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ABSTRACT

A plethora of proxies has been developed over the preceding two decades in attempts to investigate the
geochemistry of the Archean ocean-atmosphere system, and in particular oxygen levels. Unfortunately the
necessary parallel investigations of the effects that localized ocean chemistry and diagenesis can have on Archean
sediments have commonly not kept pace. We used micro-analytical techniques (LA-ICP-MS and XRF scanning), to
distinguish the effects of changes in water composition during precipitation and diagenesis on marine limestone
precipitates at the margin and interior of a 2.8 Ga carbonate platform (Mosher Carbonate, Steep Rock Group) in
western Superior Province, Canada. Platform margin meter-scale hybrid giant domes consist of centimetric
interlayered couplets of (1) Sr-rich crystal fan fabric and cuspate fenestral microbialite, both with pronounced
negative Ce-anomalies, and (2) net-like fenestral microbialite, rich in diagenetic cement with diminished con-
centrations of Sr and lacking negative Ce anomalies. The elevated Sr in the crystal fan fabric and cuspate fenestral
microbialite is a general sign of less diagenetic alteration, as is preservation of millimeter-scale chemical dif-
ferences. XRF mapping revealed that samples that otherwise appear pristine from a second site on the platform
rim, near a zone of alteration in the limestone, have ferroan dolomite-filled micro-fractures with Mn flooding of
the surrounding calcite and lack Ce anomalies. Platform interior silicified and ferroan dolomitized columnar
stromatolites have some calcite laminae, but exceptionally low Sr contents indicate that they formed by dedo-
lomitization. In several horizons REE patterns identical to those of offshore iron formation, replacement of calcite
by iron carbonate, and the presence of iron oxides all suggest that short term flooding of the platform by offshore
seawater episodically introduced ferroan dolomitizing fluids. Overall, these data indicate a restricted marine
environment subject to periodic flooding by offshore waters that caused seafloor diagenetic alteration and
precipitation of iron hydroxides. In this system the least altered limestone was the lithotype most likely to retain
evidence of free oxygen. Samples with abundant phreatic cement and/or Mn alteration associated with micro-
fractures were liable to have experienced REE mobilization. Detailed studies that integrate both depositional
and diagenetic information are critical for the correct interpretation of geochemical data from sedimentary rocks.

1. Introduction

This in turn implies that the mineral(s) containing the proxy has/have
remained non-reactive, thereby providing a secure home for the proxy.

The use of elemental and isotopic proxies in marine sedimentary
rocks to interpret the large-scale geochemistry of the atmosphere-
hydrosphere system has greatly expanded over the past twenty years.
This approach is based on the premise that the fluid from which the
proxy was deposited was seawater with an average oceanic composition,
and that the proxy has not been subsequently altered by another fluid.

* Corresponding author.

In addition, the sediment must have been initially deposited in an area of
the ocean not affected by freshwater influx, and not sufficiently isolated
from the main world ocean to have atypical seawater chemistry. It must
also be assumed that there were no element/isotopic concentration
gradients with depositional depth that would have affected the proxy of
interest. These are stringent requirements. In the case of Precambrian
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atmospheric oxygen levels, it is not always clear that studies consider the
possibility that the proxy being used may not be representative of
average ocean water and/or that it has not been altered by subsequent
interchange with another fluid.

In addition carbonate rocks are particularly susceptible to
geochemical changes arising from syn- and post-depositional processes.
For example, due to their shallow depth, platform sediments in photic
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zone surface waters were susceptible to extensive modification during
falling stage to lowstand systems tract development. In addition, the
interiors of rimmed platforms can be partially to fully isolated from the
ocean, and develop hyper-saline or brackish water depending on the
climate. In these conditions, precipitation without significant seawater
recharge can progressively modify platform interior water chemistry.
Conversely prolonged rainfall and influx of fresh water into isolated
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Fig. 1. (A.) Canadian Shield with study area in red. (B.) Location of the Mosher Carbonate, Steep Rock Group on the southern edge of the Wabigoon Subprovince,

Superior Province. The Wagita Formation, underlying the Mosher Carbonate (C

.), is a sandstone-conglomerate fluvial succession filling paleovalleys in the underlying

3.0 Ga tonalite. It transitions laterally into the Finlayson Lake Group, a nearshore siliciclastic assemblage with small coarsening upward delta lobes. A fault truncates
the delta top assemblage, eliminating the Mosher Carbonate. Further to the northeast in the western portion of the Upper Lumby Lake Group, sandstones coarsen
upwards into conglomerate, which are overlain by carbonate. Iron formation caps the sedimentary succession. Eastward in this assemblage, first carbonate and then
siliciclastics pinch out, leaving only iron formation overlying tonalite. (C.) Stratigraphic succession showing Mosher Carbonate platform lithofacies and the position
of the three sites where samples were collected: Site #1 is at 15U 600360 m E and 5405653 m N; Site #2 is at 599763 m E and 5407955 m N; Site #3 is at 599851 m E
and 5407948 m N. These correspond to locations 6, 2 and 1, respectively, of Fralick and Riding (Fig. 4, 2015).
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lagoons can slow precipitation rates and also alter the minerals that form
from solution. More extreme relative sea-level fall can modify platform
interior sediments and subaerially expose nearshore and also platform
rim deposits. Continued relative sealevel fall can also expose the plat-
form interior sediments. Resultant exposure to meteoric water leading to
dissolution, cementation and replacement reactions will further alter
carbonate geochemistry and mineralogy. Although numerous detailed
studies have documented these effects in Phanerozoic carbonates
(James and Choquette, 1983a, 1983b, 1984; Emerson and Hedges, 2004;
Morse, 2004; James and Jones, 2016), investigations of diagenesis-
induced chemical variability in Precambrian, and especially Archean,
carbonates are much less common (e.g. Franchi, 2018, and references
therein).

In one of the few studies to examine chemical variability in Archean
carbonates, Veizer et al. (1982) assessed relative degrees of alteration in
fifteen successions. They concluded that the ~2.8 Ga Mosher Carbonate
at Steep Rock Lake (Fig. 1), was the least altered. This is supported by
pristine carbon (C) isotope (Fralick and Riding, 2015) and strontium (Sr)
isotope values (Satkoski et al., 2017) indicating that these limestones
have not experienced alteration capable of causing exchange reactions
between the limestone and fluids with differing Sr and C isotopic ratios.
Additionally, no evidence of significant Precambrian sub-aerial expo-
sure, with the exception of possible desiccation cracks developed on a
giant dome surface (Fig. 20C in Fralick and Riding, 2015; Fig. 7 in
Kurucz and Fralick, 2018), suggests that meteoric alteration may not
have affected these sediments. These attributes make the Mosher Car-
bonate a prime candidate for the study of chemical variability caused by
changes in water mass geochemistry during carbonate precipitation.
Furthermore, differences in '3C and abundances of Ce, Sr, Ba, Mn, and
Fe that correlate with lithofacies occur in whole rock samples (Fralick
and Riding, 2015), and possibly also in Mosher Carbonate hardgrounds
(Kurucz and Fralick, 2018). These studies highlighted a relationship
between lithofacies and geochemistry, but lacked the precision to
explore this further. Here we employ microanalysis techniques that
allow further scrutiny of these relationships, thereby offering the pos-
sibility of developing an understanding of the evolutionary history of the
water-masses that these carbonate and siliceous minerals precipitated
from.

2. Methodology
2.1. Analytical

Samples were obtained from three different areas in the disused
workings of the Steep Rock iron mine where the Mosher Carbonate
forms the footwall. Sample Site #1 is on the north side of Errington Pit
(Locality 8 in Wilks and Nisbet, 1985, 1988; Locality 6 in Fralick and
Riding, 2015). This is the most pristine of the three sites, with mm-scale
sedimentary structures clearly discernible and no visible evidence of
alteration in the carbonates. Site #2 is on the shore of the lake occupying
Hogarth Pit (Locality 4 in Wilks and Nisbet, 1985, 1988; Locality 2 in
Fralick and Riding, 2015). The samples were collected 15 m from a 40 m
wide hematized zone that is stratiform with the vertical bedding and
probably formed during Cretaceous sub-aerial weathering (Kimberley
and Sorbara, 1976; Machado, 1987). Site #3, inland from the hematized
zone (Locality 3 of Wilks and Nisbet, 1985, 1988; Locality 1 of Fralick
and Riding, 2015), consists of a bed of dolostone surrounded by lime-
stone. The rocks sampled in these three areas lack visual signs of alter-
ation, aside from recrystallization of the carbonate into a mosaic of
blocky crystals, probably during the 2.7 Ga Kenoran Orogeny.

The terrain sampled was repeatedly glaciated during the Pleistocene
and most samples came from previous working faces of the open pit iron
mines in the area. Thus, the sampled outcrops were relatively fresh, with
weathering rinds only extending a maximum of millimeters into the
rock. Two of the seven samples used were dolomite with diagenetically
reset Sr isotopes. The other five samples are limestone with Sr isotopes
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that reflect Mesoarchean seawater values (Satkoski et al., 2017). Large
samples were slabbed and polished for scanning that was performed on a
high resolution XRF scanner at the European Institute for Marine
Studies, Plouzané, France. Areas in the samples with small-scale lith-
ofacies transitions were identified, extracted with a trim saw, and pro-
cessed to produce standard size polished thin sections 100 to -120- pm
thick. These were used to analyze major and trace element contents of
laminae composed of different carbonate lithofacies. Rare earth ele-
ments (REEs) together with yttrium (Y), silicon (Si), manganese (Mn),
iron (Fe), strontium (Sr), and barium (Ba), were analyzed by laser
ablation - inductively coupled plasma — mass spectrometry (LA-ICP-MS)
at the Department of Geosciences, University of Bremen, Germany,
using a New Wave UP193 laser coupled in-line to a Finnigan ELEMENT 2
mass spectrometer. The laser was operated with a pulse rate of 5-10 Hz
at ca. 1.3 GW/cm? irradiance to sample 100 pm points along lines across
lithofacies, using helium as carrier gas and argon as added make-up gas
(both at ca. 0.8 1/min.). The analyzed areas were pre-ablated with a 120
pm beam diameter at approximately 0.3 GW/cm? irradiance to avoid
surface contamination. For data reduction, Cetac Geopro™ software was
applied using NIST612 (REE + Y) and NIST610 (Si, Mn, Fe, Sr, Ba) as
external calibration standards (Pearce et al., 1997; Jochum et al., 2005)
and **Ca as an internal standard element (assuming a sample calcium
content of 40.00 wt%). A detection limit of 0.001 pg was tentatively
assigned given the low blank signals. Analytical precision and accuracy
were monitored by repeated standard analyses (USGS BCR2-G). For REE
+ Y, precision and accuracy is better than 8 % (and better than 5 % for
most REEs). While Mn, Sr, and Ba yielded 2-11 %, Mg and Fe yielded
significantly lower values between 14 and 40 %. Ba/Eu ratios were
almost all under 500 with few reaching as high as 4700, negating
problems with BaO interference (Zepeda et al., 2024). REE anomalies
were calculated using the equations of Bau and Dulski (1996), specif-
ically designed for Archean carbonates and iron formations: for the Ce
anomaly Ce*= Pr/(0.5Ce + 0.5Nd), which eliminates the problem of
using La in the equation, with its positive anomalies, and for the La
anomaly La* = Ce/(0.5La + 0.5Pr). The equation put forward for Ce* by
Lawrence et al. (2006) produces similar results (see data repository).
(Note: Using Bau and Dulski’s (1996) equation a negative Ce anomaly
will be less than 0.95. Whereas, using Lawrence et al. (2006) a negative
anomaly will be above 1.05). Error limits of these equations are those of
Planavsky et al. (2010). Normalization of these values utilized division
by Post Archean Australian Shale (PAAS) (Taylor and McLennan, 1985).

2.2. Sampling strategy

Knowledge of original carbonate mineralogy is critical to under-
standing diagenetic evolution. Aragonite is metastable and will trans-
form to calcite over time. However, due to the high partition coefficient
of Sr favouring aragonite over calcite during both abiotic (Kinsman,
1969; Kinsman and Holland, 1969) and biotic (Dietzel et al., 2004)
precipitation, modern aragonite typically contains thousands of ppm Sr.
During recrystallization into calcite some Sr is lost, but enough
commonly remains to allow identification of those calcites as originally
aragonite (Katz et al., 1972). Barium behaves in a similar manner, but to
a lesser extent (Rimstidt et al., 1998; Mavromatis et al., 2018). Thus, Sr
and Ba concentrations were analyzed using LA-ICP-MS, and, in addition,
Sr was mapped by XRF. High concentrations of Sr indicate that the
carbonate was probably originally aragonite as Sr fits into the aragonite
lattice better than the calcite lattice (Bathurst, 1975). Iron, magnesium
and manganese behave in the opposite manner, preferentially fitting
into the calcite lattice. So these were also analyzed using LA-ICP-MS, and
XRF mapped.

Previous investigation of REE concentrations indicated that free
oxygen was present on the Steep Rock carbonate platform, as revealed
by pronounced negative Ce anomalies (Riding et al., 2014; Fralick and
Riding, 2015). This has been considered by some the most compelling Ce
anomaly evidence for free oxygen in the older Precambrian (Zhang and
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Shields, 2022; also see this reference for in depth discussion of the use of
Ce anomalies as proxies for oxygenation). The diagenetic processes these
rocks have been through have far-reaching importance for understand-
ing ocean-atmosphere geochemistry during this time interval. Whether
the negative Ce anomalies some of these rocks exhibit (Riding et al.,
2014; Fralick and Riding, 2015) are primary, or are artefacts of post-
depositional processes, was explored using LA-ICP-MS to evaluate the
exact location of the anomalous Ce concentrations. The REE europium
(Eu) is also useful in deciphering ancient water body migration (Bau and
Dulski, 1996; Kamber and Webb, 2001). As hydrothermal fluids travel
through the mafic seafloor, Eu?* in the rocks can undergo replacement
reactions with cations in solution (Derry and Jacobsen, 1990; Danielson
et al., 1992). This has caused Archean open ocean water, and deep water
in particular, to have positive Eu anomalies when normalized with
PAAS, as noted by many authors working on Archean chemical and
biochemical sediments (Barrett et al., 1988; Bau and Moller, 1993;
Alibert and McCulloch, 1993; Bau and Dulski, 1996; Kamber et al.,
2004; Bolhar et al., 2004; Bolhar et al., 2005; Bolhar and Van Kra-
nendonk, 2007; McIntyre and Fralick, 2017; Afroz et al., 2023).

3. Regional setting

The Steep Rock Group occurs near the southern border of the
Wabigoon Subprovince in western Superior Province, Ontario, Canada.
It was formally defined by Wilks and Nisbet (1988) as containing five
formations (Fig. 1). The lowest of these is the Wagita, which sporadically
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fills depressions in the 3003 + 5 Ma (Davis and Jackson, 1988; see also,
3003 + 3 Ma Tomlinson et al., 1999 and 3001.6 + 1.7 Ma Tomlinson
et al., 2003) tonalite basement. Its conglomerates and sandstones
represent river deposits that formed small prograding delta lobes in the
Finlayson Lake Group (Fig. 1) (Fralick et al., 2008).

A flooding surface brought this depositional style to an end as the
Mosher Carbonate (Fig. 2) transgressed from offshore waters of the
Upper Lumby Lake Group (Fig. 1). There is disagreement about the
thickness of the Mosher Carbonate in the Steep Rock area. Early work
(Smyth, 1891) placed the thickness at 150-200 m, whereas later esti-
mates range from 300 m (Jolliffe, 1955) to 500 m (Wilks and Nisbet,
1985). It has been divided into two members (Fralick and Riding, 2015).
The lower Hogarth Member consists of pseudocolumnar (Fig. 3A,B),
coniform, domal-stratiform (Fig. 2D) and stratiform stromatolites;
together with fenestral fabric; thrombolite-like fabric; banded lime-
stone, sheet cracked limestone; crystal fan fabric; and grainstones. These
have been interpreted as having been deposited in the interior (Riding
et al., 2014; Fralick and Riding, 2015) of an isolated, rimmed carbonate
platform (Fralick et al., 2008) formed on an oceanic volcanic plateau
(Wyman and Hollings, 1998; Hollings and Wyman,1999; Hollings et al.,
1999). The overlying Elbow Point Member consists of giant hybrid
carbonate domes (Fig. 2A,B) made of alternating crystal fan fabric
(Fig. 3D,E), cuspate (Figs. 2C and 3C) and net-like fenestral fabric
(Fig. 2C, 3C,D.E), and thin iron-rich layers, and are interpreted to have
formed the outer rim of the carbonate platform (Fralick and Riding,
2015; Riding et al., 2022).

Fig. 2. Mosher Carbonate lithofacies. Way-up is to the top except in A and B. (A.) Giant hybrid carbonate domes at sample Site #2 (site locations on Fig. 1C). Strata
are near vertical. This view shows the top surface of the domes. (B.) Cross-section through giant hybrid carbonate domes at sample Site #1. Way-up is to the left.
Carbon in crystal fan fabric and cuspate fenestral microbialite layers imparts the dark tint, whereas net-like fenestral carbonate layers with larger amounts of void
filling cement form the grey layers. (C.) Close-up view of dark cuspate fenestral fabric and grey net-like fenestral microbialite layers with abundant blocky cement.
Site #1. Coin is 1.9 cm. across. (D.) Domal-stratiform biostrome with laterally linked concentric domes, Site #3. Laminae alternate between grey calcite and orange
ferroan dolomite that probably formed by replacement of calcite (Fralick and Riding, 2015). (E.) Top-down ferroan dolomite replacement of a calcite bed, Site #3.
The flat upper surface and irregular lower surface of the layer is consistent with alteration caused by overlying seawater. A multitude of ferroan dolomite replacement
zones exhibit these characteristics. Dewatering structure displacing ferroan dolomite into the overlying limestone layer attests to the early nature of the replacement,

which likely occurred at the seafloor (Fralick and Riding, 2015).
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Fig. 3. Examples of samples used in this study (up is to top of photos except B where it is to top right): (A., B.) Samples 8-43 and 8-44, respectively, showing narrow
columnar stromatolites with bridging laminae, subparallel branching and walled structure, from a ferroan dolomite horizon, Site #3. (C.) Sample SR-20, from Site
#1. The lower half shows net-like fenestral microbialite overlain by dark cuspate fenestral microbialite. A very dark, 0.5 cm wide contact area separates the cuspate
fenestral microbialite from another net-like microbialite that overlies it. The black line marks the LA-ICP-MS track (Figs. 10 and 11) with the lower, middle and upper
portions differentiated. The scale on the left is in cm. (D.) Sample Sr-16, Site #1. The base is composed of net-like fenestral microbialite; and the top half is composed
of a single layer of crystal fans. They are the sub-vertical black areas with white cement between them. The red square marks the area of the XRF scan (Fig. 5). The
LA-ICP-MS line of analytical spots was run horizontally across the dark fans and white void filling cements (Fig. 6). (E.) Sample SR-18, Site #1. Net-like fenestral
microbialite at the base is separated from crystal fans by a thin dark layer. Red rectangle is the area scanned for XRF analyses (Fig. 4). Carbon in crystal fan layers and
cuspate fenestral microbialite layers imparts the dark tint, whereas net-like fenestral microbialite layers with larger amounts of void filling cement form the

grey layers.

The Steep Rock carbonate thins to the northeast until it disappears
and the iron formation that overlies it rests directly on underlying ba-
salts and komatiites of the ocean plateau (Fralick et al., 2008), whose
upper level has a U-Pb age of 2831 + 2 Ma (Tomlinson, et al., 2003). As
rate of subsidence and/or absolute sealevel rise outpaced rate of depo-
sition, a transgressive systems tract developed and the area was pro-
gressively flooded from the northeast to the Steep Rock area in the
southwest. The deeper water sediments that encroached from further
offshore consist of 100 to 300 m of manganiferous iron formation (Wilks
and Nisbet, 1988), with MnO contents averaging 3.78 wt% and up to 19
wt% (Huston, 1956). These were deposited directly on the limestones
and grade upward into 50 to 100 m of iron formation (Wilks and Nisbet,
1988) with less than 0.5 wt% MnO (Huston, 1956). Sediment deposition
terminated prior to 2780.2 + 1.4 Ma (Tomlinson et al., 2003) when
pyroclastic komatiite eruptions deposited 100 to 400 m of ash and
blocks in the Steep Rock area (Wilks and Nisbet, 1988).

4. Results
4.1. Site #1

At this site (Fig. 1C) the upper Elbow Point Member limestones
consist of giant hybrid domes (Fig. 2B) with layers of net-like fenestral

microbialite, cuspate fenestral microbialite (Fig. 2C, 3C) and crystal fan
fabric (Fig. 3D). They are located, at a minimum, hundreds of meters

from carbonates showing visible evidence of alteration in the form of
being cut by large oxidation pipes. These pipes consist of hematite,
goethite, pyrolusite and angular blocks of dolomite with dolomite ce-
ments. The assemblage has not been metamorphosed and the oxides are
unconsolidated in places. Though the carbonates distal from any pipes
are quite coarse grained, probably due to lower greenschist meta-
morphism (Nisbet and Wilks, 1989), the sedimentary structures are
readily visible, highlighted by the carbon in the rocks. Carbonate §!°C
values range from 1 to 2.5 (Fralick and Riding, 2015) and Sr isotopic
ratios of 0.7018 reflect late Mesoarchean seawater (Satkoski et al.,
2017). The following describes the geochemistry of the sedimentary
structures present at this site.

4.1.1. Crystal fan fabric (Fig. 3D, E)

The crystal fan fabric consists of 5 to 20 cm tall, commonly upward
radial clusters of millimetric to centimetric carbonate crystals up to one
or two cm thick (Fralick and Riding, 2015, p. 152). They have elevated
amounts of Sr and Ba (Figs. 4, 5, 6, 7), though the inter-crystal cements
have less, on average, than the fans (Figs. 6 and 7). They also have lower
amounts of iron and manganese (Figs. 4 and 8) compared to other
lithofacies at this site, and all obtained REE patterns of the 44 LA sam-
pling spots of this fabric, except one, have negative Ce anomalies (Figs. 5
and 9). The fans commonly grow upwards from thin silica-rich layers
(Fig. 4), which have higher concentrations of Mn in the carbonate phase
and Fe, al and K present in sericite and subordinate iron oxides. The
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Fig. 4. (A.) Net-like fenestral microbialite overlain by thin, dark laminae from which crystal fans grew (limestone sample SR-18 from Site #1, Fig. 3E). The crystal
fan fabric is overlain by net-like fenestral microbialite. The red rectangle is the area of the XRF false colour elemental scans, and is ~ 10 cm wide. (B.) XRF false
colour imagery shows that the net-like fenestral microbialite in the basal portion of A is Mn-enriched calcite with insignificant ferroan dolomite (with Mg, Fe, Mn),
siliciclastics (Al, K, Ti), and chert (Si). This is sharply overlain by a thin layer mostly containing Si. Aluminum and K are also present in sericite in addition to iron
oxides (Fe and Mn). Crystal fans grew up from this layer. Sr is concentrated in the crystal fans with lower, to much lower, amounts in the cement filled voids
separating them. Mn and Al (also Fe, Mg, K and Ti, not shown) are associated with the upper surface of the crystal fans. Note that the upper net-like fenestral

microbialite horizon is compositionally similar to the lower one.

upper surface of the fans is irregular, with increasing amounts of Mn, Fe,
Si, Al, K and Ti (Figs. 4 and 5) present in ferroan dolomite and alumi-
nosilicates. In sample SR-16 thin Mn, Fe dolomite veins cut these lith-
ofacies without the presence of elemental haloes in the adjacent rock
(Fig. 5)

4.1.2. Cuspate fenestral microbialite fabric (Fig. 2C, 3C)

This fabric consists of nested, flattened, lensoid, concave-up fenes-
trae, a few mm to 2 cm wide and up to 2 mm in height, delineated by
thin, fine-grained draping laminae, commonly between well-defined
vertical supports (Fralick and Riding, 2015, p. 153; also see Sumner,
1997a). The calcite in this fabric has an elevated concentration of Sr and
Ba, with a low amount of Fe and Mn compared to the net-like fabric and
the stromatolites (Figs. 7, 8, 10, 11). The majority of sampled areas also
have significant negative Ce anomalies with values similar to those of
the crystal fan fabric (Fig. 9). Laminae with large amounts of Fe, Mg, Mn
forming ferroan dolomite crystals, Si in quartz and Al, Ti and Si in sili-
ciclastics separate some layers of cuspate fenestral microbialite from
net-like fenestral microbialite. In other areas the laminae separating
these are simply enriched in Si, al and Ti, or the net-like fabric may grade
into the cuspate fabric without any intervening Si, al enriched laminae

4.1.3. Net-like fenestral microbidlite fabric (Fig. 2C, 3C, D, E)

This fabric is dominated by millimetric, irregularly shaped fenestrae
with thinner dark contorted laminae separating them. The chemistry is
dominated by the cement in the fenestrae which make up the majority of
the fabric. It is composed of calcite with relatively low amounts of Sr, Ba,
Mg, Si, Al, K and Ti and intermediate to low amounts of Fe, Mn and Mg
(Figs. 4,5, 7, 8), though it can contain Si-rich laminae (Fig. 10B). It is the
only lithofacies where the vast majority of samples had more Mn than Fe
(Fig. 8). The LA-ICP-MS analyzed points in the net-like fabric in sample
SR-20 show positive to negative Ce anomalies, whereas those in the net-
like fabric of sample 16 mostly have positive Ce anomalies (Fig. 9). This
layer also has veins and extensive irregular areas rich in Mn. The

contacts of the layers of net-like fabric with other layers are described
above

4.2. Site#2

This site consists of limestone in the Elbow Point Member’s basal
strata (Fig. 1C). These are located 15 m from a vertical, stratiform
oxidized alteration zone, probably formed during Cretaceous exposure
(Kimberley and Sorbara, 1976; Machado, 1987). The giant hybrid domes
located here (Fig. 2A) are easily accessible and often occur in textbook
photographs of Steep Rock “stromatolites”. Similar to Site #1 they have
hybrid fabrics composed of interlayered net-like fenestral microbialite,
cuspate fenestral microbialite and crystal fan fabric.

4.2.1. Crystal fan fabric (Fig. 12)

Groups of crystals in the crystal fan fabric are Sr-rich. Mn-bearing
veins cut through them and are associated with a speckling of Mn-rich
calcite crystals replacing the Sr-rich calcite

4.2.2. Cuspate fenestral fabric (Figs. 12, 13)

At this location some layers of cuspate fenestral fabric are Sr-rich, but
they commonly laterally and vertically grade into areas with extensive
Mn-rich veins and adjacent mn-flooding (Figs. 12B, 13B). These layers
are separated from net-like fenestrae and crystal fan fabric by silica-rich
horizons

4.2.3. Net-like fenestral fabric (Figs. 12, 13)

The net-like fabric exhibits various degrees of replacement by Mn-
rich calcite. Some layers have irregular blotches of this alteration
superimposed on the layers of calcite (Fig. 12), whereas others have a
similar blotchy Mn-rich calcite pattern with the entire layer flooded by
lesser amounts of Mn (Fig. 13). Remnant crystal fan fabric can be seen in
some of the net-like fenestral fabric
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Fig. 5. XRF false colour image of limestone sample SR-16 (Fig. 3D) from Site #1. The lowest laminae (blue arrow) of net-like fenestral fabric has low amounts of Sr
and Si with veins and large secondary vugs filled with significant amounts of Mn (Blue), Fe and Mg, with some Ca and S. These are overlain (orange arrow) by a 1 cm
wide Si-rich laminae (Pink) incorporating even larger amounts of Al, Fe, Mn and Mg that increase in concentration upward through the layer (Light Blue areas). The
third layer (black arrow) has much less Si, Fe, Mg and Mn making it black, although Sr, Si, Mn and Al concentrations increase at the top of this layer (Light Scarlet to
Red). It is overlain by the Sr-rich crystal fans (red arrow) with areas replaced by quartz (orange), particularly near their apexes. Mn contents are higher in the inter-
fan areas, and near the tops of the fans plugs composed of Fe, Mn, Mg and Si fill the inter-fan areas (Light Blue). All layers have positive Y and La anomalies. The two
lowest layers lack a Ce anomaly, but have a Eu anomaly, although it is very minor for this Si-rich layer. The two upper layers have negative Ce anomalies but no

Eu anomaly.

4.3. Site #3

Site #3 is in the Hogarth Member which represents the interior
(Fralick and Riding, 2015) of this isolated carbonate platform (Fralick
et al., 2008) and consists of various types of stromatolites, fenestral
fabric, banded limestone, grainstone and atikokania crystal fans. The
two samples studied here are from a 25 cm thick, ferroan dolomite bed
of narrow stromatolite columns (Fig. 3A, B). This bed has sharp contacts
with limestones on either side and was the only ferroan dolomite bed
encountered, though ferroan dolomite laminae are common. The
laminae probably formed as a replacement of calcite by incursions of off-
platform seawater, and it was assumed that this thicker unit similarly
was formed from a larger flooding event (Fralick and Riding, 2015;
Riding et al., 2022).

4.3.1. Stromatolites (Fig. 3A, B)

The columnar stromatolites have been extensively replaced by
quartz (Fig. 14C). Some portions of the stromatolites and bridging
laminae are ferroan dolomite (shown by concentrations of Ca, Mg, Fe
and Mn), but most ferroan dolomite is in interdigitate cements
(Fig. 14B). Although this general trend exists, the overall LA-ICP-MS

elemental distributions are somewhat chaotic (Fig. 15). Sr values com-
parable to those in nearby calcite beds are present in some dolomite
layers (Fig. 16B), accompanied by positive Ce anomalies (Fig. 16E).
Calcite laminae (low Mg concentrations, Fig. 15 C and 16C) have the
lowest Sr values, substantially lower than adjacent dolomite and sur-
rounding limestone beds. The Ce anomaly (Fig. 15E, 16E) is dominantly
between 0.95 and 1.05, which is within error limits of 1.0 and cannot be
used to infer anomalies (Planavsky et al., 2010). Regardless, two of the
69 LA sampling sites had a statistically significant negative Ce anomaly
and 15 had positive ones

4.4. LA-ICP-MS data overview

Considered as a whole, the LA-ICP-MS data reveal several trends. The
crystal fans contain the greatest amount of Sr and Ba, while the blocky
cement between them on average has less (Fig. 7). The dark layer
forming the base of the fans, and the majority of the cuspate fenestral
microbialite in SR-20 have Sr concentrations similar to the cements
between the crystal fans. The remaining samples from the cuspate
fenestral microbialite in SR-20, those from the dark Fe- and Si-rich
middle layer in SR-20, and from the net-like fenestral microbialite
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Fig. 6. Limestone sample SR-16, upper portion of Fig. 3D and 5. A series of 58 LA-ICP-MS point analyses were acquired horizontally across the upper crystal fan
fabric to compare the geochemistry of the crystal fans with the inter-fan cements. Visually, the fans are enriched in carbon that is concentrated between the con-
stituent calcite crystals, whereas the calcite in inter-fan areas appears white with lower amounts of carbon Average Sr and Ba contents are higher in the fans (see also
Fig. 7) than in the cement, which on average, is higher in Fe, Mn, Mg, and Si (Fig. 8). Data from individual crystals, e.g. the analyses of the crystal in the fan on the far

right, can show a great deal of heterogeneity.
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Fig. 7. Sr vs Ba cross-plot of all the LA-ICP-MS data. The crystal fan fabrics have the greatest amount of Sr, and are also enriched in Ba compared to other samples.
The analyses of crystal fan cements plot at lower Sr levels but generally have comparable amounts of Ba. The area where the crystal fan cements plot also contains
points derived from the layer at the base of the crystal fans in sample SR-16 and from the dark cuspate fenestral microbialite in sample SR-20. The middle area of the
plot is mostly occupied by analyses of the net-like fenestral microbialite shown in the lower half of sample SR-16 and, slightly below this, the net-like fenestral
microbialite in the upper portion of SR-20. Data from the Fe- and Si-rich thin dark laminae in Sample SR-20 also mostly plots in this area. The samples with the lowest

Sr and Ba contents are from the ferroan dolomite columnar stromatolites.

layer in SR-16B, plot in an intermediate range of Sr and Ba. The net-like
fenestral microbialite layer in SR-20 plots from this area towards the low
end of the graph, and the lowest values were from the ferroan dolomite
stromatolite samples 8-43 and 8-44.

A scatterplot of Fe vs Mn (Fig. 8) shows an opposite trend to Fig. 7,
with the dolomite samples having the largest values and the crystal fans
the lowest. The other samples congregate in the middle of the diagram.
A line through Fe/Mn = 1 separates the limestone data into two groups:
the crystal fans and their associated cement have most of their samples
above the line, and samples of the dark layer forming the base of the fans

also occupy the Fe greater than Mn field. Both groups have negative Ce
anomalies (Fig. 17). The majority of the samples from the net-like
fenestral microbialite in SR-16B and all the samples in the net-like
fenestral microbialite layer in SR-20 are enriched in Mn compared to
Fe (Fig. 8), and these samples mostly have positive to no Ce anomalies
(Fig. 9). The majority of the stromatolitic ferroan dolomite samples also
lack Ce anomalies. In summary, therefore, there are three groups: (1)
Layers with negative Ce anomalies and Mn/Fe less than 1; these include
(a) crystal fan fabric, (b) the layer forming the base of the crystal fans,
and (c) the cuspate fenestral fabric. (2) Layers with no to positive Ce
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Fig. 8. Fe vs Mn cross-plot of all the LA-ICP-MS data. From upper right to lower left the data array extends from ferroan dolomite columnar stromatolites (44B and
43B) with high values, to crystal fans and their cements, with low values. The other samples cluster between these two end members. The line denotes the same
amount of Fe and Mn in the sample (Fe = Mn). Samples from the net-like fenestral microbialite of SR-16B, the net-like fenestral microbialite of SR-20 and a cluster of
ferroan dolomite analyses from sample 43B, plot below this line indicating that their carbonate is enriched in Mn compared to Fe. The net-like fenestral samples have
abundant cement compared to samples plotting above the line with Mn/Fe ratios above one. These are also the samples that have positive to no Ce anomalies. In
contrast, most of the calcite samples that plot above the line, and therefore have more Fe than Mn in their crystal lattice, have negative Ce anomalies.
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Fig. 9. Plot of Ce anomaly (Ce*= Pr/(0.5Ce + 0.5Nd)) vs La anomaly (La*= Ce/(0.5La + 0.5Pr) (Bau and Dulski, 1996). All values have been normalized to PAAS
(Taylor and McLennan, 1985). Within the red lines there are no significant Ce or La anomalies (Planavsky et al., 2010). Only 4 of the 43 analyses of crystal fans and
their cement lack negative Ce anomalies. A considerable majority of the samples from the base of the crystal fan layer in SR-16B and the cuspate fenestral microbialite
layer in SR-20 also have negative Ce anomalies. This contrasts with the net-like fenestral microbialites of samples SR-16B, SR-20 and the columnar stromatolite
ferroan dolomite samples (43B, 44B), which seldom have negative Ce anomalies. Highlighting this difference, half of the analyses of the net-like fenestral microbialite
of SR-20 have positive Ce anomalies.

anomalies and Mn/Fe ratios greater than 1; these are the net-like
fenestral microbialite layers with large blocky cement crystals. (3) The
ferroan dolomite stromatolites whose majority of samples are enriched

in Fe more than Mn and have no Ce anomalies, similar to Fe-rich pre-
cipitates formed offshore from the carbonate platform.
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Fig. 10. (A.) Sample SR-20 (Fig. 3C) from Site #1. The black line indicates the
track of the laser spots analyzed in Fig. 11. (B.) XRF false colour image of
limestone sample SR-20. The lower portion of this limestone sample consists of
net-like fenestral microbialite with layers of Mn- and Sr-bearing calcite alter-
nating with Si-rich layers. These Si-rich laminae, including one directly below
the Sr-rich area, are also enriched in Al and Ti, but not in Fe, Mg and Mn. Si-rich
layers immediately above the Sr-rich area and near the top of the slab are
enriched in Fe, Mn, Mg, Al and Ti. The Mn is also concentrated immediately
below and above the Fe-rich laminae overlying the Sr-rich area. The net-like
fenestral microbialite in the upper third of the slab contains slightly more Fe
and Mg than the lower portion.

5. Discussion

Samples used in this study were selected to represent the diversity of
both depositional environments and possible alteration histories present
in the outcrop area. Samples 8-43 (Fig. 3A, 16, 17) and 8-44 (Fig. 3B,
14, 15, 17) are columnar stromatolites of the central lagoon collected
from the only known thick ferroan dolomite layer in the limestone
succession (site #3). Samples SR-0 (Fig. 12) and SR-8 (Fig. 13) are
calcite crystal fan fabric, cuspate fenestral microbialite and net-like
microbialite collected from giant hybrid domes on the platform
margin (site #2), approximately 15 m from an oxidized area of the
limestone. The samples furthest from any areas of extensive oxidation in
the limestone (site #1) are SR-16 (Fig. 3D, 5, 6), SR-18 (Fig. 3E, 4) and
SR-20 (Figs. 10 and 11). In hand sample this material appears to be
similar to site #2 lithologically, texturally, and with comparable sedi-
mentary structures.

5.1. Site #1

This site, apart from very minor amounts of interstitial sediment, is
dominated by juxtaposed giant hybrid carbonate domes which are
hybrid carbonates largely composed of alternating layers of cuspate
fenestral microbialite, net-like fenestral microbialite fabric and crystal
fan fabric. These layers are commonly separated by thin layers of quartz,
aluminosilicates + ferroan dolomite and iron oxides. Kurucz and Fralick
(2018) interpreted these as alteration/bounding surfaces that possibly
formed as sub-aqueous hardgrounds, and separated them into two types.
Type 1 occurs at the contacts between net-like microbialite layers and
crystal fan fabric. They are dark grey, 0.3-2 cm thick, and consist of
microcrystalline quartz intergrown with zoned ferroan dolomite con-
taining iron-rich cores and Mg-rich edges. Iron oxides and
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aluminosilicates are also present. Type 2 bounding surfaces are silica-
rich thin areas that separate cuspate fenestral microbialite from over-
lying crystal fan fabric. These mainly occur at the base of the fans and
grow on the upturned edges of the cuspate laminae and their support
structures (Kurucz and Fralick, 2018). Silicified areas separate laminae
of net-like fenestrae (Fig. 10). These altered zones were probably asso-
ciated with changing water chemistry that led to replacement of the
calcite by ferroan dolomite and silica, and in some layers to precipitation
of iron hydroxides (Fralick and Riding, 2015; Kurucz and Fralick, 2018).

The giant hybrid carbonate domes are broadly interpreted as che-
mocline proximal (Riding et al., 2022). Offshore from them open
seawater was precipitating Mn-rich iron formation, whereas in the
central lagoon Fe?' contents were low and unable to block calcite pre-
cipitation (Riding et al., 2014, 2022; Fralick and Riding, 2015). The
giant hybrid domes rimming the carbonate portion of the platform were
far enough removed from the oxygen producing central lagoon that Fe?*
levels were higher, favouring aragonite precipitation. However, the
position of the chemocline offshore from them varied depending on
biologic productivity; small variations in relative sealevel; and season-
ally changing current activity, e.g. storm events and upwelling events
(Riding et al., 2014, 2022; Fralick and Riding, 2015).

These effects of changing water chemistry are recorded in sample SR-
20 (Fig. 11). The Sr content decreases and the Fe increases upward
through the basal cuspate fenestral microbialite toward the dark Fe-Mn-
Si-rich layer, consistent with increased alteration of the aragonite (with
Sr preferentially in its lattice) to ferroan dolomite (with Fe preferentially
in its lattice) (e.g. Brand and Veizer, 1980; Veizer et al., 1989). This is
accompanied by a decrease in negative Ce anomalies to a point where
they only exist sporadically. The overlying dark alteration layer repre-
sents replacement of aragonite by ferroan dolomite and silica, and
precipitation of iron hydroxide (e.g. Fig. 2E and caption; also, Kurucz
and Fralick, 2018). Above this layer strontium levels are low, but Mn
and Fe concentrations in the calcite are approximately five times greater
than in the lower layer, although they decrease upward (Fig. 10). This
suggests the original presence of calcite, due to Fe and Mn fitting into the
calcite lattice more readily than the aragonite lattice and the opposite
for Sr.

The elevated amount of Sr and low amounts of Fe and Mn in the
lower layer indicates it was aragonite, and negative Ce anomalies sug-
gest that the chemocline, where Fe>*, Mn?* and Ge3* were being
removed from solution, was located offshore in the area of active
accumulation of iron hydroxides and manganese oxides (Riding et al.,
2022), which would also cause oxidation of Ce>* to relatively insoluble
Ce **. Overall, this would have depleted the seawater in Fe>", Mn?* and
Ce3+, limiting the abundance of these elements in the shallow water, Ca-
carbonate dominated platform area. Nonetheless, the layer of dark
alteration suggests episodic, shore-ward migration of the chemocline
that increased concentrations of Fe?', terminated aragonite precipita-
tion, locally replaced aragonite on the seafloor with Fe-rich carbonate,
and facilitated Fe-hydroxide precipitation. This process continued until
the drawdown of Fe?" content in the water was sufficient to allow Ca-
carbonate precipitation to resume (see also Klein and Beukes, 1989;
Sumner, 1997b; Canfield, 2005; Riding et al., 2014, 2022). The amount
of Mn?" and Fe?* in the water continued to decrease as Ca-carbonate
precipitated, and Ce delivered during the flooding event was oxidized
and removed from the seawater, resulting in either no Ce anomaly, or
positive Ce anomalies in the calcite.

The differences between the lithofacies are evident in Figs. 7, 8 and
9, with the originally aragonite crystal fan fabric and cuspate fenestral
microbialite of the site #1 giant hybrid domes plotting with relatively
high Sr and Ba, low Fe and Mn and strongly negative Ce anomalies. This
represents the positioning of the chemocline and its associated iron
hydroxide, manganese oxide and Ce** deposits offshore from these
carbonate platform rim lithofacies. In contrast, the calcite net-like
fenestral microbialite has intermediate Sr, Ba, Fe and Mn, and no to
positive Ce anomalies. The greater original porosity and permeability of
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Fig. 11. Limestone sample SR-20 (Fig. 3C). (A.) This is the LA-ICP-MS line, shown in Fig. 3C and 9, along which 40 analyses were made. Sr content (C) decreases up
through the lower laminae, with the negative Ce anomaly (B) also decreasing, though with more scatter. As the dark laminae, marked by the dashed lines, is
approached the Sr content and the negative Ce anomaly. The Sr content decreases up through the dark lamina, whereas the negative Ce anomaly increases both
increase. This layer is highly enriched in Fe (D) and Si (E) (note the logarithmic scale for these elements), with the highest Fe and Si values corresponding to a large
negative Ce anomaly. The Ce anomaly in the layer above the dark laminae changes from negative to positive, and persists upward as positive to neutral. This layer has
a greater Fe content in the calcite than the layer below the dark laminae, though the amount of Fe does generally decrease upwards.

the net-like fabric (e.g. Sumner, 1997a) would have allowed greater
pore water flow producing a high water/rock ratio (e.g. Brand and
Veizer, 1980). It is the large amount of blocky cement formed in the
pores and producing the net-like fabric (Sumner, 1997a) that has in-
termediate Sr, Ba, Fe and Mn, and no to positive Ce anomalies. The net-
like fabric in SR-16 and SR-20 have Mn/Fe ratios greater than one
compared to ratios less than one in the Fans, which formed from
seawater. Thus, the net-like fabric chemistry is probably that of the pore
water and does not reflect that of seawater.

The net-like fenestral microbialite in the basal layer of sample SR-16
(Fig. 5) is the only layer studied at site #1 that shows significant evi-
dence of late diagenetic mobilization and overprinting by ferroan
dolomite. It exhibits a positive Eu anomaly, indicating involvement of
Archean seawater and, on average, no pronounced Ce anomaly. The
individual Ce anomaly data-points from this layer range from 0.65 to
1.4, with a large amount of scatter and no trend. In contrast, the
fenestral microbialite above it at the base of the fans, as well as the large
crystal fan fabric forming the upper half of the sample, have negative Ce
anomalies. It is possible that the fluid that introduced the Mg, Fe and Mn
into the basal layer caused REE fractionation that created the small-scale
lateral variations in composition. However, this may have occurred with
net REE subtraction from, or addition to, the layer, since the average
normalized REE pattern (Fig. 5) is typical of Archean open ocean
seawater (see Kamber et al., 2004, p. 386; Kamber and Webb, 2001; Van
Kranendonk et al., 2003). The silicified layer above this has a slight
positive Eu anomaly and slight negative Ce anomaly. It is followed up-
ward by crystal fans with no Eu anomaly and significant negative Ce
anomalies. Aside from a few thin ferroan dolomite veins that do not have
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alteration halos, the layers above the basal net-like fenestral micro-
bialite lack either visible or chemical evidence of alteration, and are
similar to previously published REE patterns of Steep Rock crystal fans
and cuspate fenestral fabric (Fralick and Riding, 2015).

The crystal fans, which grew on the seafloor by precipitation from
the overlying water (Sumner and Grotzinger, 2000, 2004), differ in
chemistry from the inter-crystal cements and capping alteration sur-
faces, which have less Sr and Ba (Fig. 5) and more Mg, Fe, Mn, Si and Al
(Figs. 4, 5, 7, 8). The upper alteration surfaces probably represent
localized dolomitization and silicification due to influx of offshore
seawater (Fralick and Riding, 2015; Riding et al., 2022), with silici-
clastics accumulating during this interval. The cements would have
formed later, from seawater that was trapped as pore water. The pres-
ervation of these discrete chemistries during sub-seafloor diagenesis
requires a low water/rock ratio for diagenetic pore fluids as they are
susceptible to being homogenized by localized dissolution of precursor
carbonate and development of partially closed reaction zones (see
Kinsman, 1969; Pingitore, 1976; Katz and Matthews, 1977; Veizer,
1977; Brand and Veizer, 1980). In general, the presence of Al in silici-
clastics associated with sea-floor alteration surfaces often suggests that
alteration occurred over a sufficient period of time for wind-blown clay
to accumulate on an isolated platform that lacked local siliciclastic
sources (Fralick et al., 2008).

These details demonstrate the dynamic nature of the water masses in
this carbonate system in which aragonite precipitation dominated on the
outer edge of the platform and calcite precipitated in the interior (Riding
et al., 2014; Fralick and Riding, 2015; Riding et al., 2022). In addition,
and superimposed on this, incursions of offshore water led to
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Fig. 12. (A)) Limestone sample SR-O from Site #2. Net-like fenestral micro-
bialite in the basal one third is overlain in the middle one third by a very dark
layer of cuspate fenestral microbialite that becomes lighter upwards. Crystal
fans grow from the upturned edges of the cuspate structures. White void-filling
cement is common, especially between clusters of crystal fans. (B.) XRF scan of
A with Sr in red, Mn in blue and Si in yellow. The lower net-like fenestral
microbialite is divisible into two layers: the lower one with larger fenestrae has
low Sr and larger amounts of Mn (and Fe and Al, not shown). The overlying
lamina is richer in Sr and Si with evidence of secondary Mn mobilization and
concentration in associated late-stage porosity. Faint small crystal fans are
present (white arrow). There is minor Si concentration at the top of the layer
(lower yellow arrow); this is overlain by a very Sr- and C-rich layer of cuspate
fenestral microbialite. The upper half of the cuspate fenestral microbialite is
chemically similar to the layer immediately below the Sr-rich portion of the
layer, but contains sub-horizontal Mn-rich veins instead of irregular void fills.
High-standing areas at the edges of cuspate laminae, where they meet, have
concentrations of Si at the base of clumps of crystal fans (upper yellow arrow).
The fans have abundant Sr, but the intervening white blocky cements do not.

Fig. 13. (A.) Limestone sample 8 from Site #2. Net-like fenestral microbialite
overlain by black, carbon-rich cuspate fenestral microbialite. (B.) XRF false
colour image of limestone sample 8 (red square). The blue Mn-rich (and Fe and
Al not shown here) lower layer contains thin blades of radiating crystal fan
fabric (white arrow) and Fe-, Mg-, and Mn-rich veins associated with irregular
Mn-rich carbonate replaced areas. This is overlain by red Sr-rich cuspate
fenestral microbialite. The two layers are separated by yellow Si concentrations
along their contact.

replacement of the surface layers of aragonite and calcite by ferroan
dolomite and silica, together with precipitation of iron hydroxides in
some areas.

Elevated amounts of Sr suggest an aragonite precursor to the calcite
in the crystal fan (Figs. 4, 5, 6, 7) and cuspate fenestral fabrics (Figs. 7,
10, and 11), compared to the majority of net-like fenestral fabric, which
was probably originally calcite with lower amounts of Sr (Figs. 4, 5, 7,
10, and 11). The chemical differences between these two types of
microbialite may be due to net-like fenestral fabric containing
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significantly more large crystals of blocky cement then the cuspate
fenestral fabric. Nonetheless, preservation of these distinct chemical
differences in juxtaposed laminae requires that diagenetic reactions with
pore waters were limited by the existence of closed to partially closed
diagenetic systems (i.e., Brand and Veizer, 1980). If this had not been
the case, chemical homogenization of the layers should have resulted.

Aside from the previously mentioned seafloor alteration, there is
scant evidence for significant diagenetic alteration of samples from site
#1. In the lowest net-like microbialite of sample SR-16, mobilization of
Mg, Fe and Mn has formed areas replaced by ferroan dolomite, which
also forms veins that cut the overlying layers (Fig. 5). However, there is
no evidence of Mn-enrichment in the calcite adjacent to the irregular
replaced areas and veins, although this is present in the samples from
site #2 (Figs. 12 and 13).

5.2. Site #2

Samples of crystal fans (Fig. 12), net-like fenestral microbialite
(Figs. 12 and 13), and cuspate fenestral microbialite (Figs. 12 and 13)
from site #2 are calcite, though large amounts of Sr in the carbon-rich
large crystal fans and cuspate fenestral microbialite indicate they were
originally aragonite (Riding et al., 2014; Fralick and Riding, 2015).
Small, needle-like crystal fans form relic structures in the net-like
fenestral microbialite fabric (white arrows, Figs. 12 and 13). Some
needle-like crystals and portions of these crystals have higher Sr content,
especially closer to overlying Sr-rich cuspate fenestral microbialite
layers. Higher concentrations of Mn occur between and within some
crystals. The presence of ferroan dolomite veins in these areas, with Mn
replacement extending from the veins, calls into question an original
Mn-rich mineralogy for these crystal fans. The matrix surrounding the
crystals in the fenestral fabric of sample SR-0 (Fig. 12, white arrow) has
an intermediate amount of Sr, with Mn enrichment. The Sr-rich cuspate
fenestral microbialite layer in the middle of the sample (Fig. 12) is
transitional to an area of Mn-enrichment associated with stratiform Mn-
Fe-Mg veins. The ferroan dolomite veins associated with Mn enriched
carbonate haloes reflect the mobility of these elements. Mobilization
likely occurred after significant lithification, as the vertical veins are not
compressed. Dark zones at the base of layers of large crystal fans and
cuspate fenestral microbialite, have abundant quartz, ferroan dolomite
and, locally, iron oxides. These have been interpreted as alteration/
bounding surfaces (Kurucz and Fralick, 2018) developed during move-
ment of offshore water onto the margin of the carbonate platform
(Fralick and Riding, 2015; Kurucz and Fralick, 2018; Riding et al.,
2022).

The presence of crystal fans in the net-like fenestral fabric, which are
only visible using XRF elemental scans, poses a compositional question.
The white blocky cement that forms more than 50 percent of these layers
overprints the fans, which must extend through portions of the cement.
Thus, was the net-like fenestral fabric contemporaneous with primary
fans that grew in this sediment, and cement later overprinted the fans, or
was the net-like structure produced later by alteration product of a layer
of small crystal fans? The former seems much more likely, but the latter,
especially in combination with the former, remains possible. Fans such
as these have been interpreted as originally either aragonite (Martin
et al., 1980; Sumner and Grotzinger, 1996; 2000) or gypsum (Bertrand-
Sarfati, 1976; Walter, 1983; Gandin et al., 2005; Gandin and Wright,
2007), with current views tending to favour aragonite (Sumner, 2004;
Sumner and Grotzinger, 2004; Fralick and Riding, 2015; Kurucz and
Fralick, 2018). Thus, these areas could be expected have a high Sr
content, but they do not (Figs. 12 and 13). Sr may have been replaced in
the carbonate structure by Mn during or after the transformation of
aragonite to calcite by flooding with Mn-rich fluid, as observed in the
alteration halos around veins that overprint entire layers (Figs. 12 and
13). This would also imply that REEs in the calcite lattice could be
susceptible to replacement. Planavsky et al. (2010) recorded no Ce
anomalies in samples from this site; a possible result of element mobility
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Fig. 14. (A.) Ferroan dolomite sample 8-44 (Fig. 3B) from Site #1. (B.) XRF false colour image of sample 8-44. The Mg (B), representing ferroan dolomite, con-
centrates in the interdigitate areas, although some laminae in the columnar stromatolites and bridging laminae across the interdigitate depressions are also Mg-rich.

Quartz (C) replacement is concentrated in the stromatolite columns.
§ )

50 100 0 100 200 4 8 1.2 .90.951.01.05

Sr  x100Mg Mn/Fe Ce*

Fig. 15. A. Thin section from ferroan dolomite sample 8-44 (Fig. 3B, 14) showing lines along which LA-ICP-MS analyses were obtained across the center to edge of a
narrow columnar stromatolite, the intervening white blocky cement, and the edge to center of the adjacent stromatolite. Areas 1, 3, 4 and 6 on the lower portion of
the graphs are points in the stromatolite on the right. Area 5 is the interdigitate blocky cement, and areas 4-71 forming the top half on the graphs are the layers in the
stromatolite on the left. Areas 1 and 3 on the right and areas 1, 2 and 3 on the left are composed of the same laminae, but the patterns for Sr (B), Mg (C), and Mn/Fe
(D) are not similar. There is a large amount of variability in the patterns. Even so, with increased dolomitization (more Mg (C)) the amount of Sr (A) and the Mn/Fe
ratio (D) both increase. There is no significant difference in the Sr and Mg concentrations or in the Mn/Fe ratios between the centers and edges of stromatolites and
the white blocky cement between the stromatolites. Most Ce* values (E) are in the area between 0.95 and 1.05, which is within error limits of 1.0 and cannot be used
to infer anomalies (Planavsky et al., 2010). However, there is a difference in the number of points below 1.0 (60 % with seven having significant positive Ce
anomalies) compared to those above 1.0 (30 % with only one having a significant negative Ce anomaly). Ce anomaly (Ce* = Pr/(0.5Ce + 0.5Nd)).
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Fig. 16. (A.) LA-ICP-MS analyses along lines on of this thin section from sample 8-43 (Fig. 3A), Site #3. (B.) Greater amounts of Sr (B) correspond to areas enriched
in Mg (C) (ferroan dolomite), whereas, those with very low amounts of Mg are calcite. The calcite has Mn/Fe ratios (D) above one and low amounts of Sr, whereas the
ferroan dolomite has Mn/Fe ratios less than one and greater amounts of Sr. The ferroan dolomite forming the bottom five points of the line contain positive Ce
anomalies (E). The remaining sample sites mostly lack discernible Ce anomalies, although the majority of the points, 88 %, are below 1, indicating general Ce
enrichment. Ce anomaly (Ce* = Pr/(0.5Ce + 0.5Nd)).
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Fig. 17. Average REE patterns derived from the LA-ICP-MS data for samples 8-43 (A) and 8-44 (B) from Site #3. The average values for these primarily ferroan

dolomite samples have no Ce anomalies and positive Eu and Y anomalies. This is similar to REE patterns for oxide facies iron formation that was precipitating
offshore from the carbonate platform (Fig. 27 in Fralick and Riding, 2015).

in these limestones, which appear pristine in hand sample. values have been reset (Satkoski et al., 2017). In this thicker layer
preferential silicification of areas in the digitate stromatolites, and

5.3. Site #3 dolomitization of individual laminae in some columns (Figs. 14, 15, and
16) indicate a complex diagenetic history. Seafloor ferroan dolomitiza-

The ferroan dolomite samples from site #3 include narrow columnar tion driven by incursions of offshore seawater (Fralick and Riding, 2015;
stromatolites from a 25 cm thick layer that is in contact with limestones Riding et al., 2022) and syndepositional silicification of the stromato-
on both sides and may be laterally continuous for at least 0.5 km, the lites due to bacteria serving as nucleation templates (e.g., Beveridge,
distance between where samples 8-43 and 8-44 were collected. Thin 1989; Schultze-Lam et al., 1992; Urrutia and Beveridge, 1993; Schultze-
ferroan dolomite laminae accentuate layering in the limestones that Lam et al., 1995), are distinct possibilities. The average REE patterns for
form the basal units of the Mosher Carbonate. They commonly have ~ Samples 8-43 and 8-44 (Fig. 17) share more characteristics, i.e. low
sharp upper contacts and jagged lower contacts and, in places, plugs of slope and significant positive Eu anomaly, with the offshore deposited

ferroan dolomitized layer tops were displaced upwards by soft-sediment magnetite ar.ld chert (I?ig. 27 in Fralick anfj ‘Riding, 2015) than the
fluid escape (Fig. 2E), suggesting dolomitization of the calcite by in- carbonate (Fig. 5, and Fig. 26 in Fralick and Riding, 2015). However, the

fluxes of ofshore seawater prior to lithification (Fralick and Riding, LA-ICP-MS analyses of sample 8-44 depict significant mm-scale varia-
2015). Whether the thicker layer of ferroan dolomite that was sampled tion (Fig. 15). Concentrations of Mg and Sr are positively correlated.
represents a replacement reaction or direct precipitation from seawater This does not appear to be caused by Si acting as a dilutant, as its con-
is difficult to ascertain. Its 8'°C value is consistent with Archean centration is reasonably consistent along the line of analysis. Low Mg
seawater (Fig. 22 in Fralick and Riding, 2015). However, the Sr isotope concentrations may be due to incomplete dolomitization of calcite, but
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this should also result in larger concentrations of Sr, as the surrounding
limestones contain ~300 ppm Sr, compared to <50 ppm in the analyzed
spots with lower Mg concentrations. This would require the original
calcite to have lost Sr during conversion to ferroan dolomite by influx of
open ocean seawater (e.g. Kinsman, 1969; Brand and Veizer, 1980) and
to then lose even more Sr during later partial dedolomitization. This
trend is even more pronounced in sample 8-43 where low amounts of
Mg (Fig. 16) are due to the presence of calcite, but these areas also have
very low amounts of Sr. Again, this suggests dolomitization followed by
diagenetic dedolomitization causing a two-step Sr loss. The majority of
analyzed spots do not have distinct cerium anomalies, although there
are significantly more values below 1 than above 1. Eight significant
positive Ce anomalies occur in the ferroan dolomite of Sample 8-43
(Fig. 16), and five of these are associated with the greatest concentra-
tions of Sr, up to 264 ppm, which is similar to the surrounding limestone.
This is consistent with these being the least altered of all the spots
analyzed, therefore preserving some chemical characteristics of the
original mineralogy. However, caution must be exercised as investiga-
tion of a partially dolomitized Devonian reef complex concluded that the
REEs had been modified during the replacement process (Nothdurft
et al., 2004). For this to be the case the dolomitizing fluids must be
significantly different from those from which the calcite or aragonite
precipitated (Banner et al., 1988).

The further depletion of Sr in the calcite, relative to values in the
ferroan dolomite, indicates an additional period of alteration following
dolomitization. This dedolomitization fluid would have been rich in Ca
and very poor in Mg, Fe and Mn and probably developed during partial
dissolution of the large volume of surrounding limestone. It is not known
whether the REEs would have fractionated during the dissolution and/or

Initially porous calcite net-like fenestral
fabric lacks —ve Ce anomaly.

Aragonite (now calcite) cuspate fenestral
fabric retains elevated Sr-values and —ve Ce

Precambrian Research 410 (2024) 107499

replacement processes that led to dedolomitization, although in Devo-
nian dolomites they did (Nothdurft et al., 2004).

Overall, these detailed analyses show that both synsedimentary and
later stage diagenetic alteration can overprint and remove evidence of
negative Ce anomalies in Mid-Archean shallow-marine carbonates, even
in fabrics that superficially appear relatively well-preserved, and this
alteration can be very localized. These conclusions are summarized in
Fig. 18.

5.4. Summary

The crystal fan fabric represents precipitation sites that were pro-
truding, if only slightly (Sumner and Grotzinger, 2000), into the over-
lying seawater and precipitating from it. The cuspate fenestral and net-
like fabrics are interpreted as microbial and are thought to have also
formed in contact with seawater (Sumner, 1997a, Sumner and Grot-
zinger, 2000), as did the stromatolites. They should therefore record its
REE composition (e.g. Webb and Kamber, 2000). The differences in
geochemistry among these various carbonate deposits show that
changes in the composition of the water was occurring through space
and/or time. The most likely paragenesis sequence of the samples can be
summarized as follows:

(1) A gradient in the geochemistry of the seawater existed between
that which was precipitating calcite in the central lagoon and that
which was depositing low-Mn iron formation (Huston, 1956) far
offshore (Riding et al., 2014, 2022; Fralick and Riding, 2015).
Closer to the carbonate portion of the platform the Mn content of
the iron formation became significant (Huston, 1956). This would

SITE 2

Aragonite (now calcite) cuspate fenestal fabric retains elevated
Sr-values, has late Mn veins and lacks —ve Ce anomaly.

Initially porous calcite net-like fenestral fabric, flooded by Mn-
rich cement, is locally silicified and lacks —ve Ce anomaly.

1
1

anomalies. PLATFORM INTERIOR CARBONATE
ANOXIC PLATFF)RM MARGIN Column?r PLATFORM
Hybrid Carbonate Stromatolites
Fe-RICH Domes e
BASIN Platform interior columnar stromatolites

Aragonite (now calcite) crystal crust with
high Sr and —ve Ce anomaly.

Initially porous calcite net-like fenestral
fabric with low Sr lacks —ve Ce anomaly.

. with calcite laminae, ferroan dolomite,
silica and iron oxide, lack —ve Ce anomaly.

REE patterns identical to offshore iron
formation suggest synsedimentary

| silicification and dolomitization during
short-lived incursions of basinal seawater.

SITE1 SITE3

Fig. 18. Summary interpretation: Detailed analyses indicate that synsedimentary and late diagenetic alteration can locally readily overprint and remove evidence of
negative Ce anomalies in these Mid-Archean shallow-marine carbonates that otherwise retain relatively well-preserved fabrics. In platform margin giant hybrid
carbonate domes at Site #1 negative Ce anomalies were retained by originally aragonite seafloor crystal fans and cuspate fenestral fabric. However, the highly porous
net-like fenestral fabrics have been overwhelmed by cements that lack Ce anomalies. Closer to recognized alteration zones at Site #2 the negative Ce anomalies
appear to have been removed by late diagenetic fluids rich in Mn and Si. At Site #3, platform interior columnar stromatolites lacking negative Ce anomalies, have, in
places, been silicified and dolomitized, probably by offshore seawater during short-term flooding of the platform (Fralick and Riding, 2015).
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be an area where Ce*" was also precipitating. Moving onto the

carbonate portion of the oceanic platform, (i) in the outer region

Fe" in solution would have inhibited calcite precipitation lead-

ing to the dominance of aragonite (Herzog et al., 1989; Katz et al.,

1993), (ii) with decreasing Fe?" concentrations in the central

lagoon calcite became the dominant phase (Riding et al., 2014,

2022).

The giant hybrid carbonate domes along the rim of the carbonate

platform (Fralick and Riding, 2015) served to inhibit water

movement. However, small changes in sealevel due to storms
and/or increased subsidence rate, and variable biologic produc-
tivity due to changing nutrient supply, and/or alterations in the
size of the photic zone on the carbonate platform, probably
allowed the chemocline to periodically move into the central
lagoon. This could lead to penecontemporaneous replacement of
the surficial Ca-carbonate by ferroan dolomite and chert (Fralick

and Riding, 2015, Kurucz and Fralick, 2018; Riding et al., 2022).

Burial cements that subsequently formed in the pore spaces have

different geochemical attributes than the original precipitates (e.

g. Fig. 24 in Fralick and Riding, 2015; Figs. 6, 7, 8). This did not

affect the blades of the crystal fans and cuspate fenestral fabric,

whereas the net-like fabric, due to its higher porosity, was greatly
affected, with the result that most of these layers consist of
cement.

(4) Pore waters would have been dominated by Ca®" and HCOs3. This
led to dedolomitization reactions that transformed some of the
ferroan dolomite laminae back to calcite.

(5) An infusion of Mn-bearing fluids was associated with the devel-
opment of areas of vertical oxidation that extended down from
the overlying iron formation. This resulted in development of Mn-
Fe-Mg carbonate veins, void fills and flooding of areas adjacent to
these alteration zones. This event probably altered the REE
compositions of affected layers, similar to dolomitization in the
Canning Basin (Nothdurft et al., 2004).

(2

—

(3)

6. Conclusions

(1) LA-ICP-MS point analyses resulted in REE patterns that are very
similar to those produced by whole rock ICP-MS (Riding et al.,
2014, Fralick and Riding, 2015).

Significant negative Ce anomalies in 70 of the LA-ICP-MS ana-

lyses indicate that those samples precipitated from fluids that had

reacted with free oxygen. The layers with negative Ce anomalies
predominantly consist of crystal fan fabric and cuspate fenestral
fabric that formed on the seafloor of the carbonate platform. The
cuspate fenestral fabric with negative Ce anomalies has less
blocky cement than the net-like fenestral fabric that lack negative

Ce anomalies. It is possible that the blocky cement formed from

diagenetic fluids that did not have negative Ce anomalies and that

the dominance of this cement in the net-like fabric determines its

REE patterns.

Higher amounts of Sr indicate less carbonate alteration, as pre-

viously shown (Brand and Veizer, 1980; Veizer et al., 1989), and

negative Ce anomalies are positively correlated with greater Sr
content.

Millimetre-scale differences in calcite chemical composition

indicate that significant diagenetic homogenization has not

occurred in most of the layers analyzed.

(5) When subjected to XRF scanning, some samples that otherwise
appear pristine reveal chemical alteration extending into the
calcite from thin ferroan dolomite veins. In places this alteration
was sufficient to alter entire layers. The field area in which this
alteration occurs is the location of samples collected by a previous
study (Planavsky et al., 2010) that did not have Ce anomalies.

(6) Some calcite columnar stromatolites were replaced by ferroan
dolomite and silica, probably during incursion of open marine

(2)

3

(€))
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water into the platform interior (Fralick and Riding, 2015; Riding
et al., 2022). REE patterns of the ferroan dolomite (Fig. 16) are
similar to those of magnetite and siderite deposited offshore from
the carbonate (fig. 27D, F in Fralick and Riding, 2015).
Modification of REE patterns in calcite by dolomitizing fluids was
also noted in Devonian dolomites by Nothdurft et al. (2004). Sr
was also lost during dolomitization. A few points in sample 8-43
have elevated Sr concentration. In two cases these are similar to
those of the surrounding limestone, indicating the lowest
amounts of chemical alteration in the dolomite. These are also the
only ferroan dolomite samples with very significant positive Ce
anomalies. These observations support the view that free oxygen
was being photosynthetically produced by cyanobacterial com-
munities in or near these stromatolites. There are calcite laminae
in the ferroan dolomite stromatolites sampled. However, their Sr
concentrations are depleted compared with the ferroan dolo-
mites, probably due to further Sr loss during dedolomitization.
(8) This research highlights the ability of microanalytical tools, such
as XFR scanning, LA-ICP-MS, and SEM-EDX, to provide critical
information regarding micro-scale chemical changes in the
composition of individual calcite and dolomite layers. Together
with detailed fieldwork, these data can be related to the effects of
both dynamic depositional processes that changed through time,
and to diagenetic alteration of the primary sediment. Information
such as this is essential for the reliable interpretation of
geochemical data obtained from sedimentary and metasedi-
mentary rocks.
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