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Abstract

Paces and Miller (1993) precisely established thgnmtrusive periods that
created the Duluth Complex and related intrusi@s®aated with the 1.1 Ga
Midcontinent Rift in NE Minnesota. They did nogwever, resolve differences in
emplacement ages within and between major intrusivs due to a small number of
dated samples. New high-precision U-Pb baddelayitezircon ages from five mafic
intrusions related to the Duluth Complex buildstioe work of Paces and Miller (1993).

Ages from three intrusions that span the entirgeasf Duluth Complex layered
series intrusive activity indicate that the layesedies and anorthositic series were
synchronously emplaced around 1098 Ma. Moreovemz ages obtained from the
perceived oldest (Partridge Rivé¥Pb*®U age 1095.94 + 0.18 Ma) and youngest (Bald
Eagle,**Pb/®U age 1095.64 + 0.19 Ma) layered series intrusangest the bulk of
layered series activity occurred within a perio®@0 ka. The Tuscarora intrusion (early
layered series) has a distinctly old®Pb/°®Pb baddeleytie age than the Partridge River
intrusion (1098.81 + 0.32 and 1097.98 + 0.37 Mapeetively). However, in light of
new information regarding the incompatibility beemezircon and baddeleyite ages, its
temporal relationship with other layered seriesugibns remains unclear.

Zircon ages obtained from two early Beaver Bay Clem(BBC) intrusions
indicate Duluth Complex and BBC magmatism likelydap. The Houghtaling Creek
troctolite is indistinguishable from the other leg® series intrusions. Moreover, the
Wilson Lake ferrogabbro, long interpreted to beeolthan the Houghtaling Creek, is
distinctly younger?Pb/°®Pb zircon ages 1095.75 + 0.92 and 1098.62 + 0.50 Ma
respectively) There still exists an approximate 2 Ma gap betwesety Beaver Bay and
Duluth Complex, and late BBC.

A reasonable estimate based on the geometry afddyseries intrusions indicate
that over 16,000 kiof mafic magma intruded during layered series exghent
(excluding unknowable amounts of erosion). Witlero¥6,000 km of mafic magma
being intruded over a period of 670 ka, emplacermaes were at least 0.024 g,
which is similar to estimates for other large coatital flood basalt provinces.
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1. Introduction

Geochronologic studies of the Midcontinent Riftive Lake Superior region, a
1.1 Ga failed attempt at continental rifting, hglayed a critical role in understanding
the tectonomagmatic evolution of this major geatagprovince. Before the
development of high-precision, single-grain zirg@ochronology, many conventional
low-precision Rb-Sr, K-Ar, and bulk U-Pb studiesrereonducted on rocks associated
with the Midcontinent Rift (e.g. Silver and Gred®,72; Baragar, 1978; Chaudhuri, 1972;
Chaudhuri and Brookins, 196See Sum paper). As methods that increased the
precision of U-Pb zircon dates, such as the aiasibn method of Krogh (1982), it was
revealed that the MCR evolved over a period oéast 23 million years and did so in
several distinct tectonomagmatic stages (DavisStdliffe, 1985; Palmer and Davis,
1987; Heaman and Machado, 1992; Paces and MiBé@;1Zartman et al. 1997; Davis
and Green, 1997; Vervoort et al., 2007; Heamarh ,e2@07).

Miller and Vervoort (1996) termed the magmatic stagvident in the
geochronologic data as Early, Latent, Main and L3tee early magmatic stage, from
1109 to 1107 Ma, occurred during a period of res@rmrmagnetic polarity and was
characterized by voluminous volcanism of an ingigrimitive source, giving rise to
more evolved magmas towards the end of the stage.latent magmatic stage, from
1107 to 1102 Ma, was a time of limited felsic magam occurred. Mafic magmatism
resumed during the main magmatic stage from 110D%4 Ma, at a time of normal
magnetic polarity that was characterized by a de@ange of mostly uncontaminated

magma compositions. The late magmatic stage (i®2886 Ma) is characterized by



waning volcanic activity, and continued rift basubsidence resulting in interbedded
sedimentary and volcanic sequences (Miller and ISene 2002). Recent data by
Heaman et al. (2007) of intrusive rock in the L&kpigon/Thunder Bay area of Ontario
suggest that early rift-related magmatism may ekeshfar back 1115 Ma.

In northeastern Minnesota, several modern geoclogitostudies have been
conducted on MCR-related intrusive and volcaniksatiat have been critical to
understanding the evolution of the rift in the veestLake Superior region. The first
systematic study was conducted by Paces and Nilg93), who focused on evaluating
the range of ages of the main mafic intrusions awimy the Duluth and Beaver Bay
complexes. Their result showed that most of theigions were emplaced during what
would later come to be recognized as the earlynaaid stages of the rift, and that Duluth
Complex magmatism was generally 2-3 Ma older thaih of the more hypabyssal
Beaver Bay Complex (1099 vs. 1096 Ma). They alsdearthe surprise discovery that,
despite field evidence suggesting anorthositic saifikhe Duluth Complex were
significantly older than the layered intrusionsggé two dominant series of the complex
were nearly synchronously emplaced.

Davis and Green (1997) reported the U-Pb zircors &yeten volcanic and
intrusive rocks from throughout the western Lakee&ior region that included eight
dates from northeastern Minnesota. Their agebyaflites and basalts from the NSVG
and two Duluth Complex intrusions confirmed thesgrece of a hiatus in magmatism
between 1107Ma and 1100 Ma, as was found in thesine rocks by Paces and Miller

(1993). In the same Canadian Journal of EarthnSeigolume, Zartman et al. (1997)



found a similar hiatus in MCR volcanics on the &duhb of the rift in Michigan and
Wisconsin. A more recent study by Vervoort e{(2007) of granophyric intrusions in
northeastern Minnesota found similar bimodal ageutations that roughly correspond to
early stage and main stage magmatism.

While these geochronologic studies have providbdteer understanding of
MCR-related intrusive activity in northeastern Masota, they leave several important
guestions unresolved:

1) What was the full range of emplacement ages grtioavarious intrusions
comprising the Duluth Complex and Beaver Bay Conxile

2) Can the sequence of emplacement of layeredsiotra (collectively termed the
layered series) interpreted from field relationshapd aeromagnetic data (Miller
and Severson, 2002) be supported by precise geuulbgc data?

3) What are the emplacement ages for some of thestésl hypabyssal intrusions
within the NSVG and outside the Duluth and Beavay Bomplexes.

This study intends to address these questions tsingingle grain U-Pb zircon
isotope dilution methods (Krogh, 1973) coupled witbdified chemical abrasion
(Mattinson, 2005) to acquire the most precise Uagés possible on zircon and
baddeleyite. These data will be acquired at thisd3State Isotope Laboratory under the
direction of Professor Mark Schmitz and assistedibyCrowley. By sampling
intrusions that field and geophysical data implky tre oldest and youngest intrusions of
the Duluth Complex and the oldest intrusions ofBleaver Bay Complex, it may be

possible to establish the range of emplacementagesg the two complexes and



determine if any overlap of magmatic activity exisAdditionally, sampling intrusions
that span the entire perceived range of layeradssetrusive activity will yield the best
possible chance to test the emplacement sequenpesad by Miller and Severson
(2002). Finally, by sampling one of the subvolcagills that has an ambiguous contact
relationship with the Duluth Complex in the Dulatrea (Green and Miller, 2008), their
specific temporal relationship may be resolvednaght the question of where these
isolated intrusions fit in the overall magmatisntlod MCR. Attempting to answer these
unresolved questions will also add to our overatlerstanding of the frequency and

duration of magmatism of the Midcontinent Rift.

2. Geologic Setting

2.1 The Midcontinent Rift

The Midcontinent Rift is the one of the best presdrexamples of continental
rifting on Earth, due to its failure to progressatetage of ocean basin formation and to
its partial structural inversion caused by compoess forces attending the 1.2-0.9 Ga
Grenville orogeny (Cannon, 1992). Geologic expesirthe MCR is confined to
Mesoproterozoic volcanic, intrusive and sedimentacks in the Lake Superior region.
Geophysically, the MCR is recognized to be muchenextensive and is characterized by
a series of segmented linear positive gravity ari@mand strong magnetic anomalies
(Van Schmus, 1985) following a 2,000 km arcuaté gatending southwest from Lake

Superior to Kansas, and southeast to lower Mich(&an 2.1).



The MCR rifting event is inferred from geologicgeophysical and geochemical
evidence to have coincided with (if not to haverbeaused by) the sublithospheric
impact of a starting mantle plume (Hutchinson etZ90; Nicholson and Shirey, 1990;
Nicholson et al., 1997). Geological evidence cofmas the thick and areally extensive
flood basalts exposed along the flanks of the L@ikgeerior basin, locally totaling over 10
kilometers thick. Add to this the large volumesnifusive rocks, especially comprising
the Duluth Complex, and the igneous component@MICR clearly compares with
other large igneous provinces interpreted to bdyets of mantle plume magmatism.

Geophysical evidence comes from gravity, magnatid, seismic data, which
demonstrate the enormous volume of largely mafigmeaemplaced into the crust along
the MCR. Deeply-penetrating seismic reflectiorveys indicate that in the Lake
Superior basin, the deepest sections of rift s@nsie reached depths of at least 30 km,
allowing for the accommodation of at least 15 krd &8 km of rift-related volcanic and
sedimentary rocks, respectively (Behrendt et 8881 Hinze et al., 1992). Beneath Lake
Superior, the central horst, which was thrust epnfthe central graben by late
compressional forces, displays a strong positie@igr anomaly (Fig. 2.1). The horst is
bounded by segmented, asymmetric, high-angle fawitis rift-fill sedimentary basins
on either side (Hinze et al., 1992, Nicholson ahule§y, 1990). The total volume of rift-
related volcanic rocks is estimated by Cannon (189®e ~2 x 10km?, thus providing
further evidence of a mantle plume origin to MCRgmiatism. For a complete
interpretation of the integrated gravity, magnaticl seismic data, see Hinze et al. (1992)

and Allen et al. (1997).



Figure 2.1. Bouger gravity map of the central United Statesrgshg the positive gravity
anomaly related to the Midcontinent Rift. TakeonfrHinze et al. (1992)
Geochemical evidence for the mantle plume comes frace element and
isotopic analysis on rift-related rocks (Nicholsaomd Shirey, 1990; Lightfoot et al., 1991,
Klewin and Shirey, 1992; Shirey et al., 1994; ShiE097; Nicholson et al., 1997;
Hollings et al., 2007 A and B). Collectively, tieestudies increased our geochemical
understanding of the rift. For example, in théurdy of the enriched tholeiitic flows of
the Portage Lake Volcanics, Nicholson and Shir®@0) found that basalts had plume-

like eNd values near zero, where the more evolved rlggihowed evidence of varying



degrees of crustal contamination. Combined, tes#ies suggest that the onset of
magmatism was initiated by an enriched mantle plumméch thermally induced
extension in the crust, thereby providing accommiodaspace for the plume-drived
magmas.

Geochronologic studies coupled with geochemicalistiover the past 25 years
have come to indicate that MCR-related magmatisouiwed in at least four distinct
stages over a span of at least 26 million yearsi€and Sutcliffe, 1985; Palmer and
Davis, 1987; Davis and Paces, 1990; Paces andrMi#®3; Davis and Green, 1997,
Zartman et al., 1997, Vervoort et al 2007, Heantaal.£2007). These stages, termed by
Miller and Vervoort (1996) as the Early, Main, Liateand Late magmatic stages, were
formulated to reflect the observed temporal chamyése frequency and compositional
characteristics of MCR magmatism. Based on thigiecal data, along with the
geophysical models of the rift, several workersehianterpreted these stages to represent
changes in the thermodynamic interactions betweempwelling mantle plume-derived
melts, and the surrounding lithospheric mantle @mtinental crust through which they
passed. The stages were subsequently adoptedfaratirby others (Nicholson et al.,
1997; Miller and Severson, 2002; Vervoort et 8002, Heaman et al., 2007). The
following description of these stages are takemfidiller and Vervoort (1996) and
Miller and Severson (2002), unless otherwise noted.

The early magmatic stage (1109 — 1107 Ma) is cheriaed by rapid and
voluminous eruption of initially primitive magmaisjlowed by evolved and crustally

contaminated basalts and rhyolites. As the malgtteved plume impacted the lower



continental lithosphere, continental crust begathito (Fig. 2.2A). This resulted in the
rapid eruption of voluminous, primitive, plume-dexd magmas at first, but staging of
these magmas near the Moho triggered partial ngettirthe lower crust. Ultimately, this
resulted in more evolved and crustally contaminatafic magmas, and the generation
of felsic melts evidently by crustal anatexis.

A recent study by Heaman et al. (2007) seems toatelthat early rift
magmatism could have started much earlier thai 168 Ma date indicated by other U-
Pb ages in the western Lake Superior region. Tdea push the onset of early stage
magmatism related to the rift back to 1115 Ma. SEhéates come exclusively from mafic
and ultramafic intrusions in the Thunder Bay andld_Alipigon area. The fact that the
oldest volcanic ages are 1109 Ma may indicatetthstearliest period of magmatism
represents a period of broad doming such that malqaroducts of these intrusion were
not preserved (Miller, pers. comm. 2010). Heantaal.€2007) also discovered a
number of mafic, ultramafic and lamprophyric iniors that fall in the range of 1130-
1150 Ma and that overlap the 1140 Ma age of thatGXbitibi dike in eastern Ontario
(Krogh et al., 1987). Heaman et al. (2007) suggktitat this magmatism may also be
related to the Midcontinent Rift, which if true wdumply that MCR magmatism lasted
over 60 million years and would seriously call igieestion a mantle plume origin for the
rift.

The latent magmatic stage (1107 — 1102 Ma), isacttarized by a hiatus in mafic
volcanic and intrusive activity (Fig. 2.2B). Thelp magmatism evident during this

period is felsic volcanism. This stage is intetpdeto represent a period of significant



crustal underplating of mantle plume magmas. Thiderplating was triggered by patrtial
melting of the lower crust creating a rheologiaad @ensity barrier that trapped mafic
mantle melts in the vicinity of the Moho, but allea/for intermittent felsic magmatism
to reach the surface.

Main stage magmatism (1102 — 1094 Ma) is charaeeérby rapid eruptions of
evolved, but uncontaminated mantle-derived magassiell as crustally derived
rhyolites (Fig. 2.2C). This stage is thought tpresent the evacuation of lower crustal
magma chambers following density clarifying of thegpping felsic melts. Nicholson et
al. (1997) have also suggested that external (@dl@m?) extensional forces may have
been involved in triggering the onset of main staggmatism.

Late stage magmatism (1094 — 1086 Ma) is charaetkby primitive to evolved
mafic to felsic lavas, commonly confined to stratlanic edifices, interbedded with late
clastic sediments (Fig. 2.2D). This period of weaywolcanic activity is thought to
represent drifting of the overlying plate away fraeimantle heat source, effectively
ending magmatic activity in the rift basin.

Approximately 30 to 50 million years after magmitisad ceased, the rift
experienced tectonic inversion due to regional a@sgonal forces (Cannon, 1992).
Originally graben-bounding normal faults were tfansed into reverse faults,
tectonically inverting the central graben into asto Continued sedimentation during
compression buried the upturned volcanic flows glttre faults (Cannon, 1992). The
Grenville collisional event from 1030-970 Ma likgdyovided the compressional forces

necessary to cause the observed tectonic invefgemm Schmus, 1992).



Magmatic Stages of the Midcontinent Rift
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Latent Magmatic Stage (1107 - 1102 Ma)
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Late Magmatic Stage (1 094 - 1086 Ma)

Figure 2.2. Interpretive
model for the magmatic
stages of the Midcontinent
Rift system

A. Early Magmatic Stage -
initial impact of starting
mantle plume head. Crustal
thinning begins and initially
primitive magmas erupt,
followed by more evolved
basalts and rhyolites

B. Latent Magmatic Stage -
felsic volcanism occurs as
significant underplating and
crustal anatexis. Partial melt
create rheological barrier tha
inhibits mafic volcanism

C. Main Magmatic Stage -
cleansing of the felsic melt
traps. Rapid eruption of
evolved and uncontaminated
mantle derived magmas and
crustally derived rhyolites.
Thought to have initiated by
regional extensional forces
(Nicholson et al., 1997)

D. Late Magmatic Stage -
waning volcanic activity,
stratovolcanic edifices contai
interbedded primitive to
evolved mafic to felsic lavas
and late clastic sediments.
Thought to represent plate
drift away from mantle heat
source

Modified from Miller
(unpublished figure)




2.2 Midcontinent Rift-related Geology in the L ake Superior Region

Igneous and sedimentary rocks associated with fldedvitinent Rift are exposed
exclusively around the Lake Superior basin (Fig).2 Stratified volcanic and
sedimentary units of the MCR are grouped into tee/&enawan Supergroup, whereas
intrusive rocks associated with the rift are clsgdias part of the Midcontinent Rift
Intrusive Supersuite (Morey and Green, 1982, Mil&reen, and Severson, 2002).
Traditionally, volcanic rocks of the Keweenawan &gpoup have been subdivided into
upper and lower chronostratigraphic units based orajor reverse to normal
paleomagnetic polarity reversal (Fig. 2.3). Thadapity reversal is also recognized
among the intrusive rocks and was used early aneass of discriminating early and
late magmatism in the MCR. U-Pb zircon geochrogploy Davis and Green (1997)
constrained the timing of this reversal between51¥@ and 1102 Ma.

Rocks of the Midcontinent Rift are comprised ofoanlic suites, intrusive
complexes, and detrital sedimentary sequences.reMeesed and normal-polarity
volcanic suites associated with the MCR consistashinantly mafic and minor felsic
flows primarily exposed along the shoreline of L&keerior. Volcanic packages are
represented by the North Shore Volcanic Group mheastern Minnesota, the Osler
Volcanics of southern Ontario, the Mamainse Paiat Bichipicoten Island Formation in
southeastern Ontario, and the Portage Lake Volsarid Powder Mill Volcanic Group
in northern Wisconsin and the upper peninsula afiigan (Fig. 2.3). Intruded into
these volcanic suites are the many MCR-relatedsite suites, represented by the

dominantly mafic layered complexes, dikes, ang s¥ith minor intrusions of felsic and
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alkaline magmas. The layered mafic intrusiondef@Duluth Complex and Beaver Bay
Complex intrude the NSVG in northeastern Minnesetale the hypabyssal Logan Sills
straddle the border between northeastern Minneswtaouthern Ontario. In southern
Ontario, the mafic Logan Sills are exposed inlahtake Superior, while the alkaline
intrusions of the Coldwell Complex are exposedHherto the east. Lastly, the Mellen
Intrusive Complex intrudes the Powder Mill Volca®@coup inland of the south shore of
Lake Superior in northern Wisconsin (Fig. 2.3)atidition to the volcanic and intrusive
suits are the interflow and late basin-fill sedirt@yn sequences: the pre-Keweenawan
Sibley group in southern Ontario (Rogala et alQ7Z)Qand the Bayfield and Oronto
Group in northern Wisconsin and Michigan (Fig. 2.3gveral extensive, late, reverse
faults are present in the basin, which representate compressional forces that caused

the tectonic inversion in the region (Fig. 2.3)
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Figure 2.3. General geology of the Midcontinent Rift in thekkaSuperior region.

Reverse to normal polarity are distinguished withia volcanic suites. IRF
— Isle Royale Fault; KF — Keweenaw Fault; DF — Dasad-ault (Modified
from Paces and Miller, 1993)

2.3 North Shore Volcanic Group

In northeastern Minnesota, Midcontinent Rift vaoiisan is represented by a 7- to

10 kilometer-thick edifice of mafic to felsic lavasd minor interflow sediments of the

North Shore Volcanic Group (NSVG) that line the rghof Lake Superior from Duluth to

the Canadian border (Fig. 2.4). This volcaniciedihas been moderately tilted (10-20°)

southeast to south toward the rift axis, thus exypogrogressively deeper sections of the

rift fill away from the central part of the Minnasoshore. Prior to intrusion of the
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Duluth Complex along the basal section of the edjfthe NSVG was extruded onto a
peneplained surface composed of a Paleoprotersedimentary terrane of
greywacke/slate and iron formation (Rove and Gahfbrmations in the north and
Thomson/Virginia and Biwabik formations in the dowest) and Neoarchean granite-
greenstone terrane to the northwest (Peterson eveln, 2002).

Most NSVG volcanics show a predominately tholeigigichment trend, from
primitive tholeiitic basalts to evolved icelandit@sd rhyolites (Green, 2002). NSVG
flows are subdivided into four sequences alongstiwe of Lake Superior based on their
magnetic polarity, stratigraphic position and stuual orientation (Fig. 2.4). Two
“limbs” are distinguished by the general tilt oktflows with the lavas of the
southwestern limb tilted to the southeast and thrtheastern limb tilted to the south (Fig.
2.5). The northeast limb is composed of about @nkéters of lavas, of which about 25%
is rhyolite (Green and Fitz, 1993). This secti®subdivided into a lower and upper
sequence based on magnetically reversed and npotaaity, respectively. Within the
southwestern limb, the magnetically reversed loseguence is represented by a 1.5
kilometer-thick sequence of thermally metamorphdagds preserved beneath the
Duluth Complex near Duluth. Above the Duluth Cdexpthe upper southwestern
sequence is composed of about 8 kilometers of mesaflows, with less than 10%
being rhyolite (Green, 2002). At the very top o trolcanic pile, a 1 kilometer-thick
sequence of mostly primitive olivine tholeiite biisatermed the Schroeder-Lutsen

basalts, sit unconformably on the upper southwedt@rtheast sequences.
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Figure 2.4. General geologic map for rocks associated witiNbgh Shore Volcanic
Group (Modified from Green, 2002)
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2.4 Duluth Complex

The multiple intrusions of the Duluth Complex, BeaBay Complex, and other
hypabyssal intrusions of northeastern Minnesotayprse the second largest package of
mafic intrusive rocks in the world (Miller and Sesen, 2002). The Duluth Complex
(outlined by dashed line in Fig. 2.6) is composkd semi-continuous assemblage of
troctolitic, gabbroic, anorthositic and granitid¢riusions that cover an arcuate area of over
5,000 knf. The Duluth Complex is typically subdivided irfaur general rock series
based on lithology, age, and internal structure:fétsic series, the early gabbro series,
the anorthositic series, and the layered series.

The felsic series (1109 - 1106 Ma; Vervoort et2007) and the early gabbro
series (1106.9 £ 0.6 Ma; Paces and Miller, 1993eveenplaced during early stage
magmatism of the Midcontinent Rift (Miller and Sesen, 2002). Although U-Pb ages
for felsic and early gabbro series rocks overlagid fevidence implies that the felsic
series is one of the oldest rocks in the Duluth @Glem Where in contact with volcanic
rocks of the NSVG, the felsic series forms a sluatact, but has a more gradational
contact with underlying rocks of the early gabbeaes. The gradational relationship
between the felsic series and early gabbro sexieddrpreted to represent partial melting
of the felsic series by underplated early gabbrgmes, with the felsic series likely
providing a density barrier for the rocks of thelggabbro series (Miller and Severson,
2002). In addition, felsic series rocks have aagehic Nd isotopic signature suggesting
a source magma that incorporated partially mebkady rift related rocks, or old, near

chondritic crustal rocks (Vervoort et al., 2007).
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Figure2.6. General geology of the Duluth Complex, northeasktirmesota, with
layered series intrusions highlighted to show #gugnce of progression
proposed by Miller and Severson (2002). Tl — Tus@intrusion; WLI —
Wilder Lake intrusion; SKI- South Kawishiwi intrusi; BEl — Bald Eagle
intrusion; PRI — Partridge River intrusion; GLI +é@nwood Lake
intrusion; WMI — Western Margin intrusion; BLI — Bloler Lake intrusion;
DLS - Layered Series at Duluth (Modified from Milland Severson,
2002)

The anorthositic and layered series of the Dulutin@lex were emplaced during
main stage magmatism of the Midcontinent Rift (~<108a; Miller and Severson, 2002).

The anorthositic series rocks are structurally demplagioclase-rich cumulates (70 -

99% plagioclase) found throughout the complex (Ei§). Anorthositic series rocks are
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found in a direct contact with overlying volcanamsthe NSVG, or with granophyre of
the felsic series. The lower contact is commohkirp to gradational with layered series
rocks, even completely enveloping intrusions ofl&yered series in places such as the
Wilder Lake intrusion (Miller and Severson, 200&)iller and Weiblen (1990) proposed
that the anorthositic series resulted from the esghent of plagioclase crystal mushes
generated from lower crustal magma chambers bydnigyagioclase floating to the top
of magma staging chambers during the latent magret#tge. As magmatism resumed
during the main stage, plagioclase crystal-rich magwere flushed out from the lower
crustal magma chambers. Subsequent evacuatiatendlyibecame progressively less
crystal rich.

The layered series rocks of the Duluth Complexaasaite of at least 11 variably
differentiated mafic intrusions (Fig. 2.6). Théct(2-4 km), sheet-like intrusions
typically show igneous foliation and layering tigeintly dips southeast towards the axis
of the rift basin (Miller and Severson, 2002). mialy, the layered series intrusions tend
to display systematic cryptic and phase layerimtciative of fractional crystallization
variably interrupted by magmatic recharge and magemting (Miller and Ripley, 1996).
The common occurrence of inclusion of anorthosiéides-type lithologies in all layered
series intrusions has led to the conclusion thaataliered series intrusions are universally
younger than the anorthositic series. Layereaseéntrusions are typically sandwiched
between a hangingwall of anorthositic series raks pre-Keweenawan footwall rocks.
A few exceptions exist where intrusions are surdaghby earlier formed layered series

intrusions and anorthositic series rocks, suclha®ald Eagle intrusion.
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Interpretation of these cross-cutting relationshopserved in the field and
inferred from aeromagnetic data led Miller and $swe (2002) to suggest emplacement
of the layered series by younger intrusions ovéirgdeolder ones and thus younging
upward from the northwest to the southeast. THestlintrusions of the layered series
consist of the troctolitic cumulates of the PagacdRiver intrusion and the crosscutting
troctolitic South Kawishiwi intrusion. The nextiasion in the progression is the poorly-
exposed troctolitic Western Margin intrusion, whmlesscuts the Partridge River
intrusion. Approximately correlative with the West Margin intrusion are the
stratigraphically isolated and poorly-mapped trots of the Lake One and Tuscarora
intrusions along the northwestern margin of theuflulComplex. Younger yet is the
largely-unexposed, sheet-like Boulder Lake intrasend the time-correlative, poorly-
exposed Greenwood Lake intrusion, both of whiclsscat the Western Margin
intrusion. The youngest intrusions of the layesedes are the trough-shaped, layered
cumulates of the Bald Eagle intrusion (crosscutsGheenwood Lake intrusion), and the

well-exposed, layered gabbroic cumulates of theekey Series at Duluth (Fig. 2.6)

2.5 Beaver Bay Complex and Miscellaneous Hypabyssal I ntrusions

The Beaver Bay Complex covers around 608 &nd generally straddles the
southwest and northeast limbs of the NSVG (Fig). 2l7consists of at least 13 discrete
hypabyssal mafic, intermediate, and felsic intrnsiemplaced in the medial and upper
parts of the NSVG (Miller and Chandler, 1997; Milend Green, 2002). Most of the

intrusions associated with the Beaver Bay Comptexalumetrically smaller than those
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of the Duluth Complex and tend to show little toinesitu differentiation. The main
exception to this is the very well differentiateonfs Lake intrusion.

Based on field mapping and aeromagnetic interpogisfrom map m-119 (Miller
et al., 2001), the oldest rocks of the Beaver Bagnflex seem to be the inclusion-rich
diorites scattered throughout the Beaver Bay Coxapléne next oldest intrusion is the
differentiated ferrogabbroic xenolith, the Fournlikeke ferrogabbro, which sits within
the keel-shaped Houghtaling Creek troctolite. phlug-shaped Wilson Lake ferrogabbro
(WLFG) and its dike-like extensions, is the nextedt intrusion, followed by the
gabbronorite cumulates of the Dam Five, which appe#&uncate the WLFG in the
aeromagnetic data. The augite troctolite to obwgabbroic cumulates of the
Houghtaling Creek troctolite lie directly above tham Five gabbronorite, which is
crosscut by the Cloquet Lake Layered Series tedluhwest. The next suite of rocks is
inferred to be correlative, as mapping suggestsuite was split apart by the late-
intruding Beaver River Diabase. These rocks ireliet non-cumulate mafic to felsic
Upper Manitou River gabbro, the Blesner Lake derihe Lax Lake gabbro; the saucer-
shaped, crudely-differentiated Cloquet Lake Laye3edes, and the lens-shaped Finland
granophyre. Underplating the Finland granophytéesstrongly differentiated, sheet-
like Sonju Lake intrusion, which is crosscut by Beaver River Diabase. The late
Beaver River Diabase intrusive activity is chardzezl by an extensive network of mafic
dikes and sills, into which the massive and zomegabbroic Silver Bay intrusions

were emplaced (Fig. 2.7)
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Figure 2.7. General geology of northeastern Minnesota showieddcation and
lithology of major Beaver Bay Complex and other &lypssal intrusions. ES
— Endion Sill; CLLS - Cloquet Lake Layered SerieRD — Beaver River
Diabase; SLI — Sonju Lake intrusion; FG — Finlamau@phyre; CC — Cabin
Creek porphyritic diorite; HCT — Houghtaling Cretefsctolite; LP — Leveaux
porphyritic diorite; BH — Brule Lake-Hovland gabbi®M-Pine Mountain
granophyre; EM — Eagle Mountain granophyre (TakemfMiller and
Green, 2002)

The miscellaneous hypabyssal intrusions are isbkatel thus have an uncertain
correlation with other intrusive units. Based @d mapping and aeromagnetic

interpretations, it appears as though the compaosdtiec Endion Sill appears to crosscut

the Duluth Complex and could be one of the oldgpaibyssal intrusions. Other
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hypabyssal intrusions include the dominantly felsagle Mountain and Pine Mountain
granophyre, and the underlying sheet-like intrusiohthe Brule Lake-Hovland gabbro

(Fig. 2.7)

3. Previous Geochronologic Studies

Before the developments of single zircon datingptégues (Krogh, 1973; Krogh,
1982),the earliest geochronology studies of Midcontirfetft were hampered by
inaccuracy and imprecision associated with opetesy®ehavior. Silver and Green
(1972) used a bulk U-Pb zircon analysis to showtti@majority of Midcontinent Rift-
related igneous activity occurred over a relativaigrt period of time around 1110 + 10
Ma (Van Schmus and Hinze, 1985). Initial Rb-Sr &rAr studies ranged from 1200
Ma to 900 Ma (e.g. Chaudhuri and Brookins, 196%@tnuri, 1972; Baragar, 1978; and
others); with much of the data concordant withiroeof the Silver and Green (1972)
dates. Several of the dates were significantlyngew, e.g. 984 + 27 Ma (Chaudhuri,
1972), and were thus treated as minimum ages dilre tsusceptibility of the isotopic
systems to open system behavior (Van Schmus, 19825 result, early stratigraphic
correlation studies relied on the well-preservel@@aagnetic record found in the
igneous rocks of the rift.

At least one major polarity reversal is preservethe stratigraphic record - a
reversed to normal. A possible lower-normal taerse shift may also be preserved in
the Bessemer Sandstone below the Powder Mill Groupper Michigan (Van Schmus,

1982), but this reversal is not recognized in otkesal rift sandstones around the rift
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(Nopeming and Puckwunge in Minnesota). An extv@rged and normal polarity
interval is recognized in the Mamainse Point volcaum eastern Lake Superior (Annels,
1973), but again is not recognized in any of theepotolcanic sequences in western Lake
Superior. As a consequence, early stratigrapkisidns were done based on the major
reverse to normal polarity shift. Groups wereialy divided into lower (reverse) and
upper (normal) units as a result (Green, 1982) THl0 + 10 Ma date of Silver and
Green (1972) included rocks of both reversed amthabpolarity, so was a best estimate
of the age of reversal.

With the advent of isotope dilution methods forthrgsolution U-Pb dating of
single zircons (Krogh, 1973, 1982), early geochtogia studies in the Midcontinent Rift
sought to refine the age of the major reverse tenabpolarity transition, as well as
better constrain the time interval of magmatic\ati The major geochronologic studies

conducted over the past 25 years will be summaibzéalv.

3.1 Davisand Sutcliffe, 1985

One of the earliest studies using the new highipien methods was conducted
by Davis and Sutcliffe in 1985. They selectedlighologies related to igneous activity
around the Lake Nipigon area just north of Lakee3igp for zircon dating. Two of the
lithologies dated were of pre-rift related igneaiasivity. An Archean tonalite gneiss
underlying the Nipigon plate yielded a U-Pb ag@0i6 + 1.6 Ma, suggesting formation

during, rather than prior to, the Kenoran eventcah from an anorogenic granitic
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pluton of the English Bay porphyry was dated at6l33-10/-2.3 Ma, which they
suggested might represent the age of deposititimeodverlying Sibley Group.

Relative to the rift, four lithologies were datedt.ogan diabase sill, a porphyritic
rhyolite near the base of the Osler Group, a rgolear the top of the Osler Group on
Agate Point, and a felsic porphyry clast-bearinggtomerate at the base of the Osler
Group (Table 3.1).

Table3.1. *°Pbf*Pb ages of Midcontinent Rift samples reported byi®and Sutcliffe

(1985)

Rock Unit Rock Type Comments Polarity Age (Ma)
Agate Point (Osler upper part of the

rhyolite R 1097.6 +3.7
Group) reversed sequence
: base of the
Osler Group rhyolite porphyry sequence R 1107.5 +4/-2
Logan Sill diabase near the top of a R 1108.8 +4/-2

sill

Several interesting results arose from this stiithg agreement in dates for two
spatially extensive samples from the Logan Sill§198.8 +4/-2 indicated relatively
rapid emplacement. Dates from the Logan Sills va¢ése consistent with the dates
obtained by Silver and Green (1972) for the NSVGLA+ 10 Ma), further indicating
rapid magmatic activity around 1110 Ma. Even nmsarrising was the discovery that
rhyolitic magmatism was apparently contemporaneatts early mafic magmatism,
despite field evidence suggesting that the rhyolitws of the Osler Group are younger
than the Logan intrusions. The date of the AgaietRhyolite at the top of the reversed
polarity section of the Osler Group suggested ammim age of magnetic reversal at
1097.6 = 3.7 Ma; however, the data was discordadittiae authors acknowledged that

the flow could be a few million years older had #dreon crystals experienced slight Pb
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loss (this date would later be refined by Davis @nden, 1997; see below). The
conglomerate at the base of the Osler volcanictaomd numerous granite porphyry
clasts, which when dated, suggested the preserme-d&eweenawan felsic intrusions in
the Black Bay Peninsula between 1730 and 1600 Ma.

Another contribution from this study was the us¢hef mineral baddeleyite as a
dating target. The authors dated baddeleyite giiaiaddition to zircon for the Logan
sills. The agreement in the data between the twenmals for the same intrusions
demonstrated the viability of baddeleyite as a hemwlogic tool and laid the foundation

for further age studies in the rift.

3.2 Palmer and Davis, 1987

The next pertinent U-Pb zircon study to emergéertft was conducted by
Palmer and Davis in 1987. For their study, thegeted Michipicoten Island, located in
the eastern end of Lake Superior. Their primasgaech goal was to precisely calibrate
the polar wander track recorded in the paleomagmetiord. In addition, the normally
polarized volcanic rocks exposed on Michipicotdarid provided an opportunity to
bracket the upper age of the normal polarity iraervi hey dated zircon from a quartz
feldspar porphyry that intrudes the lower MamaiRset Formation, which is overlain
unconformably by the Michipicoten Island Formatioh precise®’Pb/°®Pb date of
1086.5 + 1.3/-3.0 Ma, along with the date from Algate Point rhyolite (Davis and
Sutcliffe, 1985) bracketed the age of normal iraébetween 1097.6 + 3.7 Ma and

1086.5 + 1.3/-3.0 Ma. This data, along with thahe Logan Sills from Davis and

26



Sutcliffe (1985) put a time span of approximate®yrRillion years on Midcontinent Rift-
related magmatism. While the range of ages formadigm was starting to become
clearer, the details of magmatic activity withire B2 million year interval had yet to be

revealed and the age of the magnetic reversal &b e definitely established.

3.3 Davisand Paces, 1990

Aiming to further expand the regional and tempepdkent of Midcontinent Rift
geochronology, Davis and Paces (1990) studied floed basalt lavas: two from the
extensive Portage Lake Volcanics (PLV) on the KevagePeninsula in upper Michigan,
and a flow from the Lakeshore Traps located withmoverlying Copper Harbor
Conglomerate (Table 3.2).

Table 3.2. 2°Pb/*°Pb ages of Midcontinent Rift samples reported byi®and Paces

(1990)
Rock Unit Rock Type Comments polarity Age (Ma)
. within the Copper Harbor
Lake Shore Traps andesite Conglomerate, 1000 m above PLV N 1087.2+1.6
Gree(r1pslt_c</r;e Flow basalt upper part of PLV N 1094 +1.5
CoppEePrL(i}';y Flow basalt near base of PLV N 1096.2+1.8

The normally polarized Copper City Flow, locate@mntne base of the exposed
Portage Lake Volcanics, provided a new minimuma@fgeagnetic reversal in the rift.
Along with the then reported age of the reverselapzed Agate Point rhyolite (Davis
and Sutcliffe, 1985), Davis and Paces (1990) imetegl the age of reversal to be

constrained between 1097.6 + 3.7 Ma and 1096.3 Ma&.
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In addition, the authors calculated rates of magrieusion during emplacement
of the Portage Lake Volcanics. They obtained amum volume estimation of 40,000
km?® based on outcrop exposure and the assumptiomefartt thickness across the basin.
Using the age data and volume estimation, DavisPawes (1990) determined that
extrusion rates were likely between 0.02-0.06/km consistent with other Phanerozoic

continental flood basalt provinces.

3.4 Heaman and M achado, 1992

The majority of MCR-related magmatism is tholeiiticcomposition, but local
alkaline intrusions associated with the MCR carfdomd in Ontario’s Coldwell Complex
located along the northern shore of Lake SupeFi. 2.3). The Coldwell Complex is
the largest of a suite of Keweenawan alkaline sitnus that occur in northwest Ontario
and extend approximately 150 km north of the m#irstructure. Heaman and Machado
(1992) performed U-Pb, Pb-Pb, Sm-Nd, and Rb-Sootanalyses to evaluate how the
Coldwell Complex related geochemically and tempgtal other rocks associated with
the MCR.

They selected five samples for study, ranging impasition from the gabbro at
the base of the intrusions, to the more evolveditgsa near the top. U-Pb
zircon/baddeleyite ages from the samples git€Rb7°®Pbemplacement age for the
Coldwell Complex at 1108 +/- 1 Ma. This data ishii error of Davis and Sutcliffe’s
(1985) age for the Logan sills (1108.8 +4/-2 Ma) ardicated the contemporaneous

production of tholeiitic and alkaline magma. Thehers also recognized two distinct
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mantle sources: a plume-componemMd = +.5), which sourced the gabbroic and
alkaline components of complex and an asthenospbemponentsfNd = +2), which

sourced the carbonatites.

3.5 Pacesand Miller, 1993

The first study on the intrusive rocks of the MGRhortheastern Minnesota,
including the Duluth Complex, was reported by Paes Miller in 1993. The primary
focus of their study was to evaluate the rangeggetaf the main mafic intrusions of the
Duluth Complex and Beaver Bay Complex. They daigtit gabbroic and anorthositic
intrusions that spanned both the spatial and teahpange of intrusive activity for the
Duluth Complex and the Beaver Bay Complex. Resiltheir dating study are
summarized in Table 3.3.

Table 3.3. 22Pb/*Pb ages of Midcontinent Rift samples reported byeBand Miller

(1993)
Rock Unit Rock Type Comments polarity  Age (Ma)

Silver Bay ferrogabbro granophyric 1095.8 +
(BBC) ferrogabbro near the top of the BBC N 12

Sonju Lake intrusion . o . 1096.1 +
(BBC) apatite ferrodiorite middle BBC N 0.8

Partridge River intrusion . . 1098.6 +
(DC)! troctolite middle DC N 05

Anorthositic Series (DC) olivine gabbrmc northern DC N 1099.0 £
anorthosite 0.6

Anorthositic Series abbroic anorthosite Southern DC (Duluth N 1099.1 +
(DCY 9 area) 0.5

Duluth Layered series olivine ferroaabbro Southern DC (Duluth N 1099.3 +

area .

(DC) 9 ) 0.3

Poplar Lake intrusion - 11069
(DC) olivine gabbro base of northern DC R 0.6

! The Partridge River intrusion date was later riagéo be a gabbroic phase of the anorthositiesdry
detailed mapping in the area (Miller and Sever2002).

2 AS3 was re-dated by Schmitz et al. (2003) to astepotential as a U-Pb geochronological standard
Their result of 1099.1 + 0.2 Ma is in perfect agneat with the Paces and Miller (1993) date.
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This study was particularly noteworthy for its higlprecise results. For the first
time, 1100 Ma events were precisely constrainetiwid.3 million years. The data was
also noteworthy for its identification of a sigw#int hiatus (~ 7 m.y.) in intrusive
activity, which would come to be recognized witMICR volcanics as well. An 1106.9
+/- 0.6 Ma age for an olivine gabbro sample frowa teverse polarity Poplar Lake
intrusion of the Early Gabbro Series of the DulGtmplex fell in line with the 1109-
1107 ages of other reverse polarity intrusions @ro§ills and Coldwell Complex) and
volcanics (the lower Osler Group). All normal pithaintrusions of the Duluth Complex
and Beaver Bay Complex had ages younger than 1@9T¥is was the first indication
of the episodic nature of MCR magmatism.

One of the most surprising results of Paces anteN&l(1993) study was that
four samples from the anorthositic and layeredeseasi the Duluth Complé]kwere
statistically indistinguishable in age at about4.08a (Table 3.3). Field evidence of
consistent cross-cutting relationships have longjied that anorthositic series lithologies
are older than layered series rock types and gagea models for the petrogenesis of the
two series that inferred a considerable differandéeir age and mode of formation
(Weiblen and Morey, 1980; Miller and Weiblen, 1990hat the two series were
essentially identical in age required a rethinkifighe petrogenetic relationship between
the two units (Miller and Severson, 2002).

Another interesting result was the apparent viotabf the paleomagnetic record,
with rocks of the Duluth Complex exhibiting norngadlarity at ~1099 Ma. This

appeared to be in direct contradiction of the presiy-dated, reversely-polarized Agate
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Point rhyolite at 1097.6 = 3.7 Ma (Davis and Siite]i1985). Paces and Miller (1993)
suggested that if the reversal age were corrastptay imply that it took over 1 million
years for Duluth Complex to cool past the CurrienpoA later re-dating of the Agate
Point rhyolite (Davis and Green, 1997, see beloald resolve this apparent
contradiction.

The samples dated from the Beaver Bay Complex sigreficantly younger than
the intrusions dated from the Duluth Complex (Téh®. The younger ages for these
intrusions, which reside at higher stratigraphisipons than the layered series samples,
indicate that intrusions climbed higher in the \aiic pile over time. Somewhat
problematic; however, was the failure to obtainsaigem the oldest BBC intrusions, as
indicated by mapping. This leaves the questiom@seto whether or not there exists a
temporal overlap between BBC and DC magmatism. eléler, only one DC age was

successfully obtained from this study, so the yash@C age remains unknown.

3.6 Zartman et al. (1997)

Looking to further constrain the interval of magroaictivity, Zartman et al.
(1997) dated plutonic bodies of the Mellen Intrest@omplex (MIC) and rhyolitic rocks
of the Kallander Creek Volcanics (KLV), Chengwataf@canics, and Porcupine
Volcanics on the south shore of Lake Superior infroentral Wisconsin and the Upper

Peninsula of Michigan (Table 3.4).
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Table 3.4. 2°Pb*Pb ages of Midcontinent Rift samples reported byr#an et al.

(1997).
Rock Unit Rock Type Comments polarity Age (Ma)
Porcupine Volcanics p)r/t:?/((:)llz;ztlc N 1093.6 £ 1.8
. quartz phyric  near base of Chengwatana
Chengwatana Volcanics thyolite volcanics, , NW Wi N 10946 £2.1
Kallander_Creek thyolite Upper Kallan_der Creek N 1098.8 +1.9
Volcanics Volcanics
. . late intrusion in the
Mellen granite (MIC) granite Mellen Complex N 11009+1.4
Mineral Lake intrusion granophyre N 1102.0 + 2.8

(MIC)

Age results from the Kallander Creek Volcanics,ahhoccur near the Michigan-
Wisconsin border area, provided additional evidesfce magmatic hiatus of several
million years that straddles the magnetic reveasahterpreted from the Duluth Complex
data (Paces and Miller, 1993). The Kallander Ciéelkanics, which are a mix of mafic
to felsic lavas, are divided into a lower and uppember based on their reversed and
normal magnetic polarity, respectively. An earpeeliminary study by Davis et al.
(1995) for a rhyolite flow from the lower KCV membgelded a preliminary age of
1107.5 £ 1.6 Ma, in line with other reversed pdlarocks in the western Lake Superior
region. However, Zartman et al. (1997) acquire@ge of, 1098.8 + 1.9 Ma for a
rhyolite flow from the upper KCV.

The stratigraphic separation between the two KdkaiCreek flows, which differ
in age by at least 5 Ma, is at most 1.5 km. Zantetaal. (1997) interpret the lack of
sedimentary units at the hiatus as evidence theidence after eruption of the lower
KCV was minimal. Moreover, they suggest that oneore significant time breaks in

basaltic volcanism was due to non-deposition iopagraphically high area, rather than
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the 5 Ma hiatus in volcanism proposed by Miller ibtiet al.,1995; Miller and Vervoort,
1996).

The normally polarized rhyolitic flow of the uppl€CV also placed a new lower
boundary on the magnetic reversal at no less tha8.8+ 1.9 Ma within the MCR
volcanics, which is in line with the 1099 Ma agésormal polarity Duluth Complex
rocks. The age results from felsic intrusive roftksn the Mellen Complex pushed the
youngest age for the reversal even further baapproximately 1102 Ma (Table 3.4).

The Chengwatana Volcanics, located in the Ashtmtline, were long thought
to be the equivalent to the Portage Lake Volcadiesto their stratigraphic position right
below the Oronto Group. The U-Pb zircon age of4162 2.1 is statistically
indistinguishable from dates for the Portage Lakéc&hics determined by Davis and
Paces (1990) and further corroborated the coroslaif these two units.

Another interesting aspect of this study was the @t the Porcupine Volcanics,
which is a composite volcanic sequence occurriragigtaphically above the Portage
Lake Volcanics and below the Copper Harbor Conglateeof the Oronto group. The
1093.6 + 1.8 Ma age for the Porcupine Volcanice @ upper limit for the significant

volcanic activity in the area.

3.7 Davisand Green (1997)
Reporting on a collection of ages from the MCR tiead been acquired over
several years, Davis and Green’s (1997) publicagiablished the current

geochronologic framework of MCR igneous rocks ia Western Lake Superior region,
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especially the presence of a magmatic hiatus betd&#@7 and 1102 Ma. They reported
on the U-Pb ages of eight samples from volcaniciaindsive bodies in northeastern
Minnesota. They also reported a revised datehtdwer Kallander Creek Volcanics
previously reported in an abstract (Davis et &93) and re-dated zircons from the Agate
Point rhyolite of the Osler Group. They were pniitydooking to accurately constrain

the age of the magnetic reversal, as well as gathdr insight into the geodynamic
evolution of MCR magmatism (Table 3.5).

Table 3.5. 22Pb*Pb ages of Midcontinent Rift samples reported byi®and Green

(1997).
Rock Unit Rock Type Comments Polarity Age (Ma)
Kallander Creek (Powder . near the base of the exposed
Mill Group) rhyolite KCV R 1107.3+1.6
Palisade rhyolite (NSVG) thyolite ~ Stratigraphically highest 159664 1 7
sample collected
Devil's Kettle porphyry porphyritic 800 m above Big Bay
(NSVG) rhyolite rhyolite N 10977+ 1.7
Kenwood Av. Granite . few 100 m's above roof zone
(Duluth Complex) granite of DC N 1098.2+1.4
Lakeside Lavas (NSVG) icelandite 1800 mabove base of sw 4498449 g

limb of NSVG in Duluth

. . near the base of normal
Big Bay (NSVG) rhyolite NSVG section N 1100.2 +2.2

Swamper Lake (Duluth adjacent to the Poplar Lake

Complex) monzogabbro intrusion R 1107.0+1.1
HovIand('llaSvssG/;I'om Lake thyolite nea&?\t/eéogeg;giverse R 11077 + 1.9
Red Rock rhyolite (NSVG) thyolite Srt:‘/te'?srzp,\*}g%ys'g‘gﬁ;g‘e 1107.9+1.8
Agate Pog\rtorgg)olite (Osler thyolite regjitcel,-if?:; ?fg\)/zigss)and R 11053 + 2.1

The re-date of the reversely magnetized AgatetPbyolite confirmed the
suspicions of Davis and Sutcliffe (1985), as iteshdp several million years older than
previously thought (1105.3 £ 2.1 Ma). This dateng with the average age of the

normally magnetized Mellen Intrusive Complex (Zaatnet al. 1997) has now
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constrained the age of the field reversal to betwi)5 + 2 Ma and 1102 + 2 Ma, a
major accomplishment that was over 20 years imthking. In addition, based on
latitude variations in the paleomagnetic data, thetgrmined that the drift rate for the
North American plate during the early part of thiewas approximately 22 cm/yr, but
slowed to approximately 8 cm/yr as rifting startedvane around 1095 Ma.

A major result from this paper was the confirmatidran approximate seven
million year hiatus in magmatic activity, the lat@magmatic stage, which was suggested
by Miller and Vervoort (1996) as an explanationttoe time gap observed in the plutonic
bodies of the Duluth Complex (Paces and Miller,3)99 new age from a rhyolite
sampled near the exposed base of the Kallandek @adeanics of the Powder Mill
Group was distinctly older than the upper Kallan@ezek age of Zartman et al. (1997)
(Tables 3.4, 3.5). In addition, ages from the Redk rhyolite and Hovland lavas from
the northeast limb of the NSVG were dated at 118710 Ma and 1107.9 + 1.8 Ma,
respectively; with similar results on the southwiasb (Table 3.5). By finding similar
time gaps between 1107 and 1100 Ma on both thd smat north shore of Lake
Superior, Davis and Green (1997) were able to punagjuivocally the existence of the
latent magmatic stage. This result proved thabtieerved magmatic hiatus was not a
function of non-deposition due to topographic higegproposed by Zartman et al.
(1997). Moreover, the dates from the Kenwood Aange at 1098.2 + 1.4 Ma and the
Palisade rhyolite at 1096.6 £ 1.7 Ma constraingatr@dmately seven kilometers of

normally polarized lavas over an interval of appnmately two million years. This was
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the first indication of the extent and duratiortlod voluminous volcanism associated

with the MCR.

3.8 Vervoort et al. 2007

Vervoort et al. (2007) reported on the ages andlyamistry of a suite of
granophyres from the Duluth Complex and Beaver Bagnplex in order to investigate
and constrain the genesis of the rhyolitic magmaaniotherwise mafic-dominated
system. Secondary to this objective was to addreasral other questions: (1) What
were the mechanisms of felsic magma formation™¢®y do the felsic magmas and
mafic magmas relate temporally? (3) What do thekionships imply about the overall
magmatic and chemical evolution of the MCR? U4ikBb zircon geochronology
coupled with Nd isotope and trace-element analy&syoort et al. (2007) were able to
provide some compelling answers to their main nefeabjectives.

Although the U-Pb zircorf{"Pb/°Pb ) ages of the granophyres proved to have
significantly large errors (2.8-5.5 Ma), the resutom seven granophyre bodies clearly
showed two distinct age groupings: an early graamf1109 Ma to 1106 Ma, and a late

group from 1099 Ma to 1095 Ma (Fig. 3.1).
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Figure 3.1. Summary plot of U-Pb zircon ages from granophymaglexes. The bands
labeled “early” and “main” magmatic stages are Hasethe weighted mean
of the reported granophyre ages (from Vervoorl.e2807).

The early and main stage granophyres observectidata are consistent with the
evolutionary stages of the MCR proposed by Milled & ervoort (1996). Main stage
granophyres are also consistent with the main githdens dated by Paces and Miller
(1993), Green et al. (2001), and Schmitz et al080Ofurther confirming the episodic
nature of rift magmatism and providing additionaldence for the existence of a latent

magmatic stage (Fig. 3.2). Moreover, Nd and treleeaent characteristics supported the

notion of significant crustal underplating causpagtial melting of the lower crust.
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Major and trace-element compositions for both earlg main stage granophyres
were nearly indistinguishable; however, the Ndagat compositions were distinctly
different. Early stage granophyres exhibited nadiogeniccNd values ranging from -
3.7 to -0, whereas main stage granophyres had mocé radiogenic isotopic
compositions witkeNd values ranging from -7.6 to -3.1. While thewed for the
younger granophyres are consistent with their soheing partial melting of
Paleoproterozoic and Archean crust, the moderatgativesNd values for the early
granophyres suggest either fractionation of MCRienafagmas or remelting of a
Keweenawan to Paleoproterozoic source. The lasggeme of the granophyre bodies
argues against their formation by fractionatiorhisTstudy was significant to supporting
the hypothesis that significant magmatic undemtptiaused varying degrees of crustal

anatexis throughout the evolution of the MCR.

3.9 Heaman et al. (2007)

Heaman et al. (2007) dated 29 samples of mafitttannafic intrusions, dike
swarms, and alkaline complexes from the Ontaridi@oof the MCR. Prior to this
study, a vast majority of MCR geochronologic stsdigcused on the main volcanic
packages found throughout the rift (e.g. Davis 8attliffe, 1985; Palmer and Dauvis,
1987; Davis and Paces, 1990; Zartman et al., 1D8vis and Green, 1997); with little
study given to the many subvolcanic intrusive camps (save Paces and Miller (1993).
Heaman et al. (2007) therefore sought to expandrtderstanding of the timing of

subvolcanic intrusive activity, particularly in theke Nipigon region of Ontario.
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Table 3.6. 22Pb*°Pb ages of Midcontinent Rift samples reported bgrhien et al.

(2007).

Rock Unit Rock Type Comments Age (Ma)
Pigeon River diabase sample collected from dyke 1114 20.0
Kitto olivine gabbro  drill core from Kitto intrus(98.3-98.6m) 11175+ 3.7
Seagull peridotite drill core sample, ultramafitrirsion 11128+1.4
Jackfish sill gabbro Jackfish Island near Englisty B 1112.4+£2.8
Disraeli olivine gabbro  drill core from Disraelitimision 1109.0+1.5
Kitto diabase drill core from Kitto intrus., (2424.9m) 1110.8+4.3
Hele olivine gabbro  drill core sample, ultramafitrusion 1106.6 £1.5
Inspiration diabase from McLaurin Lake area 11593B8.0
Logan, Mt. McKay diabase upper Logan Sill 11147.%
Muskrat Lake diabase drill core near Muskrat Lake 1127 +£2.4
Grand Bay diabase drill core from Grand Bay drilen 11144 +8.3
Havoc diabase drill core near Havoc Lake 1110.15+ 2
Nipigon, North Bay diabase outcrop on west siddlafth Bay 1110.1+2.1
Nipigon, Gull River troctolite 530 m depth of GRiver drill hole 1111.0+15.0
Nipigon, South Bay diabase from South Bay of Lakgigon 1106.8 £1.9
Mclintyre diabase western end of Lake Nipigon 1160484
Crystal Lake gabbro sample collected near CrysaéieL 10996 £1.2
Moss Lake gabbro sample collected near Moss Lake 947G 3.1
Arrow River dyke diabase sample collected from digbdyke 1078.0 £ 3.0
Blake Twp. gabbro two pieces of drill core 1091.4.5
Nemegosenda carbonatite sample taken east of LgleriSr 11054 +£2.6
Lackner Lake carbonatite sample taken east of Salgerior 1100.6 £1.5

The Heaman et al. (2007) study calls into questame of the current thoughts

on the plume-generated, episodic nature of riftmmatgsm and suggests that perhaps

there were earlier episodes of rift-related magsnati Previous studies indicate that

magmatic activity was concentrated in two stagasabruptly began around 1109 Ma

(i.e. early and main stage magmatism). Howeverntégeet al. (2007) reported ages for

several diabase and gabbro sills in the Lake Nip@ea that may push the onset of early

stage magmatism back at least 5 Ma to around 11d.5IMaddition, the authors

recognized an even earlier stage of magmatisnthiegtsuggest may also be related to

the MCR between 1150 and 1130 Ma. Ages by Queah €996) from lamprophyre

dikes located along the shore of Lake SuperiorgKret al. (1987) on the Great Abitibi
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dykes (1140.6 £ 2.0 Ma), and Heaman et al. (206&he Pigeon River Dike Swarm at
(1141 + 20 Ma) and Inspiration diabase (1159.0 HB8ll suggest the existence of this
period of early magmatism. Heaman et al. (200@é¢siates that these ancient mafic-

ultramafic dykes are possibly feeder systems teralehdiscovered basaltic flows.

Issues with these older ages, specifically thed?ideiver Dike Swarm, arise
when the ages are compared to the field relatipsshlhe Pigeon River Dike Swarm
appears to crosscut the younger Logan Sills in dooaions; whereas, the field
relationships are not so clear in others (Holliagal., 2010). In addition, geochemical
evidence collected by Hollings et al. (in presg)gast that the Arrow River dike (1078
Ma — Heaman et al., 2007) and Rita Bolduc dike {11y — Heaman et al., 2007), both
of the Pigeon River Dike Swarm, are geochemicadlyststent, which would seem
improbable if they were indeed emplaced some 6lomiyears apart. The date of 1141
Ma reported by Heaman et al. (2007) defines anmippercept age, and although the
baddeleyite grains analyzed are collinear, theysm@ficantly discordant (4-12%),
calling the overall accuracy of this age into gises{Hollings et al., in press).

If the assertion from Heaman et al. (2007) is adraed the ~1140 Ma dike
swarms are indeed related to the Midcontinent Ri&n this requires a re-examination of
rift initiation and development by a starting mantlume (Hutchinson et al., 1990;
Miller and Vervoort, 1996; Nicholson et al., 1991).would require the presence of a
long-lived mantle plume (for which evidence of sfgrant crustal doming is lacking), or
two consecutive mantle plumes (an early one at M4@nd a later one at 1115 Ma), or

the interaction between the arrival of an early tieggplume around 1140 and subsequent
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upwelling of asthenosphere (Heaman et al., 200Qre work is needed to evaluate this
possible relationship. It also suggests that enplmay not be involved at all, but rather
that MCR magmatism may be a passive response itmdpedilation of the lithosphere
and diapirism of the asthenospheric mantle.
3.10 Summary

It is clear from the combined data (Fig. 3.3) thifdrelated magmatism occurred
in distinct stages. The latent magmatic stagéeesrly observed in the all of the mafic
data for the rift. The onset of early stage magsnais more problematic as shown by the
Ontario data of Heaman et al. (2007). The disopwépre-1110 Ma ages among mafic
and ultramafic intrusions by Heaman et al. (200Zy mpush the onset of rifting back to
1115 Ma, or even earlier if the pre-1115 Ma ages®ito be related. Miller (pers.
comm., 2010) suggested that these early intrusiath®ut correlative volcanics may
indicate an early episode of crustal doming thateded the impact of the plume into the
base of the lithosphere and the onset of actitiagif It is unclear if and how the pre-
1115 Ma dyke swarms relate to MCR magmatism, bwté it would require a

significant paradigm shift for the formation of thedcontinent Rift.
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4. Purpose of Study

Several problems remain unresolved following thekwad previous

geochronologic studies on MCR rocks in northeadtéinmesota. Studies focused

primarily on establishing the temporal relationsbgiween the four main series of the

Duluth Complex and the span of intrusive activitghin the Duluth and Beaver Bay

complexes (Paces and Miller, 1993; Davis and Gre@a7; Vervoort et al., 2007). The

purpose of this study is to address several unredajuestions about the timing of

intrusive magmatism in northeastern Minnesota.

1) Relative Ages of Layered Series Intrusien®aces and Miller (1993) attempted to

test an interpretation of the aeromagnetic datalélyared series intrusions were
emplaced by successive overplating from the norsh¥eethe southeast (Miller and
Severson, 2002; Fig. 4.1). Accordingly, they siedldsamples from what they
perceived to be the oldest layered series intrusiePartridge River intrusion (PRI),
and one of the youngest layered series intrusiting Buluth Layered Series (DLS),
to test the range of layered series emplacemdm. ages for both intrusions were
irresolvable within error. Moreover, later mappi{@gverson and Miller, 1999)
revealed that their Partridge River intrusion sawhs actually a gabbroic phase of
the anorthositic series. Therefore, the questidimresmains: can precise U-Pb zircon
ages be used to support the aeromagnetic intetipretsd layered series
emplacement? Resolution of this question requiedisig several layered series

intrusions that span sequentially from oldest tongest.
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Figure4.1. 1% vertical derivative of the aeromagnetic data amolagic interpretation of
layered series intrusions for the western parhef@uluth Complex
(interpreteation based on Miller et al., 2001) 0€3cutting relationships
implied by the aeromagnetic data serves for theslmdghe sequential
emplacement model suggested by Miller and SevgaiP). They
suggest the following intrusive sequence: Partridger intrusion (PRI
South Kawishiwi intrusion (SKI), Western Margintiasion (WMI), Lake
One troctolite (L1), Tuscarora intrusion (FP Boulder Lake intrusion
(BLI), Greenwood Lake intrusion (GLB> Bald Eagle intrusion (BEI),
Layered Series at Duluth (DLS)

2) Time-span of Duluth Complex and Beaver Bay Caxfmplacement Paces and

Miller (1993) attempted to date one of the oldeBCHntrusions based on field
relationships, the Lax Lake gabbro, and the younBB€ intrusion, the Silver Bay
gabbro, to determine the relative timing betweetubuComplex and Beaver Bay

Complex magmatism. They were unable to extrachlsedata from the small
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inclusion filled zircons from the Lax Lake gabbmthey sampled baddeleyites from
a differentiated phase of the Sonju Lake intruswamich, according to field
relationships, is younger than the Lax Lake galalord older than the Silver Bay
gabbro. The Sonju and Silver Bay ages are irrebddvwithin error (1096.1 £ 0.8
Ma and 1095.8 + 1.2 Ma, respectively), and werag@pmately 2-3 Ma younger than
the oldest dates from the layered series. Asudtrélse question remains: is the
apparent 2-3 Ma time-gap between Duluth ComplexBaaler Bay Complex
magmatism real, or just a function of insufficieletta? Resolution of this question
requires dating the latest Duluth Complex intrusiand the earliest Beaver Bay

intrusions.

3) Age of Miscellaneous Hypabyssal Intrusions nuattlly Associated with the Duluth

Complex or Beaver Bay ComplexMany intrusions that are not spatially associated

with the Duluth or Beaver Bay complexes are classias miscellaneous intrusions on
the regional geologic map of northeastern Minne@dtd 19; Miller et al., 2001).
These intrusions span a large compositional rafge (primitive olivine tholeiitic
diabase to granophyre) and occur as subconcortaat-Bke intrusions in the

volcanic edifice of the NSVG (Miller and Green, 200 While they are generally
interpreted to be younger than intrusions of th&uBuComplex (see correlation
diagram for M-119; Miller et al., 2001), it is ueelr when they intruded. To
determine the age relationships of these miscalan@trusions to the Duluth and

Beaver Bay complexes, the lowest hypabyssal irdgrusi the southeastern sequence,
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the Endion Sill, was chosen for dating. Green iltr's (2008) map of the Duluth
Quadrangle shows the Endion Sill as intrusive theounderlying Duluth Complex,
based on ambiguous field and aeromagnetic dates iffterpretation is very

speculative, however (Miller, 2010, pers. comm.).

5. Methods

5.1 Sampling Strategy

Based on the work of Paces and Miller (1993), gesps that mafic rocks with the
highest probability of containing zircon or baddetie are coarse-grained, poorly
foliated, and more gabbroic in modal compositioe. @ugite- and oxide-rich). Greater
abundances of pyroxene and oxide, as well as ®djatithe largely troctolitic intrusions
of the Duluth Complex were used as an indicata@ gfeater trapped liquid component,
which would facilitate the crystallization of zingan a mafic plutonic rock.

The 1:100,000 scale geologic map of northeastermd&iota (M119, Miller et al.,
2001) is not only the most comprehensive compitatibthe bedrock geology of the
Duluth Complex and Beaver Bay Complex to date dtst summarily portrays the age
relationships of the numerous units comprisingehegusive complexes. Most of these
age relationships are inferred from field relatinps or interpreted from aeromagnetic
data (Miller et al, 2001). The temporal relatiopsishown on this map serves as the
model to be tested by this study and the basig®osample selection. Eight sample sites
were selected for this study in order to test kined basic problems put forth in the

previous chapter (Fig. 5.1, Table 5.1).
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Five samples were selected to address the ageospagered Series intrusive
activity. Based on interpretations of aeromagnédita, and to a lesser extent field
relationships, Miller et al. (2001) deduced tha Bartridge River intrusion was likely
the oldest intrusion of the layered series. Algilo®aces and Miller (1993) thought they
had sampled the Partridge River intrusion (PG2, Fig), later mapping (Severson and
Miller, 1999) revealed that this gabbro (the PoweriGabbro of Bonnichsen, 1971) is

actually a phase of the anorthositic series.

Table5.1. Summary of sample locations for this study. Ubibr@viations as in Figure

5.1
UTM (NAD 1983, 15N) TR, S
Unit Rock Type E N Section  Township  Range
PRI augite troctolite 567165 5266451 SW34  T59N R14W
TI melatroctolite 653325 5324622 NE 3 T64N R5W
DLS olivine gabbro 557786 5171911 SE 28 T49N R15W
GLI oxide gabbro 602351 5268421 SW29  T59N R10W
BEI olivine gabbro 607331 5289687 SW23 T61N R10W
WLFG ferrogabbro 645515 5280554 SE 22 T60N R6W
HCT augite troctolite 639083 5273599 NW 18 T59N R6W
ES oxide gabbro 570062 5185705 NE 14  T50N R14W

48



(21nby pagsigun ‘8oz “J3IIIAL Woly payipow) Bumas d160j0ab
[esauab ayy Jo 1xa1aqpul Apnis siyl Joj suonedo| ajdwes Jo Arewwns T'ganbi4

SMO D1I0AY $P0Y plonues | _u,m OF 0t 07 0l 0 i
01 211jeseg sy20y [e1snuneadng Slalallo|iy AT
dNOYD DINYITOA JHOHS HLHON NYIHOHY pnna /. m*_a
w4-a4 wyunopygesis [N 2
S31I9S JIS[94 w4 anoy/eiubip
5384 BIGGES Ale] 210Z0¥3.104d0ITVd

S33S JNISoYLoUY
(17W) sauas pasaie]
XAdWOD HLMINA

SUOISTLIIU| JIS|a4

SUOISTUIU| DRl .
SNOISNYLNI SNOANYTIIDSIN
ANY X31dWOD Avd "3Av3Y
J10Z0Y310HdOS3IW

uoisniu| 1any abpuied - |4d
UOISNIIU| BIOIBISN] - |1

UgISNIIU| @YET] poomusals) - |79
uoisnigu| 2|Be3 pleg - 138

wininQ je saues pasefe - §7a

W SNOISNYLNI X 1dWO0 HININa

apjo1004) yaalg Buleyybnoy - 1OH
olggebola) a4eT Uos|Ip - D4

s uolpud - S3

W SNOISNULNI TYSSAGYIAH ONY

49



The Partridge River intrusion forms the northwestaargin of the Duluth
Complex and is described by Miller and Severso®22@s a southeast dipping, mafic
layered intrusion, consisting predominately of totiic cumulates. It is in contact with
Paleoproterozoic metasedimentary rocks of the falband locally contains inclusions
of various anorthositic series rocks and volcamimfels. Bulk sample collected for this
study was taken from the Ppct unit near the basieeoPartridge River intrusion from a
pavement outcrop off of Forest 117 Rd. north of Hakes, MN. Severson and Miller
(1999) describe the Ppct unit as a homogeneousetarvery coarse-grained, poorly
laminated to decussate, ophitic leucocratic traetdd augite troctolite. In hand sample,
the rock for this study consisted of coarse-graimeaderately foliated, subophitic augite
troctolite (Fig. 5.1, Table 5.1).

The Tuscarora intrusion is one of the least undedstayered series intrusions
because of its remote location in the Boundary VgaBanoe Area Wilderness. Miller
and Severson (2002) speculated that given its pmaddely troctolitic composition, it
may be comparable in age to older layered sertassions such as the Partridge River
intrusion and the South Kawishiwi intrusion. Likee PRI and SKI, the Tuscarora is
situated along the margin of the Duluth Complex snd contact with a footwall of
Paleoproterozoic metasedimentary rocks and Neoancpenite-greenstone terrane.
However, the lack of detailed mapping along theéhen margin of the Duluth Complex
makes it difficult to ascertain its temporal redaship with other intrusions to the west.
Recent mapping by Costello (unpublished M.S. th&€40) in the Gillis Lake and

Gabimichigami Lake 7.5” quadrangles shows the Tuscarora intrusion to be composed of
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two distinct zone — a lower zone dominated by kaselusion-rich augite troctolite to
olivine gabbro, and an upper zone of augite-pamtalite, melatroctolite and
leucotroctolite, with an abundance of anorthosigdes inclusions. To steer clear of
possible footwall contamination, a melatroctoliten the upper zone of the intrusion
was sampled on the northern shore of Fern LakearBbundary Waters Canoe Area
Wilderness (Costello, unpublished M.S. thesis, 20Ithe sample was taken from the
Mtum unit, which Costello (M.S. thesis) describesaarse to medium-grained
melatroctolite with local modal layering of olivinenging in content from 15-30%. In
hand sample, rock from this unit appears as cdarseedium-grained melatroctolite
(Fig. 5.1, Table 5.1).

The Layered Series at Duluth is a 3.5 to 5 kilom#tek, sheet-like, layered
mafic intrusion that forms the southern marginhef Duluth Complex. It is subdivided
into five stratiform units based on lithology, culoimineralogy, texture and large-scale
layering (Miller and Green, 2008). Paces and M{{l©93) selected a ferrogabbro
sample (D1) from the upper portion of the Layerede&s at Duluth to determine its age.
Green et al. (2001) speculated that the preciserziage of 1099.3 + 0.3 Ma from Paces
and Miller (1993) may represent inherited zircamnfrthe anorthositic series rocks
hanging wall, which gave an identical age of 10995 Ma. Green et al. (2001) were
unable to substantiate this with their less predate of 1098.9 + 1.4 Ma from a
monzodiorite, also collected near the top of thgeltad Series at Duluth. Miller and
Severson (2002) hypothesized, based on aeromagnesscutting relationships, that the

Duluth Layered Series may be the youngest layezgdssintrusion. However, questions
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about inheritance and the imprecision of the Gegeal. (2001) age make it difficult to
evaluate this interpretation. To try and resohis tssue, the sample collected for this
study was from the troctolitic Mdt zone of Millené Green (2008), which is described as
a 1,000 to 1,800 meter thick zone of massive, rmedjtained, poorly to moderately-
foliated, ophitic augite-bearing troctolite to atggiroctolite. It was collected north of W.
Skyline Parkway on the northern bank of Sargenekrdn hand sample, it is a coarse-
grained to pegmatitic, ophitic olivine gabbro (Figl, Table 5.1).

The poorly exposed Greenwood Lake intruselayered series body in the
central Duluth Complex (Fig. 5.1), is also intetpreto be one of the younger intrusions
of the Duluth Complex (Miller and Severson, 2002% geophysical signature appears to
truncate underlying intrusions, such as the Sowwikhiwi and Western Margin
intrusions (Figs. 2.6, 4.1). Based on a travefshallow drill hole and limited outcrop
along the former LTV Mining railroad grade, the &ngvood Lake intrusion is a 2
kilometer thick, poorly exposed, well-differentidiesheet-like layered intrusion with a
lower leucotroctolite zone and an upper olivinedexgabbro zone (Miller, 2004; Jirsa
and Miller, 2004). The bulk of exposed Greenwoadtd intrusion is a well foliated,
four-phase (PI-Cpx-Ox-Ol) cumulate rock with little no trapped liquid component or
coarse segregations. In addition to possibly bemgof the youngest intrusions of the
layered series, the aeromagnetic anomaly assoaidgtiedsreenwood Lake appears to arc
through the anorthositic series rocks and merge thi2 Wilson Lake ferrogabbro of the
Beaver Bay Complex (Figs. 2.6, 4.1) implying a fldssgenetic link between these two

intrusions. For this study, a medium-grained, si@iated, olivine oxide gabbro was
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collected from the Mgg unit of the Greenwood Lakglision on the north side of the
former Erie railroad grade about 1 kilometer edsighway 2 (Jirsa and Miller, 2004;
Fig. 5.1, Table 5.1).

In the central Duluth Complex, the Bald Eagle istom (BEI) appears to be the
youngest layered series intrusion as its aeromagsighature appears to truncate the
central body of the Greenwood Lake intrusion (F&S6, 4.1; Miller and Severson,
2002). Weiblen’s (1965; Green et al., 1966) magmhthe tear drop-shaped Bald Eagle
intrusion showed it to be a concentrically zonddusion with an outer zone of troctolite
to melatroctolite (PI+OIl) cumulates and an inneeaaf olivine gabbro (PI+OIl+Aug)
cumulates, partially emplaced into rocks of thertrasitic series, and the South
Kawishiwi and Greenwood Lake intrusions (Jirsa ltider, 2004; Green et al., 1966).
For this study, sample BEI was taken from unitylgich is described by Green et al.
(1966) as a medium-grained, foliated, olivine-begqugabbro. The sample outcrop is a
coarse-grained, moderately foliated, intergranudhvjne gabbro and was collected one
kilometer south of Tonic Lake off of US Forest SeevRoad 387A, north of Isabella,
Minnesota (Fig. 5.1, Table 5.1).

To address the issue of temporal overlap betwedntidbComplex and Beaver
Bay Complex magmatism, BBC intrusions were soughtlrat field mapping indicates
(Miller and Chandler, 1997) may represent the dldgsusive activity. Accordingly,
two intrusions from the northern part of the BeaBay Complex were selected for study:
the plug-shaped Wilson Lake ferrogabbro and thédesped macrodike intrusion

termed the Houghtaling Creek troctolite (Fig. 3-&ble 5.1). Geologic mapping by
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Boerboom and Miller (1994) inferred from field re¢tms and aeromagnetic data that the
Wilson Lake ferrogabbro, a plug-shaped intrusiomgposed of well-foliated olivine
oxide gabbro to ferromonzodiorite, is cross-cuthmHoughtaling Creek troctolite.
Miller and Chandler (1997) interpret the Wilson kedkrrogabbro to be the oldest
intrusion of the Beaver Bay Complex. In addititrey noted that the aeromagnetic
signature of the Greenwood Lake intrusion of théubuComplex appears to funnel into
the Wilson Lake ferrogabbro and could provide aegerlink between Duluth Complex
and Beaver Bay Complex magmatism. For this stadyarse-grained, granophyric
ferrogabbro with interstitial biotite was collecttedm a somewhat weathered outcrop
along the southwestern shoreline of Wilson LakeefBoom and Miller, 1994). The
sample was collected from the wimg unit, whichaswposed of medium to very coarse-
grained, pink to black monzogabbro with local patbf coarsely pegmatitic gabbro
(Boerboom and Miller, 1994; Fig. 5.1, Table 5.1).

The Houghtaling Creek troctolite was mapped andris=d by Miller et al.
(1994), as a keel-shaped macrodike composed of nawtedle differentiated olivine
plagioclase cumulates. Aeromagnetic signaturesatelthe HCT is approximately two
to four kilometers wide, and strikes for a distan€approximately 40 kilometers,
separating the bulk of overlying Beaver Bay Compteagmatism from the underlying
anorthositic cumulates. Paces and Miller (1993¢di¢he Sonju Lake intrusion at 1096.1
+ 0.8 Ma. The aeromagnetic anomaly associatedtélSonju Lake clearly crosscuts
the Cloquet Lake layered series, which in turneapp to crosscut the Houghtaling Creek

troctolite (Chandler and Miller, 1997; Miller and€&n, 2002). The Houghtaling Creek
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troctolite should provide a reasonable age fousitre activity between early BBC
magmatism (WLFG) and late (~1096Ma) BBC magmatiSin] and SBG2 from Paces
and Miller, 1993). For this study, a sample of medgrained, ophitic augite troctolite
was collected from a glacially polished pavemertiamp on the west side of USFR 359
(Little Manitou Rd) from the hct unit of Miller etl. (1994). The bulk unit is described
by Miller et al. (1994) as a medium to medium ceggsained, poorly to well-laminated,
locally layered, ophitic augite troctolite to olng gabbro (Fig. 5.1, Table 5.1).

Lastly, the Endion Sill near Duluth is classifiegl Miller et al. (2001) as a
miscellaneous intrusion because it is not cledritha associated with Duluth Complex
or Beaver Bay Complex magmatism. Green and Mi#1608), in their geologic map of
the Duluth quadrangle, describe the sill as alligically complex mafic to intermediate
sill, approximately 425 meters thick, that sit@ggraphically above the roof zone of the
Duluth complex, emplaced within volcanics of thertidShore Volcanic Group, in
contact with overlying granophyre. They intergiret Endion Sill to be younger than the
Duluth Complex based on aeromagnetic crosscutélagionships, but state on the map
that this conclusion is very speculative. Deteingrthe age of the hypabyssal Endion
Sill will provide important constraints on the estited depth of emplacement of the
Duluth Complex (Miller and Severson, 2002). Fas $tudy, the outcrop sampled (unit
Mes — Green and Miller, 2008) was from the midéleti®n of Endion Sill near the
intersection of Woodland Ave and Norton St. in ¢itg of Duluth, MN. The outcrop
consisted of weathered, coarse-grained, poorlgtidi augite troctolite. In hand sample,

it was medium-grained, intergranular, oxide gal(pig. 5.1, Table 5.1).
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5.2 Mineral Separationsand Analytical Procedure

The protocols for zircon and baddeleyite separdbtiow a standard series of
well developed techniques (Fig. 5.2). Roughly 3®-kilograms of rock from each
sample site was collected (equivalent of four &rlgample bags full of fragmented rock)
and crushed using a steel jaw crusher and cerasuerdlls. For each sample, a 64 0z
split of milled material (ground to less than 50@mns) was processed through a series
of density and magnetic separations.

Bulk density separations were performed on a Rogéis, 64 oz at atime. The
heaviest grains, which come off the Rogers tabtaatar end, were collected in small
plastic tubs, poured into baking pans, and driea fuwrnace for about twenty minutes.
Iron filaments picked-up during the crushing pracae pulled out of the heavy grain
fraction using a hand-magnet. The non-magnetigyhgeains are then run through an
initial Frantz magnetic separation (0.3 Amps, 2Qrdes tilt). The non-magnetic fraction
is then subjected to heavy liquid density sepanaiging metheleyne iodide (specific
gravity = 3.33). The heavy grains from this frantare then subjected to another Frantz
magnetic separation (1.0 Amps, 20 degrees tiliyr po grain picking under microscope.
Grains are picked with tweezers in methanol (todawin static charge) from Petri
dishes. Zircon and baddeleyite were selected ahthip clean dishes for analysis. A
complete description of separation techniques eaiotnd in the BSU Isotope Geology
Laboratory Mineral Separations Guidebook (availdbiedownload from the Boise State
Isotope Geology Laboratory LABSHARE website:

<http://earth.boisestate.edu/isotope/labsharez)tml
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Zircon was chemically abraded using a modified meétbf Mattinson (2005).
Grains of zircon were hand separated from otheerais, transferred to a quartz beaker,
and placed in a muffle furnace for bulk annealin§@0 °C for 60 hrs (Mattinson, 2005).

Flowchart for Zircon/Baddeleyite Separations

and Geochronology
(Density Separations)

K-Crushj [Initial " Final
T Wllﬂev ) Frantz Heavy yFrantz
Rocks Table |\ Liquids
i, 2% AGE |

t [Magnetic Separations) l

" Collect

/\ Samples

Qub 1sh/

L
Good!\  Bad No = [ Pick Grains
ﬁw’s Your Yest / How about Under Mlcros.cope

’/ Dld You LOS@ Baddeleylte?f
the Gram? Mh%
Chemlcal Abrasmnwmj

Figure5.2. Generalized flow chart for zircon/baddeleyite saians and CA-TIMS

Zircon selected for analysis was generally choseseth on the absence of cracks,
inclusions, and other surface imperfections. Setkgrains were transferred into 3d0
Teflon PFA microcapsules, placed in an acid digastiomb, and leached in 29 M HF
for 12 hours at 180 °C. The leached solution wasoved and the grains were washed
using ultra pure kD, ultrasonically cleaned in 3.5 M HN@r 30 minutes, and fluxed
on a hot plate for ~30 min. Baddeleyite grainsxdoreceive the chemical abrasion

treatment as they are less resistant to the trestiman zircon.
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Both zircon and baddeleyite grains were then digsblising methods outlined by
Davydov and others (2010). Grains were loaded36taul Teflon PFA microcapsules
for total dissolution and spiked using Earthtim&@{&35)°*Pb -#**U - **U tracer, with
ratios of**®U/?°*Pb = 100.206, antf*U/>**U = 0.9946 (Condon et al., 2007). Zircon and
baddeleyite grains are dissolved in 29 M HF and\BBNO; at 220 °C for 48 hrs, and
dried down to fluoride salts on a hot plate. Tlerides are redisolved using 6 M HCI at
180 °C overnight, and fluxed on a hot plate foniii. U and Pb were separated using
the anion-exchange chromatographic procedure deselby Krogh (1973).

Grains were loaded onto single Re filaments usilimagyel/phosphoric acid
mixture (Gerstenberger and Haase, 1997) and arthtyzan Isotopx IsoProbe-T
Thermal lonization Mass Spectrometer equipped widaly detector and Faraday cups.
The Daly detector is used for smaller ion beamshasveak beam is passed through a
photomultiplier to amplify the signal. Larger bemare fun on a dynamic Faraday-Daly
routine, as the signal jumps from the Faraday ctils to the Daly detector to establish
real-time gain correction. Both routines were é&eelcagainst each other using the same
ET-535 spike, and were revealed to be statistielyivalent. U-Pb ages and associated
uncertainties were calculated using the algoritms data reduction of Schmitz and
Schoene (2007), the ET-535 ratios of Condon anerst{2007), and the U decay

constants of Jaffey and others (1971).
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6. Results
Of the eight intrusions sampled, six yielded daleataterials (Fig. 6.1). U-Pb data from
38 zircon and baddeleyite analyses are presentédlle 6.1, with best estimate
crystallization ages represented in Table 6°2Pb7°Pb and*®PbF3*U ages were
calculated using Isoplot 3.0 (Ludwig, 2003) usihg tlata reduction of Schmitz and

Schoene (2007) and all errors are at the 95% ocemdigl interval.
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Figure6.1. Photomicrographs of zircon and baddeleyite gragtected for U/Pb TIMS
analysis. The elongate, euhedral, brown-coreddfvilsake ferrogabbro zircons
were especially susceptible to dissolving durirgg¢hemical abrasion process.
Endion Sill zircon yielded discordant results.

Table 6.2. Summary of the U/Pb ages obtained from this stuslidates presented are
weighted mean averages at the 95% confidence aiterv

SNa::T[])ele Intrusive Unit Rock Type Grain Type 207Pb(/7\/|66§)b age mpt()f::‘; age
PRI Early Phase (DC-LS) augite troctolite zircon 91M®8 +0.37 1095.94 +0.18
TI Early Phase? (DC-LS) Troctolite baddeleyite 1838t 0.32 not defined
DLS Late Phase (DC-LS) Gabbro no material not aefin not defined

GLI Middle Phase (DC-LS)  olivine oxide gabbro noteral not defined not defined
BEI Late Phase (DC-LS) olivine gabbro zircon 109A490.72 1095.64 +0.19
WLFG Early Phase (BBC) Ferrogabbro zrc./badd. 109%.0.92 1091.88 +0.35
HCT Early Phase (BBC) augite troctolite zircon 128+ 0.50 1095.31+0.25
ES Miscellaneous Intrusion  augite troctolite zircon  not defined not defined
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6.1 Duluth Complex: Partridge River intrusion - Sample PRI.

Petrographic observations of sample PRI found lite a coarse-grained, poorly

foliated, ophitic biotitic augite leucotroctoliteity 75-80% plagioclase commonly

containing inclusions of olivine. Mineral sepaoatiresulted in a population of ~20-40

large zircon grains, of which seven were seleatecalysis (Fig. 6.1). Six grains

yielded concordant results with a weighted m&&nb/°®Pb age of 1097.98 + 0.37 Ma,

and &°Pb/®U age of 1095.94 + 0.18 Ma (Fig. 6.2, Table 6.2).
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Figure 6.2. Concordia plot of Partridge River intrusion witheadata. Weighted mean

ages are presented at the 95% confidence interval

6.2 Duluth Complex: Tuscarora intrusion - Sample Tl

Petrographically, the Tl sample consists of a eagrained, moderately foliated,

ophitic, augite-bearing troctolite. Mineral separatyielded no zircon, but abundant
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subhedral to euhedral baddeleyite grains (Fig. 6Elght baddeleyite grains were
selected for analysis, of which seven yielded cattenat results. The seven grains
yielded a weighted me&f’Pb*Pb age of 1098.81 + 0.32 Ma (Table 6.2). As seen o
the concordia plot (Fig. 6.3), the baddeleyite mgagxperienced noticeable Pb loss. As a

result, theé®Pb/®U crystallization ages are unreliable and cannaideel.

1101.0
; 207 206
a| Tusc. baddeleyite i Pb/*®Pp date
©
)
Emgﬁd-
% 1098 6
[
5 10978 098,81 £0.32
E. (087.0 MSWD =071

Tuscarora baddeleyite

0. 1838

*'pp/* U

1.928 1.936 1.844

Figure 6.3. Concordia plot of Tuscarora intrusion with ageadaiVeighted mean ages
are presented at the 95% confidence interval
6.3 Duluth Complex: Duluth Layered Series- Sample DLS.

Petrographically, the sample DLS is a coarse-gchimederately foliated, ophitic
olivine gabbro with minor amounts of biotite. Urtimately, this sample was processed
on an uncalibrated Wilfley Table at the UniversifyMinnesota Duluth and thus failed to
yield any dateable material. This was one of tlaéivating factors for performing the

remainder of analysis under the supervision ofédsdr Mark Schmitz and Jim Crowley
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at the Boise State Isotope Geology Laboratory.aBse the processing, and not
necessarily the sample selection, led to the aleseindateable material, this sample site

still remains a viable option for U-Pb zircon study

6.4 Duluth Complex: Greenwood L akeintrusion - Sample GLI

Although processed correctly, this sample of medgrained, moderately
foliated, intergranular olivine oxide gabbro didt yeeld any dateable material. Given
that its textural characteristics imply that iais adcumulate with little trapped liquid

component, this is perhaps not surprising.

6.5 Duluth Complex: Bald Eagle intrusion - Sample BEI.

A thin section of this sample, which in the fieldswobserved to be a coarse-
grained, moderately foliated, intergranular olivgebbro was not made as all the sample
was processed for zircon/baddeleyite separatiagspiie its seemingly adcumulate
character, mineral separation resulted in approtdlpden large, angular zircon grains.
Of these ten grains, six were selected for ana(ysgs 6.1). One of the larger grains was
split in half using the tip of a sharp metal tad each fragment was analyzed
separately. All six analysis yielded concordasutes, with a weighted me&f’Pb/°Pb
age of 1097.97 + 0.72 Ma, and’8b/>®U age of 1095.64 + 0.19 Ma (Fig. 6.4, Table

6.2).
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Figure 6.4. Concordia plot of Bald Eagle intrusion with ageéadaWeighted mean ages

are presented at the 95% confidence interval
6.6 Beaver Bay Complex: Wilson Lake ferrogabbro - Sample WLFG

The petrography of a hand sample collected by Baerband Miller (1994) from

the same outcrop as the bulk sample area (K052.8%Cgoarse-grained, non-foliated,
subprismatic granular, oxide ferrodiorite with moate deuteric alteration.
Initial mineral separation yielded a populatiorapproximately forty zircon grains, with
subsequent separations yielding seven baddelayiesy Seventeen of the clearest
euhedral zircon grains were selected for chemiosasaon and four baddeleyite grains
were selected for analysis. Zircon grains haddlgstores (Fig. 6.1), with the population
containing a mix of high-U grains and low-U grairGrains that had higher U content
were nearly all dissolved during the chemical abraprocess. Subsequent chemical

abrasion was modified to approximately 3 hoursrevent the grains from dissolving.
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High-U grains that survived chemical abrasion wgaeerally discordant and not
included in weighted mean calculations.

Seven zircon grains and four baddeleyite grainsiaaely concordant and yield a
2P %%Ph age of 1095.75 + 0.92 Ma (Fig. 6.1, Table 6veral of thé*Pb/*®U ages
showed signs of obvious Pb loss and were not irclid the weighted me&fiPb?3%U
age calculation (Fig. 6.5). As a result, the waighmearf°®Pb/*®U age from five

concordant zircon grains yielded a crystallizatge of 1091.88 + 0.35 Ma (Table 6.2).
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Figure 6.5. Concordia plot of Wilson Lake ferrogabbro with atsa. Weighted mean
ages are presented at the 95% confidence interval
6.7 Beaver Bay Complex: Houghtaling Creek troctolite - Sample HCT
The petrography of the HCT sample shows it to beaase-grained, poorly-

foliated, coarsely ophitic, leucocratic augite tadice, with weak to moderate amounts of
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deuteric alteration. The mineral separation pregesded a small population (< 20) of

clear, fractured zircon grains and no baddelejiikeven of the clearest grains were

selected for chemical abrasion and analysis.

Of the eleven grains, eight yielded a concorddimb/°Pb age of 1098.62 + 0.50

Ma (Fig. 6.1, Table 6.2). In tH8%PbF3%U data, four of the grains experienced obvious

Pb loss and were not included in the weighted nag@n Four concordant zircon grains

thus yielded a weighted me&Pb/*®U age of 1095.31 + 0.25 Ma (Fig. 6.6, Table 6.2).
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Figure 6.6. Concordia plot of Houghtaling Creek troctolite hvdge data. Weighted
mean ages are presented at the 95% confidenceahter

6.8 Miscellaneous I ntrusion: Endion Sill - Sample ES

Petrographically, the ES sample appears as a megliaimed, poorly foliated,

apatitic, granophyric intergranular oxide gabbrdhwnoderate degrees of deuteric

alteration. Bulk separation yielded a small popataof variably shaped zircon grains.
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The clearest grains were selected for chemicakahrawith some grains being rounded
and others euhedral (Fig. 6.1). Four grains yldiscordant U-Pb ages at 1049 Ma,
1182 Ma, 1136 Ma, and 2646 Ma. No weighted meas agere calculated.

These nonsensical results are likely indicativenobmplete mixing and
assimilation between of the Endion Sill and thesgldverlying Tischer Creek Rhyolite.
Field relations show variable degrees of mixinguaen the partially melted base of the
rhyolite (now a granophyre) and the mafic rockid &ill (Green and Miller, 2008).
Whole rock and radioisotope geochemistry data jadsot to variable degrees of mixing

and assimilation of the rhyolite and mafic sill fBt, 1960; Gardener, 1987; Jerde, 1991)

7. Discussion

7.1 Differencesin 2’Pb/?®Pb and ?**Pb/*®U ages

Before delving into an interpretation of the ageutes from this study, it is
important to discuss the current state of radioimetting. Comparing age results from
this study to previous studies is problematic, hya$tie to improvements in analytical
methods and recent questions regarding the accofatgcay constants. As analytical
uncertainties began to approach the uncertaintfyeoflecay constants, workers sought to
reassess the uranium decay constants. Schoehé2€106) tested a large volume of
samples ranging in age from 0.1 to 3.3 Ga to evalias problem. To check for internal
bias in the U-Pb system, high-n statistically egient datasets were analyzed from
eleven different zircon populations. U-Pb agesiaon from the eleven different

samples consistently plotted below concordia (Fidy). It is highly unlikely that all the
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zircons experienced the same Pb-loss or intermeedaighter product disequilibria;
therefore, Schoene et al. (2006) concluded théylik@use of the discordance is error
within the decay constants determined by Jaffea).€0971).

In the Jaffey et al. (1971) experiments, four atpbanting experiments on two
separate batches of high-purifu and two alpha-counting experiments on one batch o
high-purity®*®U were conducted. While the experimentS® were less precise than
the?*U experiments, the results agreed within errorextubited no signs of drift or
systematic errors. TH&%U experiments were different in that they exhibiggdunknown
source of systematic drift in the measurementsa Aesult, thé*U values did not agree
within error and a correction coefficient had toapplied. Schoene et al. (2006)
proposed that th€U decay constant is likely inaccurate for thessoea, which is why
20%pp33Y ages do not agree with’Pb/°®Pb ages and cannot be accurately compared

against each other.
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The inaccuracy of th&U decay constant is the crux of the problem when
comparing ages from this study to previous studRr®vious geochronologic studies of
MCR samples used weighted mé&aPb?°®Pb ages in their analyses, since Pb-loss issues
are minimized by using the upper-intercept of codizoas the crystallization age. As
methods developed (specifically the annealing/cbah@brasion method of Mattinson
(2005)), it has become possible to obtain veryipest®Pb?*®U ages (.01% versus .04%
for 2°’Pbf°%Pb from the same sample), which are better fordéng relative
crystallization age. Absolute age is less impdrthan relative age, thus the more precise
weighted meafA”®Pb?3%U ages are desirable for comparing the ages afsiumns within
this study. When comparing dates from intrusionmfthis study to intrusions of
previous studies the less precise weighted MERN*°Pb ages are used in order to

remain consistent with the reported dates.

7.2 Baddeleyitevs. Zircon

Since Davis and Sutcliffe (1985) successfully ddtaddeleyite from the Logan
diabase sills, workers have treated baddeleyismamalogue to zircon. As more precise
data sets have become available for zircon anddbayite from the same samples, it
appears as though baddeleyite dates are not ict digeeement with those obtained from
zircon. In baddeleyite analyses from some of tloeenprecise studies of MCR rocks
(e.g. Paces and Miller, 1993; Heaman et al., 2G8&)e appears to be a consistent
discordance problem shifting baddeleyite data offoordia towards youngéfPb/**U

and®®PbF*U ages. In addition, this has been recognizetiérTuscarora results from
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this study (Fig. 6.4), as well as an unpublisheté d@m anorthositic series rocks (M.
Schmitz, pers. comm., 2009; Fig. 7.2). The coaststliscordance problem associated
with baddeleyite could result from 1) Pb-loss oa tlutside of the grain that cannot be
removed using annealing and abrasion because legddak too fragile; or 2)
intermediate daughter product disequilibria (M. i&th, pers. comm., 2009). Schoene et
al. (2006) suggested intermediate daughter pratdisetjuilibria, specifically**Th and
3lpa, as a possible reason for the disagreeméMPb/*U and?*°Pb/*®U ages in

zircon; however, they dismissed this as a possibilhen datasets from zircon spanning
ages from 0.1 to 3.3 Ga showed the same systearatis. While it appears that
intermediate daughter product disequilibria isa@troblem in zircon, it could be an issue
in baddeleyite.

One possibility for the apparent old8fPb/*°U ages in baddeleyite proposed by
Schmitz and Crowley (personal correspondence, 26849y be the preferential
incorporation of pentavaleft'Pa in the baddeleyite crystal lattice. Sifit@a is in the
23 decay chain, it would ultimately decay?fdPb and create an apparent older
2Ppf3Y age. While Pb-loss is clearly an issue in baglde analyses, the issue of
intermediate daughter product disequilibria hasyebbeen adequately evaluated and
more work is needed to address this possibility.

Regardless of the reason, it is clear that prdzaskeleleyite and zircon analyses do
not give consistent results. Zircon and baddeteydm the same sample, FC-4b (Fig.
7.2), have different relative crystallization agd$e weighted meaf’Pb/°®Pb age from

the baddeleyite is nearly one million years oldantthe zircon age, which suggests that
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perhaps either an excess"dPb exists in the system, or the grain experienoetes

amount of Pb-loss. In addition, tf8Pb?®U age for baddeleyite is younger outside of
error than the zircon age, which would be expeiftdte grain experienced some minor
Pb-loss. lItis for these reasons that caution tes$aken when comparing baddeleyite

ages to zircon ages.
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Figure7.2. Concordia plot for zircon FC1, FC4b, and baddé&elyC4b. Sample FC-1
and FC-4b are from the same general location dbigabdanorthosite as
FC-1 from Paces and Miller (1993). Plot from by dowley, Boise State
Isotope Geology laboratory.
7.3 Relative Ages of Layered SeriesIntrusions
One of the principle objectives of this studydsietermine whether the sequence
of emplacement of layered series intrusions imptigdield and geophysical evidence
can be verified by precise dating. Comparing’ieb?°Pb ages from Paces and Miller
(1993) and this study (Fig. 7.3, Table 7.1), itegms as though most intrusions from the
layered series are indistinguishable within errdbhe Bald Eagle intrusion (BEI), which

appears to be one of the youngest layered setiesions, has @Pb/*Pb age of

1097.97 + 0.72 Ma, which is indistinguishable frboth the Partridge River intrusion
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(PRI-1097.98 £ 0.37 Ma) and the Tuscarora intrugidrl098.81 + 0.32 Ma) (Fig. 7.4).
The more precis®°Pbf*™U dates from BEI and PRI are similarly indistinduable
within a narrow range of maximum error from 1096M2 to 1095.45 Ma, respectively
(Fig.7.5, Table 7.1). The extremely narrow timeixal of overlap for these two
intrusions and others implies that the bulk of tegeseries intrusive activity occurred
over a 670 thousand year period.

The slightly olde°’Pb?°Pb age for the Tuscarora intrusion (TI) from the
northwestern margin of the Duluth Complex compdeethe Partridge River intrusion
from the central Duluth Complex margin (1098.81.320vs. 1097.98 + 0.37 Ma,
respectivelyis suspect given that the Tuscarora age comeslaatdeleyite, whereas the
Partridge River age is from zircon. Because ofpbiential differences in the zircon and
baddeleyite U-Pb geochronology systematics discuabeve, it is difficult to directly
compare the two results. The approximately 1 Madifference is similar to that
observed for baddeleyite and zircon from the FGdinple analyzed by Schmitz
(unpublished data). While it would be hard to deifrely say that the Tuscarora
intrusion was emplaced prior to the Partridge Rim&usion in light of new information
regarding the differences in zircon and baddeleygfes, it is reasonable to assume that
the two intrusions were emplaced at approximatetysame time. Direct geochronologic
support cannot be given; however, until the diffees in the zircon and baddeleyite
systems are more fully understood.

The Duluth Layered Series dated by Paces and Mil@93) and Green et al.,

(2001) has a significantly oldéFPb/°Pb age (D-1=1099.3 + 0.3 Ma; DLS=1098.9+ 1.4
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Ma, respectively) than both the Partridge Riverusion and the Bald Eagle intrusion
(1097.98 + 0.37 and 1097.97 + 0.72 Ma, respectjvenhis seems to contradict the
emplacement model which predicts that the DLS shbelrelatively young and
approximately equivalent to the Bald Eagle in tag@uence of emplacement. However,
the two DLS samples are from the upper part ofatbk differentiated intrusion, which is
rich in gabbroic anorthosite inclusions that werelently derived from the overlying
anorthositic series (Miller and Green, 2008).h#refore seems plausible, as suggested
by Green (2001), that the DLS samples may haveitedezircons from the anorthositic
series, which has a similar age of 1099.1 + 0.2(A:3 revised, Schmitz et al., 2003).
It was this possibility that motivated samplingtioé lower section of the DLS for this
study. Unfortunately, no dateable material wasvered from the sample taken.
Weighted meaf”’PbF°Pb zircon ages imply that both the Partridge Rared
Bald Eagle intrusions are generally younger thasrthnsitic series samples dated by
Paces and Miller (1993) - FC1, AS3, and PG2 (Fi4); however, re-dating of sample
FC-1 and a nearby sample FC-4 by the Boise Stateds Lab (Schmitz, unpublished
data) imply more coeval ages. Furthermore, peeti®b?3?U dates (Fig. 7.5) show a
clear contemporaneity between layered series anidhersitic series ages. These results
provide further evidence for the near synchronanplacement of not only individual
layered series intrusions, but also formation eféktensive anorthositic series and the

layered series.
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Table 7.1. Summary of U-Pb ages obtained for samples frontetyered series and
anorthositic series of the Duluth Complex (DC) &dn the Beaver Bay
Complex (BBC)

Sample
Name Intrusive Unit Rock Type Grains  “Pb/P*Pb age **Pb/®U age
WLFG, |_l,a|3t(é ferrogabbro zrc./badd. 1095.75+£0.92 1091.8850.3
SBG2 late BBC granophyric zircon 1095.8 +1.2 not defined
ferrogabbro
. apatite . .
SLI1, middle BBC f S baddeleyite 1096.1 £ 0.8 not defined
errodiorite
FC-4p, ~anorthositic series olivine gabbroic 0o 109795+ 031  1095.84+0.18
(DC) anorthosite
BEIl, late Ia(ygge)d SETes  ylivine gabbro zircon 1097.97 £0.72 1095.64 +£0.19
PRL, early layered | ite troctolite zircon 1097.98 £ 0.37  1095.94.380
series (DC)
Fc.1, Aanorthositic series olivine gabbroic ;..\ 1098 28+0.25 1095.70 +0.16
(DC) anorthosite
PG2 anorth(oDsgl)c Seres troctolite zircon 1098.6 £ 0.5 not defined
HCT, E%rg augite troctolite zircon 1098.62 +0.50 1095.31250
Tl, earl_y layered troctolite baddeleyite 1098.81 +0.32 not defined
series (DC)
anorthositic series olivine gabbroic . )
FC1, (DC) anorthosite zircon 1099.0 £ 0.6 not defined
. anorthositic series gabbroic . ,
AS3*, (DC) anorthosite zircon 1099.1 £0.2 not defined
late layered series olivine . .
D1, (DC) ferrogabbro zircon 1099.3 £ 0.3 not defined
anorthositic series olivine gabbroic .
FC-4h, (DC) anorthosite baddeleyite 1099.89 £0.29 1095.42 £0.16

a-this study; b-Boise State Isotope Geology LaBaces and Miller (1993); d-Green et al. (2001),
e-Schmitz et al. (2003)

7.4 Overlap of Duluth Complex and Beaver Bay Complex M agmatism

One of the unrealized objectives of the Paces aildrNIL993) study was to
determine the oldest emplacement age of the myiitiptuded Beaver Bay Complex. In
attempt to establish this lower limit, samples waskected from the Houghtaling Creek
troctolite and the Wilson Lake ferrogabbro intrusion the northern Beaver Bay

Complex (Miller and Chandler, 1997). Detailed ggit mapping in the area (Miller et
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al. 1994; Boerboom and Miller, 1994) interpretee Wilson Lake ferrogabbro to be one
of the earliest intrusions and the Houghtaling €reectolite to be somewhat younger,
but still an early Beaver Bay event. Therefores ohthe surprises of this study is that
the Houghtaling Creek troctolite has a very Dul@tmplex-like®’Pb/°®Pb age of
1098.62 + 0.50 Ma (Fig. 7.6). Even more surpristhg Wilson Lake ferrogabbro,
which based on aeromagnetic and sparse outcroappéars to be truncated and
overlain by the Houghtaling Creek troctolite, igrsficantly younger with 8'Pb7°°Pb
age of 1095.75 £ 0.92 Ma (Fig. 7.7). This agesfadlline with other Beaver Bay ages
determined by Paces and Miller (1993; Sonju Lakeugion - 1096.1 + 0.8; Silver Bay
intrusions - 1095.8 + 1.2Ma). More precf88b?3®U ages also support these
conclusions, as the Houghtaling Creek troctoliteatably older than the Wilson Lake
ferrogabbro and indistinguishable in age from thested series and anorthositic series
intrusions of the Duluth Complex (Fig. 7.8). Thessults have important implications
for the overlap and periodicity of intrusive magmaat that formed the Beaver Bay
Complex. While they answer some questions abeubterlap of magmatism between
Duluth and Beaver Bay complexes, they disprovers¢peevious interpretations about
the relative ages of specific BBC intrusions, agal/e questions about the periodicity of

Beaver Bay magmatism unresolved.
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The realization that the Wilson Lake ferrogabbreubstantially younger than the
Houghtaling Creek troctolite would seem to contcathe field relationships inferred
from mapping by Boerboom and Miller (1994). In iMdson Lake area (Fig. 7.9), they
show the Dam Five gabbronorite and the Houghtaliregk troctolite as cross-cutting
the Wilson Lake ferrogabbro. They interpret thblganorite as an earlier intrusion into
the same northeast-trending conduit that was ilaterded by the troctolite. Although
not seen in contact, the northeasterly strike efviiell foliated Dam Five gabbronorite
appears to continue unabated across the contdctiveitWilson Lake ferrogabbro, which
has foliation and layering trending to the northivesccording to Miller (pers.
communication), this apparent discordancy and #rg grominent and linear
aeromagnetic anomaly pattern of the northwestemgimaf the Houghtaling Creek
troctolite (Fig. 7.7) led to the conclusion thatrD&ive gabbronorite and the Houghtaling
Creek troctolite cross-cut the Wilson Lake ferrdgab The unequivocal ages now show
that interpretation is incorrect.

Given the U-Pb ages, a more likely scenario isttm@Houghtaling Creek
troctolite and perhaps the Dam Five gabbronoriteaxd, which dips moderately (15-
45°) to the southeast based on foliation and lageserved as the hanging wall to the
later intrusion of the Wilson Lake ferrogabbro.séJ given that there is no outcrop of the
Dam Five gabbronorite in the contact zone, it issildle that the Wilson Lake
ferrogabbro actually cuts out part of the gabbrdaas shown in Figure 7.9. Although
the young age for the Wilson Lake ferrogabbro lmaspelled a major reinterpretation of

its relationship to adjacent units, its age acjuadakes sense, given its evolved
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composition. Thé*’Pb/°®Pb age of 1095.75 + 0.92 Ma of the Wilson Lakedgabbro
is remarkably similar to the 1095.8 + 1.2 Ma aga &ilver Bay gabbro intrusion dated
by Paces and Miller (1993). The Silver Bay intauns, which are known from well-
exposed field relationships near the Lake Supshoreline (e.g., Miller, 1988; Miller et
al., 1989) to be the youngest intrusions in thevi@e8ay Complex, are a collection of

small zoned intrusions emplaced into Beaver Rivabake.

Figure 7.9. Geology of a portion of the
Wilson Lake area showing the ad

Houghtaling Creek troctolite N <r,

(HCT), Wilson Lake ferrogabbr " T
(WLFG), Dam Five gabbronorite:

(DFGN), and Fourmile Lake S

gabbro (FML). A) Portion of the
regional 1:100,000) M-119 map
(Miller et al., 2001). B) Part of

the 1:24,000 scale map of the

Silver Island, Wilson Lake, and | {8
Toohey Lake quadrangles Y
(Boerboom and Miller, 1994).
The red dashed line shows a
permissible dfgn-wlfg contact
that is more consistent with the |
younger age of the WLFG
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The Silver Bay intrusions are typically cored biidted ferrogabbroic to
ferromonzodioritic cumulates with coarse-graineddeonzonitic to melanogranophyric
lithologies at the margins (Miller and Chandler9T® This is exactly the distribution of
lithologies found in the Wilson Lake ferrogabbraérusion (Boerboom and Miller, 1994),
and suggests a possible genetic link.

Another implication of the young age for the Wildaske ferrogabbro is that it
discounts the speculation by Miller and Severs@®22 p. 139) of a genetic link between
the WLFG and the Greenwood Lake intrusion of théubuComplex. They interpreted
a narrow aeromagnetic anomaly pattern than carabed from the northwestern margin
of the Wilson Lake ferrogabbro (Figs. 7.7, 4.1)He west, where it widens and seems to
project into the northeastern extent of the anoraaociated with the Greenwood Lake
intrusion. With the Greenwood Lake intrusion evitlg cut by the 1098 M&{’Pb/*°Pb
age) Bald Eagle intrusion (again an interpretatibaeromagnetic anomaly patterns,
Miller and Severson, 2002), the Greenwood Lakeyisriplication, significantly older
than the Wilson Lake and therefore cannot be geastilinked.

Yet another geologic interpretation disproven lgy/fidsults of this study pertains
to the Fourmile Lake gabbro, which occurs as aelanglusion of strongly differentiated
layered gabbro to ferromonzonite within the HoulihtpCreek troctolite (Figs. 7.7, 7.9).
Boerboom and Miller (1994) note a sharp composéidmeak between the troctolite and
the least differentiated portions of the Fourmiské gabbro, and conclude that it did not
differentiate in situ. They propose that the Foilerhake gabbro is a detached portion of

either the Wilson Lake ferrogabbro, or the Dam Fgabbronorite. The result of this
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study now reveals that the Fourmile Lake gabbrmisrelated to the Wilson Lake
ferrogabbro. It is still possible that the Foumrlilake gabbro could have detached from
the Dam Five gabbronorite, or from some unexpostdsion from within the crust.
Finally, Miller and Chandler (1997) had speculateat the Houghtaling Creek
troctolite and Sonju Lake intrusion may be gendiidanked. They noted that the
troctolite of the Houghtaling Creek troctolite isnflar to the troctolitic section of the
Sonju Lake intrusion in composition, mode and tetuMiller and Chandler (1997)
suggested that the keel-shaped Houghtaling Creetotite might represent the dike-like
conduit that fed the sill-shaped Sonju Lake intvagio the south (Fig. 7.9). However,
the 1098.62 + 0.50 MZ'PbF°Pb age of the Houghtaling Creek troctolite deteadihy
this study is significantly older than the 1096.0.8 Ma age found by Paces and Miller

(1993) for the Sonju Lake intrusion, thus dispravanpossible link.

7.5 Periodicity of Main Stage M CR M agmatism

The results presented here still leave open questibout the periodicity of
Beaver Bay magmatism and of intrusive magmatisnoitheastern Minnesota as a
whole. The current database provides reinforcindesce for an approximate 2.5 Ma
gap (based off PbF°Pb ages) in intrusive activity during the main sta§ MCR
magmatism that was noted by the Paces and Mil#33)Lstudy. A clear bimodal
distribution of ages are now defined by Duluth Ctewg{and now early Beaver Bay
Complex) intrusions at ~1098 Ma and late Beaver iBaysions ~1096 Ma (Figs. 7.6,

7.8). There are many other intrusions, howevéhiwthe Beaver Bay Complex that
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were evidently emplaced between the intrusion efHbughtaling Creek troctolite
(1098.62 + 0.50 Ma, this study) and the next yoshdated intrusion - the Sonju Lake
intrusion (1096.1 + 0.8 Ma, Paces and Miller, 1993ntil these intrusions are dated, it
will remain unclear whether this ~2.5 Ma gap id maa phantom of the available data.

Detailed mapping in the southern and northern BeBag Complex (Fig. 7.9;
Miller, 1988; Miller et al., 1989; Miller et al.,9B3; Miller et al., 1994; Boerboom and
Miller, 1994; and Miller et al., 2006) imply thag\weral intrusive suites occur between the
emplacement of the Houghtaling Creek and Sonju luiatkesions. These include the
Finland granite, the Lax Lake gabbro, Blesner Laikeite, and the Upper Manitou River
gabbro (Fig. 7.7). The mafic components of theses were termed the early gabbroic
intrusions by Miller and Chandler (1997). Basedlw#ir similar compositional
characteristics, they interpreted the early galshirdrusions to be comagmatic and at one
point part of a continuous intrusive suite befoeedming dismembered by younger
intrusions of the Sonju Lake Intrusion and the BedRiver diabase dikes and sills (SLI
and BRD, respectively, Fig. 7.7). Miller and Chend1997) further speculated that the
largely buried Cloquet Lake layered series (CLLig, 7.7) is also correlative with the
early gabbroic intrusions and actually is the ordicomposite intrusion from which the
other suites (LLG, BLD, and UMRG, Fig. 7.7) wersrdembered.

The Finland granite was dated by Vervoort et &0@, who report &' Pb/°%Pb
age of 1098.25.5 Ma. Unfortunately, the poor resolution of ttate precludes using it
to assess where the Finland granite fits in the BBPlacement history. It is clear that

the granophyric Finland granite predates the enepi@nt of the Sonju Lake intrusion

89



and likely caused the Sonju’s underplating by actia a density barrier (Miller and
Ripley, 1996). The Finland granite is evidentlygger than the early gabbroic
intrusions as it is found in sharp contact with ltle Lake gabbro (Miller et al., 1993).
Miller and Chandler (1997) suggested that a tragssive granophyric granite occurring
in the Blesner Lake diorite intrusive suite andngiahyric granites intersected in core in
the Cloquet Lake layered series may also be correleith the Finland granite, and like
the early gabbro intrusions, were dismembered byrttiusion of the Sonju Lake
intrusion and the Beaver River diabase.

Paces and Miller (1993) attempted to date the egthbro intrusions by selecting
a sample from the Lax Lake gabbro (LLG3). Howetee,five zircon fractions
produced old and ambiguous ages, which the au#ttriisuted to inheritance from an
older source, Pb loss, or both. Until an age foma of the early gabbro intrusions is
successfully obtained, the question of whetheaftygarent 2.5 Ma gap in intrusive

magmatism is real or imagined remains unresolved.

7.6 Age of Endion Sill

Because of the inability to obtain an accuratefagéhe Endion sill, it remains
unclear when this hypabyssal intrusion was emplatdedhe subvolcanic pile. Several
zircons yield discordarf?®Pb?3%U ages of 1132.69 + 1.74 Ma, 1177.15 + 1.50 Ma and
1043.72 £ 1.02 Ma, making it impossible to detemnivhen this hypabyssal intrusion
was emplaced. Curiously, thA€Pb?3®U age for one of the more euhedral grains was

2654.82 £ 15.56 Ma. This Archean age may inditaeage of the source rock that
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partially melted to generate the Tischer Creek liteyflow, under which the Endion sill
intruded. The inherited/contaminated zircon agfeébe Endion sill are consistent with
field and geochemical evidence for its strong caomation by the rhyolite flow which

it underplated, partially melted, and assimilaechst, 1960; Jerde, 1991).
Unfortunately, underplating of subvolcanic mafilt lseneath rhyolite flows is common
in the North Shore Volcanic Group (Miller and Gre2002). Further attempts to find
uncontaminated dateable samples from the Endiomedatd sills should probably focus
on the lower mafic portions of these sheets. Uh#h, their age relationships to Duluth

Complex and Beaver Bay Complex magmatism will remeiknown.

7.7 Rate of Emplacement of Layered SeriesIntrusions

The inability to differentiate between the varidagered series intrusions has
significant implications for the duration and timgiof its emplacement. By using the
2%pp8 dates for the Partridge River intrusion and Bzédjle intrusion analyzed in
this study as a time bracket for layered seriesl@ement, it appears as though the bulk
of the layered series was emplaced over a peritessfthan one million years (Fig. 7.4).
A reasonable estimate of the volume of mafic magmplaced during the layered series
can be obtained by dividing the layered seriesigitn areas into three simplified
sections, projecting them to depth using intertraicsure, inferring their areal extent by
the limits of the gravity data of Chandler (200&)d using simple trigonometric
relationships to obtain the intrusion thickness aoldme (Fig. 7.10). Based on these

estimates, it appears that at a minimum, 16,000démafic magma intruded during the
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emplacement of layered series alone (Table 7.R)s Molume estimate is even more
remarkable knowing that it does not take into aotamknowable amounts of erosion or
magmatism creating the anorthositic series ang &aéver Bay Complex.

Emplacement rates can be calculated by usingrieititerval between Partridge
River and Bald Eagle intrusion obtained in the entistudy and the volume estimation
calculation. With over 16,000 khof mafic magma being intruded over a period of
approximately 670 thousand years (the maximum eviodow of PRI and BEI ages),
the emplacement rates were at least 0.02%ykmThis is similar to extrusion rates of
0.02 to 0.05 krifyr calculated by Davis and Paces (1990) for thpp@o City Flow-
Greenstone Flow interval on the Keweenaw Penirmutblsle Royale. These rates are
consistent with or less than other extrusion reggsrted for continental flood basalt
provinces such as the Siberian Traps (~3/¥%m Courtillot and Renne, 2003; Renne and
Basu, 1991), the Deccan Traps (~22km- Courtillot and Renne, 2003), and the

Columbia River Basalts (0.0154 Rtyr — Tolan et al., 1989).

Table 7.2. Summary of layered series volume calculationsriaées x, y, w, y’, w and
t refer to variables in Figure 7.10. Segment fesnorthern segment, B the
middle segment, and C the southern segment ondpemigure 7.10

Segment  © X y w y' w' t Volume
(km) (km) (km) (km) (km) (km) (km3)
A 20 68 5 155 53 165 17 1608.7
B 20 42 27 32 287 341 9.2 7635.7
C 25 88 10 22 11.0 243 4.2 6976.0
TOTAL 16220.4
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8. Conclusions

As a result of the ages obtained in this studyess\conclusions can be drawn

about the temporal relationship of Duluth Complag 8eaver Bay Complex

magmatism:

1)

2)

All layered series and anorthositic intrusions wemglaced at about 1098
Ma, with the bulk of layered series activity océng within a window of
1.10 million years to 670 thousand years (1.10 Max?°’Pb/°*Pb error
window between PRI and BEI; 1097.98 + 0.37 Ma a@@7197 +0.72 Ma,
respectively, Fig. 7.4 — 0.670 Ma: m&Pb/*®U error window between
PRI and BEI; 1095.94 + 0.18 Ma and 1095.64 + 0.1 Mspectively,

Fig. 7.5). Despite the high-degree of precisiadjvidual layered series
intrusions cannot be differentiated using geochiagio data, and thus no
direct support for the sequence of emplacementthgsc of Miller and
Severson (2002) was found.

Baddeleyite and zircon may not be analogous irt bimew information.
Precise zircon and baddeleyite ages (unpublisheideBState Isotope
Geology Laboratory) from the same anorthositicesesample yielded
distinctly different ages (Fig. 7.2). As a resthie Tuscarora intrusion,
which has a distinctly oldéfPb/°®Pb age than the Partridge River
intrusion (Fig. 7.4), has an unclear temporal retegthip with other
layered series intrusions until the differencethmzircon and baddeleyite

systems are more fully understood.

94



3)

4)

5)

The Houghtaling Creek troctolite has an indististpaible age from
layered series intrusions (Figs. 7.6, 7.8). Thplies that Beaver Bay
Complex magmatism was contemporaneous with layszgds
emplacement. In addition, the proposal by Milled &handler (1997)
that the Houghtaling Creek troctolite might represefeeder system for
the 1096.1 + 0.8 Ma Sonju Lake intrusion (PacesMitiér, 1993 —

2P %%Ph baddeleyite age) is impossible as the Houglgt&ireek
troctolite is significantly older (Fig. 7.6).

The Wilson Lake ferrogabbro, interpreted by Mikkerd Boerboom (1994)
to be older than the Houghtaling Creek troctolga]istinctly younger
than the HCT (Figs. 7.6, 7.8). This surprisinguiitedemonstrates that
crosscutting relationships observed in the aeroetagdata can be
misleading (Fig. 7.7). In addition, the suggestioat the Greenwood
Lake intrusion of the Duluth Complex is geneticdihked to the plug-
shaped Wilson Lake ferrogabbro (Miller and Sever2002) is
implausible, since the distinctly older Bald Eagigusion crosscuts the
Greenwood Lake intrusion.

The approximate two million year gap between Dulddmplex (and now
early Beaver Bay Complex ) magmatism and the Bézwver Bay
Complex intrusions (Wilson Lake ferrogabbro, thv&iBay intrusions,
and the Sonju Lake intrusion) implied by PacesMiilér's (1993) data is

still evident. However, more dating is needed fiatrusions that span
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the time gap between early and late Beaver Bay Gomptrusive
activity to confirm this possible hiatus (Fig. 8.1)

6) A reasonable estimate based on the geometry afddyeeries intrusions
indicate that over 16,000 Krof mafic magma intruded during the
emplacement of the layered series (Fig. 7.10, TAl@e This volume
estimate is quite surprising knowing that it doestake into account the
unknowable amounts of erosion of layered serigasians or the volume
of magmatism associated with the anorthositic sexrel early Beaver Bay
Complex. With over 16,000 khof mafic magma being intruded over a
period of around 670 thousand years, emplacemtad vaere at least
0.024 knilyr, which is similar or less than estimates fdrastlarge

continental flood basalt provinces.

10
__ N
Early Magmatic Latent Magmatic| Main Magmatic 8 g
Stage Stage Stage Magmatic <
Hiatus? | 6 ‘G
|
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Figure 8.1. Distribution of all weighted meaii’Pb/°® Pb ages for intrusions related to
the Duluth Complex and Beaver Bay Complex. Ddataridrom Davis and
Green (1997); Paces and Miller (1993); Vervoould2007); Zartman et al
(1997); and this study (2010)
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