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ABsTRACT: Continental siltstones of the Mesoproterozoic Copper Harbor Formation, Michigan contain
macroscopic structures of a size and morphological complexity commonly associated with fossils of eukaryotic
macroorganisms. A biogenic origin for these structures would significantly augment the Proterozoic continental
fossil record, which is currently poor, and also add to a growing body of sedimentological and geochemical data
that, albeit indirectly, indicates the presence of life in continental settings early in Earth’s history. These three-
dimensional structures occur abundantly within a single cm-scale siltstone bed. Along this bedding plane, these
structures are generally circular-to-ovoid, range up to several centimeters in diameter, and most specimens
possess a transecting lenticular element. Structures exhibit sharp, well-rounded external margins and, in contrast
to the surrounding aluminosilicate-rich matrix, are calcitic in composition. Surrounding sedimentary laminae are
deflected by and cross cut the structures. A fossiliferous origin is considered but rejected and an authigenic
concretionary origin is favored based on these characters. However, a concretionary origin does not exclude the
possibility of a biogenic precursor that served as a locus for early diagenetic calcite precipitation. This study
highlights the need for careful analysis of morphological, mineralogical, distributional, and sedimentological
characteristics when considering the origin of enigmatic structures; morphological complexity alone is an
insufficient criterion for assignment of biogenicity. The unusual morphology of these concretions augments
known concretion morphologies generally comparable to unusual fossil forms, and draws into question the
biogenicity of similarly cryptic Proterozoic structures including, in particular, those of the 2.0 Ga Francevillian B
Formation of Gabon.

INTRODUCTION ambiguous and, in many cases, these claims have proven controversial
(e.g., Knoll et al. 2006; Knoll 2011).

A growing body of geochemical evidence indicates that continental
ecosystems were biologically active as early as Proterozoic and
potentially even late Archean time (Beraldi-Campesi 2013). Geochem-
ical and sedimentological signatures for continental microbial activity
are documented in Neoarchean and Paleoproterozoic paleosols,
weathering profiles, and microbially mediated sedimentary structures
(Ohmoto 1996; Gutzmer and Beukes 1998; Rye and Holland 2000;
Watanabe et al. 2000; Driese and Medaris 2008; Sheldon 2012).
However, the question of how common or spatially widespread
eukaryotes were in Proterozoic continental environments remains poorly

Over the past five decades, substantial effort focused on reporting
and describing fossilized remains of eukaryotic organisms from
Proterozoic rocks (Knoll et al. 2006; Knoll 2014; Cohen and
Macdonald 2015). The Proterozoic body fossil record is predominantly
marine as well as microscopic (Cohen and Macdonald 2015; Planavsky
et al. 2015). Indeed, Proterozoic continental landscapes have been
envisioned as lifeless, windswept expanses, devoid of life. Recently,
however, eukaryotic microfossils from a putative terrestrial lake system
characterized by intermittent subaerial exposure—the 1.2—1.0 billion
year old (Ga) Torridonian sequence—were reported, indicating that

eukaryotic life may have existed on the continents during the
Proterozoic (Strother et al. 2011; Wacey et al. 2014). Previous studies
also reported macroscopic and microscopic structures of complex
morphology potentially recording the presence of eukaryotes in
Proterozoic continental settings, including Horodyskia moniliformis
from freshwater siltstones within the 1.5 Ga Appekunny Formation,
Montana (Horodyski 1982; Yochelson and Fedonkin 2000; Fedonkin
and Yochelson 2002), enigmatic cm-scale pyritized objects interpreted
as eukaryote colonies from deltaic deposits of the 2.0 Ga Francevillian
B Formation, Gabon (Albani et al. 2010, 2014), and the urn-shaped
structure Diskagma from a paleosol within the 2.2 Ga Hekpoort
Formation, South Africa (Retallack et al. 2013b). However, the
biogenicity and/or eukaryotic origin of many of these occurrences is
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resolved.

Here we describe the morphological, mineralogical, distributional, and
sedimentological characteristics of complex macroscopic structures
preserved in continental facies of the 1.1 Ga Copper Harbor Formation,
Michigan, and assess their potential biogenicity using criteria developed in
previous studies (e.g., Anderson et al. 2013). A biogenic origin for these
structures would add significantly to the Proterozoic continental fossil
record.

GEOLOGICAL SETTING

The Midcontinent Rift, also called the Keweenaw Rift and one of the
best-preserved ancient continental rifts, formed between 1.15 and 1.03 Ga
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F16. 1.—Generalized geological map of the Keweenaw Peninsula, northern Michigan, depicting the rocks of the Portage Lake and Porcupine Mts. Volcanics, Oronto Group,
and Jacobsville Sandstone. Field localities are indicated with circles: CH = Copper Harbor, HH = Horseshoe Harbor. The Copper Harbor Formation, indicated in bold, is host
of the enigmatic macrostructures discussed here. Inset: Geographic extent of the North American Midcontinent Rift system, based on the distribution of exposed rocks in the
Lake Superior region, as well as subsurface information. Box shows the location of the Keweenaw Peninsula of Michigan.

(Cannon 1992). Lava flows, intrusive rocks, and sedimentary units related
to the rifting event and exposed in the Lake Superior region can be traced
as far southwest as Kansas due to their pronounced gravitational and
magnetic signatures (Ojakangas and Dickas 2002). Seismic reflection
profiling in Lake Superior has shown that, during this interval, the pre-
existing Archean and Paleoproterozoic crust was thinned from approxi-
mately 35 km to less than 5 km, and lava flows and sedimentary strata
totaling almost 30 km accumulated in the resulting rift valley (Hinze et al.
1990). The intercalation of paleosols, aeolian siltstones, and fluvial
conglomerates within the volcanic sequence and the absence of pillow
structures indicates that the Midcontinent Rift volcanics were extruded
subaerially. The total volume of erupted material, estimated at 1.5 million
km?®, extruded mainly over a six million-year interval (between 1.102 and
1.096 Ga) (Davies and Paces 1990; Cannon 1992; Miller and Vervoort
1996; Nicholson et al. 1997). The volcanic and sedimentary stratigraphy of
the Midcontinent Rift is well known because the Rift is host to one of the
world’s largest stratiform native copper deposits, formed by pervasive
hydrothermal fluid infiltration some 30 myr after rifting ceased (Cannon
1992).

Following the main stage of volcanic activity, which produced the
North Shore Volcanic Group in Minnesota and the Portage Lake and
Porcupine Mountain Volcanics sequences in Michigan, the central
valley of the rift filled with > 5000 m of clastic sediments of the
Oronto Group: the Copper Harbor Formation, the Nonesuch Shale, and
the Freda Sandstone (Ojakangas et al. 2001) (Fig. 1). These are, in turn,

overlain by the Jacobsville Sandstone (which may be as young as
Neoproterozoic in age), the uppermost preserved unit in the Mid-
continent Rift sequence (Stein et al. 2014a, 2014b; Stein 2015; Mitchell
and Sheldon 2016). The sedimentary rocks of the central part of the rift
valley provide a detailed record of a Mesoproterozoic landscape; this
sequence is extensively exposed on the Keweenaw Peninsula of
Michigan (Fig. 1) as well as in northernmost Wisconsin and Isle
Royale, Michigan.

The macroscopic structures of interest occur in the lowest unit of the
Oronto Group, the Copper Harbor Formation, which consists primarily of
conglomerates and is > 2000 m thick at its type locality on the
Keweenaw Peninsula of Michigan (Fig. 1). Conglomerates interbed with
late-stage basaltic lava flows, known as the Lake Shore Traps, which
yield a U-Pb zircon age of 1087.2 = 1.6 Ma (Davies and Paces 1990).
Clasts in the conglomerates appear to be derived almost entirely from
volcanic rocks of the rift; very few have lithologies typical of the
Paleoproterozoic or Archean rocks that today are exposed only tens of
kilometers from Copper Harbor outcrops of the Keweenaw Peninsula
(Hamblin and Horner 1961; Daniels 1982; Mitchell and Sheldon 2016)
(Fig. 1). This indicates that the valley in which the conglomerates
accumulated formed as a relative topographic low within a generally
elevated region which was probably a thermally supported high similar to
the modern East African Rift.

Detailed study of sedimentary structures on the Keweenaw Peninsula
indicates that the Copper Harbor Formation was deposited in an
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FiG. 2.—Sedimentology and stratigraphy of the Horseshoe Harbor locality. Left, detailed stratigraphy of the portion of the Copper Harbor Formation exposed at Horseshoe
Harbor, with the macrostructure-yielding horizon indicated in bold. Right, photograph of outcrop showing the same stratigraphy, including the two stromatolitic horizons

bracketing the macrostructure-yielding horizon.

environment characterized by alluvial fans, braided streams, and
ephemeral lakes (Elmore 1984). Paleocurrent indicators in the Copper
Harbor Formation, including cross beds, ripple marks, current
lineations, and imbricated clasts, indicate consistent flow directionality
from the flanks toward the center of the rift (currently located beneath
western Lake Superior). The Copper Harbor Formation is characterized
by an overall fining-upward trend, with conglomerates predominating in
the lower part of the formation and sandstones dominating the lithology
of the upper portion of the formation, but many second-order reversals
of that pattern suggest episodic rejuvenation of topographic relief,
probably by normal faulting synchronous with evolution of the rift
(Elmore 1984).

At the type locality of Copper Harbor, Michigan (Fig. 1), most of the
Copper Harbor Formation consists of clast-supported conglomerate
characterized by cobble- to boulder-sized clasts and 0.1-0.5 m deep
channel structures, reflecting a high-energy depositional environment,
although beds and lenses of arkosic sandstone and siltstone record periods
of lower flow velocity. Localized mudstones, commonly associated with
desiccation cracks, likely record shallow playa lakes that persisted until
they were buried by another series of coarser alluvial or fluvial deposits
(Mitchell and Sheldon 2016). Some of the mudstones are gray to green in
color. Many of the finer-grained rocks, as well as the matrix of the
conglomerates, are red in color.

Calcareous, hemispheroidal stromatolites, up to 10-15 c¢cm in diameter
and characterized by rare pseudocolumnar branching, occur along several
horizons in the upper part of the Copper Harbor Formation at the northern
end of the Keweenaw Peninsula (Elmore 1984; Sheldon 2012; Fedorchuk
et al. 2016). Some of these grew on substrates of mud, while others

encrusted cobbles and boulders (Fig. 2). Stromatolitic laminae are
replicated in crystalline calcite, reflecting late-stage recrystallization of
the primary stromatolitic calcite.

METHODS

At Horseshoe Harbor (47.473323°N, 87.80501°W), approximately 7 km
east of Copper Harbor (Fig. 2), several distinct stromatolite-bearing beds
occur in outcrops, partly buried by beach cobbles, situated immediately
south of prominent offshore outcrops of boulder conglomerate. The
uppermost of these stromatolitic layers, exposed near the base of the
offshore sequence, is continuous along strike for at least 800 m. Two slabs
(total area approximately 900 cm?), bearing a total of 58 individual
macroscopic structures, were collected from a cm-scale red siltstone bed
between the two uppermost stromatolitic horizons at Horseshoe Harbor.

All specimens were imaged using a Leica MZ16 binocular microscope
combined with a Leica DFC420 camera. Images were taken at different
focal planes and combined using Leica Applications Suite software to
create a “z-stack” composite image. Specimen dimensions (maximum long
axis, maximum short axis, surface area and perimeter) were measured from
photomicrographs, where demarcation of the structures from the matrix was
sufficiently clear, using the Leica Application Suite (49 of 58 specimens
were measured). The orientation of the long axis of individual specimens
was measured from photomicrographs in ImageJ software in all instances
where the long axis could be confidently identified (43 of 58 specimens).

Energy dispersive X-ray spectroscopy (SEM-EDS) was used on a Zeiss
EVO MA15 scanning electron microscope in variable pressure mode to
produce elemental maps of a specimen in an oblique 30 pm-thick thin-
section. Four maps were produced in order to capture not only key regions
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FiG. 3.—Photomicrographs of macroscopic structures depicting the range of morphologies characteristic of the Copper Harbor assemblage.

of the sectioned structure but also the surrounding sedimentary matrix. The
entire suite of elemental data was collected for each analysis; herein we
present concentration data for abundant (> 1 %) elements and discuss the
potential paleobiological and geochemical significance of the observed
elemental distributions.

Three-dimensional morphology was mapped using X-ray computed
tomography (XRCT) on a North Star X5000 high-resolution microCT
system with a twin head 225 kV X-ray source and a Dexela area detector.
Two specimens were scanned for approximately 75 minutes with a focal
spot size of six microns and frame capture rate of 1.1 fps.
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FiG. 4—Pie charts representing distribution of morphologies among the Copper
Harbor assemblage. Top, classification of structures according to shape: ovoid,
circular, or irregular. Bottom, classification according to morphology of lenticular
element: rounded, pointed, flat, or none (i.e., not present).

MACROSCOPIC STRUCTURES: DEFINING CHARCTERISTICS
Morphology

In plan view, the macroscopic structures exhibit a wide range of
complex morphologies (Fig. 3). The majority of structures, however, are
characterized by an ovoid to circular shape (60% ovoid, 19% circular,
21% irregular, n = 58) and distinguished from the surrounding matrix by
a darker color and sharp, well-rounded external margins. All structures
characterized by a well-defined ovoid or circular shape (79% of
specimens) are transected by a lenticular element that, in 20% of
specimens, extends beyond the margins of the rounded portion of the
structure (Fig. 4). The terminations of these lenticular elements can be
classified as rounded (29% of specimens, e.g., Fig. 3E, 3K), pointed
(38% of specimens, e.g., Fig. 3B, 3D, 3F), or blunt (12% of specimens,
e.g., Fig. 3C, 3F). Some specimens contain more than one type of
lenticular element termination (e.g., Fig. 3F). The range of morphologies
characterizing these structures may reflect variable orientation (upon
burial or formation) with respect to the bedding plane. Fifty-seven
percent (57%) of specimens are characterized by a rough symmetry with
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the lenticular element aligned along the central axis of the ovoid or
circular structure (Fig. 3C), whereas in some specimens the lenticular
element lies to one side of this axis (Fig. 3B). Some of the structures are
three-dimensional (i.e., bed-penetrative) and are funnel-shaped in cross
section. X-ray computed tomography suggests that some specimens are
oblate spheroids with “wings” oriented perpendicular to the bedding
plane (Fig. 5).

The macroscopic structures have a mean long axis (including lenticular
elements) of 13.0 = 4.6 mm and a mean short axis of 7.5 = 2.7 mm (see
Fig. 6 for histograms of the surface area, perimeter, long axis length
[including lenticular elements], and short axis length [perpendicular to
long axis] of each measurable structure). For each size metric (surface area,
perimeter, long axis length, and short axis length), specimens are
characterized by a single modal distribution with a lower abundance of
smaller-sized specimens (right-skewed size distribution).

Mineralogy

SEM-EDS elemental analysis (Fig. 7) of a single specimen indicates that
the macroscopic structures are, in contrast to the sedimentary matrix,
strongly enriched in calcium and oxygen, and associated with carbon.
Mapping at mineral-scale resolution indicates that both the structures and
the surrounding matrix are associated with distinct mineralogical phases
containing silicon and oxygen, moderate amounts of aluminum, and
relatively rare magnesium, sodium, potassium and iron. The surrounding
matrix is, relative to the specimen, preferentially enriched in silicon-,
oxygen-, aluminum-, magnesium-, sodium- and—Iess strikingly—iron-
and potassium-associated phases. Elemental abundances, phase associa-
tions, and petrographic examination indicate that the entirety of the
specimen is enriched in calcite, whereas the matrix is comprised primarily
of aluminosilicate material.

Distribution and Sedimentology

Macroscopic structures are randomly distributed across the bedding
plane surface and appear to display no preferential orientation (with respect
to their long axis) (Fig. 8). The cm-scale siltstone bed on which the
structures occur is finely laminated and homogeneous, with no pronounced
vertical gradients in grain size or composition to indicate that it represents
a paleosol (Fig. 2). The mudstone layer immediately underlying this
siltstone ranges from greenish gray to red in color. Overlying the siltstone
is a coarse-grained and cross-stratified sandstone. No systematic
association of the structures with cracks or veins is evident. Petrographic
and XRCT analyses indicate sedimentological laminae transect the intra-
bed portion of the three-dimensional structures (Fig. 9). In cross section,
laminae are also observed to deflect upward and downward in the vicinity
of the structure (Fig. 9).

DISCUSSION

Observations of the morphological, mineralogical, distributional, and
sedimentological characteristics of these macroscopic structures permit
critical evaluation of their origin and syngeneity and, in particular, allow us
to distinguish between biogenic and abiogenic origins. In addition to a
potential biological affinity, a range of abiogenic explanations for the
structures must also be considered, including authigenic features formed
during diagenesis (e.g., Seilacher 2001) and metamorphic features (e.g.,
Bucher and Grapes 2011). Both biogenic and abiogenic structures are
associated with a suite of particular characters, which allows evaluation of
these alternatives in light of our observations of the morphology,
mineralogy, distribution, and sedimentology of the Copper Harbor
structures (Fig. 10).
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Fi6. 5.—X-Ray Computed Tomography (XRCT) of a Copper Harbor structure. A) structure within rock matrix. B) Copper Harbor structure with matrix digitally removed,
showing three-dimensional morphology and “funnel-shape” at depth. Lighter colors reflect higher average density and/or atomic number.
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Fic. 6.—Size frequency distributions of macroscopic structures of the Copper Harbor Formation.
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Fig. 7.—Textural and elemental analysis of macroscopic structures using backscatter electron microscopy and SEM-EDS. Top, composite backscatter electron micrograph
of oblique s section through a macroscopic structure. Light photomicrograph of same structure inset. Composite SEM-EDS elemental maps are overlain on the backscatter
image at sites A, B, C, and D. Bottom, detailed SEM-EDS elemental maps showing distribution of major associated elements aluminum (Al), calcium (Ca), and silicon (Si) at
sites A, B, C, and D.
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Fic. 8.—Bedding plane distribution of Copper Harbor macroscopic structures. Top, line drawing of two slabs containing all specimens recovered from Horseshoe Harbor.
Bottom, frequency distribution (per slab) of long axis orientations of collected assemblage of Copper Harbor structures. Rose diagram orientations reflect depicted orientation

of slabs.

Morphology

The smooth, abrupt boundary that differentiates the Copper Harbor
structures from the surrounding matrix is inconsistent with a metamorphic
or reduction spot origin. Such structures generally form via diffusion
(Bucher and Grapes 2011) and, as such, are characterized by irregular and/
or diffusive boundaries, reflecting properties of the surrounding rock

matrix. However, distinct and regular margins are potentially consistent
with either an authigenic or biogenic origin.

The morphology of the Copper Harbor macroscopic structures is
distinctive and unusually complex. The combination of an ovoid to circular
outline with a transecting lenticular element is dissimilar to any concretion
morphology known to us (cf. Sellés-Martinez 1996; Seilacher 2001).
However, concretions are also notoriously heterogeneous in both
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Fig. 9.—Light photomicrographs. A) Oblique cross section cut through a
macroscopic structure. B) Transecting laminae of A highlighted in blue; arrow
denotes particularly clear deflection of laminae around a grain within the
macroscopic structure

morphology and size (Seilacher 2001) and therefore a lack of precedent
does not preclude a concretionary origin.

However, this unusual morphology does not preclude a biogenic
origin. The Copper Harbor structures are significantly larger than any
known bacteria or archaea (Angert et al. 1993; Schulz and Jergensen
2001) but do fall within the size range of bacterial/archaeal colonies or
solitary eukaryotic organisms, e.g., myxobacterial resting colonies have
been observed to overlap in size distribtutions with solitary eukaryotic
organisms (Schlegel 1985). Bacterial/archaeal colonies are commonly
circular/spherical (expanding equally in all available directions) or else
highly irregular and variable in form where localized environmental
conditions constrain growth in certain directions. Consequently, a
colonial bacterial/archaeal interpretation for the Copper Harbor
structures is unlikely, given the consistent presence of a transecting
lenticular element observed to cross-cut the sharply bounded and
generally ovoid Copper Harbor structures regardless of long-axis
orientation.

Mineralogy

The calcitic composition of the Copper Harbor structures is consistent
with an origin as a secondary mineral concretion. Calcitic concretions
commonly form in siliciclastic rocks (Curtis et al. 1986; Dix and Mullins
1987; Morad and Eshete 1990; Wilkinson and Damier 1990; Coleman and
Raiswell 1995; Seilacher 2001). The calcite associated with the Copper
Harbor structures could potentially have formed during burial and the
hydrothermal metamorphic episode that altered the rocks of the North
American Midcontinent Rift region 30 myr after the deposition of the
Copper Harbor Formation (Cannon 1992). However, the deflection of
laminae associated with formation of these structures indicates that the
calcite precipitated very early in the post-depositional history of this bed
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and therefore an early diagenetic origin for these structures may be more
likely.

In contrast, given the age of these deposits, a biogenic (e.g.,
biomineral) origin for this calcite is unlikely. The oldest known examples
of potential biomineralization appear some ~ 300 myr after deposition of
the Copper Harbor Formation and consist of microscopic phosphatic
scales (Cohen et al. 2011; Cohen and Knoll 2012). Calcite biomineral-
ization of structures of comparable size to those of the Copper Harbor
structures is unknown until late Ediacaran time (e.g., Knoll 2003), ~ 500
myr later than the interval recorded by the Copper Harbor sequence.
Therefore, if the structures were fossils, they would have likely, in life,
been composed entirely of organic compounds (i.e., soft-bodied), similar
to other known Mesoproterozoic macroscopic fossils (Knoll et al. 2006).
In this case, the original organic material comprising the carcasses must
have been replaced by calcite, given the lack of organics and pervasive
calcite characterizing these structures. However, the lack of evidence for
localized replacement associated with the Copper Harbor structures or
elsewhere in the formation suggests that a replacement scenario is
unlikely.

Distribution and Sedimentology

A secondary origin for the structures as metamorphic features, reduction
spots, or mineral concretions is consistent with the local stratigraphic
setting of these structures. Secondary mineralization is common within the
Copper Harbor Formation, often in the guise of copper deposits, which
formed following pervasive hydrothermal fluid infiltration approximately
30 myr after deposition of the unit (Cannon 1992). It is not improbable that
such fluids could have facilitated the growth of authigenic mineral
concretions and/or influenced the redox state of this sequence, thus
forming discrete structures on bedding plane surfaces. The metamorphic
history of the Copper Harbor Formation, which did not exceed prehnite-
pumpellyite facies (i.e., < 300°C) (Cannon 1992), does not preclude the
presence of fossils. Fossils occur in other Proterozoic rocks that have
experienced metamorphism (e.g., Anderson et al. 2013). However,
metamorphism can also deleteriously impact the preservational fidelity
of fossils and impede reconstruction of their biological affinity (Knoll et al.
1988).

The Copper Harbor structures appear to be confined to a single bedding
plane. While unusual, this is not uncommon for fossils and may reflect
localized productivity (e.g., a spatially confined environment optimal for
recruitment and colonization), locally variable preservation potential (e.g.,
Seilacher et al. 1985), or primary rarity. The Copper Harbor Formation
structures are ~ 300 myr older than the earliest known fossils of putatively
biomineralizing organisms (Cohen et al. 2011; Cohen and Knoll 2012) and
therefore, if biogenic in origin, the original organisms were most likely
entirely soft-bodied. Exceptionally preserved soft-bodied fossil assem-
blages are usually rare and commonly characterized by extremely localized
distributions (e.g., Seilacher et al. 1985). A limited spatial distribution is
not inconsistent with a secondary (e.g., diagenetic) origin. Even minute
differences in porosity and permeability can have a relatively major impact
upon pore fluid flow and thus the extent and manifestation of diagenetic
alteration.

Observation of intra-bed laminae cross-cutting the Copper Harbor
structures is, however, inconsistent with an entirely biogenic origin for
these structures. Burial of a carcass and, subsequently, differential
compaction of the surrounding sediment could cause deflection of
laminae around the carcass (e.g., Seilacher et al. 1976). However,
observation of transecting (structure-penetrative) laminae directly
conflicts with a carcass origin for the Copper Harbor structures. In
contrast, such a relationship between individual laminae and secondary
(but early stage) mineral growth is expected. Under this scenario,
mineral precipitation would occur in the pore space. As authigenic
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FiG. 10.—Chart depicting the multiple lines of evidence used to evaluate the origin of the macroscopic structures as either fossils or secondary structures. Lines of evidence
are binned into three distinct categories: morphological, mineralogical, and distributional and sedimentological.

mineralization proceeds, nucleating on the original inter-grain cements,
the precipitate may displace laminae as precipitation continues (cf.
Seilacher 2001, fig. 5) or subsequently promote differential compaction
of sedimentary layers. The upward and downward deflection of laminae
around a large grain within the Copper Harbor structure depicted in
Figure 9 (see arrow) is, in this light, consistent with an authigenic origin
for these features.

ORIGIN AS AUTHIGENIC MINERAL CONCRETIONS

Given the morphological, mineralogical, distributional, and sedimento-
logical evidence reported herein, the Copper Harbor structures are most
parsimoniously interpreted as authigenic calcite concretions. A biogenic
hypothesis for their origin is rejected chiefly on the basis of disruption by
penetrative laminae and the diffuse calcitic composition of these structures.
Consequently, the Copper Harbor structures do not provide direct evidence
in support of continental eukaryotic life at 1.1 Ga. However, a
concretionary origin for these structures is not wholly inconsistent with a
biological precursor. The morphology of the structures—in particular, the
presence of a transverse lenticular element—is unusual for concretions. In
spite of the high level of variability in the characteristics of these structures
at the assemblage level, their shared general morphology is suggestive of a
common growth history, possibly via nucleation on organic material. The
random orientation of the long axis of the concretion could reflect disparity

in the size, morphology, and orientation of this organic material.
Concretions not uncommonly nucleate around organic materials (e.g.,
organic particles or carcasses) (McCoy et al. 2015) and may subsequently
grow into unusually shaped structures (e.g., Seilacher 2001).

IMPLICATIONS FOR THE BIOGENICITY OF OTHER PROTEROZOIC
MACROSCOPIC FOSSILS

The Copper Harbor structures add to a growing database of
concretionary forms (e.g., Seilacher 2001) that display many of the
complex morphological characteristics commonly associated with Meso-
proterozoic and Neoproterozoic putatively eukaryotic fossils (e.g., Walter
et al. 1976; Horodyski 1982; Albani et al. 2010; Maloof et al. 2010; Brain
et al. 2012; Albani et al. 2014).

In particular, we can draw comparisons between the Copper Harbor
structures and other Mesoproterozoic fossils. Although no other macro-
scopic body fossils of Mesoproterozoic age have been confidently assigned
to particular eukaryotic groups, there are a number of potential candidates.
The Mesoproterozoic Helena Formation of the Belt Supergroup of
Montana, for instance, contains a variety of carbonaceous fossils, up to
several centimeters in length, including Grypania spiralis, a coiled form
(~ 2 mm wide), that have been interpreted as eukaryotic and are globally
distributed (Walter et al. 1976; Walter et al. 1990; Han and Runnegar 1992;
Kumar 1995). Another Mesoproterozoic macrofossil which has also been
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interpreted as eukaryotic (Horodyski 1982; Grey and Williams 1990;
Yochelson and Fedonkin 2000; Fedonkin and Yochelson 2002; Retallack et
al. 2014a), Horodyskia moniliformis, commonly consists of spheroidal
(although other shapes have been reported) bodies, preserved as casts and
molds, inter-connected via cylindrical strings to form “strings of beads.”
Each individual body comprising Horodyskia is 1-4 mm in diameter, but
the total composite structure can reach up to 10 cm in length. The
eukaryotic affinity of these organisms remains controversial (e.g., Knoll et
al. 2006). However, while consistent with these fossil taxa in overall size,
the Copper Harbor structures share few characteristics with them in terms
of either shape or construction. Consequently, it is challenging to draw
direct comparisons.

In contrast, the Copper Harbor structures do bear a gross morphological
resemblance to unusual macroscopic, partially pyritized structures that
occur in the ca. 2.0 Ga Francevillian B Formation of Gabon. These
structures have been interpreted as fossils on the basis of complex repeated
morphologies, large size, and compositional disparity (Albani et al. 2010,
2014) but their biogenicity is controversial (e.g., Knoll 2011). The Gabon
structures, which also occur as aggregates up to ~ 12 cm in length, are
characterized by a variety of shapes, ranging from elongate to isodiametric,
but commonly possess a permeating radial fabric (Albani et al. 2010,
2014). The Copper Harbor structures resemble some of these structures—
in particular those Gabon forms that possess a lenticular element (cf.
Albani et al. 2010, fig. 5). The size range of the Copper Harbor structures
overlaps with that of the Gabon structures. However, the aggregated
(interpreted by the authors as colonial) nature of the Gabon structures, with
individual structures often closely spatially associated along the bedding
plane, is distinctive. Such an association between individuals is much rarer
in the Copper Harbor structures. In addition, the Copper Harbor structures
neither possess the distinctive permeating radial fabric of the Gabon
structures nor are they pyritized.

Despite these disparities in composition and internal fabric, the gross
morphological similarities between the Copper Harbor structures and the
putative fossils of the 2.0 Ga Francevillian B Formation of Gabon (Albani
et al. 2010, 2014), coupled with strong evidence for an authigenic
concretionary origin for the former, calls into question the hypothesis that
the Gabon structures represent biological remains, and highlights the need
for careful consideration of not only morphology but also mineralogical,
distributional, and sedimentological characteristics when assessing the
biogenicity of similarly enigmatic structures in Proterozoic rocks.
Moreover, interpretation of an abiogenic origin for the Copper Harbor
structures is largely contingent upon observation of disruption of the
structures by penetrative laminae. However, if the hosting lithology had
been monolithic (i.e., laminae were not visible) this sedimentological
relationship would not have been observed, and the absence of this
evidence may possibly have led to interpretation of these structures as
biogenic. Consequently, enigmatic and potentially biogenic structures
occurring in homogeneous strata should be interpreted with particular
caution.
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