F THE GEOLOGICAL SOCIETY
‘ OF AMERICA®

Reconstructing the paleoenvironment of an oxygenated

Mesoproterozoic shoreline and its record of life

Sarah P. Slotznick!%, Nicholas L. Swanson-Hysell?, Yiming Zhang?, Katherine E. Clayton3, Charles H. Wellman®,
Nicholas J. Tosca’, and Paul K. Strother®
'Department of Earth Sciences, Dartmouth College, Hanover, New Hampshire 03755, USA
2Department of Earth and Planetary Science, University of California, Berkeley, California 94720, USA
3Department of Earth Sciences, University of Oxford, Oxford OX1 3AN, UK

4School of Biology, University of Sheffield, Sheffield S10 2TN, UK

SDepartment of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, UK
SDepartment of Earth and Environmental Sciences, Weston Observatory of Boston College, Weston, Massachusetts 02493, USA

ABSTRACT

The Nonesuch Formation microbiota pro-
vide a window into ca. 1075 Ma life within
the interior of ancient North America. The
Nonesuch water body formed following the
cessation of widespread volcanism within
the Midcontinent Rift as the basin contin-
ued to subside. In northern Michigan and
Wisconsin, USA, the Copper Harbor Con-
glomerate records terrestrial alluvial fan and
fluvial plain environments that transitioned
into subaqueous lacustrine deposition of
the Nonesuch Formation. These units thin
toward a paleotopographic high associated
with the Brownstone Falls angular unconfor-
mity. Due to these “Brownstone Highlands,”
we were able to explore the paleoenviron-
ment laterally at different depths in contem-
poraneous deposits. Rock magnetic data con-
strain that when the lake was shallow, it was
oxygenated as evidenced by an oxidized min-
eral assemblage. Oxygen levels were lower at
greater depth—in the deepest portions of the
water body, anoxic conditions are recorded.
An intermediate facies in depth and redox
between these endmembers preserves de-
trital magnetite and hematite, which can be
present in high abundance due to the proxi-
mal volcanic highlands. This magnetic facies
enabled the development of a paleomagnetic
pole based on both detrital magnetite and
hematite that constrains the paleolatitude
of the lake to 7.1 + 2.8°N. Sediments of
the intermediate facies preserve exquisite
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organic-walled microfossils, with microfos-
sils being less diverse to absent in the anoxic
facies where amorphous organic matter is
more likely to be preserved. The assemblage
of cyanobacteria and eukaryotes (both pho-
toautotrophs and heterotrophs) lived within
the oxygenated waters of this tropical Meso-
proterozoic water body.

INTRODUCTION

Approximately 1075 million years ago, por-
tions of the North American Midcontinent Rift
basin filled with water, leading to the deposition
of sediments that became the Nonesuch Forma-
tion (Fig. 1). Typically interpreted as a rift lake
(e.g., Daniels, 1982), with some researchers
suggesting a marine or estuarine environment
(e.g., Moore et al., 1969), this water body was
host to diverse microbiota, a record of which
is preserved as organic-walled microfossils
of exceptional quality (Strother and Wellman,
2021). Despite their late Mesoproterozoic antiq-
uity, the rocks of the Nonesuch Formation had
a very mild post-depositional history due to
the intracontinental tectonic setting in which
they were deposited. While significant accom-
modation space developed through rift-driven
tectonic subsidence, the lack of complete con-
tinental separation due to the cessation of active
rifting before Nonesuch Formation deposition
allowed its preservation in the interior of cra-
tonic North America. As a result, for its entire
post-depositional history, the Nonesuch Forma-
tion has been located far from active continental
margins that could have resulted in subsequent
metamorphism. Apart from a spatially restricted
zone of mineralization driven by the migration of
cupriferous brines (Mauk et al., 1992; Swenson
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etal., 2004), the very low metamorphic grade of
the Nonesuch Formation (Gallagher et al., 2017)
results in excellent preservation and the ability to
gain insight into Mesoproterozoic environmental
conditions.

The remarkably preserved microfossil assem-
blage within the Nonesuch Formation records a
diversity of life within the lake that includes both
cyanobacteria and eukaryotes as well as simple
multicellularity associated with some eukaryotic
forms (Wellman and Strother, 2015; Strother and
Wellman, 2016, 2021). While the assignment of
metabolism to the preserved eukaryotes is uncer-
tain, they have been interpreted to include both
photoautotrophs and heterotrophs (Strother and
Wellman, 2021). Heterotrophic feeding mecha-
nisms are interpreted to have included osmotro-
phy (ingestion of dissolved organic compounds
by osmosis) and probably phagotrophy (engulf-
ment of particulate organic matter, even cells;
Strother and Wellman, 2021).

The typical paradigm for eukaryote evolu-
tion is that the first crown-group eukaryote to
evolve required oxygen due to interpretations of
eukaryotic evolutionary trees, the predominance
of aerobic respiration in eukaryotes, and the
necessity of oxygen in making certain biologi-
cal compounds (sterols) contained in eukaryotes
(Embley and Martin, 2006; Gold et al., 2017;
Cohen and Kodner, 2022). However, traditional
“body” fossils, molecular fossils derived from
these sterols, and genomic molecular clock
constraints give distinct perspectives on the
timing of eukaryotic diversification and evolu-
tion (Cohen and Kodner, 2022). An additional
consideration is recent proposals suggesting
that stem-group eukaryotes could have thrived
in diverse biogeochemical niches, including
those lacking oxygen (Porter et al., 2018; Porter,
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2020). Studies directly connecting fossils and
environmental conditions can be used to evalu-
ate these hypotheses. Therefore, of particular
interest for understanding the paleoenvironment
and ecological setting of this uniquely preserved
ancient lake system is characterizing its oxygen
levels and the redox conditions of the sediment.

Iron mineralogy has the potential to give
significant insights in this regard as the effects
of oxygen on metabolic processes and abiotic
chemistry lead to distinct mineral assemblages
(Weibel and Friis, 2007). Rock magnetism pro-
vides mineral-specific insight and can constrain
the abundance of iron-oxide phases. Slotznick
et al. (2018) demonstrated distinct iron-oxide
assemblages within two drill cores of the None-
such Formation in northern Wisconsin that can
be categorized into three magnetic facies: a
mixed assemblage of magnetite and hematite
with relatively strong overall magnetization
(Facies 2) that reflects the detrital input to the
lake; an assemblage dominated by detrital and
pigmentary hematite with weaker magnetization
(Facies 3) that resulted from significant oxida-
tion of the detrital magnetic minerals and repre-
cipitation of ferric oxides; and a facies with very
weak magnetization carried by trace magnetite
(Facies 1) that reflects reductive dissolution of
iron oxides associated with anoxic conditions.
These magnetic facies were interpreted to cor-
respond with the deepening and progressive
shallowing of the lake. Where the lithofacies are
interpreted to indicate that the lake was deepest
(Stewart and Mauk, 2017), the magnetic facies
are indicative of anoxic conditions. At interme-
diate water depths, limited reductive/oxidative
dissolution led to preservation of the detrital
magnetic minerals. At shallow depths in the lake,
nearly all of the magnetite that was present in the
detrital flux was oxidized to its most oxidized
form of hematite.

In this contribution, we present new rock
magnetic data sets from three outcrop sections
(DG18, PRF18, and PIR18) and two drill cores
(PC-1 and WPB-4) from northern Wisconsin and
Michigan, USA, that can be integrated with the
two drill cores studied in Slotznick et al. (2018)
(DO-1 and WC-9) to understand lateral varia-
tions. We use newly developed paleomagnetic
data from one outcrop section (PRF18) to gain
additional insight into magnetic mineralogy and
provide refined constraints on the paleolatitude
of deposition. New X-ray diffraction analyses on
sister specimens to those targeted for rock mag-
netism provide additional mineralogical insight
into three cores (PC-1, DO-8, and WC-9) and
one outcrop section (PRF18). Building on prior
analyses (Wellman and Strother, 2015; Strother
and Wellman, 2016, 2021), we document new
palynological data from two outcrop sections
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and all four cores. These samples were often
stratigraphically co-located with samples for
rock magnetic analyses, which allows the data to
be contextualized in terms of interpreted redox
conditions.

Our newly described stratigraphic sections
and field data document lateral variability in the
thickness and lithofacies of the Nonesuch For-
mation across an outcrop belt in northern Wis-
consin and the Upper Peninsula of Michigan.
This lateral variability is associated with a paleo-
topographic high (described in Swanson-Hysell
et al., 2019a, and further elucidated here) that
formed a shoreline of the lake. While previously
studied cores record a single deepening and shal-
lowing succession, outcrop successions close to
this highlands region repeatedly transitioned into
and out of the lake. We are therefore presented
with the opportunity to investigate time-equiva-
lent sediments that record distinct water depths
of the lake. In contrast to more distal core and
outcrop successions, there is minimal evidence
for anoxic conditions in the nearshore succes-
sions. Rather, the magnetic mineral assemblages
indicate oxic to low oxic conditions, with pro-
gressive oxidation associated with shallowing as
the lake transitioned back and forth between a
lacustrine and fluvial environment.

GEOLOGIC SETTING

The Midcontinent Rift is a major intracratonic
rift basin that developed in the interior of Lau-
rentia (cratonic North America) and preserves
a thick succession of mafic volcanic lava flows
that erupted ca. 1108-1084 Ma (Green, 1983;
Cannon et al., 1989; Swanson-Hysell et al.,
2019a; Woodruff et al., 2020). Along the south-
ern shore of Lake Superior, the rift volcanics are
conformably overlain by the dominantly sedi-
mentary strata of the Oronto Group (Figs. 1 and
2; Daniels, 1982; Ojakangas et al., 2001). The
basal Oronto Group was deposited near the end
of active extension, and deposition continued as
the basin thermally subsided prior to the region
undergoing contractional deformation in the
later stages of the Grenvillian orogeny (Cannon,
1992; Hodgin et al., 2022). The oldest forma-
tion of the Oronto Group is the Copper Harbor
Conglomerate, which contains lava flows of the
Lake Shore Traps on the Keweenaw Peninsula
(Fig. 1). An andesitic flow within the Lake Shore
Traps has a U-Pb date of 1085.57 £ 0.25/1.3 Ma
(20 analytical/analytical+decay constant uncer-
tainty; Fairchild et al., 2017), which provides age
constraints for this sedimentary sequence. The
conglomerate, sandstone, and mudstone of the
Copper Harbor Conglomerate were deposited
within alluvial fan and fluvial plain environ-
ments (Daniels, 1982; Elmore, 1984). The con-
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glomerate clasts are dominantly rift volcanics,
which indicate the presence of rift highlands
on the margins of the basin that sourced clas-
tic debris into the subsiding rift basin (Daniels,
1982; Elmore, 1984). Paleocurrent data from the
Copper Harbor Conglomerate indicate flow into
the rift basin axis that is consistent with spatially
restricted deposition within a basin where there
was still significant topographic relief due to
extension (Daniels, 1982). The Copper Harbor
Conglomerate conformably transitions into the
Nonesuch Formation, which dominantly is com-
prised of siltstone to very fine sandstone with
subordinate fine to medium sandstone (Daniels,
1982; Elmore et al., 1989; Stewart and Mauk,
2017). The Nonesuch Formation records both
shallow-water marginal lacustrine facies as well
as deeper water facies and typically forms a
deepening- and then shallowing-upward succes-
sion (Suszek, 1997; Elmore et al., 1989; Stewart
and Mauk, 2017).

The Nonesuch Formation has been exten-
sively studied, with much of the research
focused on economic-grade copper mineraliza-
tion at the base of the formation in the White
Pine region on the north limb of the Iron River
syncline (Fig. 1; White and Wright, 1954; Can-
non et al., 1995). This stratiform deposit is inter-
preted to have formed primarily due to a change
in redox conditions when basinal fluids migrated
from the oxidized Copper Harbor Conglomer-
ate into the Nonesuch Formation (Mauk and
Hieshima, 1992; Swenson et al., 2004). Portions
of the Nonesuch Formation are relatively rich in
organic carbon (Imbus et al., 1990, 1992) with
petroleum seeps identified in the same region
as copper mineralization (Mauk et al., 1992).
In addition to sulfide, organic matter may have
acted as a direct reductant that enabled cop-
per mineralization (Mauk et al., 1992). These
organic-rich facies of the Nonesuch Formation
were targeted for Re-Os geochronology, which
resulted in a preferred date of 1078 4+ 24 Ma
(Cumming et al., 2013). While much early work
focused on the Nonesuch Formation within
the White Pine Basin, recent stratigraphic and
geochemical studies (Stewart and Mauk, 2017;
Slotznick et al., 2018; Rico et al., 2019) have
analyzed other sections to the west within the
Ashland syncline (Fig. 1) to better understand
development of this large water body as a win-
dow into a Mesoproterozoic environment.

The Nonesuch Formation conformably shal-
lowed into the overlying fluvial lithofacies of
the Freda Formation. The Freda Formation is a
thick (>3 km) succession of fluvial channel and
overbank deposits (Daniels, 1982). Notably, for
the purpose of interpreting the depositional con-
text of the Nonesuch Formation, all of the units
below and above the Nonesuch Formation were
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Cannon et al. (1995) and Can-
non et al. (1996), with minor
modifications associated with
new field data. As a result of
this unconformity, the Copper
Harbor Conglomerate is pro-
gressively in contact with older
volcanic rocks to the southwest.
The Copper Harbor Conglom-
erate and the Nonesuch Forma-
tion progressively thin to the
southwest against this uncon-

formity (Fig. 2). These lateral changes in stratigraphic thickness as well as lithofacies indicate that the stratigraphic section at Brownstone
Falls was next to a persistent topographic high throughout Copper Harbor Conglomerate and Nonesuch Formation deposition, which we
refer to as the “Brownstone Highlands.” Age constraints on the units are from Swanson-Hysell et al. (2019a) and Hodgin et al. (2022).

deposited in an emergent terrestrial setting. Con-
sistently terrestrial depositional environments
are recorded by interflow sedimentary rocks of
the Portage Lake/Porcupine Volcanics as well
as the Copper Harbor Conglomerate prior to
the Nonesuch Formation deposition and by the
Freda Formation afterward. The observation
that the Nonesuch Formation is ~100-300 m of
strata within >13 km of demonstrably terrestrial
volcanic and sedimentary deposits led Daniels
(1982), Elmore et al. (1989), and Ojakangas
et al. (2001) to conclude that the Nonesuch For-
mation was deposited in a lake and that it was
unlikely that there was incursion of seawater far
into Laurentia. Given that Laurentia was in the
interior of supercontinent Rodinia, the Nonesuch
Formation was deposited >3000 km from the
open ocean. It is particularly difficult to under-
stand how the basin would have been transiently
below sea level, with marine deposition at the
start of the post-rift thermal subsidence phase,
but then returned to a sustained fluvial environ-
ment for the tens of millions of years of deposi-
tion that followed during continued subsidence.

Nevertheless, a renewed discussion on the depo-
sitional setting of the Nonesuch Formation has
led to arguments of a marine environment based
on interpretations of sedimentological and geo-
chemical data (Jones et al., 2020; Stiieken et al.,
2020). These researchers highlighted the pres-
ence of rare gypsum pseudomorphs and veins in
the Copper Harbor Conglomerate and Nonesuch
Formation as well as the presence of current rip-
ples with varying paleocurrents that were argued
to have formed through tidal currents (Jones
et al., 2020; Stiieken et al., 2020). Additionally,
Stiieken et al. (2020) used Sr/Ba values to argue
for varying sulfate levels, which they attribute
to variable mixing between marine and lacus-
trine waters within an estuarine environment.
They additionally document Mo enrichments
in association with higher organic carbon and
sulfur levels, which they interpret to indicate a
Mo-bearing water mass that is consistent with
either a saline lake or seawater (Stiieken et al.,
2020). Overall, it is extraordinarily challenging
to differentiate between an ancient lake envi-
ronment that periodically underwent evaporitic
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enrichment of solutes and a restricted marine
environment in the Proterozoic Eon. Each line
of geochemical and sedimentological evidence
for a marine or estuarine environment is equivo-
cal and dependent on various assumptions, such
as low sulfate levels in lacustrine environments,
that may or may not be valid. We consider the
stratigraphic, tectonic, and paleogeographic con-
text to be most consistent with deposition within
a lake, and therefore lacustrine terminology will
be used here. Our interpretations in this regard
are revisited in more detail in the discussion.
The outcrop belt of the Nonesuch Formation
east of the Ashland syncline in northern Wiscon-
sin into the Upper Peninsula of Michigan is part
of a large-scale structure known as the Montreal
River monocline (Cannon et al., 1993; Fig. 1).
This structure developed as a result of far-field
compressional effects of the Grenvillian orogeny
and exhumed rocks along the Marenisco Fault
(Cannon et al., 1993; Hodgin et al., 2022). The
Nonesuch Formation was never deeply buried
(Gallagher et al., 2017), and the overlying Freda
Formation forms the structurally highest portion
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mation is thickest and consists of a single deepening- and shallowing-upward succession (at the Presque Isle River; section PIR18), the un-
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shoreline, while there was a continuously subaqueous environment to the east at the Presque Isle River section.

of the monocline (Fig. 1). As a result of mono-
cline formation, the Nonesuch Formation is
steeply dipping, with dips of ~80° in the Brown-
stone Falls, Potato River, and Montreal River
exposures (Fig. 1). This steep tilt of the basal
Oronto Group results in the bedrock geologic
map approximating a cross section at the time of
Nonesuch deposition (Fig. 1). As can be seen in
Figures 1 and 2, the Copper Harbor Conglomer-
ate is in contact with progressively older volcanic
rocks from the region of the Presque Isle River
and the Montreal River to the southwest toward
Potato River and Brownstone Falls. In the area
near Brownstone Falls, the Oronto Group is in
contact with the oldest volcanics, the Kallander
Creek Volcanics, which were locally dipping
~40° to the northeast when the Copper Harbor
Conglomerate and Nonesuch Formation were
deposited (Fig. 2; Swanson-Hysell et al., 2019a).
This Brownstone Falls unconformity is therefore
erosional and angular as a result of significant
tilting and associated uplift on a rift flank prior
to onlapping sedimentation of the Oronto Group.
The stratigraphic thicknesses of the Copper Har-
bor Conglomerate and the Nonesuch Formation
progressively thin toward Brownstone Falls in
the southwest, and the lithofacies are consistent

with progressively shallower depths (Fig. 2). In
addition to these lateral changes in stratigraphic
thickness, lithofacies within both formations,
discussed in more detail below, indicate deposi-
tion proximal to a paleotopographic high near
Brownstone Falls that formed the shoreline of
Paleolake Nonesuch.

SEDIMENTOLOGIC AND
STRATIGRAPHIC DATA WITH
INTERPRETATION

Outcrop stratigraphic sections through the
Nonesuch Formation were measured and
samples were collected at Brownstone Falls
(DG18; 46.37629°N, 90.63977°W), Potato
River Falls (PRF18; 46.46082°N, 90.52914°W),
and Presque Isle River (PIR18; 46.66505°N,
89.93806°W). Additionally, a stratigraphic sec-
tion was logged and samples were collected from
drill core PC-1 (46.6782°N, 89.9742°W; Fig. 1).
This drill core was collected in 1959 by the Bear
Creek Mining Company as part of an explor-
atory drilling campaign around the Presque
Isle River; it was split, and one half is stored
at the Upper Peninsula Geological Repository.
All sections span the entirety of the Nonesuch
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Formation (Figs. 3 and 4). Notably, the PIR18
measured section at Presque Isle River is at the
southeastern end of the Presque Isle syncline in
order to span the entire Nonesuch Formation, in
contrast to the partial section that is exposed at
the Lake Superior shoreline (Jones et al., 2020).
In addition, new data were collected from expo-
sures of the Oronto Group along the Montreal
River to constrain the thicknesses and lithofacies
summarized in Figure 2.

Close to the Brownstone Highlands, where
the Copper Harbor Conglomerate is thin (Fig. 2),
the lithofacies of that formation are dominated
by clast-supported pebble-to-boulder conglom-
erate of subrounded to rounded volcanic clasts
(the conglomerate facies of Elmore, 1984). This
dominantly cobble-sized, clast-supported litho-
facies includes channelized lenses of sandstone
that increase in frequency and thickness to the
east from Brownstone Falls to the Montreal
River. The conglomerate clasts are dominantly
locally derived mafic and felsic volcanic rocks
of the Midcontinent Rift. There is also a minor
component of clasts from older Paleoprotero-
zoic and Archean lithologies, including banded
iron formation. Overall, from Brownstone Falls
to the Montreal River, the Copper Harbor Con-
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conditions. Example representative coercivity spectra are shown for each of the three magnetic facies. Note the change in y-axis
scale for the Facies 1 example due to an order-of-magnitude weaker magnetization. B,—coercivity of remanence; M,—saturation
magnetization; Mu—mudstone; S—siltstone; Vf—very-fine-grained sandstone; F—fine-grained sandstone; M—medium-grained
sandstone; C—coarse-grained sandstone; Vc—very-coarse-grained sandstone; G—granule conglomerate; P—pebble conglomerate;

Co—cobble conglomerate;

B—Dboulder

Cross-Strat—cross-stratification.

ana

conglomerate;
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Figure 4. Stratigraphic observations, magnetic data, and facies interpretations from the Brownstone Falls (DG18) and Potato River Falls
(PRF18) outcrop sections are shown. These sections reveal several packages of lacustrine deposition separated by fluvial sediments. The
interpretation of deepening and shallowing into and out of fluvial and lacustrine systems is shown with blue triangles. Magnetic parameters
and the absolute quantification of magnetic minerals allowed for separation of samples into three magnetic facies linked to environmental
conditions. Example representative coercivity spectra are shown for each magnetic facies within each section. Note that the scales for M,,
magnetite (Wt %), and hematite (wt %) are distinct from those in Figure 3. The two samples with the highest M, values in PRF18 are off-scale
in the magnetite (wt%) plot. See Figure 3 for abbreviations.

glomerate is consistent with being deposited conglomeratic lithofacies. However, the litho- rippled fine sandstone and of clast-supported
in stream-channel alluvial fans. At Presque facies then change up-section to be dominated pebble-to-cobble conglomerate (with some
Isle River, where the Copper Harbor further by dune-scale (typical amplitude of ~20 cm) small boulders). This lithofacies is indicative
thickens (Fig. 2), the lower 80 m of the Copper  trough cross-stratified medium sandstone with  of deposition within a braided fluvial system
Harbor Conglomerate is composed of a similar  horizons of pebbles with intervals of current- wherein the trough cross-stratified medium
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Reconstructing Mesoproterozoic paleoenvironment and life

sandstone was deposited in channels, the con-
glomerate beds are remnants of gravel bars, and
the fine sandstone beds were deposited as flood-
plain deposits (similar to the interpretations
of Elmore, 1984). The lateral variability from
dominant alluvial fan deposition at Brownstone
Falls to that of a fluvial braidplain at the Presque
Isle River, together with the thinning of the for-
mation toward Brownstone Falls, are consistent
with a topographic highland associated with the
Brownstone Falls angular unconformity (Fig. 2).

The typical stratigraphic succession of the
Nonesuch Formation records water deepen-
ing and then shallowing (Elmore et al., 1989;
Stewart and Mauk, 2017). This stratigraphic
pattern is seen in the sections from the Presque
Isle syncline (PC-1 core and PIR18 outcrop
section; Figs. 1 and 3). The more extensive and
three-dimensional exposure of the outcrop sec-
tion better facilitated observations of sedimen-
tary structures, but the same overall lithofacies
succession was seen in both outcrop and core.
The uppermost fluvial lithofacies of the Cop-
per Harbor Conglomerate at the Presque Isle
River comprises fine to coarse sandstone with
dune-scale trough cross-stratification with chan-
nelized horizons of pebbles as well as interbeds
of red-brown fine sandstone that can have mud
cracks, current ripples, and oscillatory ripples
close to the contact with the Nonesuch Forma-
tion (Fig. 3). The trough cross-stratified sand-
stone can contain rip-up clasts of siltstone. This
fluvial lithofacies abruptly transitions into gray
siltstone to fine sandstone with symmetric wave
ripples (at meter level 50 in PIR18; Fig. 3). In
outcrop, there are nodules of native copper as
well as disseminated copper mineralization in
these lowest few meters of lacustrine sedimen-
tary rocks that define the base of the Nonesuch
Formation. The evidence for current activity
wanes up-section, as the succession is dominated
by finely parallel-laminated dark gray siltstone
to very fine sandstone with minor carbonate
(such as at meter level 100 in PIR18; Figs. 3 and
5B) that is consistent with deposition at greater
depth below wave base. Limestone nodules
formed early within the sediment, as evidenced
by differential compaction around them. These
nodules are indicative of an increase of alkalinity
in pore water likely associated with anaerobic
respiration of organic carbon (Bergmann et al.,
2013). In the PC-1 core, molar tooth structures
(small ptygmatically folded calcite microspar-
filled veins) are also observed along horizons
within the deeper water siltstone facies (Figs. 3
and SH). These siltstones are followed by an
interval of interbedded siltstone and very fine
to fine sandstone. The outcrop exposure along
the Presque Isle River enables the observation
that the very fine to fine sandstone beds can have

Figure 5. (A) Color change from magnetic Facies 3 with pigmentary hematite on the right into
magnetic Facies 2 on the left. The beds are steeply dipping with stratigraphic up-direction to
the left (82.0 m in section DG18; hammer is 33 cm long). (B) Limestone nodules within silt-
stone of the Nonesuch Formation correspond to magnetic Facies 1 (~94 m in section PIR18).
Differential compaction of the siltstone bedding around the nodules indicates that they formed
early within the sediment. (C) Sediment-starved current ripples (tan colored) of very fine to
fine sand within gray siltstone (between 70 m and 100 m in section PRF18; white bar is 2 cm).
(D) Fining-upward packages and dewatering structures give the siltstone to very fine sand-
stone a wavy lamination, as seen in a thin section scan (78.1 m in section PRF18; ticks are
1 mm). (E) Flute casts at the base of a turbidite (~170 m in section PIR18, scale bar is in cm).
(F) Oscillatory wave ripples in the uppermost Nonesuch Formation (298.5 m in section PIR18;
scale bar rectangles are 1 cm). (G) Crinkly texture on siltstone/very fine sandstone that could
be the result of a microbial mat and therefore a microbially induced sedimentary structure
(307.7 m in section PIR18; scale bar rectangles are 1 cm). (H) Molar tooth structure in PC-1
core (depth of 306 ft; ticks are 1 mm). (I) Cross-stratified fluvial sandstone in PC-1 core with
red siltstone rip-up clasts (depth of 133 ft; same scale as in panel H, with 1 mm ticks).

Geological Society of America Bulletin

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36634.1/5941710/b36634.pdf
bv niversitv of California Berkelev | ibrarv Yimina Zhana



flute casts on their bases and current ripples at
their tops consistent with them being deposited
as turbidites (Figs. 3 and SE). The succession
then continues with wavy-laminated siltstone to
very fine sandstone with soft-sediment folds and
ball-and-pillow structures. At meter level 299 in
PIR18, there are symmetric ripples in very fine
sandstone that indicate continued shallowing
of the lake and the bottom sands experiencing
oscillatory wave currents (Fig. SF). Up-section,
the siltstones are mud cracked with crinkly bed-
ding planes that likely are microbially induced
sedimentary structures (Noffke et al., 2001; Cal-
low et al., 2011; Fig. 5G) and transition into flu-
vial lithofacies, including trough cross-stratified
ripples with siltstone rip-up clasts (including an
observed mud-cracked clast), which indicates
that there were fluvial channels running over
desiccated mudflats. Fluvial lithofacies are then
sustained up-section throughout the overlying
Freda Formation. Note that the conformable
contact between the Nonesuch and the Freda
Formations is variably defined given the tran-
sitional nature of the units. Prior work on drill
cores from the Ashland syncline of Wisconsin
have defined the contact based on sustained red
color (Munsell chroma of YR > 1; Stewart and
Mauk, 2017; Slotznick et al., 2018). While this
could be an effective definition, oscillatory wave
ripples in the PIR18 section indicate that these
red siltstones were deposited within standing
water that was likely associated with a lacustrine
environment (Fig. 5F). An alternate definition
for the base of the Freda Formation may be the
presence of a sustained fluvial lithofacies assem-
blage including sedimentary structures such as
current ripples with siltstone rip-up clasts, which
is the definition we use here (Figs. 3 and 4).

In contrast to the single deepening- and
shallowing-upward succession observed in the
Presque Isle syncline, further to the southwest
at Potato River Falls (section PRF18), there
are lacustrine lithofacies in three distinct strati-
graphic packages separated by fluvial sandstone
and conglomerate (Figs. 2 and 4). The dominant
lithofacies within these lacustrine packages is
finely laminated gray siltstone with sub-centi-
meter- to centimeter-scale beds of very fine to
fine sandstone that have wavy lamination and
sediment-starved current ripples (Fig. 5C). The
lamination in the siltstone to very fine sandstone
is the result of millimeter-scale fining-upward
packages (Fig. 5D). Between these lacustrine
packages are intervals of medium to very coarse
sandstone with dune-scale trough cross-stratifi-
cation and horizons of pebbles to cobbles and of
red siltstone rip-up clasts (Fig. 4). These lithofa-
cies are the same as in overlying fluvial sand-
stones of the Freda Formation. The lacustrine
siltstones transition from gray to red brown (and

Slotznick et al.

to dusky red in the uppermost package) prior to
sharp erosional contacts that exhibit erosional
scours associated with the base of the fluvial sed-
iments (Fig. 4). As the stratigraphy returns to be
siltstone-dominated above these sandstone beds,
the siltstone transitions from red brown to brown
to gray. A similar number of lacustrine to fluvial
to lacustrine transitions are observed in the expo-
sure of the Nonesuch Formation at the Montreal
River (Fig. 2). The southwestern-most section,
Brownstone Falls (section DG18; named after
the Devil’s Gate exposure of the Copper Har-
bor Conglomerate), records additional fluvial
to lacustrine to fluvial transitions (Figs. 2 and
4). The fluvial interludes are composed of clast-
supported cobble conglomerate or of dune-scale
trough cross-stratified sandstone with horizons
of pebbles (Fig. 4). The lithofacies interpreted to
be lacustrine are red brown to gray siltstone with
horizons of symmetric wave ripples (Figs. 4 and
5). At Brownstone Falls, the Nonesuch Forma-
tion is the thinnest out of the studied sections (as
is the underlying Copper Harbor Conglomerate;
Fig. 2), and much of the formation is the result
of fluvial rather than lacustrine deposition. These
observations are all consistent with the Brown-
stone Falls succession being the most proximal
section studied; it repeatedly becomes the lake
margin due to its location on a persistent topo-
graphic high.

MAGNETIC AND X-RAY DIFFRACTION
DATA WITH INTERPRETATION

Iron Mineralogy

Rock magnetic analyses were performed on
small rock chips from the outcrop stratigraphic
sections and on samples from two drill cores
of the Presque Isle syncline: PC-1 located near
Presque Isle River and WPB-4 located near the
White Pine Mine and Big Iron River (Fig. 1).
WPB-4 was collected in 1957 by the Bear Creek
Mining Company as part of a large drilling cam-
paign in the White Pine Basin beyond the then-
active mine workings; the drill core was split,
and one half is stored at the Upper Peninsula
Geological Repository. For each sample, room-
temperature analyses were used to determine
their coercivity (B,), saturation magnetization
(M), remanent saturation magnetization (M,,),
coercivity of remanence (B,), and coercivity
spectra (Figs. 3 and 4). Coercivity parameters B,
and B, are the result of the aggregate behavior
of the ferromagnetic minerals in a sample with
coercivity spectra providing further insight into
ferromagnetic phases and grain-size distribu-
tions. Minerals were identified based on decon-
volution of coercivity spectra and corroborated
by low-temperature rock magnetic experiments
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and high-temperature thermal demagnetization.
Low-temperature experiments cycle samples
between 10 K and 300 K and provide insight due
to diagnostic low-temperature magnetic mineral
transitions (Figs. S1-S3'"). High-temperature
thermal demagnetization data provide insight
into mineralogy given the distinct unblocking
temperatures of different ferromagnetic minerals
as they approach their Néel/Curie temperatures.
Petrography via optical microscopy and electron
microscopy paired with energy dispersive X-ray
spectroscopy (EDS) was used to corroborate
grain-size interpretations, identify additional
non-magnetic iron-bearing minerals, and pro-
vide additional context. Methodological details
associated with these techniques are provided in
the Appendix.

Four ferromagnetic components were identi-
fied in proximal sections at Brownstone Falls and
Potato River Falls (Fig. 4) and at the more distal
Presque Isle River section and core (Fig. 3): (a)
a low-coercivity component (mean B, 10—45
mT) interpreted to be detrital titanomagnetite,
maghemite, and/or coarse-grained magnetite; (b)
a mid-coercivity component (mean B, 28—127
mT) interpreted as detrital near-stoichiometric
magnetite; (c) a mid- to high-coercivity com-
ponent (mean B, 106408 mT) with a broadly
dispersed peak interpreted as pigmentary hema-
tite; and (d) a high-coercivity component (mean
B,, 322-956 mT) interpreted as detrital hematite.

In the Presque Isle syncline, the remarkable
similarity in iron mineralogy between core and
outcrop highlights the excellent outcrop preser-
vation of the Nonesuch Formation. Significant
goethite (an iron oxyhydroxide often associated
with surface weathering that can form at the
expense of primary iron-bearing phases) was

ISupplemental Material. Figure S1: Low-
temperature rock magnetic experiment data for
Facies 1 specimens. Figure S2: Low-temperature
rock magnetic experiment data for Facies 2
specimens. Figure S3: Low-temperature rock
magnetic experiment data for Facies 3 specimens.
Figure S4: Cross-plots of rock magnetic parameters
delineating magnetic facies. Figure S5: Petrographic
data from PC-1 and PRF18. Figure S6: Rock
magnetic data from core WPB4. Figure S7: XRD
data from bulk specimens. Figure S8: XRD data from
clay peels. Figure S9: XRD minerals versus iron
speciation oxalate extraction. Figure S10: Thermal
demagnetization data for specimen with “mht”
component. Figure SI11: Inclination shallowing
correction applied to Nonesuch paleomagnetic data.
Figure S12: Example images of categorized organic
material. Figure S13: Provisional palynomorph
taxa in stratigraphic context. Table S1: Mean
paleomagnetic poles for the Nonesuch Formation.
Table S2: Nonesuch rock magnetic data. Table S3:
Summary of palynological data. Please visit https://
doi.org/10.1130/GSAB.S.23609163  to  access
the supplemental material, and contact editing@
geosociety.org with any questions.
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not identified in any of the outcrop samples,
including those containing pyrite. The surface
rock exposures studied throughout the region
consist of bedrock that has only recently been
near the surface due to Pleistocene glacial and
ongoing fluvial erosion. Glacial erosion is evi-
dent in striated rock exposures, with ''Be expo-
sure dates constraining the timing of regional ice
retreat from the Last Glacial Maximum to have
occurred at 13.2 + 0.4 ka (Ullman et al., 2015).
In the time since ice retreat ca. 13 ka, there has
been significant river incision, leading to the for-
mation of the river gorges in which the None-
such Formation is freshly exposed.

Magnetic data were used to group samples
into three distinct magnetic facies. While facies
match prior work (Slotznick et al., 2018), they
were further developed here to incorporate the
new data from distinct parts of the basin. Facies
1 has a very low magnetization and low coer-
civity; values of B, < 100 mT and M, < 0.01
Am?%kg were used as cutoffs for consistency
across sections, with this facies being distinctly
clustered (Fig. S4). Beyond these bulk values,
unmixed spectra highlight that the single peak of
magnetite preserved has a lower coercivity than
in other facies (Fig. 3); this result is interpreted
to be due to preferential dissolution of higher-
coercivity iron-oxide grains. Petrographic
observations highlight an abundance of pyrite
and a lack of visible iron-oxide phases with tita-
nium oxides remaining (Fig. S5) similar to the
microscopy data of Slotznick et al. (2018). This
mineral assemblage is interpreted to be due to
reductive dissolution of detrital iron oxides in
anoxic waters. These anoxic waters may have
extended into the water column but could have
been restricted to sediment pore waters, which
were sulfidic based on the presence of diage-
netic pyrite.

Facies 2 spans a range of coercivity and mag-
netization intensity due to different relative pro-
portions of (titano)magnetite, maghemite, and
hematite of varying grainsizes (Figs. 3, 4, S2,
and S4). Petrographic observations highlight
that magnetite, titanomagnetite, and hematite co-
exist in these samples and include minerals with
igneous origin (high-temperature oxyexsolution
textures) that require them to be detrital particles
(Fig. S5; Slotznick et al., 2018). We therefore
interpret that these iron oxides are detrital in ori-
gin, and Facies 2 records the original mineralogy
delivered fluvially from the catchment into the
lake. Magnetite abundance can be particularly
high in Facies 2 within the proximal sections,
which is interpreted to reflect the close proximity
of these samples to actively eroding mafic volca-
nic highlands. Limited pyrite is observed petro-
graphically in pore-spaces within some samples.
The wide range of coercivity and magnetization

in Facies 2 thus represents a mix of changes in
detrital abundance (due to provenance, catch-
ment size, distance from source, and/or hydro-
dynamic sorting), as well as diagenetic processes
(reductive dissolution, maghemitization, etc.),
albeit to a lesser extent than in the other facies.
The increased diversity of this facies found
due to the additional sections considered here
also lends complexity to redox interpretations.
However, the presence of detrital hematite and
magnetite suggest that: (a) the samples existed
in redox disequilibrium, and (b) conditions were
not too reducing or oxidizing. Thus it represents
a “middle” ground in environmental conditions,
and we will refer to it as low oxic to indicate this
intermediate redox interpretation.

Facies 3 samples have a high coercivity of
remanence and relatively low saturation magne-
tization compared to those of Facies 2 (Figs. 3,
4, and S4) and are characterized based on the
presence of pigmentary hematite. In coercivity
spectra, pigmentary hematite can be difficult to
identify in cases where magnetite is also pres-
ent due to their overlapping coercivity distribu-
tions. For these samples, Munsell color data of
YR with chroma >1 was used as an indicator
of pigmentary hematite and a guide for which
components should be unmixed from the coer-
civity spectra (Table S2). In some cases, there
is magnetite in Facies 3, in addition to detrital
hematite, but at significantly lower concentra-
tions than in Facies 2 (Figs. 3, 4, and S3). We
interpret this magnetite as residual from a larger
population that has been oxidized to hematite
(an interpretation supported by microscopy; Fig.
S5). The pigmentary hematite in Facies 3 would
have formed from ferrihydrite precursors that are
indicative of oxygenated pore-waters. Overall,
the magnetic mineral assemblage of Facies 3,
which is dominated by detrital and pigmentary
hematite, is interpreted to indicate an oxic water
column and pore waters.

The exposure of the Nonesuch Formation at
the Big Iron River has been the target of prior
investigations (e.g., Symons et al., 2013; Spinks
et al., 2014; Jones et al., 2020) due to its acces-
sibility, and in some cases because research-
ers were interested in understanding processes
associated with copper mineralization. The sec-
tion is ~4 km from the historical underground
workings of the White Pine Mine and has copper
mineralization near the base. While economic
copper mineralization is confined to the lower
~5 m of the Nonesuch Formation in the region,
field observations of the Nonesuch Formation at
Big Iron River suggest that fluids altered the iron
mineralogy far upward into the section. Color
variations from bleached light tan to dark brown
and dark purple as well as alternating green and
purple were seen that are uncharacteristic of the
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Nonesuch Formation in regions without ore min-
eralization and are indicative of dissolution and
reprecipitation of iron oxides. For this reason,
we did not develop rock magnetic data from this
section, although we did develop rock magnetic
data for core WPB-4 from the same Iron River
syncline (Fig. S6). Caution is advised when
applying geochemical proxies for paleoenviron-
ment to samples from the White Pine region that
experienced alteration from mineralizing fluids
given this evidence for the secondary mobility
of metals.

Bulk and Clay Mineralogy

X-ray diffraction (XRD) analyses were per-
formed on a subset of samples from the Potato
River Falls outcrop section and drill cores
PC-1, WC-9, and DO-8 (the latter two were
analyzed for rock magnetism and iron specia-
tion by Slotznick et al., 2018). Each specimen
(paired with a sample targeted for rock magnetic
experiments) was analyzed with three different
approaches: (a) bulk analyses across a wide 20
range to identify major minerals, (b) high-angle
region analyses to further constrain clay min-
eralogy, and (c) clay peel analyses. Clay peel
analyses physically separate and orient the clay
minerals to provide a distinctive detailed analy-
sis; for example, they are helpful for distinguish-
ing relative amounts of muscovite versus illite
(with interlayered smectite). For more detailed
methodological information, see the Appen-
dix section.

XRD analyses were not aimed at identify-
ing iron oxides, as the detection limits for iron
oxides are much lower in magnetic analyses
than in XRD analyses. The goal of the XRD
analyses was to probe the clay mineralogy in
more detail; in these fine-grained samples, clay
minerals made up on average half of the sample
(up to 71% based on bulk analyses; Fig. S7). A
wide variety of clay minerals were identified
and record detrital, authigenic (water-column
precipitation), and diagenetic (early or late post-
depositional) processes. The excellent preserva-
tion of the Nonesuch Formation is highlighted
by the fact that smectite is preserved (Fig. S8).
During burial diagenesis of fine-grained silici-
clastic sediments, dioctahedral smectite (an
expandable clay) progressively transforms to
non-expandable illite (Eberl and Hower, 1976).
This transformation proceeds through the pro-
duction of mixed-layer illite/smectite where the
percentage of illite layers increases with both
time and temperature until the reaction is com-
plete and discrete illite is formed (Bethke and
Altaner, 1986). The temperature dependence
of illitization has been investigated experimen-
tally and derived by fitting kinetic equations to



illite/smectite mineralogy in well-characterized
sedimentary basins (Velde and Vasseur, 1992).
Although smectite rarely occurs as a discrete
phase in high-angle XRD analyses, almost all of
the clay peels analyzed show swelling or collapse
in the XRD region dominated by interlayered
illite/smectite clay. These behaviors are consis-
tent with those reported by Price and McDowell
(1993), whose estimates of smectite expandabil-
ity from cores of the Nonesuch Formation led
to proposed maximum burial temperatures of
~115 °C in the Iron River syncline and ~140 °C
in the western portion of the Ashland syncline
near DG18 and PRF18 (Fig. 1). Similar maxi-
mum temperature estimates of 125-155 °C have
been estimated through modeling solid-state
reordering of clumped isotope data (Gallagher
et al., 2017). These temperatures are consistent
with burial by the ~3.3 km of Freda Formation
that is documented to overlay the Nonesuch For-
mation at the Wisconsin/Michigan border (this
estimate is a minimum thickness as exposure
disappears into Lake Superior but is likely close
to the true thickness). An average surface tem-
perature of 20 °C, combined with 4 km burial in
a geothermal gradient of ~30 °C/km, would lead
to temperatures of 140 °C.

First-order observations of the XRD data
reveal that they are fairly consistent within each
stratigraphic section (Figs. S7 and S8). This
result is noteworthy due to the fact that there are
interpreted variations in paleodepth (and redox
state) within the samples of each individual
location. There is much greater between-site
variation than within-site variation in bulk min-
eralogy. For example, drill core DO-8 does not
contain potassium feldspar (XRD determined
a better fit with plagioclase feldspar), whereas
all of the other locations do contain potassium
feldspar throughout their stratigraphy. Due to
potassium feldspar’s igneous origins, this result
suggests distinct provenance of detrital minerals
between sites. Notably, DO-8 also has the high-
est clay abundances in bulk analyses, perhaps
due to clays being delivered via rivers from a
deeply chemically weathered source. However,
alteration in the water-column or during diagen-
esis is difficult to rule out in this and many other
cases. For example, the Potato River Falls sec-
tion contains the lowest amount of illite/smec-
tite. In the detailed high-angle XRD analyses,
Potato River Falls is also the only section that
does not contain berthierine or chamosite (Fig.
S7). It is difficult to untangle whether these dif-
ferences are the result of different provenance,
water depth (as it is the shallowest section ana-
lyzed with XRD), or diagenesis (perhaps due to
alteration of distinct detrital phases).

One unusual section-specific mineral identi-
fied by XRD is laumontite, a hydrated calcium-
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aluminum silicate in the zeolite group. It was
only discovered at the Potato River Falls sec-
tion and is limited to the upper two lacustrine
packages, where it can reach ~7 wt% (Fig. S7).
EDS observations of three laumontite-bearing
samples highlight the pseudomorphic replace-
ment of iron-titanium oxide detrital grains with
calcium-titanium silicates with minor aluminum,
which are potentially a mixture of laumontite
and titanite (Fig. S5). Laumontite formation is
commonly associated with saline, alkaline lakes
and is typically derived from the alteration of
volcanic glass. Zeolite formation rates increase
with pH, which may have been facilitated in pore
waters through rapid dissolution of the glassy
substrate, and/or through interactions with alka-
line lake water. As PRF18 is the shallowest of
the regions analyzed for XRD, the presence of
laumontite could indicate distinct chemical con-
ditions in proximal lake sediments (i.e., more
evaporation at the margins). However, the fact
that it is only noted in some (not all) lacustrine
packages suggests that laumontite’s appear-
ance could relate to distinct sediment-grain
provenance such as volcanic lithic fragments;
magnetic data of high magnetite concentrations
at Potato River Falls are consistent with such a
provenance. This provenance likely contributed
to a detrital flux that was dissolved to form the
laumontite within the lake sediment. Because
laumontite is associated with distinctive prov-
enance, zeolite formation was likely driven by
local effects on pore water pH; its sporadic pres-
ence is unlikely to reflect a persistently alkaline
water column.

Within stratigraphic sections, some overarch-
ing trends were also noted. In the three drill
cores, WC-9, DO-8, and PC-1, kaolinite is more
abundant in the shallowest samples of Facies 3
and absent from the deepest parts of the lake
represented by Facies 1 (Fig. S7). Its presence
at the base of PC-1 (during the deepening into
Paleolake Nonesuch) as well as its abundance
throughout the Potato River Falls section sug-
gest that the abundance of kaolinite is connected
to paleo—water depth. Highlighting this connec-
tion, in PC-1, a turbiditic sandstone (at 445.3 ft
core-depth) contains more kaolinite than very
fine sandstone immediately below the turbidite,
representing background sedimentation at the
same paleodepth. Another observation is that in
all sites, chlorite is more abundant when the lake
is deeper, with greater abundance in Facies 1 and
2 than in Facies 3 (Fig. S7). The fact that this dif-
ference is noted in both the very shallow Potato
River Falls section as well as in the three more
distal drill cores suggests that it could be linked
to redox conditions. Supporting this hypothesis,
in the detailed high-angle XRD analyses, no
berthierine/chamosite (Fe[Il]-rich serpentine
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that transforms readily into the Fe-chlorite at
temperatures >70 °C; e.g., Hornibrook, 1996;
Jahren, 1989) is identified in Facies 3. The pos-
sible redox link suggests that chlorite is either
detrital and being modified by lacustrine condi-
tions or authigenic and forming in anoxic (pore)
waters. SEM-EDS observations are consistent
with both formation pathways. Samples from
Facies 1 and 2 contain small (<5 pm) iron-mag-
nesium aluminosilicates associated with iron/
titanium oxides suggesting authigenesis as well
as larger (~20-100 pm) elongate grains includ-
ing some with clear differential compaction
that indicate a detrital origin (Fig. S5; Slotznick
et al., 2018).

Paleodirectional Data and Paleolatitude

Samples collected from the Potato River
Falls section underwent high-resolution ther-
mal demagnetization to isolate paleomagnetic
directions (see Appendix for detailed methods).
Samples typically have a component removed
in the initial thermal demagnetization steps
(up to ~250 °C) with a similar direction to the
present local geomagnetic field (Fig. 6). After
removal of this present local field overprint,
thermal demagnetization data reveal distinct
demagnetization behaviors linked to magnetic
mineralogy and grain size. Siltstones to very
fine sandstones in Facies 3 reveal two compo-
nents that are similar but distinct in direction;
one component was progressively demagne-
tized up to ~660 °C, and the other was removed
over a narrower temperature range of 660 °C to
696 °C (Fig. 6). This demagnetization behav-
ior is very similar to that observed in red silt-
stones of the overlying lower Freda Formation
(Swanson-Hysell et al., 2019b). In the Freda
Formation, an intraclast conglomerate test
revealed that the highest unblocking tempera-
ture steps recorded a primary detrital remanent
magnetization held by detrital hematite with
grain sizes that are >400 nm (Swanson-Hysell
et al., 2019b). The remanence removed over a
lower and more expansive temperature range
was held by finer-grained pigmentary hema-
tite that formed during burial likely from fer-
rihydrite/goethite precursors (Swanson-Hysell
etal., 2019b). The similarity in thermal demag-
netization data between samples of Nonesuch
Formation Facies 3 and those of the lowermost
Freda Formation supports the interpretation
that the highest temperature steps unblocked
remanence held by detrital hematite with the
distinct direction removed up to ~660 °C being
held by pigmentary hematite.

Siltstones to very fine sandstones from Facies
2 also have a magnetization component that
unblocks at the highest thermal demagnetiza-
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Figure 6. Thermal demagnetization paleomagnetic data for a specimen from Facies 3 (PF18-75a) and a specimen from Facies 2 (PF18-76a)
are shown as vector component plots, magnetic moment plots, and equal area plots. The Facies 3 data have a well-resolved high unblock-
ing temperature component (consistent with being held by detrital hematite) and a component that progressively unblocks up to ~660 °C
(consistent with being held by pigmentary hematite) that is in a distinct direction. The Facies 2 data reveal components held by magnetite
and high unblocking temperature hematite that give similar directions—consistent with a primary detrital remanent magnetization held by
two different magnetic minerals. Directions for siltstone to very fine sandstone specimens analyzed and fit with the different components are
shown in the equal area plots in the bottom panel. The low-temperature overprint has a similar direction to that of the present local field.
The detrital magnetite and detrital hematite directions are both west and shallowly down. The pigmentary hematite direction is similar to
but distinct from the detrital remanence direction. NRM—natural remanent magnetization; temp—temperature; dec—declination; inc—
inclination; n—number of directions used in the mean.

tion steps (>660 °C), which is consistent with
it being held by detrital hematite, but the speci-
mens lack a clear pigmentary hematite compo-
nent (Fig. 6). Instead, substantial magnetization
is unblocked between ~520 °C and 580 °C, as
evidenced by a “shoulder” in the thermal demag-
netization spectra that is indicative of remanence
held by magnetite (as seen in specimen PF18-
76a in Fig. 6). The direction held by this mag-
netite is statistically indistinguishable from that
of the detrital hematite (Fig. 6), as they pass
a bootstrap test for a common mean (Tauxe,
2010). This similarity in direction is consistent
with the magnetite also being a primary detrital
phase. Petrographic observations of (titano)mag-

netite and hematite grains reveal grain sizes and
shapes—and in the case of magnetite, evidence
for an igneous origin—that support this detrital
interpretation (Fig. S5; Slotznick et al., 2018).
While rock magnetic experiments and paleo-
magnetic analyses largely focused on siltstone
and very fine sandstone, we also collected and
developed data from fine- to medium-grained
sandstone within the Potato River Falls sec-
tion. These sandstone samples revealed a dis-
tinct demagnetization behavior, with remanence
unblocking over a broad unblocking range up to
620 °C (Fig. S10). This component has a distinct
direction from the detrital hematite component
and a similar direction to the secondary pigmen-
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tary hematite component of Facies 3 samples,
which suggests that it was also secondary and
acquired during burial. These sandstones are
lighter in color than the surrounding lithologies
(tan rather than gray). With a lower clay min-
eral content and higher porosity, these sand-
stone beds would have been more susceptible to
secondary fluid flow and remagnetization. We
interpret this directional component as second-
ary and likely held by maghemite; it probably
formed during later diagenetic oxidative fluid
flow that preferentially altered the more porous,
coarser sandstone lithologies and not the silt-
stones, which instead preserve primary detrital
magnetite and hematite.
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Figure 7. Left panel: Paleomagnetic poles from this work compared with those from the literature for the Midcontinent Rift (pole compila-
tion from Swanson-Hysell, 2021). Note that our inclination-corrected Nonesuch detrital pole location agrees within uncertainty with that of
Henry et al. (1977). The new detrital magnetization pole has an uncertainty that is smaller due to the increased number of samples and is
elliptical in shape due to the incorporation of flattening factor uncertainty using the method of Pierce et al. (2022). The pigmentary hematite
pole is in a distinct position and formed following deposition during burial after plate motion slowed due to the Grenvillian orogeny. Right
panel: Paleogeography of Laurentia and associated continents during deposition of the Nonesuch Formation (modified from Swanson-
Hysell et al., 2023). Paleolake Nonesuch is shown as a minimum extent that encircles the outcrop exposures of the Nonesuch Formation in
northern Wisconsin and Michigan. The lake was at a tropical latitude in the interior of Laurentia (cratonic North America), which was
conjoined with other continents in the supercontinent Rodinia.

Henry et al. (1977) developed paleomagnetic
data from samples of the Nonesuch Formation
collected at sites located on Presque Isle River,
Big Iron River, and the shoreline near Silver
City. Specimen-level data from that study are
documented within Henry (1976) and are avail-
able in the MagIC database (http://dx.doi.org/10
.7288/V4/MAGIC/16450). Henry et al. (1977)
isolated a component consistent with the detrital
hematite component in terms of the temperature
at which it unblocked as well as a component
consistent with the pigmentary hematite compo-
nent. These data are from Nonesuch strata that
have quite different orientations than the data we
have developed from Potato River Falls, which
enables a fold test. Both the primary detrital
magnetization and the secondary pigmentary
hematite magnetization pass the fold test. This
result constrains both magnetizations to have
been acquired prior to ca. 1050-990 Ma tilting
associated with the Grenvillian orogeny (Cannon
et al., 1993; Hodgin et al., 2022).

Due to depositional processes and post-dep-
ositional compaction, detrital ferromagnetic

minerals undergo inclination shallowing that
results in remanent inclinations being shallower
than the local geomagnetic field at the time of
deposition (Tauxe and Kent, 2004). This shal-
lowing can be expressed as tan(l,) = f tan(Iy),
where I is the inclination that is observed for
a specimen’s magnetization, I; is the inclina-
tion of the field in which the magnetization was
acquired, and f is the flattening factor where 1
is unflattened and 0 is completely flattened. The
elongation/inclination method can be applied
to the detrital magnetization vectors wherein
the shape of the distribution is compared to that
expected to arise through secular variation asso-
ciated with a statistical model of the geomag-
netic field (Tauxe and Kent, 2004). This method
provides an estimate of the flattening factor as
well as associated uncertainty. Applied to the
detrital hematite directions, it yields f = 0.46
(with 95% confidence bounds of 0.71-0.38),
and for the detrital magnetite directions, a value
of £=0.38 (with 95% confidence bounds of
0.63-0.30). We combined the detrital magnetite
and hematite directions to calculate a paleomag-
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netic pole and applied the method of Pierce et al.
(2022) to incorporate the uncertainty on inclina-
tion shallowing (mean pole position shown in
Fig. 7 and Table S1 with details on inclination
correction in Fig. S11). The resultant mean pole
is located at Plon = 182.9°E, Plat = 6.6°N with
an elliptical uncertainty described by a semi-
angle of (ys = 2.8° in the major axis direction
of v, = (280.2°E, 27.6°N) and a semi-angle
of mgs = 2.0° in the minor axis direction of
~; = (87.0°E, 41.6°N). This inclination-shal-
lowing corrected pole position constrains the
PRF18 section to have been at a paleolatitude of
7.1 4 2.8°N at the time of Nonesuch deposition
(Fig. 7).

PALYNOLOGICAL DATA

Samples for palynological analyses were
collected from drill cores DO-8, WC-9, PC-1,
and WPB-4. Where possible, palynological
samples were collected immediately adjacent
to those used for magnetic analysis. Additional
samples were collected from outcrops at the
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Potato River Falls section and at the Big Iron
River (see Fig. 1). Palynological analyses were
performed to make observations of the extracted,
acid-insoluble organic fraction of a sedimentary
rock that is structurally intact and visible with
an optical microscope. The organic fraction is
a combination of ancient cell walls (sometimes
preserved with residual cell content), degraded
structural organic matter, and amorphous
organic matter that roughly corresponds to the
kerogen fraction of a fine-grained siliciclastic
rock. A provisional taxonomic assessment of the
palynology was undertaken by scanning a single
slide from each sample and noting the presence
of provisional palynomorph taxa along with the
palynofacies type based on the dominant form
of preserved organic matter, which varied from
amorphous organic matter to structural organic
fragments to palynomorphs (complete vesicu-
lar organic-walled microfossils; Fig. S12). See
Appendix for methodological details regarding
slide preparation and microscopy. In Paleozoic
and younger deposits, the biological affinities
of organic-walled microfossils are well-known,
and palynology can be used to further constrain a
number of paleoecological and sedimentary dep-
ositional parameters, such as terrestrial versus
marine environment. In contrast, Precambrian
palynology suffers from a high degree of uncer-
tainty surrounding the biological assignment of
even well-preserved organic-walled microfos-
sils. Therefore, provisional palynomorph taxa
corresponding to individual genera or species
were grouped into the following categories:
basic sphaeromorphs, striate cell walls, com-
plex walls, discoids, other acritarchs, complex
protists, elongates, multicellular forms, and pro-
karyotes (Figs. 8 and S13).

The Palynological Assemblage

The extracts reveal diverse palynological
assemblages, including up to 20 different pro-
visional species in a single sample (Table S3).
An overview description of the microfossils
can be found in Strother and Wellman (2021);
no new taxa are identified in this study. The
assemblages are overwhelmingly dominated by
sphaeromorph acritarchs (Fig. 8A), and within
this group, most cell walls are largely smooth
to granular and do not have sculptural elements.
The assemblages also contain a wide range of
more complex forms that have yet to be for-
mally described (see broad categories above)
as well as multicellular aggregates (Fig. 8D),
although these are often far less abundant than
the sphaeromorphs.

Although eukaryotic organic-walled micro-
fossils dominate the assemblages in terms of
abundance, most samples also contain some

prokaryotes. The dominant prokaryotic taxon
is Eohalothece lacustrina (Fig. 8H), which is a
presumed Microcystis-like cyanobacterial spe-
cies (Strother and Wellman, 2016). Other pro-
karyotes occur in the form of individual empty
sheaths that are assumed to be the remains of
filamentous cyanobacteria. Trichomes, the cell
filaments that secrete exopolymeric sheaths, are
almost never found. Empty sheaths are assigned
to the form taxon, Siphonophycus (Fig. 8G).

Sphaeromorphs represent the resistant walls
or external cell coverings of unicellular organ-
isms. However, the basic systematic affiliations
of the dominant sphaeromorphs are unknown;
they are thought to be polyphyletic, represent-
ing multiple different organisms (Cohen and
Macdonald, 2015). One interpretation is that
sphaeromorph acritarchs are ancestors belong-
ing to stem groups of marine phytoplankton that
exist today, such as chlorophyte and prasino-
phyte algae (Moczydiowska, 2015). More cau-
tiously, we can infer that some sphaeromorphs in
the Nonesuch assemblage may have been mem-
bers of the green algae (Chlorophyceae), which
today are freshwater in distribution.

The identification of more complex forms
has a greater probability of success, although
there is little certainty when making systematic
assignments with unicellular fossils. One group
that can be identified with higher confidence in
the assemblage are the euglenids, including the
photosynthetic Euglenophyceae. This interpreta-
tion is based on the recovery of forms that bear
some morphological similarity to Moyeria, a
Paleozoic organic-walled microfossil belonging
to the Euglenophyceae (Strother et al., 2020).
These protists are covered by a proteinaceous
pellicle that forms a series of discrete strips
that wrap the cell in a distinctive helical pattern
(Fig. 8F). They are not common in the Nonesuch
assemblage (Strother and Wellman, 2021), but
they have been identified in core PC-1 at depths
of 305 ft (187 m in Fig. 3) and 564 ft (108 m in
Fig. 3) and in core WC-9 at 1439 ft. Although
our assignment of these forms to the Eugleno-
phyceae is tentative, their confirmation would be
significant. The evolutionary origins of species
of the Euglenophyceae involved the endosymbi-
otic acquisition of a chl a-+b chloroplast (Gibbs,
1978) derived from a free-living pyramimonada-
lean alga (Jackson et al., 2018). Confirmation
of the presence of Euglenophyceae would pro-
vide evidence for the evolutionary existence of
phagotrophy (eukaryivory) (Lax et al., 2021) and
eukaryotic photosynthesis in a chl a+b lineage.
Euglenid microfossils would also be evidence
of the presence of crown-group eukaryotes in
these ca. 1075 Ma rocks (slightly older than the
oft-cited first appearance of Bangiomorpha at
1047 + 13/—17 Ma; Gibson et al., 2018).
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Another potential systematic identification
is the interpretation by Tang et al. (2020) that
branching microfossils in the Nonesuch Forma-
tion are Proterocladus, which is interpreted as
a multicellular benthic green alga. This inter-
pretation is based on branching characteristics
seen in two fragmentary specimens illustrated
in Wellman and Strother (2015). An additional
fragmentary specimen (fig. Sc of Strother and
Wellman, 2021), which occurs in core WPB-4
at a depth of 396 ft, also shows a singular branch
that is even more similar to the well-preserved
Proterocladus, strengthening the interpretation
of Tang et al. (2020). Following the interpreta-
tion of Tang et al. (2020) of Proterocladus as
an epibenthic chlorophyte, these fossils from the
Nonesuch would be the earliest known occur-
rence of crown group chlorophyte algae. This
timing matches estimates from some molecular
clocks for the emergence of chlorophytes by ca.
1090 Ma (Sanchez-Baracaldo et al., 2017).

Another example of complex morphology
that may allow for systematic identification
concerns the recently described likely holo-
zoan, Bicellum brasieri (Strother et al., 2021).
Although B. brasieri itself is not known from
the Nonesuch Formation, there are multicel-
lular clusters that look similar to multicellular
reproductive stages found in the living ich-
thyosporean, Creolimax fragrantissima (Suga
and Ruiz-Trillo, 2013, 2015; Fig. 8D). Simple
cell aggregates are typically placed into Syns-
phaeridium, but these undescribed forms in the
Nonesuch Formation possess limited numbers of
sub-reniform cells that form spheroidal clusters
enclosed in a typically fragmented membrane,
mimicking the morula phase in some species of
living ichthyosporeans. Today, holozoan species
feed largely as osmotrophs, so confirmation of
their presence in the Nonesuch Formation could
be indicative of osmotrophy within the paleolake
ecosystem.

Finally, there are perforations in cell walls
that could be the result of early fungal (chytrid)
activity (Fig. 8E). These holes occur when fun-
gal haustorial filaments penetrate the host cell
wall. Chytrid behavior has been documented for
Devonian and recent times, but it has also been
suggested to occur in the Nonesuch Formation
(Berbee et al., 2020). Similar perforations have
been noted in organic-walled microfossils within
the approximately coeval Escape Rapids Forma-
tion of the Shaler Supergroup (1067 £ 14 Ma
Re-Os date from Rainbird et al., 2020) as well
as younger formations within the group and have
been similarly interpreted to represent selective
predation, potentially by amoeba (Loron et al.,
2018). If the perforations of the Nonesuch For-
mation are the result of predation, they would be
amongst the oldest records of eukaryvory. This
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Figure 8. Images show examples of palynomorphs from the Nonesuch Formation mentioned in the text (all scale bars are
10 pum). (A) Leiosphaeridia crassa from WC-9, 1292 ft (sample NON18-79), is a common sphaeromorph acritarch in the
assemblage. Note the compression folds likely associated with flattening of an original spherical shape. (B) Valeria lophos-
triata from WC-9, 1439 ft (sample NON18-64), is a sphaeromorph characterized by its wall pattern of fine concentric
laminae, just barely visible here (see Strother and Wellman, 2021, for a close-up of striations in another specimen from
the Nonesuch Formation). (C) Unnamed elongate protist from the Big Iron River outcrop section (sample NON18-89)
with a basal attachment scar (indicated with arrow) suggesting the presence of a stalk. This morphology suggests that
the protist was a benthic organism. (D) (Multi)cellular cluster, similar in morphology to the reproductive stages of living
basal Holozoa, from DO-8, 1164.5 ft (sample NON18-14). (E) Holes (one of which is indicated with arrow) in a microfossil
from the Big Iron River outcrop section (sample NON18-114). These perforations could be the result of predation, pos-
sibly from chytrids. (F) Possible euglenid characterized by helical striae that wrap around the wall (arrow) from the Big
Iron River outcrop section (sample NON18-115). (G) Mass of entangled Siphonophycus, a cyanobacterial sheath, that was
likely derived from a microbial mat rip-up from the Big Iron River outcrop section (NON18-114). (H) Cells of the plank-
tonic cyanobacterium Eohalothece lacustrina from the Big Iron River outcrop section (sample NON18-111) embedded in
organic material, which is potentially a remnant of a microbial mat.
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evidence is merely suggestive; however, along
with other morphological indicators of various
eukaryotes, it makes sense to consider that some
level of trophic complexity existed in the benthic
ecosystem of Paleolake Nonesuch.

Paleoecology Interpretation

The limited ability to identify systematic
affinities of problematic species adds consider-
able uncertainty when attempting to construct a
picture of the ecology of Paleolake Nonesuch.
Much of what we can infer is subject to change
as additional fossil species are more critically
identified. However, we are able to interpret a
few basic aspects of the ecology.

Eohalothece lacustrina, originally described
from the Nonesuch Formation as well as the
Diabaig Formation (Torridon Group, Scotland;
Strother and Wellman, 2016), is a planktonic
cyanobacterium that may have had an ecology
similar to that of modern-day Microcystis aerugi-
nosa. This species forms large, sometimes clath-
rate colonies, which is a characteristic of plank-
tonic life mode in extant cyanobacteria. However,
single cells of E. lacustrina also appear embed-
ded in organic groundmass associated with
microbial mat-like features, such as embedded
cyanobacterial sheaths (Fig. 8H). In modern-day
lakes, M. aeruginosa overwinters in bottom sedi-
ments as individual cells which, upon perenna-
tion, develop into larger colonies capable of ris-
ing into the water column (Preston et al., 1980).
This benthic-pelagic coupling does not occur in
estuarine or marine settings, only in freshwa-
ter lakes (Verspagen et al., 2005). Because we
have recovered both of these two ecotypes in the
Nonesuch Formation samples, we infer that E.
lacustrina was living in the water column and
may have dominated primary productivity in the
Nonesuch trophic ecosystem. That dominance
would have been shared with benthic cyano-
bacterial mats, although the evidence for such
mats is based on inference from isolated sheath
recovery. The scattered nature of sheath recovery
may be the result of remobilization and transport
of marginal, shoreline benthic microbial mats.
Stromatolites interpreted as microbialites have
been documented in the underlying Copper
Harbor Conglomerate (Wilmeth et al., 2014;
Hren and Sheldon, 2020), which suggests that
microbial mats were present in shallow-water
environments. In a few instances, a small cluster
of sheaths was observed (Fig. 8G); this might be
considered evidence of microbial mat rip-ups, but
such forms are uncommon.

Intriguingly, except for simple encystment,
there is very little evidence of morphological
adaptation associated with living in the water
column. Spines and a range of elaborate cyst

wall protrusions such as muri, crests, and flanges
are absent. Even simple encystment, as charac-
terized by a central body embedded within an
enclosed vesicle, could equally be interpreted as
an adaptation for living in benthic conditions.
The planktonic component of eukaryotic algae
living in lakes today appears to be missing at
ca. 1075 Ma. This absence includes both coe-
nocytic forms of hydrodictyacean chlorophytes
and zygnematacean algal cysts. A conclusion
could be that cyanobacteria dominated primary
productivity in the water column and that ben-
thic carbon fixation resulted from a combination
of benthic eukaryotic algae and cyanobacteria.
Overall, our paleoecological analyses provide
a more robust understanding of the differences
between modern and ancient lake ecosystems
and further constrain hypotheses about the biol-
ogy of eukaryotes in the late Mesoproterozoic.

DISCUSSION
Redox Data in Stratigraphic Context

Combining lithostratigraphic observations
with iron mineralogical data allows us to con-
fidently tie redox facies to lithofacies that pro-
vide insight into depth. In the Presque Isle River
section (PIR18), sediments with oscillatory
wave ripples within oxic Facies 3 are followed
up-section by mud cracks that indicate subaque-
ous exposure associated with progressive shal-
lowing. The paired sedimentological and redox
data indicate that regions of shallow water were
well oxygenated, with oxygen penetrating into
sediment pore waters. The presence of likely
microbially induced sedimentary structures in
oxic Facies 3 gives tantalizing hints of photo-
synthetic microbial mats living in these shallow
depths (Fig. 5G).

In the region near Brownstone Falls, the
Nonesuch Formation was deposited atop a
paleotopographic high associated with an angu-
lar unconformity that resulted from active rift
development and rift-flank uplift. In many sec-
tions of the Nonesuch Formation, there is a sin-
gle deepening- followed by a shallowing-upward
succession. However, the Brownstone Falls pale-
otopographic high was the margin of the lake.
As a result, coeval shallow and deep environ-
ments are preserved in distinct sections (Fig. 9).
In the shallow environments on the margin of
the lake (DG18 and PRF18 sections), there are
alternations between fluvial and lacustrine envi-
ronments due to modulations in lake depth and
extent. The rarity of the anoxic magnetic facies
in the consistently shallow to emergent environ-
ments indicates that anoxic conditions that led
to Facies 1 were dominantly restricted to greater
depths in the lake (Fig. 9).
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The ability to sample the transition into and
out of Paleolake Nonesuch also emphasizes the
connection between depth and magnetic facies
with mirrored redox transitions (Fig. 9). Fine-
to very fine-grained sandstones of the Cop-
per Harbor Conglomerate contain pigmentary
hematite (Facies 3), as do shallow-water lacus-
trine lithofacies within the Nonesuch Forma-
tion. In the PIR18 outcrop section and the PC-1
core, sediments deposited as the lake deepens
are low-oxic Facies 2 prior to an extended inter-
val of deeper water sediments that are anoxic
Facies 1. The transition is then mirrored pro-
gressing back to low-oxic Facies 2 and then
to oxic Facies 3 in the shallowest lacustrine
sediments.

Moving beyond drill cores to outcrop sections
has expanded the geologic context of magnetic
facies interpretations. These results corroborate
the interpretation of Slotznick et al. (2018) that
an oxycline existed in Paleolake Nonesuch.
In Slotznick et al. (2018), Walther’s Law was
applied to interpret that the stratigraphic changes
in interpreted redox are indicative of contempo-
raneous depth-dependent oxygen concentra-
tions. With data from the outcrop sections in the
present work, we are able to show that coeval
shallow and deep portions of the lake had differ-
ing redox (Fig. 9), consistent with well-oxygen-
ated shallow waters and a decrease of oxygen
at depth associated with aerobic respiration of
settling organic carbon.

Redox Data in Context of Timing of
Mineral Formation

Our redox interpretations rely heavily on the
fact that hematite represents the most oxidized
form of iron that is stable over geologic time and
is linked to environmental oxygen. The iron spe-
ciation redox proxy, a widely applied approach
for interpreting ancient environments, includes
hematite within the “highly reactive” pool due to
hematite’s reactivity toward sulfide. As a result,
hematite-rich sedimentary rocks (like those
in Facies 3) could be erroneously classified as
being reflective of an anoxic environment if the
technique was applied “blindly” without miner-
alogical or geologic context. Prior application
of iron speciation to the Nonesuch Formation
led to ambiguous redox interpretations (either
ferruginous, Cumming et al., 2013; or possibly
anoxic and oxic, Rico et al., 2019) from samples
that spanned all three of our magnetic facies.
We hypothesize that iron speciation data from
the Nonesuch Formation are hard to interpret
as there is abundant highly reactive iron in an
oxygenated system due to the nearby detrital
source of hematite and abundant magnetite as
well as pigmentary hematite formation within
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Figure 9. Redox interpretations across the Nonesuch Formation spanning drill cores and outcrop sections from Wisconsin to Michigan. The
DO-8 and WC-9 drill cores are from the region of the Ashland syncline (Fig. 1; Slotznick et al., 2018). It is likely that there was connectiv-
ity of Paleolake Nonesuch from this region to that of Presque Isle River through the main rift axis, with the Brownstone Falls Highlands
being associated with an intervening peninsula. Based on magnetic data and facies interpretations, all sections show similar trends, where
the deepest water sediments record anoxic conditions (Facies 1; green) and sediments deposited at shallow depths record oxic conditions
(Facies 3; red), with a transitional facies in between at intermediate depths (Facies 2; gray). Sections proximal to shore near the Brownstone
Highlands do not have lithofacies indicating deep water deposition nor prolonged intervals of anoxic sediments; these redox interpreta-
tions are indicative of an oxycline within Paleolake Nonesuch. The legend for lithologic symbols and grainsize abbreviations can be found

in Figure 3 and its caption.

Facies 3. Compounding the issues associated
with this geologic context, there is known min-
eralogical ambiguity in the operational chemical
extractions; the oxalate extraction targets phases
other than magnetite, which were hypothesized
to be iron-rich clays by Slotznick et al. (2020).
The Nonesuch Formation contains samples
with abundant iron extracted by oxalate (up to
1.75 wt%). Similar to data reported by Slotznick
et al. (2020), the high-angle XRD data from the
Nonesuch Formation show a rough correlation
with iron from this extraction and the Fe-bearing
clays berthierine and chamosite (Fig. S9). As ini-
tial proxy calibrations for redox were conducted
without the oxalate extraction step, and in mod-

ern sediments lacking Fe(II)-bearing chlorites,
we conclude that the iron speciation proxy yields
limited insight when applied to these rocks.

In contrast, pairing mineralogic data with
magnetic analyses provides a unique perspective
on redox transformations within the lake, in the
sediments and interstitial waters, and post-depo-
sitionally. In particular, paleodirectional data can
provide chronologic insight. Paleomagnetic data
show that magnetite and coarser-grained hema-
tite record the same direction. This hematite is
confirmed to carry a primary detrital remanence
based on its reorientation in Facies 3 fluvial intra-
clasts from the lowermost Freda Formation just
stratigraphically above the Nonesuch Formation
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(Swanson-Hysell et al., 2019b). That the mag-
netization held by magnetite is indistinguish-
able from detrital hematite in siltstones and very
fine sandstones (Fig. 6) supports it also being a
primary detrital phase. The distribution of direc-
tions is consistent with them being primary and
having undergone detrital inclination shallowing
(Figs. 6 and S11). The paleomagnetic directions
of the detrital magnetite and hematite lead to a
paleomagnetic pole that is in an expected position
along the apparent polar wander path from the
Midcontinent Rift volcanics, which is consistent
with progressive movement of the rift basin fol-
lowing eruption of the ca. 1084 Ma Michipicoten
Island Formation volcanics (Fig. 7).



Reconstructing Mesoproterozoic paleoenvironment and life

In addition to detrital magnetite and hematite,
the thermal demagnetization curves of some
samples reveal the presence of lower unblock-
ing temperature titanomagnetite that holds the
same direction as the stoichiometric magnetite.
The presence of titanomagnetite is corroborated
by petrographic and rock magnetic data and is
expected in catchments eroding diverse volca-
nic and intrusive igneous rocks (Figs. S1, S2,
and S5; Slotznick et al., 2018). Detrital (titano)
magnetite and hematite can be present in quite
high abundances within the Nonesuch Forma-
tion (Fig. 4) likely due to this proximity to mafic
volcanics of the Midcontinent Rift on the rift
margin. While the abundance of these detrital
phases differs between sections, it remains rela-
tively consistent within Facies 2 in each section
(Figs. 3 and 4). As with the bulk XRD data, these
data are indicative of consistent sediment prov-
enance at each locale through the deposition of
the Nonesuch Formation. The primary control
on the abundance of magnetic minerals is instead
associated with the redox-dependent magnetic
facies: in Facies 1, both the detrital hematite and
magnetite are dissolved, and only trace magne-
tite is preserved; in Facies 3, the detrital mag-
netite is dominantly dissolved, and the detrital
hematite is preserved.

Paleomagnetic data can also provide insight
into the timing of the formation of the pigmen-
tary hematite that is characteristic of Facies 3.
This hematite can be differentiated from the
pm-scale detrital hematite as its finer grain size
(<400 nm) leads to it thermally unblocking at
lower temperatures (Fig. 6; Swanson-Hysell
et al., 2019b). This paleomagnetic direction
is similar to but distinct from that held by the
detrital phase, with a slightly upward inclina-
tion and a more northerly declination (Fig. 6).
While the paleomagnetic analyses of siltstone
rip-up clasts within Facies 3 siltstones in the
lower Freda Formation revealed primary detri-
tal hematite directions, they indicate that the
finer-grained pigmentary hematite formed and
acquired its magnetization direction after depo-
sition (Swanson-Hysell et al., 2019b). This
pigmentary hematite component was also iso-
lated in a paleomagnetic study of the Nonesuch
Formation by Henry et al. (1977). Comparison
of the directions between regions with differ-
ent bedding tilts leads to the positive fold test
described above. This result indicates that the
pigmentary hematite magnetization must have
formed during burial and prior to tilting of
the strata, which occurred in association with
far-field effects of the Grenvillian orogeny ca.
1050-980 Ma (Cannon et al., 1993; Hodgin
et al., 2022). The distinct, but nearby, pole posi-
tion of the pigmentary hematite relative to the
detrital pole is consistent with it forming during

burial after ca. 1075 Ma deposition and prior to
ca. 1050 Ma tilting.

Pigmentary hematite forms from the trans-
formation of metastable nanocrystalline ferrihy-
drite, which precipitates in oxidized water and
sediments (Jiang et al., 2015, 2018; Gutiérrez
etal., 2016). Ferrihydrite is the dominant Fe(III)
oxide found in modern oxic sediments (Chen
et al., 2017) and is experimentally constrained
to transform to hematite through pathways
that can include an intermediary of nanogo-
ethite (Das et al., 2011). That this transforma-
tion is constrained paleomagnetically to have
occurred during burial in the basin is consistent
with observations that moderate heating during
burial (~60-75 °C) results in the transformation
of these metastable phases, including goethite,
to stable pigmentary hematite (Weibel and Gro-
bety, 1999). Therefore, while it is secondary,
pigmentary hematite is an indicator of porewater
oxygenation.

Paleogeography and Paleoenvironment of
the Nonesuch Lagerstiitte

Depositional Setting

The paleolatitudinal constraints from the pri-
mary detrital magnetization highlight that the
organisms preserved within the Nonesuch For-
mation inhabited a tropical basin at 7.1 & 2.8°N.
This latitude is similar to that in modern-day
East African Rift lakes. Significant sedimentary-
lithofacies variability exists in East African Rift
lakes on the scale of tens of kilometers (Rosen-
dahl and Livingstone, 1983), as is observed in
the Nonesuch Formation (Fig. 2). Additionally,
intracontinental rift systems can be quite respon-
sive to changes in regional hydroclimate that can
lead to frequent water level variations such as
those observed in the East African Rift (Scholz
etal., 1990), which are interpreted to have varied
on ~20 k.y. time scales (Deino et al., 2006; Ash-
ley, 2007). Lake-level variations consistent with
such an intracontinental tropical rift environment
are recorded in the Nonesuch Formation in the
sections proximal to the Brownstone Highlands
(Figs. 2 and 4). Similar to the modern East Afri-
can Rift, other contemporaneous lakes may have
existed within the rift system, leading to deposi-
tion of shale and siltstone within the Midconti-
nent Rift in Iowa that has been correlated with
the Nonesuch Formation (Anderson, 1997).

As introduced above, there are long-standing
discussions in the literature of a non-marine or
marine origin for the Nonesuch Formation (e.g.,
Van Hise and Leith, 1911). Researchers have
long pointed out that Nonesuch Formation litho-
facies are consistent with many features found in
lacustrine systems while also acknowledging the
difficulty in differentiating between a lacustrine
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and marine origin (Daniels, 1982; Elmore et al.,
1989). A differing perspective was put forward
in the work of Jones et al. (2020), in which they
documented lithofacies and sedimentary struc-
tures within the Nonesuch Formation and argued
for deposition within a shallow marine embay-
ment. Given that the majority of sedimentary
features are equivocal with regard to a lacustrine
or marine setting, Jones et al. (2020) place par-
ticular emphasis on the interpreted presence of
large-scale hummocky cross-stratification and
“herring-bone” ripples. We find the interpreta-
tion of these sedimentary features to be uncon-
vincing. The ripple cross-laminations in the
Nonesuch Formation reported as being “herring-
bone” (shown in fig. 14 of Jones et al., 2020) are
similar to the ripples shown in Figure 5C and
do not meet the definition of herringbone cross-
bedding in which foresets in successive sets are
going in opposite directions (Allaby, 2020).
While it is the case that these current ripples are
not unidirectional, directional variability does
not necessitate a tidal influence. The only inter-
val where Jones et al. (2020) report large-scale
hummocky cross-stratification is in their Presque
Isle section within the uppermost Nonesuch
Formation 4 m below the contact with the Freda
Formation. In this portion of the Nonesuch For-
mation at that locality, there are abundant sedi-
mentary structures that indicate a shallow-water
environment with periodic exposure, including
asymmetric current ripples, symmetric ripples,
and mud cracks. It is difficult to reconcile this
facies association (the marginal lake facies asso-
ciation of Elmore et al., 1989) with the interpre-
tation of large-scale combined flow generating
hummocky cross-stratification. We have not
observed the specific bedform depicted in figure
15 of Jones et al. (2020) as an example of meter-
scale hummocky cross-stratification; however,
that portion of the stratigraphy does contain
some rare ~40 cm amplitude stratification due
to migrating dunes similar to sand channels,
which are interpreted as deltaic deposits in the
White Pine region (Daniels, 1982), suggesting
that alternate origins are possible.

Another line of evidence put forward by Jones
et al. (2020) and by Stiieken et al. (2020) in favor
of a marine depositional environment is the pres-
ence of sparse sulfate evaporites in the Copper
Harbor Conglomerate and Nonesuch Formation.
However, saline waters and evaporite deposits
are common within tropical East African Rift
lakes (Eugster, 1980; Scholz et al., 1990). Closed
basins within volcanic provinces often have high
sulfate concentrations that can lead to sulfate-
rich brines upon evaporative concentration
(Risacher et al., 2003). Within the Midcontinent
Rift, there is substantial magmatic sulfide miner-
alization in rift units (Woodruff et al., 2020), and



the Nonesuch basin catchment would have also
included sulfide-rich Paleoproterozoic metasedi-
mentary rocks (Ojakangas, 1994). This geologic
context indicates that there would have been sig-
nificant sulfate delivered to the Nonesuch water
body following subaerial sulfide oxidation. The
presence of significant sulfate is indicated by
the evidence for microbial sulfate reduction and
the formation of pyrite within anoxic Facies 1
of the Nonesuch Formation (Fig. S5; Slotznick
et al., 2018). An interpretation that the presence
of sulfate, as indicated by gypsum or the Sr/Ba
proxy, is indicative of marine waters (e.g., Jones
et al., 2020; Stiieken et al., 2020) relies on an
assumption that lakes have low sulfate. This
assumption is likely erroneous in the context
of a lake that would have developed within the
Midcontinent Rift.

The more prevalent interpretation in the
literature that the Nonesuch Formation was
deposited in a lacustrine environment comes
from researchers who have studied the forma-
tion in the broader context of the rift basin and
the Oronto Group (Ojakangas and Morey, 1982;
Daniels, 1982; Elmore et al., 1989; Ojakangas
et al., 2001). The broader stratigraphic context
and considerations of basin development make
it difficult to envision the basin at sea level at
the time of Nonesuch Formation deposition.
Appreciable subsidence occurred following
deposition of the Nonesuch Formation, which
led to the continuous fluvial deposition of the
>3 km Freda Formation (Daniels, 1982). If
the Nonesuch was deposited at a sufficiently
low elevation such that there could be a marine
incursion, the expectation would be that the
Freda Formation would have been deposited
at or below sea level as subsidence continued.
Instead of having evidence of marine incursion
or lithofacies that indicate an isolated endorheic
(internally drained) basin below sea level, the
Freda Formation consists of fluvial channel
and flood-plain deposits consistent with a ter-
restrial exorheic fluvial system (Daniels, 1982).
The broader paleogeographic context places
the Nonesuch water body in the interior of the
supercontinent Rodinia (Fig. 7). While there
can be incursions of marine waters far into the
interior of continents, the stratigraphic context
of the Nonesuch Formation is ~100-300 m of
strata with >10 km of terrestrial volcanic and
sedimentary deposits below and >3 km of ter-
restrial sedimentary deposits above. As in the
East African rift system, there was an interval
of plateau volcanism followed by rift basin
development in the Midcontinent Rift (Wood-
ruff et al., 2020). Similar to modern-day East
African Rift lakes, the Nonesuch Formation
was likely deposited within an endorheic basin
at an elevation well above sea level. Subsequent
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changes in sedimentation and the hydrologic
regime led to the above sea-level fluvial system
that deposited the Freda Formation as regional
thermal subsidence continued.

Redox Context of the Microfossils

The presence of an oxycline within Paleo-
lake Nonesuch presents an opportunity to
evaluate the ambient redox environment and
oxygen levels experienced by contemporary
life and associated with microfossil preserva-
tion. Sediments integrate records across water
depths; thus, with sufficient preservation,
one would expect to find planktonic organ-
isms inhabiting shallow oxygenated waters at
all water depths but could potentially isolate
distinct organisms that inhabit other water
depths depending on the redox conditions (as
described in Porter et al., 2018). At Paleolake
Nonesuch, there is an opportunity to examine
the correspondence between the palynological
data (preservation, abundance, and diversity)
and redox-based facies patterns as well as
inferences about relative shoreline proximity
and water depth.

Three palynological samples were collected
from oxic Facies 3 and were processed using
the same methods as for the other samples; they
were determined to be barren of organic mat-
ter or microfossils (Fig. 10). These barren sam-
ples indicate that there was degradation of the
microfossil assemblage associated with the oxic
conditions of Facies 3. In contrast, microfossils
are found in both low-oxic Facies 2 and anoxic
Facies 1. However, there are significant differ-
ences in the types of organic matter and micro-
fossil abundance/diversity between these facies,
and the Nonesuch Lagerstitte is primarily pre-
served in sediments of the low-oxic Facies 2
(Fig. 10). Samples from Facies 1 often yield
amorphous organic matter or poorly preserved
palynomorphs that cannot be identified (Figs. 10
and S13). In contrast, samples from Facies 2 are
much more likely to be microfossil-rich and to
contain a more diverse assemblage of microfos-
sils (Fig. 10). Given that depth is strongly con-
nected to redox in Paleolake Nonesuch, it is pos-
sible that the deepest parts of the lake received
fewer preservable organic remains. However,
short intervals of Facies 1 in larger packages of
Facies 2 have poor microfossil preservation and
vice versa, with Facies 2 having better microfos-
sil preservation; this result suggests that redox
is a major control. Both clay composition and
organic carbon content associated with these
redox facies could play a role in this preser-
vational difference. Facies 2 is the only facies
containing both kaolinite and berthierine/cham-
osite; these clay minerals have been indicated as
important in soft-tissue preservation of animal
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Lagerstitten (Anderson et al., 2018, 2021) and
could potentially play a role in the enhanced
preservation of organic-walled microfossils as
well. In terms of organic carbon content, recent
analysis of a compilation of data from Precam-
brian shales elucidates a trend wherein samples
that best preserve organic-walled microfos-
sils are those with relatively low total organic
carbon (<0.66 wt%; Woltz et al., 2021). Total
organic carbon values vary greatly across the
Nonesuch and were not analyzed in these paired
samples, but they tend to be higher in the deeper
lithofacies that are predominantly magnetic
Facies 1, where organic matter is preserved but
microfossils are more degraded (Imbus et al.,
1992; Slotznick et al., 2018). The cause of this
relationship to organic carbon is hypothesized
to be related to microbial degradation where
diffusing extracellular enzymes are more likely
to contact organic matter and further stimulate
microbial activity (Rothman and Forney, 2007;
van Nugteren et al., 2009), with possible addi-
tive factors from interactions of organic matter
with clays and/or sedimentation rate affecting
time spent in zones of microbial activity (Woltz
et al., 2021).

Where preserved, there are similar palyno-
logical assemblages throughout Facies 1 and
2 of PC-1, DO-8, and WC-9, which indicates
that there is not a strong depth dependence
(Fig. S13). Prokaryotes interpreted to be pho-
tosynthetic with both planktonic and benthic
modes are found equally in sediment deposited
in shallow and deeper water (Fig. S13); this is
contrary to expectations based on photosyn-
thetic requirements of light-filled waters. There
is some relationship with depth; microbial mat
fragments were only found in the upper half
of the Nonesuch Formation in the WC-9 core
(>1432 ft), which indicates that at this location,
photosynthetic mats were not transported intact
and preserved in the deepest part of the lake.
‘We hypothesize that most of the organic-walled
microfossils preserved—even those that have
benthic ecologies—were transported within the
lake waters, including through remobilization
of shallow benthic systems. This interpretation
is consistent with bedforms that record traction
currents as well as evidence of sediment gravity
flows. Samples collected from the high-energy
PRF18 section contained broken microfossils
of low diversity (6—7 species of sphaeromorphs,
discoids, multicellular forms, and filamentous/
benthic prokaryotes), which support hypotheses
of transport potentially even from fluvial sys-
tems. Transportation of organic remains from
shallow, light-filled environments to deeper
regions of the lake is an important factor to con-
sider for interpretation of the diversity of micro-
fossil assemblages in shallow aqueous systems
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Figure 10. Palynological data of three drill cores are shown in the context of stratigraphic position and magnetic mineralogy-based redox
interpretations. Organic matter (OM) was categorized into one of four categories: barren; amorphous (sometimes in chunks suggestive
of microbial mats), with no (or in one case rare) microfossils; structured, with low-density scrappy palynomorphs that can be difficult to
identify; and microfossil-rich. Stratigraphic plots show these categorized samples, which are color-coded by redox if paired magnetic mea-
surements were made; broad redox interpretations are indicated by the background colors. Microfossil images from DO-8 and WC-9 in
Figure 8 and organic matter classification images from PC-1 in Figure S12 (see text footnote 1) are keyed via text in circles on the right side
of the plots. The histogram in the upper right highlights that anoxic Facies 1 contains more amorphous organic matter than low-oxic Facies
2, which has more microfossil-rich samples. Species diversity is typically greater in Facies 2, as seen in the box plot in the lower right. The
box represents the lower and upper quartiles of the number of provisional species, with the orange line indicating the median, the blue star
indicating the mean, and whiskers showing the range of the data.

and for Precambrian organic carbon cycling
more broadly.

Early work from the Nonesuch Formation
putatively identified steranes, biomarkers indica-
tive of eukaryotes (Pratt et al., 1991), but recent
analyses suggest this was due to contamination,
and any steranes present are below detection
limits (Brocks et al., 2008; Brocks, 2018). This
result contrasts with microfossil identifications
of eukaryotes and suggests three options: (a)
eukaryotes are in low absolute abundance com-
pared to prokaryotes in the lake (in contrast to the
richness and abundance data of organic-walled
microfossil species; Fig. S13) and a minor com-
ponent of primary productivity, (b) steranes
were not preserved in the samples targeted for
biomarker analyses (e.g., Cohen and Kodner,
2022), or (c) the eukaryotic microfossils did not
produce sterane precursors (sterols) and were
thus stem-group organisms (e.g., Porter, 2020).
Notably, the putative presence of euglenids
and Proterocladus suggests that crown-group
eukaryotes are present in Paleolake Nonesuch.

CONCLUSIONS

Following the end of volcanism and exten-
sion within the Midcontinent Rift, there was
an extended period of sedimentation as the
basin thermally subsided from ca. 1085 Ma to
1050 Ma. While the environment was dominated
by streams and rivers through this interval of
sedimentation, changes in local hydrology led
to the development of a lake ca. 1075 Ma and
the deposition of the Nonesuch Formation. The
lateral extent of the Nonesuch Formation indi-
cates that the lake was large and extended over
at least 300 km. Paleomagnetic directions held
by detrital hematite and magnetite within the
Nonesuch Formation constrain the paleolatitude
of deposition to 7.1 = 2.8°N.

Given that the ~200 m of Nonesuch Forma-
tion strata are within an ~14,000 m interval of
terrestrial deposits and are early in the thermal
subsidence phase of the basin, it is very unlikely
that the basin was below sea level and could
have been influenced by an incursion of seawa-

Geological Society of America Bulletin

ana

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/doi/10.1130/B36634.1/5941710/b36634.pdf
bv lniversitvy of California Berkelev | ibrarv Yimina Zh.

ter. Rather, the Nonesuch Formation represents
a terrestrial lake environment that was rapidly
colonized by diverse prokaryotic and eukaryotic
biota. These organisms lived and were preserved
in oxygenated waters; they are best preserved
at intermediate depths and oxygen levels. The
deepest lake sediments record anoxia in which
microbial iron reduction led to the dissolution of
iron oxides and sulfate reduction led to the for-
mation of sulfides. These anerobic metabolisms
significantly impacted the iron mineralogy of the
sediments in the deeper water facies and could
have contributed to the degradation of microfos-
sils. While the lake was anoxic at depth (with
anoxia potentially restricted to pore waters),
coeval environments at intermediate and shal-
low depths were oxygenated, as constrained by
the magnetic iron-oxide assemblages.

This redox-stratified lake system bears a pass-
ing resemblance to those that may be found on
other terrestrial planets; analyses of Gale Crater
by the Mars Science Laboratory Rover suggest
that the ancient lake filling that basin had shal-



low oxidized waters and deep anoxic waters
(Hurowitz et al., 2017). While the palynological
community has targeted rocks with low organic
carbon for decades (Butterfield, 1990), this
search image is not traditionally used for paleo-
biological studies, which typically target anoxic
sediments and sedimentary rocks as they often
have high organic contents due to slower rates
of oxidative degradation (Hartnett et al., 1998;
Inagaki et al., 2005; Hays et al., 2017). Mini-
mally impacted by metamorphism and deposited
in a time period without bioturbation, the None-
such Formation provides insight into the preser-
vation of biosignatures with implications for the
search for early life on Earth and other planets.
The excellent preservation of the Nonesuch sedi-
ments and biota provides a unique window into
a tropical rift lake system 1.1 billion years ago
providing a path for future discoveries.
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APPENDIX
Rock Magnetic Experiment Methods
Room-temperature measurements using a Princ-

eton Measurements Vibrating Sample Magnetom-
eter at the Institute for Rock Magnetism (University

Slotznick et al.

of Minnesota, Minneapolis) were performed on 238
samples in total. Rock chips between 0.17 g and 6.3 g
were used for these analyses with two different hold-
ers depending on mass. Hysteresis loops up to 1 T al-
lowed determination of B, M, and M,,, while direct
current demagnetization curves up to 1.5 T provided
B, and coercivity spectra. Coercivity spectra were
obtained by taking the derivative of the direct current
demagnetization curves. In most samples, these spec-
tra indicate that more than one phase is present, and
they were deconvolved with skewed log-gaussian dis-
tributions using the MAX UnMix program (Maxbauer
et al., 2016; Figs. 3 and 4).

Magnetite abundance was quantified by dividing
M; by that for pure magnetite (92 Am?/kg) following
Slotznick et al. (2020). Even when other ferromag-
netic phases are present, this approach can be justified
given how relatively large M values are for magnetite.
This abundance can be considered a minimum value
as it assumes that all magnetite is stoichiometric; to
account for uncertainty in the composition, and there-
fore M, the average value for maghemite (63.6 Am?/
kg; Peters and Dekkers, 2003) was used to calculate
an upper bound. Hematite abundance was quantified
using M, with the proportions of hematite compo-
nents estimated from unmixed coercivity spectra
(Table S2). The error bars incorporate uncertainty in
M, and its variability with grain size. The M, value
used for detrital hematite was 0.22 Am?*/kg (range of
0.19-0.26 Am%kg) and for pigmentary hematite was
0.15 Am¥kg (range of 0.05-0.25 Am¥kg; Ozdemir
and Dunlop, 2014).

Mineral identifications from these room-temper-
ature rock magnetic experiments were corroborated
with diagnostic low-temperature magnetic mineral
transitions observed in low-temperature cycling ex-
periments (between 10 K and 300 K). Two to four
specimens per stratigraphic section or core were run
through a suite of low-temperature experiments using
a Quantum Designs Magnetic Property Measurement
System at the Institute for Rock Magnetism. Specifi-
cally, samples were (a) cooled from 300 K to 10 K
in a 2.5-T field, then the field was turned off, and
remanence measurements were made upon warm-
ing; (b) cooled again to 10 K with no applied field, at
10 K pulsed with a 2.5-T field, and remanence mea-
surements were made upon warming; and (c) pulsed
with a 2.5-T field at 300 K before cooling to 10 K
and warming back to 300 K, during which remanence
measurements were collected (Figs. S1-S3).

Paleomagnetic Methods

A total of 163 oriented paleomagnetic core samples
(2.5 cm in diameter) were collected from the PFR18
(Potato River Falls) section. Following sample ori-
entation, small portions of the host rocks of the core
holes were removed through chiseling to minimize the
visual impact of drill hole collection, leaving a rough,
natural-looking surface. Specimens were cut from
these cores; one was used for paleomagnetism, and
for 60 of the samples, a paired specimen was used for
the rock magnetic experiments described above. Ther-
mal demagnetization was performed in the University
of California, Berkeley, Paleomagnetism Laboratory
in ~38 temperature steps that typically proceeded at
progressively higher resolution from 50 °C to 25 °C to
15°Cto 10 °C to 4 °C, ending in 2 °C at 696 °C (spec-
imen PF18-75a in Fig. 6). Remanent magnetization
vectors were measured at each step using a 2G En-
terprises superconducting rock magnetometer. Fits to
magnetization components were made using PmagPy
(Tauxe et al., 2016), and the measurement level data
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as well as the interpreted directions for each specimen
are available in the MagIC database (https://doi.org/10
.7288/V4/MAGIC/19390).

Petrographic Microscopy Methods

Optical and electron microscopy was also per-
formed on 15 thin sections made from samples at the
PRF18 section and PC-1, as a representative proximal
and distal section, respectively. Electron microscopy
was performed using a Thermo Scientific Helios SCX
DualBeam scanning electron microscope (SEM) at the
Dartmouth College Electron Microscopy Facility. This
instrument contains a paired Oxford Instruments Ultim
Max 100 energy dispersive X-ray spectrometer (EDS)
that is used to estimate elemental abundance at submi-
cron-sized spots. This EDS system was used to collect
spectra at specified points as well as in a mapped grid.

X-ray Diffraction Methods

Forty-three specimens were measured on a PANa-
lytical Empyrean Series 2 powder diffractometer at the
University of Oxford. The instrument is equipped with
a PIXcell1D detector and utilized a Co Ko source op-
erated at 40 kV and 40 mA. Prior to analysis, sample
powders were deposited on a single crystal silicon sub-
strate that has zero detectable background. Samples
were then mounted on a spinning sample stage dur-
ing analysis (rotating at 10 rpm). Three different ap-
proaches were taken to develop the data. First, a bulk
analysis from 5° to 80° 20 was used to identify major
minerals present via the International Center for Dif-
fraction Data (ICDD) Powder Diffraction File 4+
(PDF-4+) database of mineral standards. Once iden-
tified, semiquantitative bulk mineral abundances were
calculated using the reference intensity ratio method
(Snyder and Bish, 1989) and scale factors published
with mineral standards in the ICDD PDF-4 + database.

To further constrain clay mineralogy beyond the
bulk analysis, a second analysis was run on the same
powdered specimen by focusing on the high-angle re-
gion of the diffraction pattern between 69° and 75° 26.
Clay mineral speciation at the family level (i.e., Fe-
rich chlorites and/or serpentine [berthierine], Mg-rich
chlorites, glauconites, Al-rich dioctahedral 2:1 clays
and micas, and kaolinites) is possible due to diagnos-
tic 060 reflections corresponding to octahedral layer
composition (Srodon, 2001). These “high-angle”
XRD data were analyzed using the Panalytical High-
Score software, which deconvolves and fits the peaks
enabling them to be assigned to specific minerals.
Clay abundance determined using this method scales
linearly with peak area in this part of the spectra. As
a result, quantification of clay minerals is possible by
assessing relative abundances with respect to quartz
as an internal standard. Following this determination,
these abundances are multiplied by the total quartz
content determined through bulk analysis.

The third XRD analysis was performed on clay
peels of the same powdered core samples and some
of the PRF18 samples. Clay peels were produced us-
ing the methodology described in Moore and Reyn-
olds (1997). Ten grams of whole-rock samples were
blended in a Waring Commercial Blender with 200 ml
of deionized water and sodium phosphate as a disper-
sant to inhibit flocculation of the clay particles. The
fine-grained portion was decanted into large beakers
(~800 ml) and ultrasonicated for 3—5 min. To sepa-
rate the <2 pm fraction, the slurry was left for four
hours to gravitationally settle. The suspended fines
were then decanted into 100 ml bottles. Using the
Millipore Filter Transfer Method (Drever, 1973),
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the suspended fines were then adhered to a 47 mm
0.45 pm hydrophilic nylon filter using a vacuum fil-
tration apparatus (~3 min). The sample on the filter
was then placed face-down on a single silicon crystal
zero-background holder and dried in an oven at 50 °C
for 3—4 min. The filter was then peeled away, leaving
an oriented clay sample on the zero-background plate.
XRD analyses were performed on this “air-dried”
sample following the same procedures used for the
first bulk analysis. Afterward, the samples were placed
above a tray of glycol in an oven at 50 °C for several
hours (overnight) and then re-analyzed on the dif-
fractometer. After glycolation, most samples showed
swelling or collapse in the smectite region, indicating
a fair amount of interlayered illite and smectite.

Palynological Methods

Samples of ~40-100 g were collected from drill
cores and outcrops focusing on shales and siltstones
(predominantly dark gray in color). These samples
were crushed and treated in a sequence of 10% HCl-
52% HF-10% HCI dissolutions. Residues were water
washed and filtered through a 10 pm screen. Acid in-
soluble minerals were removed by heavy liquid cen-
trifugation, and the filtrate was mounted onto regular
glass microscope slides using a synthetic mounting
medium. Prepared slides were examined on a Zeiss
Universal microscope equipped with an Achromatic-
Aplanatic (ACHR APL) 1.4 substage condenser, and
Zeiss Plan-Apochromat (APO) 25/0.65 and Leitz
APO 40x/0.95 objectives. Images were captured with
a Nikon D700 digital camera back mounted directly
to the microscope phototube, in combination with a
coplanar electronic shutter mounted between the field
stop and condenser. The light source was a 20 W halo-
gen bulb with a color temperature of 3450 K. No infra-
red filters were used in the optical light path.
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