Natural Resources
Research Institute

UNIVERSITY OF MINNESOTA DULUTH
Driven to Discover

A SECOND ADDENDUM TO: GEOLOGY AND SULFIDE
CONTENT OF ARCHEAN ROCKS ALONG TWO
PROPOSED HIGHWAY 169 RELOCATIONS TO THE
NORTH OF SIXMILE LAKE, ST. LOUIS COUNTY,
NORTH SOTA

Gafvert Lake Volcanics (tuff)

Gray Basalt of Gafvert Lake Volcanics
Altered Unit

Dacite intrusive sills (QFP)

Soudan Iron-formation

John J. Heine

August2015
Technical Report
NRRI/TR2015/12

Natural Resources Research Institute
University of Minnesota Duluth

5013 Miller Trunk Highway

Duluth MN 558111442



This publication is accessible from the home page of the Economic Geology Group
Center for Applid Research and Technology Development at the Natural Reso
Research Institute, University of Minnesota Dulutltg://www.nrri.umn.edu/egg as a PDH
file readable with Adobe Acrobat 9.0.

Date of releaseAugust 2015

Cover Image Caption
Geologic map of th&ixmile Lake project area as determined by the distribution of lithologies
present in groups of outcrops modified from Severson and Heine (2010).

Recommended Citation

Heine, J.J2015,A Second Addendum To: Geoland Sulfide Contendf Archean Rocks Along
Two Proposed Highway 169 Relocatidmsthe North of Sixmile Lake, St. Louis County,
Northeastern MinnesotaNatural ResourceResearch Institute, University of Minnesota Duluth,
Technical Report NRRIPR15/12, 45 p.

Natural Resources Research Institute
University of Minnesota, Duluth

5013 Miller Trunk Highway

Duluth, MN 558111442

Telephone: 21204272
Fax:218720-4329

e-mail: shauck@nrri.umn.edu

Web site:http://www.nrri.umn.edu/eqqg

©2015 by the Regents of the University of Minnesota

All rights reserved.

The University of Minnesota is committed to the policy that all persons shall have equal access
to its programs, facilities, and employment without regard to race, color, creed, religion,
national origin, sex, agemarital status, disability, public assistance status, veteran status, or
sexual orientation.


mailto:shauck@nrri.umn.edu
http://www.nrri.umn.edu/egg
http://www.nrri.umn.edu/egg

ABSTRACT

This second ddendum toGEOLOGY AND SULFIDE CONTENT OF ARCHEAN ROCKS ALONG
TWO PROPOSED HIGHWAY 169 RELOCATIONS TO THE NORTH OF SIXMILE LAKE, ST. LO
COUNTYNORTHEASTERN MINNES(SE&erson and Heine2010) examines the bedrock
outcrops in the western part of the area along teeistingHighway 169 alignment hisareais
GKS ¢SaGSNYy LI NI 2F GKS A RSy (ouddpSvere éxaniinkdi K S NJ/
to determine rock typesulfidecontent, and structural featuresSamples were collecteaf both
representative rock types and any rock types with elevated sulfides preJementysix
samples were collected duringiiproject, and an addibnal sixteen samples collected during
the 2010 work were included from the arednere the ar@s overlapped.

The current maparea contans generally higher visugyrite content and higher sulfur
analyzed by Leco technig@&cmelabs, Canadidian observed alongthé { 2 dzi KSNY ! £ A 3y
in Severson and Heine (2010hiselevated sulfur contents due to a number of factors:

1. The presence of the upper black cherty Soudan -Formation, whichcontains
syngenetic disseminated and bedded py(feS2);

2. The presence of faults in the central part of the area and increased localized
shearing; and

3. The new rock unitshat include the Gray Basalt and Gafvert Lake Sequence, which
both contain elevated sulfides.

Observed sulfide mineral contents and afieal concentrations are higher in the Northern
Alignment than the Southern Alignment, suggesting that based on sulfide mineral contents and
sulfur concentrations alone, the Southern Alignment would be the preferred alignment;
however, consideration of ottr factors beyond the scope of this report are also required for
determining the final location for the highwayAdditionally, should this route be chosen,
additional drilling would be needed to supplementtioutcrop nformation in areas with less
eXpOoSue.
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INTRODUCTION

This addendum iafollow up to Severson and Heine (2010) and Severson and Heine (2012)
reports on the geology of Sixmile Lake, to fill in the geology along the existing western portion
of Minnesota Highway 169 in the area of interest. Geologic mapping to the north of Sixmile
Lake was itiated at the request of the Minnesota Department of Transportation (Mn/DOT) in
response to concerns brought forth by local property owners regarding relocating a portion of
aAyySazidl | A3Kgl& mchpd ¢KAA NBf R was pafed NS F SN
to both straighten out the highway and to position the road on top of a large hill, rather than at
the base of the hill (nortiiacing slope) where the road is currently situated, to allow for more
sunlight conditions in the winter to melt roace and snow.

Property owners in the Sixmile Lake area believe that the waters of Sixmile Lake would be
adversely affected by weathering of sulfidearing rocks, and subsequent roff from newly
constructedroadcuts along the proposed South Routec8use of this environmental concern,

Mn/DOT contracted with the Natural Resources Research Institute (NR&dhdoict geologic

mapping in the vicinity of the proposed relocation, paying special attention to tige and

amount of sulfideminerak in therock and their mode of occurrence. Mapping also took place
Ff2y3 +y FEOGSNYIl GAGBS ab 2MAfiekimeva? theiniSai mapping, thee & K2 &
area along the current highway alignment in the west of the area wasintluded in the
projectscope. This report fills in information for that area.

(X
A

s e

T e e
NI
S

=

Lol A [ f‘%ﬁ’/ﬁ% \
5 A .f_:-;:.-:s_, g isﬂoutlin.i(.i inred - ‘///1’32 L ez an)f..\
P, S-S e ‘--’Ezﬁ;%_ ONZE
Figure 1. Mn/DOTproposed relocation routes for Minnesota Highway 169 to the north

northwest of Sixmile Lake, St. Louis County, MN (T.62N., R.14W.).

The results of the NRRJeologicmapping in the Sixmile Lake aresere presented in a
report by Severson and Heine (2010). These same results were presented at several meetings
attended by personnel from the NRRI, Mn/DOT, Minnesota DepartraEhatural Rsources



(MDNR), and Minnesota Pollution Control Agency (MPCA). During these meetings, it was jointly
decided that sulfur analyses should be performed on rock samples that were collected from
I NBlFa 6KSNB FdzidzZNB NRO]l Odzia $2dz2A a&SYaARFYy:
Highway 169 relocation.
The Severson and Heine (2012) addendum report e@spleted to: 1)present the
analytical results ofheir sampling campaigr) provide the appropriate Gi&lated shape files
that were omitted from the iitial report by Severson and Heine (2QX&hd 3)describe the
results of geologic mappirthat took place in November, 2011 to the east of Sixmile Lake along
other proposedHighway 169 relocations in the Armstrong Lake area.

GENERAL GEOLOGY

The lkedrock geology in the Sixmile and Armstrong lakes area is part of theAidbean
(~2.7 Ga) Vermilion Greenstone Belt that includes rocks of the: Lower member of the Ely
GreenstoneFormation Soudan Irodormation member of the Ely Greenstof®rmation and
the Gafvert Lake volcaniclastic sequence of the Lake Vermilion Formation. The regional
distribution of these members is shown in Fig@ré'he geologic units thatccurat Sixmile Lake
during mappindFig 3) are lriefly described in Severson and Heine (2010) and include:

1. Soudan Irofformation member (BIFY, composed of thinllaminated, magnetic
chert (black to gray) with variable amounts of red jasper beds along with lesser
amounts of the mafic flows, tuffs, ansediments. This package of rocks formed
during a period of quiescence in volcanism at the end of the deposition of the Lower
Ely Greenstone;

2. Metadiabase sillgMetadiabase ¢ these rocks are spatially correlative with the
Lower Ely Greenstone and occur iasrusive sills in the Soudan Irdarmation.
These sills generally extend for several hundred feet along bedding trends and are
thought to have served as feeddikesto the overlying mafic volcanic units exposed
elsewhere in the Soudan Irdormation (a even as feeders to the overlying Upper
Ely Greenstone member);

3. Dacite Porphyry occurs as sills and minor dikes in the Soudan-foomation and,
to a lesser extent, all of the other rock types. These rocks are thought to be the
feeders for the overlyig Gafvert Lake volcaniclastic unit. For the most part, the
dacite sills intrude all rock types; however, local dikes of metadiabase are seen to
intrude the dacite;

4. Gafvert Lake volcaniclastic uipresent well to the north of Sixmilend Armstrong
lakes. This unit has been informally designated a subunit of the Lake Vermilion
Formation and is best exposed in an area peripheral to Gafvert Lake. These rocks
represent a period of explosive volcanism. In the area of this investigatiermpttks
consist of a series of felsic tuffs and blasid-ash flows; and

5. AninformallyR S & A 3 yjray(ib&sRlt uai ¢ present near the basal portion of the
Gafvert Lake volcaniclastic unit to the north of Sixmile Lake. To the east of the
Sixmile Lake areand on the geologic map of the Eagles Nest quadrangle (Jirsa et



al., 2001), this unit is designated as tholeiitic, pillowed to flayered, basaltic lava
flows that are interbedded with the Soudan Irformation.
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Figure3. Regionalgeologic map of the western Vermilionsbict (modified from Peterson ai
Jirsa, 1999) showing the major geological formation names and outline of the area
mapping and sampling investigation that took place in the Sixmile Lake area during 2(



SULFIDE CONTENT, MOBEBIGIES, AND ROCK ASSOCIATIONS

The focus of tls work is to evaluate the occurrence of sulfide minerals in outcrops present
in the field area. Pyrite was the only sulfide mineral observed and occurs in a number of forms
(Severson and Heine, 2012):

1. disseminated 1-5mm cubes that are present in both fresh rocks and
g S| (i KSNBRK éstalded Toeks; bathNyhes are most common in the iron
formation. The presence of irestaining, sometimes indicative of the possible
presence of pyrite, was always &k seriously, and stained zones were sampled for
later geochemical analyses;

2. syngenetic massive pyrite beds up to several millimeters thick and occurring in
several repetitive micrdoeds over a collective thickness of up to one foot thick;

3. disseminations and coatings in crosscutting veins, veinlets, and joint planes that are
commonly filled/coated with quartz and/or ireoarbonate;

4. discontinuous massive pyrite patches that consist of meditomcoarsegrained
2-6mm cubic pyrite aggregateshat are most often seen along joint planes or
sheared zones in the metadiabase unit and along beddargllel bands or joints in
the ironformation; both are generally more common proxahto fault zones;

5. discontinuous massive sulfide patches that aree-fynained and up to several
centimeters across and are associated with shear falgrittss type is most often
seen in reworked tuffs and sediments of the Gafvert Lake valzstic unit; and

6. weatheredout pyrite cubes along beddingarallel bands in theron-formation;
often more common near fault zones. It is difficult to visually estimate the amount
of fresh pyrite present in this situation in that the rock breaks imany smaller
pieces when hammered each piece is similar to the large piece, andyadmnace
amounts of fresh pyrite can be seen. In these types of cases, large samples of
similarlooking material were sampled intact for geochemical analyses.

GEOCHEMICAL SAMPLING PROCEDURES

Twentysix samples were collected in 2013 from both suHigaring rock exposures and
sulfidepoor exposures. An additional 16 samples were analyzed from the eastern part of the
area, which was mapped previouglyeverson and Hein@010. Samples were collected using
the same procedures as Severson and HE040 2012:

1. random samples of generic rock type were collected from all rock types within a
group of closespaced exposures;

2. reddaGFAYSR INBlFa ¢AGK &dzZ FARS LROISYGAlf X
weathered out pyrite pits, were sought out and sampledn some casedarge
al YLX S&a 2F GKS aLldzyieé¢ YIUGSNRFE gl a O2ftf€S
with preserved pyrite; and



3. whenever sulfidebearing zones were found, either a series of chip samples across
that portion of the exposure were collected grab samples with the highest sulfide
contents were sampled a reasonable attempt to find the most sulfigieh zones in
a series of outcrops was made during sampling, but there may be localized
exceptions, with even higher sulfide contents, that weret mliscovered during
sampling.

Before the samples were sent to a commercial laboratory for geoatenainalysisthey
were prepared in the same manner thst described irSeverson and Hein@2012):

1. All weathering rindsre removed with a rock saw. This procedure is commonly used
in the preparation of samples that are run for whole rock analyses. The procedure is
also effective in removing any gossanous coatings that by their very definition
contain no sulfur. However, in s isolated instances sulfideme inadvertently
removed in partlycoated gossanous samples, and the resultant sulfur analysis was
lower than would be expected based on the amount of visusglymated sulfides in
the initial rock sample. This relatiship is unavoidable and, at the same time,
attests to the threedimensional variability of sulfides in the samples;

2. The samplesre then cut in half, with one half to be sent to the assay lab and the
remaining half to be kept for future referenceéhe retained half has since been
turned over to Mn/DOT. The student workers and staff performing this actariy
YIRS g NBE 2F (KSared@dzRISIRE SHEWI@BE LIAYOR GKS
with the most sulfides for geochemisttigat, conservatively, should provide a higher
adzt FdzNJ 'yl fearad ¢KAA ay-deAeasonal Varadliyofi ¢ A a N
sulfides in the rock;

3. The samplesare weighed, and a minimum of 100 grams were sent to the lab
whenever possibleg in some cases, most of a smathlume sample was sent to the
lab in order to meet this 16gram minimum;

4. The lab was instructed to provide the results of their internal duplicate analyses (this
is a standard lab practice, and nine duplicate analyses weredaw\iy the lab);

5. A total of 42 samples were sent to Acme Lab in Vancouver, Canada in November,
2014. Results were received in Novem|#14.

GEOCHEMISTRY RESULTS

Visual estimates of the amount of pyrite were made in the field for each sample location
FYR F2NJ 0KS 2dziONRLI Fa | ¢gK2fSd C2NJ GKAA 62N
use in respect to the previous work, because therelisagreementover what is considered
anomalous. Tabld and AppendixC contain a listing of visually estimated pyrite during field
work and Leco analyzed percentSsilfur analysis wasegformed by AcmeLabs, Canada.
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Tablel. Listing of visual estimates of pyrite during field works and Leco analyzed percent S for
samples collected during field work in the area.

Sample : Visual Estimate of
Numt?er Hlinele Mineralization S
SLi@ooa | Strongly sheared Dacite | 45 1 504 27mm cubic pyrite 1.63
Porphyry
SL16200b Moderately sheared Dacite | 1-2% 12mm cubic pyrite, locally, <0.02
Porphyry up to 5%
SL16201 Black Chert 0.5% 12mm cubic pyrite <0.02
SL16202 S}'{?ﬁg’gray chert with beddeq ,, 304 25mm cubic pyrite 0.41
OGO085A DACITE rare <0.02
OCGO085B DACITE 1% pyite 0.76
OGO086A GRAY BASALT none 0.28
0OC086B GRAY BASALT rare 0.16
0OCG086C GRAY BASALT none 0.14
0GO087 DACITE none <0.02
0OC088 GAFVEROake trace 0.13
OG301 BIF rare <0.02
0G302 BIF trace 0.16
0OG303 BIF 5%pyrite 0.33
OG303DAC | DACITE rare 0.03
0G304 CHERT 3% pyite 0.11
SL13 110 BIF none 1.29
SL13 109C Metadiabase trace finegrained pyite 0.24
SL13 109B Dacite trace cubic pyte <0.02
SL13 109A BIF 0.5% pyite, disseminated and in 010
veinlets
SL13 108F Black cherty IF 1% disseminated-3mm pyite 0.28
0.25% cubic pyte, 2-4mm,
SL13 108E Black cherty IF diseminatedand inquartz 0.02
carbonateveins
SL13 108D BIF 2% pyite in tension gash filling 0.35
SL13 108C Chilled Diabase contact none <0.02
SL13 108B Metadiabase none <0.02
SL13 108A Dacite tracepyrite a_ssociated withron 010
carbonateveinlets
SL13 107B B.Iack Qherty IF.with bedded| 1% pyite, beddedin. IF and with 017
disseminated pyte guartzcarbonateveins
. 0.5%beddeddiseminated
SL13 107A Black Cherty IF with bedded pyrite and associated with 0.03

disseminated py

guartzveinlets
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Sample

Lithology

Visual Estimate of

Number Mineralization
SL13 107 Black Cherty IF tracel-2mm cubic pyite 0.26
SL13 106B Black Cherty IF trace 1-2mm cubic pyite 0.08
5 . . .
SL13 106A | Pyritic black cherty IF Fz) ;;’it‘;“b'c to blocky disseminate , 5,
SL13 105B Black Cherty IF trace 1-2mm cubic pyite 0.12
SL13 105A Black Cherty IF 1-2% pyite in quartzvein 0.18
SL13 1003 BIF tra_ce pyrite in quartzcarbonate <0.02
veins
YT . .
SL131002C | Metadiabase 0.25% disseminated cubic <0.02
1-2mm pyite
SL13 1002B | BIF none 0.08
SL13 1002A | BIF 0.10% pyite 0.12
SL13 1001B | BIF none 0.02
SL13 1001A | Metadiabase tracedisseminated pgite <0.02
SL13 1000B | BIF none <0.02
SL13 1000A | BIF trace <0.02
SL131(04) | Dacite trace pyite cubes associated 0.29
with quartziron carbonateveins

Overal] the highestsulfur value reportedwas 1.63% S occurred in an outcrop of sheared
Dacite Porphyryand 13 samples were below the 0.02% detection limit. Fifteen of the 42
samples (36%) were above 0.15% S, and 21 samples (50%) were above 0.10% S. Compared to
the sulfur data from Severson and Hei(®012), the current data set is generally higher in
sulfur. There is a poor correlation between the visual estimates and the sulfur analyses in this
study. Much of the pyrite in the black cherty irformation and the gray basalt was sub
millimeter in size and difficulto estimate. Fortunatelythe upper blackcherty member of the
Soudan IrofFormation and gray basadtre limited to the northern part of the area and dwot
occur in the area of the Southern Alignment.

Sulfur Contents by Rock Type

Dacite Porphyry

Nine samples were collected from the Dadrerphyry and range from 3 samples below the
0.02% S detection limit to 1.63%. In this area, all of the D&wotphyryshow some signs of
alteration, either associated with local shearing or from near the contact with Soudan Iron
Formation. Compared withhe majority of the samples from Severson and HeR®@l2), the
Dacite in this area has higher sulfur content

12



Metadiabase

Five samples of the intrusive metadiabase were collected from the; fvea were below
detection limit and one contained 0.24% Thisdistribution issimilar to the metadiabase sulfur
distribution from Severson and Heirf2012), suggesting that it only locally contains elevated
sulfide.

Soudan IroFFormation

Over half of the samples were collected from exposures ofSbedan IrofFormation 12
from the lower banded irofiormation and12 from the upper black cherty ireformation. The
lower banded irofformation is often jaspery and contains ssitdiment deformation, while
the upper black cherty iroformation islaminarbedded with black to dargraychert intervals
that increasen number and thicknesspward through the sequence.

The lower bandedjaspery)iron-formation had four samplethat contained less than the
0.02% S detection limit, two additional samplémt were less than 0.10% S, fitleat ran
between 0.12 and 0.35% &nd one sampléhat ran 1.29% S. Except the 1.29% sample, the
elevated samples are in folded racknear intrusive contacts or in foliated and faulted rocks.
The sample containing 1.29% sulfur had no visible sulfides in the field, but whenfadture
filling sulfide skin was revealed. Thalfur distribution is similar to that outlined in Severso
and Heine(2012 for the Soudan IrofFormation, the sampleswhich were from the lower
banded ironformation in the area south of this study.

The twelve samples from upper black cherty Hormation contained one sample below
the 0.02% S detectiomtit, two sampleghat were less than 0.10% S, sewbat ran between
0.12 and 0.35% S, and two samptlest were 0.41 and 0.64% S. The upper unit shda more
consistent elevated sulfur distribution. This consistency may be because afitilcl pyrite in
these rockswvas bedded and disseminated and appeséto be syngenetic compared with the
strong association of pyrite withater secondaryfeatures in the lower banded Soudan Iron
Formation.

Gray Basalt

Thisunit is a dark gragymassive flowthat is above the Soudan Irefformation locally in the
study area,and K- & 0SSy O2ftf 21jdzA | f f &irsg tYaS ROOLTRr& & D NI &
samples were collected in the current study area, which rdnigem 0.140.28% S. Visually
very little sulfide was observed in the fieldmay be that this unit also contains moabundant
sub-millimeter grains of sulfide. These rockway constitute a risk of higher sulfide
concentrations should the new alignmeencounter them.

13



Gafvert Lake Sequence

The Gafvert Lake Sequence is composed of felsic volcanic unats appear to
unconformablyoverlie the Soudan IreRormation(Lodge et al., 20130nly one sample of this
unit was collected in the currerairea and it contained 0.13% S. Other outcrops of this material
have been mappetty Severson and Hei{@010)nearbythat contain over 10% visible sulfide
as clasts in a basal block and ash flow for this sequence. Thesemmakisconstitue a risk of
higher sulfide concentrations should the new alignment encounter them.

CONCLUSIONS

The sulfur analyses of the samples cobeldor the current area show a general increase
sulfurwhen compared with samples from Severson and H&G42). Thissulfur increases due
to a number of factors:

1. The presence of the upper black cherty Soudan -Formation that contains
syngenetic disseminated and bedded pyrite;

2. The presence of faults in the central part of the area and increased lkedaliz
shearing; and

3. The new rock unitghat include the Gray Basalt and Gafvert Lake Sequédyaté of
whichcontain elevated sulfides.

Observed sulfide mineral contents and chemical concentrations are higher in the Northern
route than the Southern route, suggesting that based on sulfide mineral contents and sulfur
concentrations alone, the Southern Alignment would be the preferred aligmm®owever,
consideration of other factors beyond the scope of this report are also required for dermining
the final location for the highwayAdditionally, should this route be chosen, additional drilling
would be needed to supplement the information @lmed from outcrop in areas with less
exposure.
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APPENDIX A:

VAN14003781 Certificate
and
MnDOT Sixmile Sample Data 2013 w sulfur.xls
https://drive.google.com/open?id=1wlaWY¥-c2pgeYV64yW?2Dx79uznIWUKFtg2Ag9UIpQ9l
(Alsoincludedon CDwith paper copie®f this report)
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APPENDIX B:

MnDOT _Sixmile_Outcrop_Data_2013.xls
https://drive.google.com/open?id=1IneRPAub3XxeDnl0osI7R3ZIKEmISJIR3K5RSKVbKM
(Also included on CD with paper cepiof this report)
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https://drive.google.com/open?id=1InePJj-Aub3XxeDnI0osI7R3ZlkEmlsJR3k5RSKvbKM

APPENDIX C:

MnDOT _Sixmile_Sample_Data 2013.xls
https://drive.google.com/open?id=15YCvLILZbqOVbfApPH8yOV8gU8bTnxDCAavCU8FfU4E
(Alsoincluded on CD with paper copies of this report)
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APPENDIX D:

Field Data Sheets
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