 
215 
216 
217 
218 
220 
221 
223 
224 
225 
226 
228 
230 
231 
232 
237 
239 
~'41 

243 
245 
247 
249 
251 
253 
255 
257 
259 
261 
263 
265 
267 
269 
271 
272 
274 
276 
278 
280 
281 
282 
284 
286 
288 
290 
292 
294 
296 
297 
298 
302 

Twp. 
I /4 Rock Tl 11 Depth As 

R g e. Sec. Sec. Type Type ft. p pb 
Cu 
ppb 

NI 
ppb 

44.00 20.00 29 CCCCB 5 
44.00 21.00 14. BADDC 5 
44.00 20.00 5 £CCBD S 
44.00 20.00 5 BCCAB S 
44.00 20.00 16 BDABD S 
44.00 19.00 30 CBCCA S 
44.00 19.00 10 CCCCA S 
44.00 20.00 12 DCCAA S 
45.00 19.00 32 CABDB S 
45.00 20.00 11 BCBDB RL 
45.00 19.00 17 BBBBD S 
45.00 19.00 22 DBAAB S 
45.00 18.00 30 BBAAC S 
46.00 19.00 35 DDDCB S 
46.00 19.00 13 DCABD S 
48.00 16.00 9 ADCDB RL 
48.00 16.00 10 AACBD RL 
48.00 16.00 16 BBBCA RL 
45.00 .19.00 10 BCCCA S 
46.00 19.00 32 CABCD RL 
46.00 24.00 18 ABD HL 
46.00 26.00 3 OBA ML 
46.00 24.00 8 CDC AG 
46.00 23.00 19 BBB AG 
45.00 25.00 4 OCD G 
46.00 25.00 35 ACA G 
46.00 25.00 13 CCC HL 
46.00 26.00 34 BCB ML 
45.00 27.00 29 CCA HL 
45.00 26.00 23 BDD G 
46.00 28.00 9 DCC I 
46.00 29.00 21 CAAAD HA 
45.00 29.00 7 CBBCA K 
45.00 30.00 28 BBBCA I 
44.00 29.00 8 CDCAC HA 
43.00 30.00 34 DAADB AG 

134.00 30.00 32 DCDAA AG 
136.00 32.00 35 DCDCC AG 
136.00 31.00 28 ABCDB AG 
136.00 28.00 18 BBABC AG 
135.00 28.00 30 CBADB HA 
133.00 28.00 17 CAAAC HA 
134.00 29.00 35 AAAAA HA 
134.00 29.00 36 BBBBB HA 
134.00 28.00 9 ADDDB HA 
134.00 28.00 2 DBAAC I 
135.00 28.00 31 BBBAD HA 
135.00 29.00 36 BAABD HA 
134.00 31.00 19 CCCDC AG 
135.00 30.00 9 BBBCA AG 
134.00 30.00 23 AABDD AG 
48.00 20.00 36 CCDDB RL 
47.00 19.00 21 DDADA K 
4b.OO 19.00 17 AAAAA RL 
46.00 21.00 19 DDCAA HL 

5 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
s 
5 
s 
s 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
R 
s 
R 
R 
w 
R 
R 
R 
R 
R 
R 
R 
R 
R 
R 
w 
R 
R 
s 
5 
s 
s 

85 
100 
126 

96. 
100. 

50. 
105. 

90. 
28. 

150. 
30 

146 
82 

121 
132 
100 

32 
92 

120 
84 
20 
60 
28 
38 

BO 
33 
60 
30 

168 
104 
38 
35 
25 
20 
37 
30 

4.00 
3.00 

. 1 
6.00 
8.00 
2.00 
1. 00 
2.00 
4.00 
2.00 
2.00 

. 1 
1. 00 
1. 00 
1. 00 
1. 00 

. 1 
1. 00 
4.00 
1. 00 

. l 

. 1 

. 1 
1. 00 
6.00 
2.00 

. 1 
1. 00 
2.00 

12.00 
. 1 

1. 00 
. 1 
. l 

1. 00 
13.00 
8.00 
3.00 

. 1 
1. 00 

1. 00 8. 00 
8. 00 1. 00 
2.00 16.00 
3.00 2.00 
1. 00 36. 00 
3.00 7.00 

• }. . 1 
3. 00 1. 00 

. 1 26. 00 

. 1 1. 00 

4.00 
4.00 
5.00 
6.00 
7.00 
7.00 
6.00 
5.00 
4.00 
5.00 
3.00 
5.00 

. 1 

. 1 

. 1 

. 1 

.1 

. 1 

. 1 

. 1 
6.00 

. 1 

. 1 
2.00 
1. 00 
1. 00 

. 1 

. 1 

. 1 

.1 
.1 14.00 .1 

4.00 2.00 2.00 
.1 48.00 4.00 
.1 90.00 2.00 

2.00 32.00 3.00 
4.00 10.00 .1 
3.00 22.00 .1 
2.00 19.00 5.00 

65 10.00 1.00 14.00 
92 .1 16.00 12.00 

.1 1.00 2.00 
64 4.00 1.00 .1 

. 1 . 1 . 1 
20 .1 111.00 .1 
56 42.00 2.00 1.00 
66 12.00 1.00 .1 

1.00 2.00 2.00 
30 1.00 8.00 
35. 24.00 1.00 
26 3. 00 4. 00 
90 
25 
22 

417 
172 

8.00 4.00 
2.00 28.00 
2.00 59.00 
2.00 18.00 

. 1 . 1 

4.00 
2.00 
2.00 

. 1 
2.00 
4.00 
3.00 
4.00 

Pb 
ppb 

. 1 

. 1 
1. 00 

. 1 

. 1 

.1 
• 1 
. 1 
. 1 
. 1 
. 1 
. 1 
.1 
• 1 
. 1 
. 1 

1. 00 
1. 00 
2.00 
2.00 

. 1 

. 1 
1. 00 

. 1 

. 1 

. 1 

.1 
• 1 
• 1 
. 1 
• 1 
. 1 
. 1 
. 1 
.1 
. 1 
. 1 
.1 
. 1 
. 1 
. 1 
. 1 

3.00 
1. 00 
2.00 
1. 00 
3.00 
2.00 
1. 00 
1. 00 
1. 00 

. 1 

. 1 
3.00 
.1 

Fe 
ppm 

7.70 
. 1 
.2 
. 9 
. 01 

1. 20 
13.50 

1. 30 
• 1 
. 01 

34.00 
. 2 
.3 
. 1 
. 5 
. 1 
• 1 
. 2 
. 1 
. 1 
. 1 

8.00 
. 1 
. 2 
.8 

1. 20 
. 5 
. 1 
. 1 
.6 
. 01 

17.00 
.2 
. 1 
• 2 
. 1 
. 1 
. 1 

2.00 
. 2 

1. 90 
11.80 
6.80 

. l 
6.60 
2.60 
6.60 
1. 20 
5.00 

. 1 
1. 60 

.01 

. 1 

.01 
5.80 

504 
ppm 

3.00 
14.00 
2.00 
2.00 

20.00 
2.00 
3.00 
3.00 

12.00 
17.00 
50.00 
10.00 
2.00 

38.00 
14.00 
33.00 
18.00 
34.00 
22.00 

. 1 
6.50 
1. 00 

30.00 
3.00 
5.00 

• 1 
6.50 
3.00 
6.80 

. 1 

.1 
35.00 

9.20 
4.00 
4.10 

42.00 
7.00 

67.00 
.1 

5.20 

4.00 

2.00 
.1 
.1 

3.00 

3.00 
12.00 

. 1 
31. 00 

1. 50 
72.00 

9.50 

Ca 
ppm 

51. 00 
39.00 
42.00 
'.':16.00 
57.00 
62.00 
52.00 
23.00 
17.00 
27.00 
40.00 
23.00 
45.00 
26:00 
39.00 
80.00 
59.00 
57.00 
46.00 
18.00 
95.00 
39.00 
98.00 
42.00 
11.00 
38.00 
64.00 
34.00 
28.00 
28.00 
50.00 
23.00 
12.00 
22.00 
28.00 
71. 00 
47.00 

129.00 
44.00 
49.00 
43.00 
61.00 
45.00 

4.00 
73.00 
49.00 
43.00 
24.00 
61.00 
48.00 
60.00 
58.00 
20.00 
60.00 
59.00 

Mg 
ppm 

17.00 
19.00 
19.00 
25.00 
18.00 
33.00 
26.00 
3.00 
5.00 
9.00 
8.00 
7.00 

22.00 
24.00 
30.00 
45.00 
16.00 
23.00 
19.00 
3.00 

56.00 
17.00 
64.00 
14. 00 

4.00 
11. 00 
51. 00 
16.00 
6.00 

11.00 
14. 00 
5.00 
3.00 

10.00 
11.00 
33.00 
12.00 
49.00 
15.00 
19.00 
16.00 
18.00 
12.00 
2.00 

32.00 
18.00 
14.00 
11.00 
24.00 
21. 00 
21.00 
20.00 
5.00 

70.00 
30.00 

Na 
ppm 

4.00 
6.00 
6.00 
6.00 
4.00 
8.00 
6.00 
2.00 
2.00 
6.00 

12.00 
13.00 
13.00 
39.00 
21.00 
9.00 
8.00 
5.00 
4.00 
2.00 

25.00 
12.00 
51. 00 
4.00 
3.00 
4.00 

13.00 
10.00 
3.00 

53.00 
7.00 
5.00 

18.00 
34.00 
44.00 
64.00 

4.00 
59.00 
47.00 
4.00 
7.00 
7.00 
5.00 
4.00 

10.00 
9.00 

69.00 
9.00 
8.00 
6.00 
7.00 

28.00 
3.00 

28.00 
8.00 

K 
ppm 

2.00 
2.00 
2.00 
2.00 
1. 00 
2.00 
1. 00 
1. 00 
1. 00 
1. 00 
3.00 
1. 00 
1. 00 
2.00 
2.00 
2.00 
1. 00 
1. 00 
1. 00 
1. 00 
5.00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
2.00 
1. 00 
1. 00 
1. 00 
2.00 
1. 00 
2.00 
1. 00 
2.00 
1. 00 
1.00 

44.00 
2.00 
1. 00 
2.00 
1. 00 

. 1 
1. 00 
2.00 
1. 00 
1. 00 
1. 00 
1. 00 
1. 00 
2.00 
1. 00 
1. 00 
4.00 
1. 00 

Zn 
ppm 

,.03 
.03 
. 04 
. 03 
.18 
. 02 
.02 
.02 
. 03 
. 16 
.02 
.08 
.14 
. 03 
.02 
.06 
.03 
. 4 
. 03 
.04 
. 44 
.12 
. 16 
. 19 
. 24 
. 03 

1. 47 
.02 
. 04 
. 03 
. 52 
. 08 
.2 
.18 

1. 03 
. 04 
• 01 
.06 
.12 
. 04 
. 08 
. 55 
. 3 
. 35 
. 1 
. 34 
. 02 
. 36 
. 03 
.02 
.13 
. 33 
. 01 

3.64 
.23 

Spec. 
COnd. Al k. 

pH ohm/I mg/I 
Temp. 
oc 

7.30 330.00 225.60 12.0 
7.80 280.00 195.30 10.0 
8.00 290.00 200.60 14.0 
7.80 375.00 269.60 15.0 
7.70 335.00 198.50 11.0 
7.40 435.00 320.50 10.0 
7.40 375.00 252.00 12.0 
7.10 125.00 83.90 14.0 
8.00 115.00 ~9.30 13.0 
7.30 180.00 89.60 10.0 
7.70 370.00 109.70 12.0 
8.40 130.00 82.70 9.0 
7.80 325.00 216.80 11.0 
8.40 320.00 194.80 8.0 
8.20 380.00 252.00 11.0 
7.40 610.00 381.40 8.0 
7.60 340.00 217.90 8.0 
7.80 365.00 214.70 8.0 
8.30 290.00 191.60 10.0 
8.30 98.00 60.40 11.0 
7.50 805.00 373.00 14.0 
7.50 295.00 203.80 13.0 
7.501075.00 593.40 10.0 
7.50 270.00 169.60 9.0 
7.00 96.00 52.40 16.0 
8.00 250.00 160.50 13.0 
7.60 620.00 432.80 11.0 
8.50 210.00 149.30 10.0 
7.20 165.00 100.00 12.0 
7.90 375.00 254.20 11.0 
8.40 330.00 233.40 14.0 
7.40 185.00 93.60 10.0 
6.60 100.00 47.60 16.0 
7.00 155.00 58.90 16.0 
7.10 180.00 94.70 14.0 
7.70 490.00 237.60 10.0 
8.20 250.00 303.50 12.0 
7.001200.00 415.40 12.0 
7.60 250.00 222.20 12.0 
8.00 300.00 239.00 14.0 
7.70 250.00 
7.60 330.00 185.60 14.0 
7.50 250.00 
6.40 340.00 7.90 18.0 
7.40 500.00 345.80 11.0 

,8.60 305.oo 215.30 i2.o 
7.401225.00 175.00 15.0 
7.40 185.00 14.0 
7.50 410.00 338.70 10.0 
7.60 310.00 250.70 8.0 
7.40 365.00 311.90 10.0 
6.90 350.00 277.70 12.0 
7.90 115.00 89.30 11.0 
7.20 795.00 550.50 8.0 
7.10 345.00 337.80 10.0 



c.u 
0) 

Spec. 
So mp. 1 /4 Rock Ttll Depth As Cu Ni Pb Fe S04 Ca Mg Na K Zn Cond. Alk. 
Num. Twp. Rge.· Sec. Sec. Type Type ft. ppb ppb ppb ppb ppm ppm ppm ppm ppm ppm ppm pH ohm/I mg/I 

303 45.00 21. 00 15 AADDC K S· 320 . 1 . 1 2.00 . 1 .1 9.50 49.00 40.00 22.00 2.00 • 33 7.30 395.00 419.80 
304 44.00 19.00 35 CAAAC s s 110 . 1 20.00 3.00 . 1 . 01 18.00 16.00 8.00 6.00 1. 00 .01 6.90 130.00 53.00 
308 44.00 17.00 30 CDDCA K s. 28 . 1 6.00 7.00 .1 • 1 62.00 62.00 39.00 23.00 1. 00 .29 7.10 600.00 230.00 
30'1 46.00 20.00 10 DCBAB RL s 16 2.00 4.00 3.00 . 1 . 2 28.00 40.00 16.00 13.00 26.00 .01 7.30 350.00 197.40 
310 46.00 20.00 33 BDDDD RL s 18 4.00 30.00 2.00 . 1 . 01 64.00 106.00 40.00 28.00 1. 00 . 08 6.90 695.00 491.30 
311 46.00 20.00 24 DBBBC RL s 310 4.00 29.00 6.00 . 1 . 01 31.00 55.00 33.00 6.00 1. 00 1.18 7.40 430.00 343.10 
315 47.00 20.00 30 CDDDB RL s 26 3.00 14.00 20.00 . 1 . 01 120.00 119. 00 44.00 47.00 3.00 . 24 7.20 820.00 470.10 

Note: Below detection limit values are recorded as .1 for As, Cu, Ni, Pb, so
4 

and Kand as .01 for Fe and Zn. 

APPENDIX KEY 

!.I Sec. 

•rill Type 

A = NE\ 
B = NW\ 
C = SW\ 
D = SE~ 

File S~rrnbol 

AG 
ML 

G 

RL 
I 

MA 
IlliV 

s 
K 

File Symbol 
s 
D 
R 

w 
T 

Formation •. 
Archean Gneisses & Granites 
Mille Lacs Group/Denham Format.i.~m 
Glen Township Formation 
Rabbit Lake/Thomson :Formations 
Iron Formations 
Mahnomen Formation 
Mid-Proterozoic Maf ic Volcanic Rocks 
Keweenawan Sandstones 
Keweenawan Volcanics 

Lobe 
Superior Lobe 
Des Moines Lobe 
Rainy Lobe 
Wadena Lobe 
Terrace Deposits 

Map Symbols (Plates 1-12) 
gs, gr, gu, hin, mcgn 
mlu, dfg 
gtc, gtm 
ru, tgs 
eif, rif, tf 
ma 
mif, mlb, rfm 
fs, hs 
mu, ap, cm, r 

Map Symbols (Plates 1-12) 
smg, sme, scg, scs, sla, slc, sne, so 
dee, deg, do 
rse, rsg, ro 
wag 
td 

Te mp. oc 

10.0 
9.0 
8.0 

10. 0 
9.0 
8.0 
8.0 
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