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In this study we report on the source and evolution of fluids associated with secondary vein and
replacement minerals in low-permeability carbonate units in the Michigan Basin. This petrogenetic in-
formation was collected using thermometric data from fluid inclusions combined with C-, O- and Sr-
isotope data, and focuses on mm- or cm-wide vein and vug minerals from Ordovician limestones of
the Trenton and Black River groups and Cambrian sandstones in SW Ontario, Canada.

Primary fluid inclusions in dolomite represent fluid stage I and have the highest trapping temperatures
(Tyrap) in the sedimentary succession, between 88 and 128 °C. Primary inclusions in calcite (stage II), and
celestine and anhydrite (stage III), represent the final stages of secondary mineral formation and have
Tirap values of 54—78 °C. All three stages of vein minerals formed from brines with salinities of 31-37 wt
% [CaClx+NaClleq that were saturated in halite and methane gas at the time of mineral growth. Three
subsequent stages of secondary fluid inclusions were observed in the samples (stages IV—VI), however,
no secondary vein minerals formed during these stages and they are interpreted as re-mobilization and/
or minor fluid ingress along grain boundaries and micro-fractures. Notably, stage IV secondary inclusions
are gas-undersaturated with salinities of 32—34 wt% [CaCl,-+NaCl]eq and minimum Ti,p values of 57
—106 °C, and are interpreted to have formed during a Late Devonian—Mississippian regional heating
event.

Secondary minerals from the Cambrian units and the Shadow Lake Formation have 8'3C values of —6.1
to —2.5%0 (VPDB), 3'80 values of +14.6 to +24.2%0 (VSMOW) and 87Sr/86Sr of 0.70975—0.71043. Relative
shifts of approximately +2 to +3%o in 3'3C, >+4%o in 8¥0 and —0.002 in 87Sr/%5sr are observed upward
across the boundary between the Cambrian—Shadow Lake units and the overlying Gull River Formation.
Samples from the Gull River and Coboconk formations and the Trenton Group (Kirkfield, Sherman Fall
and Cobourg formations) have 5'3C values of —1.0 to +1.9%o, 3'20 values of +18.9 to +28.1%o and 87Sr/%6sr
values of 0.70790—0.70990.

The combined microthermometric and isotopic data for secondary minerals in the Cambrian—Shadow
Lake units suggest they formed from hydrothermal brine with a geochemical signature obtained by
interaction with the underlying Precambrian shield, or shield-derived minerals in the Cambrian sand-
stones. Previous U-Pb dating of vein calcite and Rb-Sr dating of secondary K-feldspar from the region
suggests that brine ingress occurred during the Late Ordovician—Silurian. The O- and Sr-isotope vari-
ability in vein samples from the Gull River and Coboconk formations is interpreted as localized mixing of
180-enriched, connate fluids with hydrothermal brine. In comparison, isotopic data for the Trenton
Group indicate secondary mineral formation from connate fluids, sourced from '80-enriched, evolved
seawater and/or modified hydrothermal brine that experienced fluid—rock interaction during transit
through the underlying stratigraphy.
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1. Introduction

Low-permeability sedimentary rocks have increasingly become
a global focus for a wide range of environmental and geoscience
studies, including nuclear waste management (Russell and Gale,
1982; Hendry et al., 2015), CO, sequestration (Shafeen et al,
2004; Benson and Cole, 2008) and extraction of gas from shale
(Arthur and Cole, 2014). In the cases of CO, sequestration and
extraction of gas with hydraulic fracturing, the low-permeability
rocks play a critical role in limiting the upward migration of
fluids that are injected or displaced. Low-permeability sedimentary
rocks have been of particular interest in countries such as Canada,
Switzerland, France, Belgium and Germany for the long-term
storage of nuclear waste because solute transport is dominated
by diffusion and the clay-rich mineralogy provides large surface
areas for solute retention by sorption mechanisms. Internationally,
detailed paleofluid studies have provided valuable insight into fluid
sources and solute transport mechanisms (Altmann et al., 2012;
Clark et al., 2013; Al et al., 2015; Mazurek and de Haller, 2017)
that are essential for evaluating the long-term viability of a site for
nuclear waste storage.

Low-permeability argillaceous limestones of the Trenton Group
(107 t0 10712 m s~!; Beauheim et al., 2014), in the Bruce region of
the Michigan Basin (southwestern Ontario, Canada) have been
identified as a potential host rock for the construction of a deep
geologic repository (DGR) for low- and intermediate-level nuclear
waste. The Cobourg Formation, a low-permeability, argillaceous
limestone at the top of the Trenton Group occurs >650 m beneath
the Bruce nuclear site and has been proposed as the repository host
rock. These limestones are overlain by up to 200 m of regionally-
extensive, low-permeability Ordovician shale (Intera, 2011;
Beauheim et al., 2014). Detailed studies on the long-term physical
and chemical stability of the surrounding rocks have focused on a
wide range of stratigraphic, structural, geophysical and geochem-
ical methods (Intera, 2011 and references therein). Previous in-
vestigations at the Bruce site have contributed valuable
information on the residence time and transport mechanisms of
fluids in these rocks, which include studies of porewater
geochemistry and solute transport (Clark et al., 2013; Al et al,,
2015), hydraulic conductivity (Beauheim et al., 2014), and mecha-
nisms responsible for anomalous hydraulic-head profiles observed
in the Trenton and Black River group limestones (Normani and
Sykes, 2012; Khader and Novakowski, 2014; Neuzil and Provost,
2014; Neuzil, 2015).

Secondary minerals from veins in sedimentary rocks provide
direct information on the movement of deep basin fluids. Detailed
isotopic and petrographic information of secondary minerals
combined with fluid inclusion temperature constraints have been
utilized in paleofluid studies to differentiate between fluid sources
that relate to either diagenesis/burial (Ayalon and Longstaffe, 1988),
or the influx of fluids from allochthonous sources (Spencer, 1987;
Davies and Smith, 2006). Detailed petrography (e.g., Taylor and
Sibley, 1986) combined with thermometric data from fluid in-
clusions (e.g., Roedder, 1979; Goldstein, 2001) provide an under-
standing of the relative timing of fluid infiltration and temperature
constraints during crystallization. Here, we report on the source
and evolution of fluids associated with secondary mineral forma-
tion in low-permeability Ordovician limestones and Cambrian sil-
iciclastic units in the Michigan Basin from southwestern Ontario,
Canada.

Ordovician limestones of the Trenton and Black River groups,
which are laterally traceable across much of the Michigan Basin and
occur in sections of the Appalachian Basin, have long been a focus of
paleofluid studies due to their association with hydrocarbon res-
ervoirs in the Albion-Scipio/Stoney Point fields in south-central

Michigan (e.g., Hurley and Budros, 1990; Allan and Wiggins,
1993), the Lima-Indiana field in Ohio/Indiana (e.g., Wickstrom
et al,, 1992) and fields of southern Ontario (Powell et al., 1984;
Middleton et al., 1993; Coniglio et al., 1994; Obermajer et al.,
1999). In these fields, hydrocarbon migration/reservoir formation
is closely tied to the formation of hydrothermal dolomite (Allan and
Wiggins, 1993), which has been suggested to form during high-
temperature, fluid—rock interaction between the Ordovician lime-
stones and upwelling hydrothermal fluids (Davies and Smith,
2006). Furthermore, C-, O- and Sr-isotope compositions of sec-
ondary minerals in southern Ontario (Harper et al., 1995; Ziegler
and Longstaffe, 2000; Haeri-Ardakani et al., 2013) and central
Michigan (Allan and Wiggins, 1993) have provided valuable infor-
mation on the source of deep-seated fluid migrations in these re-
gions of the basin. In the Bruce region, however, detailed paleofluid
studies have largely focused on the geochemical and isotopic evo-
lution of porewaters in the Michigan Basin sedimentary succession
(Clark et al., 20104, 2010b; 2013, 2015; Al et al., 2015). Knowledge
gaps remain in the understanding of paleofluid contributions to the
formation of secondary vein minerals in the Ordovician limestones,
and in particular, the source and transport mechanisms that are
responsible for vein-related fluid migrations in these low-
permeability sedimentary rocks.

The objective of this study is to enhance the understanding of
fluid residence time and migration that has been developed from
previous research at the Bruce site. Detailed petrography and
microthermometric data from fluid inclusions are combined with
C-, O- and Sr-isotope data to determine the source and relative
timing of paleofluid migrations that resulted in the formation of
secondary minerals, including vein and vug infill and replacement
phases. Samples were obtained from drill cores that section the
entire succession of Cambrian to Devonian sedimentary rocks and
the underlying Precambrian gneissic basement.

2. Geology and stratigraphy of the Michigan Basin

The Michigan Basin represents a broadly circular, ~500 km
diameter intracratonic sedimentary basin located in central North
America. The study area is located along the eastern margin of the
basin, at the Bruce nuclear site (Fig. 1). A detailed summary of the
Paleozoic bedrock units in southern Ontario is discussed in
Armstrong and Carter (2010) (and references therein), a brief
description of these units is provided below. At the Bruce site, the
sedimentary succession reaches a maximum thickness of ~860 m.
The base of this succession comprises ~17 m of Cambrian sandstone
which unconformably overlies Precambrian gneissic basement.
Upper Ordovician rocks disconformably overlie the Cambrian
sandstones and are subdivided into the Black River and Trenton
group limestones and a thick sequence of shale. The Black River
Group consists of a 4—5 m thick basal unit of siltstone and minor
dolostone (Shadow Lake Formation) that is overlain by ~ 75 m of
variably bioturbated and fossiliferous lithographic limestone (Gull
River and Coboconk formations). Overlying the Black River Group
are ~110 m of mostly argillaceous limestones of the Trenton Group
(subdivided into the Kirkfield, Sherman Fall and Cobourg forma-
tions). The Cobourg Formation is further subdivided into lower and
upper members, which, respectively comprise ~28 m of argilla-
ceous limestone, with minor interbeds of calcareous shale, and
~7.5 m of calcareous shale. The Cobourg Formation is capped by
~200 m of Ordovician shale which is subdivided into the Blue
Mountain, Georgian Bay and Queenston formations. Overall, the
Ordovician limestone—shale succession has been interpreted as
initial deposition in supra-tidal/tidal flat to lagoonal marine or
offshore shallow- and deep-shelf settings (Black River and Trenton
groups), and open marine to shallow intertidal or supratidal
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Fig. 1. Bedrock geology, stratigraphy and hydrostratigraphy of the Michigan Basin below the Bruce site, Southwestern Ontario, Canada. Also shown here are regional structural
features (Algonquin Arch, Chatham Sag) and contours lines for the base of the Paleozoic sediments (i.e. elevation in metres to the top of the Precambrian basement rocks). The
geologic map is based on Ontario Geological Survey (1991) and Armstrong and Carter (2010).

settings for deposition of the Blue Mountain—Queenston shales.
Overlying the Ordovician shales are 415 m of Silurian and Devonian
interlayered dolostone, shale and evaporitic units, which represent
deposition in a carbonate-shelf setting with periods of restricted
marine circulation.

Herein we refer to “Ordovician limestones”, “Trenton Group
limestones”, “Black River Group limestones” and “Cambrian sand-
stones” as generalized nomenclature for each of the respective
units, regardless of the minor occurrence of units/formations of
differing lithology (e.g., Cambrian dolostone units, Shadow Lake
siltstones/dolostones in the Black River Group, and shale in the
Collingwood Member at the top of the Cobourg Formation).

Hydrogeologic conditions at the Bruce site have been investi-
gated by Intera (2011), Normani and Sykes (2012), Beauheim et al.
(2014), Khader and Novakowski (2014), Neuzil and Provost (2014)
and Neuzil (2015). The objective of these studies was to under-
stand the hydraulic properties of the sedimentary rocks through
modelling (Normani and Sykes, 2012), in situ hydraulic conductivity
measurements (Beauheim et al, 2014) and interpretation of
observed anomalies in hydraulic-head distributions (Khader and
Novakowski, 2014; Neuzil and Provost, 2014; Neuzil, 2015). Over-
all, the hydraulic data indicate that the permeability of the Upper
Ordovician limestones and shales is very low, such that solute
transport is limited to diffusion. In situ measurements of horizontal

hydraulic conductivity (Ky) by Beauheim et al. (2014) indicate that
the Ordovician shales and the argillaceous limestones of the
Trenton Group represent an aquiclude (Fig. 1), with Ky values
ranging from 101 to 107> m s~. Limestones of the Black River
Group have K;, values of 10712 to 10~ m s—! and define an aquitard
(Fig. 1). The Cambrian sandstone unit has a K, value of 1076 m s~!
and represents a basal aquifer (Fig. 1).

3. Methods
3.1. Sampling and petrography

Samples were obtained from six drill cores (DGR-2 to DGR-6;
DGR-8) at the Bruce site, and were initially collected on the basis
of visible secondary minerals (calcite, dolomite, anhydrite, celes-
tine, pyrite, halite, etc.) in veins, vugs and replacement/alteration
zones, largely within the Trenton and Black River group limestones
and the Cambrian sandstones. Sample depths are reported here as
metres below ground surface (mBGS) relative to drill hole DGR-2.

Polished thin sections of the secondary minerals were prepared
at the University of New Brunswick, and characterized using optical
microscopy and electron-beam techniques (Microscopy and
Microanalysis Facility at the University of New Brunswick). Sec-
ondary minerals were imaged with a JEOL 6400 scanning electron
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microscope (SEM) using a backscattered electron detector (BSE)
and identified using SEM-based energy-dispersive X-ray spec-
trometry (EDS). Quantitative measurements of major and trace
element concentrations (Ca, Mg and Sr) were made using
wavelength-dispersive X-ray spectrometry on a JEOL 733 Super-
probe electron probe microanalyzer (EPMA), operating at 15 kV
with a beam current of 15—20 nA. Integration times for each
element ranged from 30 to 80 s and the detection limits were
generally lower than 160 ppm for Ca and Mg, and 260 ppm for Sr.

3.2. Fluid inclusion microthermometry

Fluid inclusion measurements were undertaken in the Institute
of Geological Sciences at the University of Bern, and follow the
general fluid inclusion methodology outlined by Roedder (1984),
Goldstein and Reynolds (1994) and Samson et al. (2003). Double-
polished thick sections (150 pum) were prepared for each sample
to permit characterization by optical microscopy using transmitted,
plane-polarized light and reflected, ultraviolet (UV) light. UV light
microscopy was utilized to identify fluid inclusions that contain
hydrocarbons.

Microthermometric measurements were made using a Linkam
MSD-600 heating-cooling stage mounted on an Olympus BX51
polarizing microscope. The stage was calibrated against synthetic
CO,—H>0 inclusions and synthetic H,O inclusions with critical
density, such that the accuracy is +0.1 °C for measurements made
below room temperature and +1.0 °C for measurements above
room temperature. For the microthermometric measurements of
inclusions in calcite, careful attention was paid to avoid spurious
data and/or anomalously high homogenization temperatures that
resulted from inclusion “stretching” (i.e. deformation of the inclu-
sion walls during heating/pressurization; Roedder and Bodnar,
1980; Goldstein and Reynolds, 1994). “Stretched” inclusions were
identified by increases in the diameter of the contained vapour
bubbles after heating to homogenization and cooling down to room
temperature, as visible in photographs taken prior to and after
heating.

Identification of gas and mineral phases trapped within the
inclusions was undertaken using laser Raman spectroscopy. Either
red (632.8 nm) He-Ne or green (532.12 nm) Nd-YAG lasers were
focused onto the sample through an Olympus 100/0.95 UM PlanFI
objective lens on a Olympus BX41 microscope, and Raman spectra
were collected for 10—20 s using a Horiba Jobin-Yvon LabRam HR-
800 spectrometer calibrated against the emission lines of a neon
lamp.

3.3. Stable isotope analysis

C- and O-isotope measurements were conducted in the G.G.
Hatch Stable Isotope Laboratory at the University of Ottawa using
isotope ratio mass spectrometry (IRMS). Calcite and dolomite
samples were acquired from thin section chips using a Merchantek
microdrill (300 um drill bit). Drill locations were pre-selected in
portions of veins, vugs and/or alteration/replacement zones using a
combination of optical microscopy and SEM-BSE imaging of the
associated thin section. The powdered calcite and dolomite sam-
ples were weighed into glass reaction vessels and flushed with
helium. Orthophosphoric acid was introduced into the vials and
reacted for 24 h at 25 °C for calcite and 50 °C for dolomite. The C-
and O-isotope ratios of the resulting CO, gas were measured using a
Thermo-Finnigan Delta XP and Gas Bench II in continuous flow
mode, and normalized against NBS-18, NBS-19 and LSVEC (carbon
only). C- and O-isotope compositions are reported in d-notation

relative to Vienna Peedee belemnite (VPDB) for carbon and Vienna
standard mean ocean water (VSMOW) for oxygen, in permil (%o).
Analytical uncertainties associated with the 8'3C and 3'30 data are
+0.1%o (20).

3.4. 87sr/%8sr analysis

Sr-isotope ratios (87Sr/®6Sr) for carbonate samples were ob-
tained in the Isotope Geochemistry and Geochronology Research
Centre (IGGRC) at Carleton University using thermal ionization
mass spectrometry (TIMS). Calcite, dolomite, anhydrite and celes-
tine samples were collected by micro-drilling following the same
methodology described in Section 3.3. Sr-concentrations were
determined using mean EPMA analyses for the target mineral.
Samples were weighed out between 0.5 and 15 mg (depending on
Sr-concentration) and dissolved in 2.5 N nitric acid. Micro-
chromatography columns were prepared using 100 pL of Eichrom
Sr Spec resin (5—100 pm) in a 14 mL borosilicate glass column. The
resin was washed with 1200 pL of ultrapure water and then
conditioned with 400 pL of 7 N nitric acid. The samples were added
to the column, then washed using 7 N nitric acid. Sr ions were
eluted from the resin using 1600 pL of ultrapure water, and dried
down on a hot plate. The dried Sr samples were loaded onto Ta
filaments using 0.3 N orthophosphoric acid and analyzed for
875r/86sr using a Thermo-Finnigan Triton TIMS, at temperatures of
1300—1500 °C. Total Sr blanks for the procedure are <250 pico-
grams. The three-year average for analyses of NIST SRM987 is
875r/86sr = 0.710254 + 0.000019. Analytical uncertainties associ-
ated with the Sr-isotope data are reported at 2c.

4. Results
4.1. Paragenetic sequence and chemistry of secondary minerals

Secondary minerals in the Cambrian sandstones and the Black
River and Trenton group limestones occur as matrix replacement
and/or veins and vugs (Fig. 2). The mineral assemblages predomi-
nantly consist of calcite and dolomite, with varying proportions of
anhydrite, celestine, pyrite and quartz (Fig. 3). Varying amounts of
clay minerals and halite also occur as secondary minerals (Intera,
2011). Relative proportions of dolomite versus calcite (as wt%
dolomite) are exhibited in Fig. 4A using bulk XRD data from Intera
(2011). Elemental concentrations (Ca, Mg and Sr) are shown in
Table 1S (Supporting Material).

Saddle dolomite is observed as linings in mm- or cm-wide veins
and vugs within: (1) stratabound dolostone in the Sherman Fall,
Coboconk, Gull River and Cambrian units, (2) Gull River limestone
and (3) Shadow Lake siltstone (e.g., Fig. 2C—E, G—H; Fig. 1S —
Supporting Material). Replacement dolomite occurs as fine-grained
and dolomite-rich, mm- or cm-wide zones in limestone within
both the Trenton and Black River groups (e.g., Fig. 2B). Uniform
MgO abundances of 18—22 wt% were obtained for saddle/vein
dolomite and dolostone matrix (Fig. 4B). Sr abundances are
commonly less than 1000 ppm for all three types of dolomite
(Fig. 4C). Dolomitic growth zones in calcite crystals (MgO up to
22 wt%) are identified in Coboconk, Gull River and Shadow Lake
veins and vugs (Fig. 4B).

Secondary calcite commonly consists of medium- or coarse-
grained, euhedral crystals within mm- to cm-sized veins and
vugs, and are the principal vein/vug forming mineral in the Trenton
and Black River groups and the Cambrian sandstones (Fig. 1S —
Supporting Material). Low MgO abundances (<2 wt%) are common
for most secondary calcite. Sr abundances in vein and vug calcite
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Fig. 2. Photomicrographs of secondary minerals in the Trenton Group (A—B), Black River Group (C—F) and the Cambrian units (G—I). (A) DGR-5-704.44, sharp-edged calcite vein in
an argillaceous limestone, with an infill of anhydrite that post-dates calcite formation (SL); (B) DGR-2-691.70, irregular calcite vein in a fossiliferous limestone with zones of fine-
grained replacement dolomite (SL); (C) DGR-2-778.44, dolostone with zones of tan saddle dolomite and discrete veins of colourless saddle dolomite (SL); (D) DGR-2-817.41, micritic
limestone with a saddle dolomite vug with infill anhydrite. Note the fine-grained dolomite lining the interior of vug (PPL); (E) DGR-4-829.53, dolostone with saddle dolomite vug,
infill anhydrite and discrete veins of colourless dolomite (SL); (F) DGR-2-843.83, micritic limestone with a sparry calcite vug, infill minerals include rough-edged pyrite partly
replaced and followed by crystallites of magnetite suspended in an organic-rich matrix (RL); (G) DGR-4-844.78, irregular vein with saddle dolomite and quartz lining and calcite
infill within a fine-grained dolostone (RL); (H) DGR-4-845.20, dolostone with saddle dolomite-lined calcite vug (PPL); (I) DGR-2-847.42, sandstone with a calcite-lined vug. Note the
euhedral authigenic quartz rims that mantle detrital quartz grains (XPL). Abbreviations: Anh — anhydrite; Cal — calcite; Dol — dolomite; Mag — magnetite; PPL — plane-polarized
light image; Py — pyrite; RL — reflected light image; SDol — saddle dolomite; SL — stereo-light image (combination of both transmitted and reflected light); Qtz — quartz; XPL —

cross-polarized light image.

exhibit a decreasing trend with depth, from as high as 4300 ppm in
the Cobourg to <950 ppm in the Cambrian (Fig. 4C).

Anhydrite and celestine are observed as late infill after saddle
dolomite and calcite (Fig. 2A, D—E; Fig. 1S — Supporting Material;
Saso, 2013). The abundance of Sr in anhydrite is comparable to
calcite in the Cobourg and Sherman Fall formations, but it is higher
than calcite in the Gull River Formation (Fig. 4C). Authigenic quartz
was identified in one sandstone and one dolostone in the Cambrian,
as euhedral quartz rims mantling rounded, detrital quartz cores
(Fig. 2I), and druse quartz lining the wall of a calcite vein (Fig. 2G).
At both of these occurrences, authigenic quartz appears to have
formed either prior to or synchronous with calcite formation. In
DGR-4-844.78, the quartz lining appears to postdate the growth of
saddle dolomite (Fig. 2G). Pyrite is observed throughout the suc-
cession, commonly as an early matrix mineral in all limestone units
(except the Sherman Fall Formation) and stratabound dolostones in

the Coboconk, Gull River, and Cambrian units, and as a late vug
mineral, post-dating calcite in DGR-2-843.83 (Fig. 2F).

4.2. Petrography and microthermometry of fluid inclusions

Six paleofluid stages were identified from the primary in-
clusions in dolomite (stage I), primary inclusions in calcite (stage II),
primary inclusions in celestine and anhydrite (stage III), and sec-
ondary inclusions mostly in calcite (stages IV to VI), and are sum-
marized in Figs. 3, 5—-8 and Table 1. Photomicrographs of
representative primary and secondary inclusions are shown in
Figs. 5 and 6, respectively. All inclusion assemblages trapped during
stages I to IIl contain variable proportions of liquid and methane
vapour (e.g., Fig. 5B, E, H), indicating heterogeneous fluid entrap-
ment. Therefore, trapping temperatures (Tirap) for these stages are
defined by the minimum homogenization temperature (Tj)
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Fig. 3. Relative timing of secondary mineral formation and trapping of fluid inclusion
stages I-VI, based on detailed petrography. The timing of authigenic quartz and pyrite
formation relative to fluid stages I-II and IlI-V, respectively, is uncertain and indicated
by the dashed lines. Note: matrix replacement dolomite predates the formation of
saddle dolomite.

observed in each inclusion assemblage (Diamond et al., 2015).
Uniform proportions of liquid and vapour were observed in as-
semblages of stage IV inclusions (e.g., Fig. 6B—C, E), thus the
maximum T, for each assemblage represents a minimum
constraint on Tiap (i.€. Tirap > Thmax)- All assemblages in stages I to
IV contain variable proportions of halite, indicating they were
saturated with respect to halite at the time of trapping (principles
of these interpretations are explained in Diamond, 2003). Stage V
inclusions consist of saline brine without vapour bubbles at room
temperature (e.g., Fig. 6G). In this case, the only constraint on Tiap is
the empirical rule that they were trapped below 70 °C (Goldstein
and Reynolds, 1994; Diamond, 2003). The Ti,p results are sum-
marized in Fig. 7 and Table 1 (detailed Ty, data are shown in Table 2S
— Supporting Material, after Diamond et al., 2015). The relative
timing of fluid inclusion entrapment associated with stages IV vs. VI
was determined by cross-cutting relationships as shown in Fig. GH
and L

Temperatures of final melting of ice, Ty(ice), in the presence of
halite + liquid + vapour were measured in assemblages of in-
clusions in stages I to IV. No observations of eutectic melting could
be made but the span of Ty (ice) values between —52.7 and —34 °C
suggests the principal salts are NaCl and CaCl,. As commonly
observed in CaCl,-rich inclusions, nominally stable hydrohalite
nucleated only rarely upon cooling and so the measured Ty(ice)
transitions represent metastable equilibria. To enable salinity de-
terminations from these data, the locus of the metastable cotectic

involving ice + halite + liquid + vapour was calculated for this
study (red curve Fig. 8A and B) from the stable phase relations for
the H,O—NaCl—CaCl, ternary system given by Oakes et al. (1990)
and Steele-Maclnnis et al. (2011). Fluid compositions and salin-
ities in terms of the model ternary components were then obtained
for each assemblage by constructing a halite-melting path begin-
ning at Ty(ice) on the cotectic and moving towards the NaCl apex of
the ternary. The point at which this path intersects Tap on the
halite liquidus defines the ternary composition and the salinity of
the inclusions (i.e. green arrow in Fig. 8A). For the halite-
undersaturated inclusions of stage V, salinity could only be
broadly constrained to lie along the relevant isotherms of T, (ice)
(dark bands in Fig. 8B; question marks show range of uncertainty in
salinity). Table 1 lists the resulting ternary compositions and sa-
linities. Microthermometric data of all individual inclusions
measured are given in Diamond et al. (2015) and are shown in
Table 2S (Supporting Material).

Primary, stage I inclusions in saddle dolomite (e.g., Fig. 5A—C)
from the Coboconk and Gull River formations yielded the highest
Tirap values; 122—128 °C (n = 3) and a Tgap value of 88 °C was ob-
tained for primary inclusions in rhombic dolomite from the
Cambrian. Stage I inclusions have Ty, (ice) values between —44.1
and —41.5 °C, implying that the fluid had a salinity of 33—34 wt%
[CaCl;+NaCl]eq at halite saturation (at the time of Tyrap).

Primary stage Il inclusions in calcite (e.g., Fig. 5D—F) yielded Tyrap
values between 54 and 78 °C (mean and S.D. of 65 + 9°C; n = 7) and
Tm (ice) values between —47.9 and —35.9 °C. Inclusions in two
Coboconk samples yielded Ty, (hydrohalite) values from —22.9
to —16.5 °C. The calculated salinity of the halite-saturated stage II
fluid at Trap varies between 30.7 and 33.2 wt% [CaCly+NaCl]eq.

Stage III is represented by primary inclusions in celestine and
anhydrite (e.g., Fig. 5G—I) and by early secondary inclusions in stage
II calcite. Crystallites of anhydrite were occasionally identified in
stage lIl inclusions in calcite (Diamond et al., 2015). The inclusions
in celestine and calcite yielded Ti,p values between 42 and 80 °C
and Ty, (ice) values from —46.5 to —33.2 °C, corresponding to sa-
linities of 32—33 wt% [CaCl,+NaCl]eq for the halite-saturated stage
111 fluid at Tirap.

Secondary, stage IV inclusions in calcite (e.g., Fig. 6A—E) have
minimum Tiap values between 57 and 106 °C. Their Ty, (ice) values
vary from —52.7 to —26.4 °C, which indicates a narrow range of
halite-saturated salinities between 32 and 34 wt% [CaCly+NaCl]eq
for this gas-undersaturated fluid at minimum Tiap.

Late secondary, liquid-only (metastable) inclusions associated
with stage V (e.g., Fig. 6F and G) formed at temperatures <70 °C
(Goldstein and Reynolds, 1994) and were identified in calcite and
dolomite throughout the sample suite. Stage V inclusions from the
Gull River Formation and the Cambrian show Ty(ice) values
of —35.0 to —-24.3 °C, indicating salinities of 23—-26 wt%
[CaClx+NaCl]eq.

Hydrocarbon inclusions (stage VI) in calcite (e.g., Fig. 6H and I)
from the Coboconk and Gull River formations contain variable
proportions of liquid oil and methane vapour, indicating they were
gas-saturated at the time of trapping. Their minimum Ty values
yield Ti,p values of 48 and 59 °C, respectively.

4.3. C- and O-isotope compositions

Calcite vein and vug samples from the Cambrian sandstones
yielded the most 3C-depleted C-isotope compositions in the
sedimentary succession, with 313C values of —6.1 to —3.5%o (Fig. 9A;
Table 3S — Supporting Material). Cambrian dolomite samples,
including one dolostone and one saddle dolomite, have 8'3C values
of —2.5%0 and —3.8%o, respectively. Similar C-isotope compositions
were obtained for two samples from a vug in the Shadow Lake
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Formation, including §'3C values of —3.4%o for saddle dolomite
and —5.0%o for calcite (Table 3S — Supporting Material).

A pronounced C-isotope shift of +2 to 4+3%o occurs at the
boundary between the Shadow Lake and Gull River formations.
Uniform C-isotope compositions are observed for most samples
from the base of the Gull River Formation to the Cobourg Forma-
tion, with 3'3C values of —1.0 to +1.9%0 and no identifiable differ-
ences between the Black River and Trenton group samples.
Similarly, no differences in 8'3C are observed between samples of
limestone matrix and calcite veins and vugs, and samples of saddle
dolomite, dolostone and matrix replacement dolomite. Although
most of the C-isotope data are constant versus depth, three calcite
vein samples from a 3 m section at the base of the Kirkfield For-
mation (DGR-6-864.60; DGR-6-865.20; DGR-6-867.60) vary by
2.7%0 (—0.8 to +1.9%o; Fig. 9A). It should be noted, however, these
data fall within the broader range of C-isotope compositions
defined by other samples from the Ordovician succession, including
a limestone from the Gull River Formation (—1.0%0) and dolostone
from the Coboconk Formation (+1.9%o).

Calcite vein and vug samples from the Cambrian have §'®0
values between +14.6%0 and +24.2%0 and overall represent the
most 80-depleted compositions in the succession, with only one of
these Cambrian calcite samples higher than +17.8%o, (Fig. 9B;
Table 3S — Supporting Material). Two dolomite samples from the
Cambrian units have 30 values of +23.0%. (dolostone)
and +23.2%o0 (saddle dolomite). Two samples from a vug in the
Shadow Lake Formation (DGR-2-843.83) yielded similar O-isotope
compositions to the other respective calcite and dolomite samples
in the Cambrian sample suite, and include 3180 values of +15.9%o
for calcite and +20.6%o for saddle dolomite.

A pronounced shift of ~ +3 to +7%o is observed in the 3'30 data
along the boundary between the Shadow Lake and Gull River for-
mations (Fig. 9B). Calcite vein and vug samples from the Gull River
and Coboconk formations have a wide range of 3'80 values,

from +18.9 to 426.7%o. Notably, a ~10 m section at the top of the
Coboconk Formation, along the Trenton—Black River group
boundary, exhibits a spread in 3'®0 values of up to 5.4%o (+21.3
to +26.7%o). Calcite veins and vug samples from the Trenton Group
have 380 values from +23.0 to +28.1%o, and are broadly consistent
with calcite O-isotope data for the Black River Group. Most of the
Trenton Group calcite samples vary by up to 3.1%o, with only one
exceptional 3'30 value higher than +26.1%0 (Fig. 9B). Six saddle
dolomite samples from the combined Black River—Trenton group
units have uniform 380 values of +20.3 to +21.3%o, and are >
1—2%o lower in 3'30 than most calcite vein and vug samples in the
Ordovician succession. In contrast, one sample of dolostone matrix
(DGR-2-778.44) and one replacement dolomite sample (DGR-4-
772.10) from the Coboconk Formation yielded 380 values
of +23.6%0 and +22.0%., respectively. Eleven limestone matrix
samples from the Trenton and Black River groups exhibit a subtle
trend of increasing 3'80 values towards the surface, from +23.8
to +26.8%0, and no identifiable shifts or sections of O-isotope
variability along the boundary between the two groups, as
observed in the calcite vein and vug data (Fig. 9B).

4.4. Sr-isotope ratios

Secondary calcite and dolomite samples from the Cambrian
units have the highest Sr-isotope ratios in the sedimentary suc-
cession. Four calcite vein/vug samples have 87sr/86sr values from
0.70975 to 0.71039, while one sample of dolostone matrix and one
saddle dolomite yielded similar 8’Sr/%6Sr values of 0.71043 and
0.71027, respectively (Fig. 9C; Table 3S — Supporting Material).
Furthermore, two calcite/saddle dolomite samples from a vug in
the Shadow Lake Formation have 37Sr/%6Sr values of 0.71037 and
0.70984, and overlap in Sr-isotope composition with other samples
from the Cambrian.

A shift in 87Sr/%5Sr of up to ~ —0.02 is observed across the
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Fig. 5. Photomicrographs of fluid inclusions representative of paleofluid stages I—III, all viewed in plane-polarized, transmitted light. (A) Stage I in DGR-4-829.53, saddle dolomite
crystal showing curved crystal faces lining the walls of a vug. The core is rich in primary fluid inclusions and is overgrown by a clear, inclusion-free outer rim; (B—C) Details of A
showing variable proportions of liquid brine, CH4—CO,—vapour and halite within individual inclusions of the same assemblage, indicating that all three phases were present at
mutual saturation during fluid entrapment; (D) Stage Il in DGR-3-799.15, calcite crystals in a vug, containing clouds of three-dimensionally distributed primary fluid inclusions. The
rims of these crystals contain linear arrays of fluid inclusions that radiate outwards, parallel to the growth direction of the crystal, and are indicative of primary inclusions. All are
younger than inclusions in A, because calcite systematically overgrows saddle dolomite (Fig. 2H); (E—F) Details of D showing variable proportions of liquid brine, CH4—vapour and
halite within individual inclusions of the same assemblage, indicating that all three phases were present at mutual saturation during fluid entrapment; (G) Stage IIl in DGR-4-
829.53, primary inclusions within fibrous anhydrite. The inclusions are younger than in D, because anhydrite systematically overgrows calcite (Fig. 2A); (H-I) Details of G
showing variable proportions of liquid brine, CH4—vapour and halite within individual inclusions of the same assemblage, indicating that all three phases were present at mutual

saturation during fluid entrapment.

boundary between the Shadow Lake and the Gull River formations.
Calcite vein and vug samples from the Gull River and Coboconk
formations have the highest Sr-isotope variability in the succession,
with 87Sr/86Sr values ranging from 0.70799 to 0.70990 (Fig. 9C).
Similar variability is observed for three samples of saddle dolomite,
one dolostone and one sample of anhydrite from the Gull Riv-
er—Coboconk units, with combined 87Sr/26Sr values from 0.70854
to 0.70939. In contrast, three limestone samples from these Black
River Group units (two Gull River, one Coboconk) have uniform
875r/86sr values of 0.70810—0.70833, and overlap with the lowest
Sr-isotope ratios of calcite veins from these units.

For the Trenton Group, five calcite vein/vug samples and three
limestone matrix samples have uniform 37Sr/%0Sr values of
0.70790—0.70817 (Fig. 9C), and are consistent with the 87Sr/%%sr
values of limestone samples from the underlying Black River Group.
Similar 37Sr/®6sr values of 0.70818, 0.70808 and 0.70848 are

observed for anhydrite samples from the Cobourg and Sherman Fall
formations, and a celestine sample from the Kirkfield Formation,
respectively (Fig. 9C). One sample of saddle dolomite from a vug in
the Sherman Fall Formation (DGR-5-743.10) has an exceptional
875r/86sr value of 0.70856. However, this sample has an associated
20 analytical uncertainty of +0.00083, which is 20—40 times larger
than other analyses (Table 3S — Supporting Material).

5. Discussion
5.1. Paragenetic sequence

Overall six distinct fluid events were identified in the micro-
thermometric/petrographic results (Figs. 3 and 7), with the first
two stages responsible for most of the mineral precipitation in
veins and vugs and only minor amounts of anhydrite and celestine
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

that formed during stage IIl. Based on the preservation of well-
defined dolomite, calcite, anhydrite and celestine crystal margins
from precipitation events during stages I to Il (Fig. 2), and on the
absence of dissolution features, fluid stages IV—VI are interpreted
as migration of relatively minor quantities of fluids along grain
boundaries or micro-fractures.

Stage I is represented by formation of Fe- and Mn-enriched
saddle dolomite in the Black River Group (Diamond et al., 2015)
that resulted from the influx of a halite-saturated brine (34 wt%
[CaCl>+NaClleq) and free methane gas at temperatures of
122—128 °C. Elsewhere in the Michigan Basin, high temperatures
have been determined for fluid inclusions in saddle dolomite from
the Trenton—Black River groups, including up to ~160 °C in the
Albion-Scipio oil field of south-central Michigan (Allan and
Wiggins, 1993) and temperatures as high as ~170 °C and 220 °C

in dolomite samples from Manitoulin Island and southwestern
Ontario, respectively (Coniglio et al., 1994). Elevated temperatures
of ~97—144 °C were also obtained by Haeri-Ardakani et al. (2013)
for saddle dolomite samples from the Trenton Group in south-
western Ontario. Davies and Smith (2006) suggested that the for-
mation of saddle dolomite in these fault-controlled reservoirs is
due to ascending fluid that is hotter than the ambient or burial
temperatures of the host formation (i.e. hydrothermal). In our
study, a third Fe- and Mn-enriched saddle dolomite sample from
the Cambrian yielded a significantly lower Tirap value of 88 °C, but a
similarly high salinity of 34 wt% [CaCl;+NaCl]eq. It is not known
whether these saddle dolomite samples are contemporaneous.
Stage II primary inclusions in calcite have Tyap values of
54—78 °C (mean 65 + 9 °C; n = 7) and represent a halite-saturated
brine with a salinity of 31-37 wt% [CaCl,+NaCl]eq and entrained
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Shadow Lake (Black River Group)—Cambrian; Cambrian—Precambrian.

free methane gas. Based on the predominance of calcite as a vein/
vug mineral, it can be presumed that stage Il was the most signif-
icant vein- and vug-forming fluid event. The range of Ti,p values
from stage II inclusions is slightly lower than minimum paleo-
temperature estimates of 80 °C at the base of the Silurian and 90 °C
at the base of the Trenton Group reported by Legall et al. (1981).
Determinations of the absolute timing of vein and vug calcite for-
mation in the Trenton—Black River groups have been made using
U-Pb dating methods with laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) and TIMS (Davis, 2013).
Davis (2013, 2017) reported a LA-ICP-MS U-Pb age of 434 + 5 Ma,
based on a calculated mean of three model age determinations
from the Cobourg and Coboconk formations, and a TIMS U-Pb date
of 451 + 38 Ma for a calcite vein from the Cobourg Formation. The
Davis (2013, 2017) U-Pb data compare well with a Rb-Sr isochron
age of 425 + 6 Ma (errorchron age of 440 + 50 Ma) by Harper et al.
(1995) and 7 combined K-Ar dates ranging from 453 + 9 Ma to
412 + 8 Ma by Harper et al. (1995) and Ziegler and Longstaffe
(2000) (weighted mean of 442 + 16 Ma) for secondary K-feldspar
obtained along the Precambrian—Paleozoic boundary in southern
Ontario. These data suggest the influx of stage II, calcite-forming

fluids in the Trenton—Black River groups likely occurred between
the Late Ordovician and Silurian.

Stage III fluid inclusions have Tiap values of 42—80 °C and
represent a stage of fluid migration during which anhydrite and
celestine were formed. The mean Ty, value of 62 + 17 °C for four
stage Il inclusions is similar to the mean Ty,p value (65 + 9 °C;
n = 7) for stage Il primary inclusions in calcite. Salinities of stage III
inclusions range from 32 to 33 wt% [CaCl,+NaCl]eq, and are com-
parable to the salinity estimates for stage I and stage II inclusions.
This suggests a paragenetic link between the stage I-III fluids, with
saddle dolomite forming during initial brine influx at 122—128 °C
(stage I), then subsequent cooling and formation of calcite (stage II)
and penecontemporaneous formation of anhydrite and celestine
(stage III).

Secondary fluid inclusions defining stage IV have minimum Tyrap
values between 57 and 106 °C, including one calcite vein from the
Sherman Fall Formation (DGR-2-691.70; see Fig. 6D and E) that
yielded minimum Ty,p values ranging from 77 to 106 °C. The ab-
solute timing and burial depth (i.e. thickness of overburden sedi-
ments) at the time of stage IV fluid inclusion entrapment is unclear,
therefore, definitive pressure corrections to determine Ty,p (true)
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cannot be applied to the stage IV data. In order to determine an
upper limit for stage IV fluid inclusion entrapment, Tiap
(maximum) values were calculated using pressure corrected data
for peak burial conditions for the Ordovician—Cambrian succession.
This is a conservative approach because we do not know that stage
IV coincides with peak burial, and because all corrections are made
to the depth at the base of the Paleozoic succession. After peak
burial conditions, it can be inferred from the work of Coniglio and
Williams-Jones (1992) that approximately 1000 m of Paleozoic
sediments were eroded from the sedimentary succession at the
Bruce site (NWMO, 2011). Utilizing an overburden thickness of
1000 m and a current depth of 860 m for the base of the Paleozoic
succession, a maximum burial depth of 1860 m was used to
calculate an upper limit for stage IV fluid inclusion entrapment.
Pressure corrected Tirap (maximum) values for the stage IV in-
clusions range from 77 to 127 °C (Fig. 7; Table 1).

There are two models that explain the formation of stage IV
fluids: (1) influx of hydrothermal brines, or (2) regional heating of
the sediments (i.e. through conduction), coupled with fracturing
and re-mobilization of fluids. For model 1, significant quantities of
fluid and high flow rates along permeable structures would be
required to facilitate the transfer of heat, but there is no evidence
for fluid movement at this scale (e.g., large fracture/vein systems,

dissolution/re-precipitation features, formation of new secondary
minerals with primary inclusions analogous to stage IV). Alterna-
tively, a regional heating event (model 2) is consistent with an
estimated minimum paleotemperature of 90 °C at the base of the
Trenton Group (Legall et al., 1981). Evidence for a regional heating
event exists elsewhere in the Michigan Basin. Temperatures of
~70—170 °C and ~40—260 °C have been obtained for secondary
fluid inclusions in calcite from Trenton—Black River rocks on
Manitoulin Island and in southwestern Ontario, respectively
(Coniglio et al., 1994). Haeri-Ardakani et al. (2013) also reported
temperatures of ~60—131 °C for fluid inclusions in calcite cement
samples from the Trenton Group in southwest Ontario. In central
Michigan, fluid inclusions in Middle Ordovician St. Peter Formation
sandstones yielded temperatures of 76—169 °C for quartz over-
growths, and 94—149 °C for dolomite cements (Girard and Barnes,
1995), and are consistent with temperatures of ~100—160 °C ob-
tained for fluid inclusions in saddle dolomite from elsewhere in
central Michigan (Allan and Wiggins, 1993). Overall, these high
temperatures (up to 260 °C) strongly suggest that regional heat
sources were present at depth below the Michigan Basin. Reac-
tivation of the mid-continent rift was suggested by Ma et al. (2009)
as a source of heat and mantle-derived He and Ne anomalies in the
hydrothermal fluids that interacted with the basin rocks. Regional-
scale heating has also been linked to the formation of secondary
illite at 367—322 Ma in the St. Peter sandstone along the base of the
Paleozoic succession (Girard and Barnes, 1995). Reactivation of the
mid-continent rift during the Late Devonian—Mississippian could
be responsible for initiating regional-scale heating below the
Michigan Basin and may be linked to the stage IV fluid migration
event observed in the Ordovician carbonates at the Bruce site.

Stage V and VI inclusions represent the latest observed records
of fluid migration in the sedimentary succession, and for the latter
stage VI fluids, include hydrocarbon inclusions in the Coboconk and
Gull River formations and the Cambrian units. Samples from the
Coboconk and Gull River formations yielded trapping temperatures
of 48 and 59 °C (Fig. 7). The occurrence of hydrocarbon fluids is
consistent with the presence of bitumen layering or oil in the
Coboconk, Gull River and Shadow Lake formations (see Fig. 2.32 in
Intera, 2011), suggesting that stage VI represents an important
period of hydrocarbon generation and/or migration in the Black
River Group.

5.2. Source and evolution of fluids

By combining the petrographic and fluid inclusion results with
the C- O- and Sr-isotope data, inferences can be made about the
sources and paleofluid evolution through the secondary-mineral
formation events of stages I to Ill. Secondary calcite (veins/vugs)
and dolomite (dolostone matrix and saddle) samples from the
combined Cambrian—Shadow Lake units have 3'>C values of ~ —6.1
to —2.5%o (Fig. 9A). Estimates of the average C-isotope composition
of Cambrian seawater include 53C values between —0.9%o
and +0.0%o (Fig. 9A; Veizer et al., 1999), suggesting that the calcite
and dolomite samples from the Cambrian—Shadow Lake units were
not sourced from connate fluids derived from Cambrian seawater.
Alternatively, these low 3!3C values reflect carbonate mineral for-
mation from fluids that reacted with organic carbon. Harper et al.
(1995) reported similar *C-depleted data (—9.3 to —3.9%) for
secondary calcite and dolomite associated with hydrothermally
altered granitoid rocks along the Precambrian—Paleozoic boundary
in southern Ontario.

A 2—3%o shift in 8'3C occurs at the boundary between Cam-
brian—Shadow Lake units and the overlying Gull River Formation.
The C-isotope compositions of calcite and dolomite samples show
little scatter through the Gull River to Cobourg formations (Fig. 9A)
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Table 1
Microthermometric results for fluid inclusions in the secondary minerals.
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Sample ID Formation mBGS Matrix Mineral Tiap (°C)

Tim(ice) or T(hydrohalite)? (°C)

I mnom v \Y VI 1 1l il v Ve

min max  min max  min max  min max  min max
DGR-2- Sherman Fall 691.70 cal-py «cal 65 [77—-96] <70 -46.9 -40.9 —452 -44.7
691.70 78 [106—127]
DGR-6- Coboconk 764.65 dol cal 61 -215 -182 -364 -33.2 -40.7 -39.0
883.75
DGR-6- Coboconk 767.81 dol cal 57 [57-77] <70 —-45.0 -34.0 -47.0 -420
886.91
DGR-4- Coboconk 769.57 cal-py cal-cls 54 71 [80—100] <70 —442 -359 -46.5 -35.2
769.57
DGR-6- Coboconk 778.29 dol cal [61-78] <70 48 —46.8 —42.1
892.99
DGR-2- Coboconk 778.44 dol-py dol 1222
778.44 (SD)
DGR-3- Coboconk 799.15 cal cal [86—107] —-229 -184
799.15
DGR-4- Gull River 818.36 dol-py «cal 42 [94—113] <70 59 —43.1 -40.2 —38.8 —44.1
818.36
DGR-4- Gull River 829.53 dol-py dol 125 —441 -42.7
829.53 (SD) 1282
DGR-2- Cambrian 844.31 dol-py dol-cal 88° 55 [75-96] <70 —42.7 -415 —-403 -374 -439 -426 -350 -344
844.31 [77—-97]
DGR-2- Cambrian 847.42 qtz cal 80 [91-112] -429 -41.8 -52.1 -50.5
847.42 [94—-115]
DGR-2- Cambrian 850.01 qtz cal 72 [88—109] <70 —426 -41.5 -52.1 -495 -342 -32.1
850.01 [91-112]
DGR-2- Cambrian 853.72 qtz cal 70 [102—-123] <70 —479 -426 -52.7 -503 -259 -243
853.72 [104—125]

Notes: Microthermometric measurements were made in calcite and dolomite (), and are indicated by the Mineral column. Relative timing of fluid stages I-VI was determined
petrographically based cross-cutting relationships between fluid inclusion assemblages. () Tirap for stage IV can only be bracketed between Tj, (minimum possible value) and a
maximum T calculated from an assumed lithostatic pressure of 1860 m (see text for explanation). Tiy(ice) values in stages I-IV represent the metastable equilibrium between
halite + ice + liquid + vapour. (%) Ty (ice) for stage V was obtained by artificially stretching the inclusions. () Hydrohalite Ty, values are shown in italics. Abbreviations: cal —
calcite; cls — celestine; dol — dolomite; py — pyrite; SD — saddle dolomite; qtz — quartz.

and are consistent with estimates by Veizer et al. (1999) for the
average C-isotope composition of seawater during the Late Ordo-
vician (-0.1 to +1.7%o), suggesting a C source dominated by
seawater-derived connate fluids or external fluids that experienced
high degrees of fluid—rock interaction with the host limestones
(Fig. 9A).

Calcite samples from the Shadow Lake and Cambrian units
generally have the lowest 880 values (+14.6 to +24.2%0), with
most calcite veins and vugs plotting at ~ +16%o (7 of 8 calcite veins
form a calculated mean of +15.9 =+ 1.0%o; S.D.). A prominent feature
of the O-isotope data through the Cambrian—Ordovician succession
is the >4%o shift that occurs along the boundary between the
Cambrian—Shadow Lake units and the overlying Gull River For-
mation (Fig. 9B). Relatively high variability is observed in the 5'0
data for the Coboconk Formation just below the Trenton—Black
River group boundary (Fig. 9B), with values from calcite vein and
vug samples exhibiting a spread of up to 5.4%o. This variability could
be explained by: (1) mixing between two or more fluids that had
distinct O-isotope compositions (i.e. connate vs. external hydro-
thermal fluids), or (2) temperature-related differences in A'0ca1ci-
te_fluid during the precipitation of calcite (e.g., Friedman and O'Neil,
1977). The fact that large temperature differences are not observed
in the primary fluid inclusion data for the Coboconk Formation
(Fig. 7) suggests that the §'®0 variability may be explained by
mixing with external fluids. The Trenton—Black River boundary
represents a significant change in hydraulic conductivity, with
rocks in the Trenton Group having Ky values up to six orders of
magnitude lower than those of the Black River Group (Normani and
Sykes, 2012; Beauheim et al., 2014; Khader and Novakowski, 2014).
Furthermore, thin dolostone units (<20 cm) and a bentonite unit
(<10 cm thick) occur as stratabound layers in the Coboconk

Formation (~790.50 m and 781.00 mBGS, respectively). These units,
particularly the dolostone, may have relatively high permeability
and porosity compared to the bounding limestones, and as such,
could represent pathways of enhanced lateral flow, allowing for
ingress of external fluids.

The O-isotope compositions of source fluids responsible for
secondary mineral formation were estimated using the micro-
thermometric data and mineral—fluid O-isotope exchange ther-
mometers for calcite (Friedman and O'Neil, 1977, Fig. 10A) and
dolomite (Horita, 2014, Fig. 10B). The O-isotope composition of Late
Ordovician seawater is shown in Fig. 10, with 3'®0 values
between —4 and —2%o (Veizer et al., 1999; Shields et al., 2003).
Calculated values for the O-isotope composition of fluids in equi-
librium with all limestones from the Gull River to Cobourg forma-
tions are consistent with Ordovician seawater (Fig. 10A), indicating
that there has been limited diagenetic or hydrothermal alteration
effects to their primary O-isotope compositions.

Calcite vein and vug samples from the Cambrian—Shadow Lake
units have calculated §'®0qyiq values between ~ —6%o and +4%o,
based on formation temperatures of 70—72 °C (Fig. 10A). Gull River
and Coboconk samples have similar calculated 3'®0qyq values
of ~ —6 to +4%c, while samples from the Trenton Group have
calculated fluid compositions of ~ +2 to +8%o (Fig. 10A). These fluid
compositions are suggestive of calcite precipitation from Late
Ordovician seawater or an '®0-enriched, seawater-derived basin
fluid. Similar ®0-enrichments relative to seawater have been
described for fluids in many sedimentary basins (Holser, 1979;
Knauth and Beeunas, 1986; Ayalon and Longstaffe, 1988; Kyser
and Kerrich, 1990; Wilson and Long, 1993a, 1993b; Hanor, 2001),
and are interpreted to have undergone '®0-enrichment by evapo-
ration and/or fluid—rock interaction following burial. Modification
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Fig. 9. C-, O- and Sr-isotope results for the secondary minerals in the Ordovician—Cambrian sedimentary succession (A—C, respectively). Average C-isotope compositions of
seawater during the Late Ordovician (—0.1 to +1.7%0) and the Cambrian (—0.9 to 40.0%o) are also shown in (A) and are based on marine carbonate rocks from Veizer et al. (1999).
Average 37Sr/®6Sr values for Late Ordovician seawater (0.70887—0.70941) were obtained from Veizer et al. (1999). The 87Sr/®6Sr values of Precambrian shield brines from the
Sudbury region (0.71037—0.74009) were reported by McNutt et al. (1984). Boundaries in the sedimentary succession are also shown here (in descending order): Queen-
ston—Collingwood/Cobourg (Trenton Group); Kirkfield (Trenton Group)—Coboconk (Black River Group); Shadow Lake (Black River Group)—Cambrian; Cambrian—Precambrian.

of seawater-derived connate fluids by influx of hydrothermal fluids
that interacted with, or were derived from the Precambrian shield
(Spencer, 1987) could also explain such '0-enrichments.

Calculated fluid compositions for saddle dolomite have 3"80fuid
values of ~0 to +7%o (Fig. 10B) and overlap with the calculated fluid
compositions of calcite, suggesting that dolomite precipitated from
80_enriched hydrothermal fluids originating from evolved
seawater. No microthermometry data could be obtained from fluid
inclusions in samples of matrix replacement dolomite and dolo-
stone. However, if the matrix replacement dolomite and dolostone
samples formed at temperatures similar to those of calcite veins
and vugs (54—78 °C) or saddle dolomite (88—128 °C), the calculated
fluid compositions would be —6 to 41%o or +1 to +7%o, respectively
(Fig. 10B). These calculated fluid compositions are suggestive of
matrix replacement dolomite and dolostone formation directly
from Late Ordovician seawater or hydrothermal fluids derived from
evolved seawater, and are broadly consistent with fluid source
determinations for all other secondary minerals.

Sr-isotope data for many of the samples from the Black River
Group, and all samples from the Cambrian, exhibit 8/Sr/%6sr
enrichment well above the seawater curve of Veizer et al. (1999).
Enriched 8/Sr/%6Sr values (>0.710) are a common signature of
Precambrian brines (e.g., Frape et al., 1984; McNutt et al., 1984;
Bottomley et al., 1999), and the observed enrichment suggests
vein and vug formation from shield-derived hydrothermal fluids,
and/or fluid—rock interaction with shield-derived detrital minerals
in the Cambrian sandstones. In contrast, all vein and vug samples
from the Trenton Group, and approximately half of the samples
from the Black River Group, overlap with the seawater curve of
Veizer et al. (1999), suggesting they formed from either connate
fluids derived from Late Ordovician seawater and/or external hy-
drothermal brines that underwent high degrees of fluid—rock
interaction and associated modification of their original isotopic

signature during transit through the underlying stratigraphy.

The combined microthermometry and isotopic data are
consistent with a model of secondary mineral formation by fluid
mixing; with one end member being either a shield-derived hy-
drothermal fluid, and/or a fluid that was isotopically influenced by
detrital minerals in the Cambrian sandstone, and the second end
member being a connate pore fluid derived from the Paleozoic
carbonates.

5.3. Implications for the migration of high-temperature fluids in the
Ordovician limestones

An important feature of our fluid influx model for the Ordovi-
cian sedimentary succession is the formation of dolomite in the
Black River Group at temperatures of 122—128 °C, which are higher
than the nearest available estimate of peak burial temperature,
55—90 °C from Coniglio and Williams-Jones (1992) at Manitoulin
Island, providing evidence for migration of hydrothermal fluid.

Hydrothermal dolomite is an important reservoir for oil and gas
plays within the Trenton—Black River groups in the Albion-Scipio/
Stoney Point fields in south-central Michigan (Hurley and Budros,
1990; Allan and Wiggins, 1993; Davies and Smith, 2006), the
Lima-Indiana field in Ohio/Indiana (Wickstrom et al., 1992) and
southern Ontario (Powell et al.,, 1984; Middleton et al., 1993;
Coniglio et al.,, 1994; Obermajer et al., 1999). In these regions, hy-
drothermal dolomite developed along large-scale extensional
faults as a result of high-temperature fluid—rock interaction (up
to ~ 260 °C; Coniglio et al., 1994) between limestone and hydro-
thermal fluids that migrated upward from the underlying Cambrian
aquifer. Hydrothermal dolomite reservoirs are recognized in 2D
seismic data aligned with vertical “sag” or “flower” structures, often
10s of kilometers in strike length and 100s of meters in width (e.g.,
Davies and Smith, 2006). At that scale, these structures represent
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represent formation temperature estimates, based largely on fluid inclusion data dis-
cussed in Section 5.1, plotted against 3'30 values for each calcite/dolomite type. For-
mation temperatures of limestone matrix samples were estimated at 20—30 °C based
on Shields et al. (2003). Cambrian—Shadow Lake calcite samples are plotted at
70-72 °C and are based on Ty, values for stage II fluid inclusions in these units (see
Section 5.2; Table 3S — Supporting Material). Calcite vein and vug samples from the
Gull River—Coboconk formations and the Trenton Group are plotted using Tiap tem-
peratures of 54—61 °C and 6578 °C, respectively. For saddle and vein dolomite, Tt
temperatures of 88—128 °C were used. No fluid inclusion data were obtained for
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regionally extensive zones of dolomitization. At the Bruce site,
however, the abundance and scale of hydrothermal dolomite
occurrence is much different. Saddle dolomite with associated high
fluid trapping temperatures was observed in veins within Ordovi-
cian limestone, stratabound dolostone in the Ordovician, and in
Cambrian dolostone. These features are typically mm or cm in
thickness (e.g., Fig. 2B—E, G, H; Fig. 1S — Supporting Material), and

as such, do not represent reservoir-scale structures of dolomitiza-
tion as observed elsewhere in the Michigan Basin.

5.4. Conceptual model

Models for the source and timing of paleofluid movements in
the Cambrian and Ordovician sedimentary units below the Bruce
site, until now, have been largely based on direct geochemical and
isotopic constraints from porewater extracted from drill cores
(Clark et al., 2010a, 2010b; 2013, 2015; Al et al., 2015). In a detailed
study, Clark et al. (2013) reported O- and H-isotope compositions
and Cl- and Br-concentration data for porewater obtained
throughout the Paleozoic sedimentary succession. Downward
trends of decreasing Cl~ and Br~ concentrations, coupled with
decreases in 5'80, were observed in the Ordovician limestones
(Fig. 2 in Clark et al., 2013). These trends were interpreted to
represent a mixing profile between hypersaline evaporated
seawater from the overlying Silurian Salina Formation and shield-
derived fluids (Clark et al., 2013; Al et al., 2015). The influence of
a shield end member is supported by a downward trend of H-
enrichment — a common feature of shield fluids (Fritz and Frape,
1982; Frape et al., 1984; Pearson, 1987; Bottomley et al., 1999,
2004; Douglas et al., 2000; Gascoyne, 2004; Al et al., 2015).

Clark et al. (2013) also reported He-isotope ratios for porewater
from the Ordovician shales and the Trenton and Black River group
limestones. Porewater extracted from the shales and the Cobourg
Formation limestone yielded uniform R/Ra values (0.020 + 0.002;
where R/Ra = (®He/*He)sample/CHe/*He)air, and
(3He/*He),ir = 1.38 x 107%), which are consistent with an authi-
genic origin, and the total He concentrations indicated a minimum
period of 260 Ma for He ingrowth. A positive shift in R/Ra values
was observed from the base of the Cobourg to the upper portion of
the Sherman Fall Formation, followed by uniform R/Ra values of
0.035 + 0.002 with increasing depth into the Cambrian (Fig. 4; Clark
et al., 2013). The elevated R/Ra values below the Cobourg Formation
limestone were interpreted by Clark et al. (2013) to reflect
allochthonous fluids of mixed basin and shield origin.

Furthermore, 37Sr/26Sr data were reported by Clark et al. (2010a;
2010b) for porewater samples obtained at varying depths in the
sedimentary succession. Porewater samples from the Ordovician
shales yielded uniform Sr-isotope compositions (mean 87Sr/%6sr
value of ~0.710) that are enriched in radiogenic Sr relative to the
seawater curve of Veizer et al. (1999). Similar to the interpretation
of the He isotope data, Clark et al. (2010a; 2010b) considered the
87Sr enrichment to have resulted from in situ ingrowth by decay of
87Rb in the porewater. Porewater samples from the Trenton and
Black River group limestones yielded highly variable 87Sr/%6sr
values, between 0.7093 and 0.7103, and consistent with the He-
isotope data, were interpreted as resulting from mixing between
basin- and shield-derived fluids.

The isotopic and fluid inclusion data from secondary minerals
are generally consistent with the conceptual model for porewater
evolution presented by Clark et al. (2013) and Al et al. (2015), but
our new data allow for some refinements to the model. Based on
the porewater data, Clark et al. (2013) and Al et al. (2015) suggest
that mixing between basin- and shield-derived fluids was driven by
diffusion, but the secondary mineral data indicate that advection in
small fractures also contributed to upward transport of shield-type,
halite-saturated fluids during stages I to IIl. These events formed
the secondary vein minerals and are broadly constrained by U-Pb
dating (Davis, 2013) to the Late Ordovician or Silurian. The isotopic
signature of the shield end member does not extend upward into
the Trenton Group, likely because it was eliminated by fluid—rock
interaction. The fact that present-day porewater in the Black River
Group is below halite saturation is consistent with indications of
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allochthonous porewater from 87Sr/®6Sr and 3He/*He ratios, and
likely reflects the later stages (V to VI) of halite-undersaturated
fluid migration that are not recorded in the chemical and isotopic
composition of the vein minerals.

6. Conclusions

Overall, the combined microthermometric and isotopic data
allow us to establish a model for the fluid migration history asso-
ciated with the formation of secondary vein minerals in low-
permeability Ordovician limestones of the Michigan Basin. Six
stages of fluid migration are suggested by the fluid inclusion data.
These comprise fluid stages I through III, which are represented by
primary inclusions trapped during the formation of dolomite (stage
I: 88—128 °C), calcite (stage II: 54—78 °C) and celestine/anhydrite
(stage III: 42—80 °C). The ubiquitous presence of variable amounts
of halite in these fluid inclusions indicates that the secondary vein
minerals precipitated from halite-saturated brines with salinities of
31-37 wt% [CaClx+NaCl]eq, and is suggestive of a paragenetic link
between fluid stages I-IIL

Secondary, stage IV inclusions in calcite have a similar, halite-
saturated fluid composition as stages I-IIl, but were trapped
above 57—106 °C. No new secondary vein minerals formed during
this stage and dissolution features are absent from pre-existing
secondary minerals. Stages V and VI represent the latest recog-
nized fluid migrations in the sample suite, during which a halite-
undersaturated brine (23—26 wt% [CaCly+NaCl]eq) was trapped at
temperatures < 70 °C.

Secondary minerals from the Cambrian and Shadow Lake units
are characterized by the lowest 3'3C and 3'30 values in the suc-
cession and #7Sr/®Sr ratios that reflect formation from radiogenic
Sr sources. The combined Cambrian—Shadow Lake isotopic data are
suggestive of secondary mineral formation from hydrothermal
brines that experienced high degrees of fluid—rock interaction with
the underlying shield, and/or with shield-derived minerals in the
Cambrian sandstone. For the Coboconk and Gull River formations,
greater variability in the 3'0 and 87sr/86sr values of the secondary
minerals is interpreted to reflect mixed fluid sources, including
connate fluids and hydrothermal brines, with the latter having a
shield signature sourced from below. Uniform C- O- and Sr-isotope
compositions for Trenton Group samples are suggestive of sec-
ondary mineral formation from either connate fluids, which were
sourced directly from Late Ordovician seawater (or '®0-enriched,
evolved seawater), or mixed with hydrothermal brines that un-
derwent high degrees of fluid—rock interaction.

Age constraints on the absolute timing of secondary mineral
formation (stages I-III) are gleaned from previous geochronology
studies in the region, which indicate that brine influx occurred
during the Late Ordovician to Silurian. Secondary inclusions asso-
ciated with fluid stage IV— which did not form new secondary vein
minerals — are interpreted as re-mobilization and/or minor fluid
migration along grain boundaries and micro-fractures during a
regional heating event. The timing of this regional heating event
cannot be easily constrained from our data, however, elsewhere in
the Michigan Basin it has been suggested that reactivation of the
mid-continent rift during the Late Devonian—Mississippian could
be responsible for regional-scale heating and associated fluid
migration. Despite evidence elsewhere in the Michigan Basin for
secondary-mineral formation during the Late Devon-
ian—Mississippian, the Ordovician limestones at the Bruce site
show no evidence of large-scale fluid ingress during this time
period (e.g., dissolution/re-precipitation features, formation of new
secondary vein minerals); which suggests that the low perme-
ability nature of these rocks had been established before this time.
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