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The Poll a’Mhuilt Member of the Stoer Group (Torridonian Supergroup) in Scotland has been
heralded as a rare window into the ecology of Mesoproterozoic terrestrial environments. Its
unusually high molybdenum concentrations and large sulphur isotope fractionations have
been used as evidence to suggest that lakes 1.2 billion years ago were better oxygenated and
enriched in key nutrients relative to contemporaneous oceans, making them ideal habitats for
the evolution of eukaryotes. Here we show with new Sr and Mo isotope data, supported by
sedimentological evidence, that the depositional setting of this unit was likely connected to
the ocean and that the elevated Mo and S contents can be explained by evapo-concentration
of seawater. Thus, it remains unresolved if Mesoproterozoic lakes were important habitats
for early eukaryotic life.

an indication that Mesoproterozoic lacustrine environments were more oxygenated and nutrient-rich than seawater, making them preferable habitats for eukaryotic organisms. However, the supposition that the Poll a’Mhuilt Member was
deposited in a lacustrine setting rests on contestable lines of evidence: fluvial
sandstones bracketing the proposed lacustrine interval and allegedly high boron
concentrations in illite, which were regarded as ambiguous in the original study
(Stewart and Parker, 1979; Stewart, 2002). Here we present new geochemical
data and sedimentological features that indicate a marine influence, particularly
during deposition of the Mo- and S-rich interval.

Geologic Setting
The mostly siliciclastic Stoer Group rests nonconformably on Archaean gneiss
in northwest Scotland (Stewart, 1988). The depositional age is constrained to
1177 ± 5 Ma based on 40Ar– 39Ar dating on diagenetic K-feldspar in the Stac
Fada Member, an ancient impact deposit (Parnell et al., 2011; Reddy et al., 2015)
immediately beneath the Poll a’Mhuilt Member (Fig. 1).
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Introduction
Important steps in early biotic evolution may have occurred in lakes that offered
distinct environmental conditions compared to the ocean. Support for this
hypothesis has been reported from the Mesoproterozoic Poll a’Mhuilt Member
(Stoer Group) in Scotland, which is interpreted as a fluvio-lacustrine deposit
(Stewart, 2002). Parnell et al. (2010; 2015) documented large S isotope fractionations (up to 55 ‰) and Mo concentrations reaching 232 ppm that far exceed
those of most contemporaneous marine shales. These features were interpreted as
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Figure 1 Stratigraphy of the Poll a’Mhuilt Member. EUX = euxinic interval. The horizon at
5.6 m (red symbols) was affected by modern oxidative weathering and is not considered in
the discussion. Black arrows = locations of tidal indicators.
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The basal ~3 m of the Poll a’ Mhuilt Member consist of channeled, trough
cross-bedded and planar laminated sandstone overlain by about 1–2 m of mottled
grey-red shale with thin limestone beds followed up section by 2–4 m of calcareous dark grey shale. The limestone beds contain small-scale, chicken-wire
fabric (calcite and albite pseudomorphs replacing gypsum). The carbonate is
mostly micro-crystalline (Fig. S-1); secondary calcite replacements are minor.
The next ~25 m consist of red shale and thin sandstone with abundant desiccation cracks and flat-laminated to ripple cross-laminated, 5–50 cm-thick beds of
fine to medium sandstone which have abundant symmetrical (wave) ripples and
locally developed herringbone cross-lamination (Fig. 2b), as well as flaser and
lenticular bedding (Fig. 2a) and evaporite pseudomorphs after gypsum (Parnell
et al., 2010). The overlying (and major) part of the Poll a’ Mhuilt Member (>~30 m)
comprises massive red mudstone and flat-laminated to ripple cross-laminated
fine sandstone and siltstone, all with desiccation cracks and pedogenic structures,
such as disrupted and homogenised beds and pseudo-anticlines (Stewart, 2002).
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Results
Similar to Parnell et al. (2015), we found high Mo concentrations of up to 166 ppm
in the grey shale of the Poll a’Mhuilt Member (4.75–5.80 m), which is 180 times
higher than in the surrounding red shales (Fig. 1). Other transition metals show
weak to no enrichments in the grey shale (Table S-3). Nickel and Cr are elevated
in the volcanic/impact breccia of the Stac Fada Member and then decrease slowly
into the Poll a’Mhuilt Member.
Ratios of highly reactive Fe (FeHR ; bound in oxides, sulphides and carbonates) to total Fe (FeT ) fall between 0.15 and 0.49 in the grey shale unit, while ratios
of pyrite-bound Fe (FePy) to FeHR range from 0.46 to 0.78 (Fig. 3a). Carbon to
sulphur ratios range from 0.1 to 1.2 (median 0.2) in the grey shale. Molybdenum
isotope data show positive values in the Stac Fada Member (+1.15 ‰), then
progressively decrease in the first red shale (~0 m to 4 m), followed up section
by an increase to a maximum of +1.19 ‰ in the grey shale (5.65 m, Fig. 1). In the
overlying red shale (12 to 33 m), δ98Mo drops to -0.38 ‰. Carbonate δ18O and δ13C
values throughout the section covary (Fig. 3b). Carbonate-bound 87Sr/86Sr ratios
in the red and grey shale (4.10–5.65 m) trend toward end-members of 0.707–0.710
(Fig. 3c). Two gneiss samples from the Lewisian basement, back-calculated to
1.2 Ga, have 87Sr/86Sr ratios of 0.721 ± 0.008; two amphibolite dyke samples
and two Stac Fada samples average around 0.704 ± 0.002 and 0.706 ± 0.0004,
respectively.

Figure 2 Sedimentary features compatible with a marine setting in the middle Poll a’Mhuilt
Member. (a) Flaser- and lenticular-bedding. (b) Superposed sets of herringbone cross-lamination,
3D exposures confirm bi-directional character. Stratigraphic positions are marked in Figure 1.
(c) Line drawing of sedimentary features showing superposed sets of bi-polar cross-laminated
ripples (herringbone) with multiple reactivation surfaces commonly with thin clay drapes.

Methods
We collected outcrop samples extending from the upper 5 m of the Stac Fada
Member through 35 m of the Poll a’Mhuilt Member, with emphasis on the
calcareous grey shale (4.75 to 5.80 m, Fig. 1) (58.202422°N, 5.340425°W). Our
analytical methods follow standard protocols as described in the Supplementary Information, with the exception of our carbonate-Sr extraction. As silicate
phases can release Sr during acid-dissolution, we extracted carbonate-bound Sr
with a ten-step sequential leaching procedure (modified after Liu et al., 2013).
This approach allowed us to construct a mixing curve between carbonate and
silicate phases, where the latter can be monitored with Rb. The pure carbonate
end-member was calculated by extrapolation to a Rb/Sr ratio of zero. Bedrock
samples were analysed for Sr isotopes after bulk digestions and back-calculated
to 1.2 Ga using measured Rb/Sr ratios and the 87Sr 87 Rb decay constant to
account for 87 Rb decay.
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Figure 3 (a) Iron speciation, (b) carbonate C and O isotopes, and (c) carbonate-bound Sr
isotopes. Dashed lines in (a) mark redox transitions (Poulton and Canfield, 2011). For comparison
to our data in panel (b), values of contemporaneous unaltered marine carbonates fall between
-10 ‰ and -7 ‰ for δ18O carb and 0 ‰ and +2 ‰ for δ13Ccarb (Shields and Veizer, 2002) (see Fig. S-2
for discussion). In panel (c), data points represent individual leaches increasing acid strength;
y-axis intercept = carbonate end-member.

Discussion
Some sedimentary features in the Poll a’Mhuilt Member provide unequivocal
evidence for a largely subaerial depositional setting: the basal (<3 m) channelised
and trough cross-bedded sandstones and unimodal palaeocurrent indicators
imply fluvial deposition (Stewart, 2002) and the abundant pedogenic features
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in the upper part (30 m) of the member indicate deeply palaeo-weathered alluvium (Stewart, 2002). However, within the 3–30 m interval that contains the
calcareous and grey shale we observed flaser, pin-stripe and lenticular bedding;
multiple reactivation surfaces; mud drapes and herringbone cross-lamination
(Fig. 1). These features are strong evidence of tidally influenced sedimentation on
marine tidal flats (Davis Jr., 2012). Closely interfingered marine and non-marine
deposition is not uncommon in the rock record. For example, recent discoveries
of tidal indicators in the Ordovician Juniata Formation raised doubts about some
of the oldest purported evidence for land colonisation by animal life (Davies et al.,
2010). Our sedimentological observations raise similar concerns for the eukaryotic biota of the Stoer Group (Cloud and Germs, 1971). This view is supported
by our geochemical data, which are most parsimoniously explained by a marine
influence during the deposition of the middle Poll a’Mhuilt Member (~3–30 m).
Carbonate-bound 87Sr/86Sr ratios capture the isotope composition of the
water column in which the carbonate precipitated. As typical continental runoff
is more radiogenic (87Sr-enriched) than seawater, 87Sr/86Sr values can distinguish
between marine and non-marine environments (Veizer et al., 1990; Spencer and
Patchett, 1997). However, infiltration of secondary fluids during early or late
diagenesis typically increases carbonate 87Sr/86Sr ratios (Banner and Hanson,
1990). Covariation and low values of δ18Ocarb and δ13Ccarb, as seen in our samples,
may indicate some degree of alteration by continental fluids (Fig. 3c) (Shields and
Veizer, 2002; Bartley and Kah, 2004). However, alteration almost always leads to
more radiogenic carbonate 87Sr/86Sr ratios (Banner and Hanson, 1990). Diagenetic fluids were likely sourced from the surrounding land surface and should
have reflected the composition of the Lewisian tonalite-trondjemite-granodiorite
gneiss (0.740 ± 0.033; Lyon et al., 1975; this study; and see Supplementary Information for discussion). Therefore, the 87Sr/86Sr ratio of our least radiogenic carbonate
end-member (0.707, Fig. 3b), directly from within the sulphide- and Mo-rich
interval (Parnell et al., 2015), provides a maximum constraint for the primary
87
Sr/86Sr ratio of the water body from which the carbonate precipitated. This value
is too low to reflect exclusively continental runoff from the Lewisian basement
(>0.715), which should dominate the signal in a lacustrine setting. Instead, this
value is better explained by mixing between fluvial and marine waters. The latter
have an estimated composition of 0.705–0.706 at 1.2 Ga (Kuznetsov et al., 2014).
Repetitive influxes of seawater, followed by evaporation, would favour
the precipitation of gypsum as recorded by pseudomorphs in the middle Poll
a’Mhuilt Member (3–30 m, Fig. 1). As previously proposed (Parnell et al., 2010,
2015), a combination of proxies—including large S isotope fractionations consistent with pyrite formation in the water column, high Mo/Re ratios and large
amounts of pyrite despite low TOC contents (low C/S ratios)—suggest that the
water column turned euxinic (sulphidic) during the evaporitic phase, perhaps as
a result of salinity stratification and cut-off from seawater inflow. This pattern
is supported by the Fe chemistry (see Supplementary Information for detailed
discussion). Briefly, in the grey shale, FeHR /FeT ratios at the upper end of the
detrital threshold (Raiswell and Canfield, 1998, also inferred from red shales in
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our study) are consistent with some iron enrichment under anoxic conditions, and
FePy/FeHR ratios of up to 0.8 are consistent with euxinia (Poulton and Canfield,
2011). This interpretation is bolstered by the observed high Mo levels that are
almost always associated with at least intermittent euxinia in the modern and
ancient ocean (Scott and Lyons, 2012). The red shales lack FeHR /FeT enrichments
(Fig. 3a), consistent with oxic deposition at water depths probably shallower than
those for the grey shale (Stewart, 2002).
Although seawater probably had low Mo levels at this time (e.g., 1–10 nM,
Reinhard et al., 2013), the presence of gypsum pseudomorphs implies that the
water in this setting evaporated by a factor of up to 11 (assuming 100 % Mesoproterozoic seawater with modern levels of dissolved Ca2+ and ≤ 2–10 mM SO42-; Kah
et al., 2004; Luo et al., 2014), which could have locally raised dissolved Mo concentrations (perhaps to near-modern levels of 105 nM). Ensuing euxinia would
have pulled this concentrated Mo reservoir into sediments. Repeated seawater
incursions, evapo-concentration and euxinia could have acted like a Mo pump,
sustaining these sedimentary Mo enrichments.
The Mo isotope data are consistent with a marine influence. The δ98Mo of
seawater can be effectively captured in sediments when dissolved sulphide levels
in the water column are high (Neubert et al., 2008). Processes that cause sedimentary archives to deviate from capturing dissolved δ98Mo consistently favour
the light isotopes (Siebert et al., 2006). Our maximum value of +1.19 ‰ therefore provides a minimum constraint for the composition of dissolved Mo. This
result agrees with previous estimates for seawater from mid-Proterozoic basins
(+1.0 ‰ to +1.3 ‰, Kendall et al., 2015). We discount a non-marine interpretation because such heavy δ98Mo values are only known from catchments marked
by weathering of pyrite- or sulphate-rich rock (Neubert et al., 2011), which was
not the case here. Further, although the Stac Fada Member is isotopically heavy
(+1.15 ‰), it cannot be a major Mo source to the Poll a’Mhuilt Member because
the up-section decline in Cr concentrations (Fig. 1) indicates a steady decrease
in the proportion of material reworked from the Stac Fada into the Poll a’Mhuilt.
Lighter δ98Mo values in the remainder of the succession likely resulted from
either partial Mo remobilisation under oxic conditions (Kowalski et al., 2013) or
adsorption of isotopically light MoO42- onto Fe-oxides (Goldberg et al., 2009).

Conclusion
The combined geochemical data and sedimentary features characterising the
middle Poll a’Mhuilt Member are most parsimoniously interpreted as recording a
marine influence on deposition, which calls into question previous inferences that
purely non-marine lakes offered particularly favourable conditions for eukaryotic
organisms in the Mesoproterozoic (Parnell et al., 2010, 2015). A high bar should
be set for arguments favouring non-marine settings in palaeobiological studies
because such an assertion carries profound implications for physiological and
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biochemical characteristics of early life, as well as for its evolutionary history in
marine settings. In the light of our data, the importance of non-marine environments in the expansion of eukaryotic life remains unknown.
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S1. Analytical Methods
1.1 Rock preparation
Samples were cut with a rock saw to remove weathered surfaces and then
hammered into cm-sized chips. The chips were transferred into acid-washed
glass beakers, cleaned twice with 2 N HCl (trace metal grade) for 10–15 seconds,
and washed thoroughly with 18 MΩ DI-H 2O. The clean chips were air-dried for
two days with light cover, and finally pulverised in a ball mill. Powders were
stored in acid-washed scintillation vials.
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