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Abstract

SEM/SIMS imaging and analysis of 6§80 and 6'3C in sandstones from a transect through the
lllinois Basin (USA) show systematic um-scale isotopic zonation of up to 10%e. in both carbonate and
quartz cements of the middle-Ordovician St. Peter and Cambrian Mt. Simon formations. Quartz 5§20
values are broadly consistent with the model of Hyodo et al. (2014), wherein burial and heating in the
Illinois Basin is recorded in systematically zoned quartz overgrowths. Observations of zoned
dolomite/ankerite cements indicate that they preserve a more extended record of temperature and
fluid compositions than quartz, including early diagenesis before or during shallow burial, and late
carbonates formed after quartz overgrowths. Many carbonate cements show innermost dolomite with
880 values (21-25%0 VSMOW) that are too low to have formed by deposition at low temperatures from
ancient seawater (680 > -3%o0) and most likely reflect mixing with meteoric water. A sharp increase in Fe
content is commonly observed in zoned carbonate cements to be associated with a drop in %0 and an
abrupt shift in §3C to higher or lower values. These changes are interpreted to record the passage of
hot metal-rich brines through sandstone aquifers, that was associated with Mississippi-Valley Type
(MVT) Pb-Zn deposits (ca. 270 Ma) of the Upper Mississippi Valley. Local variability and individual trends
in 613C are likely controlled by the sources of carbon and the degree to which carbon is sourced from
adjacent carbonate units or thermal maturation of organic matter. Quartz overgrowths in sandstones
provide an excellent record of conditions during burial, heating, and pressure-solution, whereas
carbonate cements in sandstones preserve a more-extended record including initial pre-burial

conditions and punctuated fluid flow events.
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1. Introduction

Diagenetic cements preserve a record of physical, chemical, and biologic processes during
mineral growth, and control the porosity and permeability of most sedimentary rocks. They form under
low temperature (< 200°C) conditions as original sediments interact and react with interstitial pore
waters. Patterns of diagenetic mineral growth and dissolution, combined with chemical and isotopic
zoning within a micron-scale mineral overgrowth, can preserve evidence of initial depositional
conditions, burial and compaction, pressure solution, mineral alteration, hydrocarbon generation, ion
fluxes, thermal events, and pulses of fluid flow—meteoric or otherwise (Longstaffe, 1989; Worden and
Burley, 2003; Morad, 2009). The diagenetic development of mineral overgrowths and other cementing
phases plays the dominant role in lithifying sandstones, and is often a major control on the porosity and
hydraulic conductivity of sandstone aquifers and reservoirs. Improving our understanding of diagenesis
and its influences on porosity remains a priority for mapping hydrocarbon and groundwater reservoirs,

understanding fluid flow histories, and optimizing carbon sequestration.

Stable isotope ratios can provide sensitive records of temperature and fluid composition and are
a powerful tool for interrogating questions relating to basin evolution. Diagenetic carbonate cements
are typically analyzed for stable isotope ratio by conventional acid-extraction and gas-source mass
spectrometry (Urey, 1948). This method requires samples, typically >50 ug, that are acquired by
microdrilling, by crushing and sieving, or by differential dissolution in acid. However, these techniques
homogenize discrete cementation events, they are susceptible to contamination, and they can’t resolve
the micron-scale isotopic zonation often present in overgrowth textures. In contrast, Secondary lon
Mass Spectrometry (SIMS) uses samples 10* to 10° times smaller and can resolve variation at the um-

scale. The in situ nature of the measurement allows correlation to imaging that documents overgrowth



textures and analysis by SEM or other means (Valley and Kita, 2009; Pollington et al., 2011, 2016;
Sliwiriski et al. 2016c). Recent advances in the analysis of carbonate minerals by SIMS allow in situ
measurements of 680 and 8C from domains 1-10 um in diameter and <2 um deep. Spot-to-spot
reproducibility (external precision) of £0.3%o (2SD) is attainable for 5§80 with a 10 pm spot; for §'3C
precision of £0.7%o (2SD) is attainable with a 6 um spot (Valley and Kita, 2009). With the proper use of
standards, accuracy approaches precision for stoichiometric minerals like quartz (Pollington et al, 2011).
Accuracy for minerals with solid solution, like dolomite, depends on the quality of standards (SliwiAski et

al., 2016a,b).

In order to explore the extent to which micron-scale isotopic variation in diagenetic cements
preserves a record of thermal and fluid histories, a suite of samples was collected from the lower
Paleozoic St. Peter and Mt. Simon sandstones of the lllinois Basin. The development of SIMS standards
for analysis of Ca-Mg-Fe carbonates significantly improves accuracy of micron-scale records of §3C and
880 fluctuation during dolomite cementation (SliwiAski et al., 2016a,b,c). The new capabilities of SIMS
analysis permit a greater focus and closer interrogation of complex, previously unrecognized isotopic
trends. This study integrates new imaging, elemental and stable isotope data for zoned calcite,
dolomite/ankerite, and quartz cements into the history of fluid flow, mineral dissolution, alteration, and
reprecipitation in the sedimentary rocks of the lllinois Basin (Clayton et al., 1966; Hoholick et al., 1984;
Bethke, 1986; Pitman and Spotl, 1996; Fishman, 1997; Pitman et al., 1997; Chen et al., 2001; Kelly et al.,
2007; Pollington et al., 2011, 2016; Hyodo et al., 2014; Sliwirski et al. 2016c). A total of 2176 analyses
(727 dolomite/ankerite, 158 quartz, and 1291 standard analyses) are reported (Appendices A and B). In
conducting this study, we sought to determine: 1) the range in isotopic variability present in zoned
dolomite/ankerite cements in sandstones; 2) the relation between quartz and carbonate cements; 3)
the range of diagenetic history recorded in zoned dolomite/ankerite cements; and 4) whether such

isotopic histories would show regional correlations in the lllinois Basin.



1.1 Geological Setting

The Illinois Basin contains a mixed sedimentary sequence, including Cambrian to Carboniferous
sandstones, shales, and carbonates. It is bounded to the north by the Wisconsin Arch and Dome, to the
east by the structural highs of the Cincinnati Arch, and to the southwest by the Ozark Dome. The early
Paleozoic sediments contain several well-sorted quartz arenite sandstone units, which serve as
important regional aquifers (Mai and Dott, 1985; Bethke, 1986; Arnold et al., 1997). Of these, the Mt.
Simon Sandstone and St. Peter Sandstone are of special interest as flow conduits to ore-forming fluids of
Mississippi Valley-Type deposits (Sverjensky, 1986; Bethke and Marshak, 1990; Rowan and Goldhaber,
1995; Rowan et al., 2002). More recently, the mature, early Paleozoic quartz arenites of the Upper
Midwest, including the St. Peter, Mt. Simon, Jordan, and Wonewoc formations, have been mined as
sources of high quality proppant sand (Benson et al., 2015). The Mt. Simon and St. Peter have also
recently been explored as potential reservoirs for carbon sequestration, and the Mt. Simon is currently
the target of an injection experiment managed by the Midwest Geologic Sequestration Consortium
(MGSC). One million tons of carbon dioxide were injected in Decatur, IL over a three-year period
between 2011 and 2014 (Berger et al., 2009; Leetaru and McBride, 2009; Bowen et al., 2011; Kheshgi et

al., 2012; Leetaru and Freiburg, 2014; Sliwinski et al., 2017).

The basal Mt. Simon sandstone unconformably overlies the Precambrian bedrock throughout
much of the region, and is Upper Cambrian in age (Driese et al., 1981; Lovell and Bowen, 2013). It was
deposited in a primarily near-shore environment dominated first by braided rivers and later by deltaic
systems as transgression occurred (Lovell and Bowen, 2013). It is broadly divided into three
lithostratigraphic subunits: an upper low-permeability clay-rich unit, a middle quartz-rich unit, and a

lower arkosic sandstone that in places grades into conglomerate near the unconformity with underlying



Precambrian bedrock. The middle unit dominates by volume, and is considered a major
aquifer/reservoir (Bowen et al., 2011). Carbonate cement distributions in the Mt. Simon were mapped
by Hoholick et al. (1984), although sampling was sparse. More recently, Bowen et al. (2011) analyzed
150 thin sections and concluded that carbonate cements are concentrated near the top of the Mt.
Simon, close to the clay and carbonate-rich Eau Claire formation that conformably overlies and caps the

Mt. Simon sandstone.

Outcropping in central Wisconsin, the Mt. Simon dips shallowly south towards the depocenter
of the lllinois Basin near what is the present-day lllinois-Kentucky border (Fig. 1), where it reaches
depths of 5 km. Studies of vitrinite reflectance from Pennsylvanian coals, apatite fission-tracks, and illite-
smectite distribution in the Devonian New Albany shale have suggested that the Mt. Simon was 1-3 km
deeper in southern lllinois during maximum burial than present day (Damberger, 1971; Zimmerman,
1986; Gharrabi et al., 1995). However, there is a strong possibility that these temperature-dependent
depth proxies have been biased towards greater depth estimates by hot MVT fluids around 270 Ma, and
modeling of this scenario would suggest closer to 1 km of eroded overburden (Rowan et al., 2002). The
smaller amounts of uplift are consistent with estimates based on brittle deformation in quartz grains
that suggest that the Mt. Simon in southern lllinois may have reached depths 1.5 km deeper than today
during maximum burial, and that northern lllinois rocks were never buried more than a kilometer
deeper than at present (Makowitz et al., 2006). Regional stratigraphy in Wisconsin preserves marine
units from the Cambrian through the Devonian, but their combined thicknesses, where preserved, do
not exceed 500 m. Since the Mississippian, Wisconsin has been exposed above sea level and not been
capturing sediment. It can be presumed, then, that in Wisconsin 1 km of overburden serves as a
conservative upper bound on paleodepth, but is perhaps an overestimation (Hoholick et al., 1984; Mai

and Dott, 1985; Rowan and Goldhaber, 1996; Pitman et al., 1997).



The Ordovician St. Peter sandstone is an exceptionally mature quartz arenite and represents the
uppermost major aquifer/reservoir in the lllinois Basin (Mai and Dott, 1985; Arnold et al., 1997). It is
divided into three lithostratigraphic subunits: The fine to medium-grained Tonti, the coarser-grained
Starved Rock, and the basal Kress, which contains pebble-sized chert and dolostone associated with the
underlying unconformity with the Knox Supergroup (Shaw, 1999). Once considered to be an exclusively
aeolian deposit, the St. Peter is now recognized to be predominantly subtidal in origin, with the
exception of portions of the Tonti subunit in Wisconsin (Dake, 1921; Mai and Dott, 1985). Attempts to
map the distribution of carbonate cements within the St. Peter sandstone across Illinois do not agree
well (Hoholick et al., 1984; Pitman et al., 1997); carbonate cement distributions can be strongly
influenced by local porosity and mineral assemblages, and are known to be extremely patchy in drill
cores (Shaw, 1991). In general, carbonate cements within the lllinois Basin tend to be of significantly
higher concentration in the St. Peter than the Mt. Simon, though quartz cement still dominates

(Hoholick et al., 1984; Pitman and Spotl, 1996; Pitman et al., 1997).

Previous SIMS studies on detrital quartz and quartz overgrowths in the Mt. Simon, Eau Claire
(which overlies the Mt. Simon), and St. Peter formations have demonstrated that individual quartz
overgrowths in the lllinois Basin show systematic zonation at the 50 to 100-um scale with early high-
880 values (up to 32%o) in cements grading outwards to late low-6%0 values (down to 17%o). Values of
ABO-(Early quartz — Late quartz) are as large as 9.1%o within single quartz overgrowths (Pollington et al.,
2011). The lowest overgrowth 80 values are typically in the outer and youngest cement. In contrast,
the 880 values of detrital quartz grains average 10%o, reflecting magmatic and high-temperature
metamorphic provenances. Pollington et al. (2011) proposed that quartz overgrowths derive their silica
locally from pressure solution during burial, heating and compaction, and 620 trends across quartz
overgrowths are indicative of their burial history. These data are best explained by a model with minimal

fluid flow before the MVT event and a nearly constant §¥0y.ater value of -3%. (Pollington et al., 2011;



Hyodo et al., 2014). If flow was driven solely by compaction during burial and connate seawater §'20
values remained unchanged, then pore waters could have been relatively constant at -3%., which is a
reasonable estimate of Cambrian-Ordovician seawater (Came et al., 2007; Jaffrés et al., 2007; Finnegan
et al., 2011; Cummins et al., 2014). This model suggests that the range of observed quartz overgrowth
580 values reflects the range expected for continuous diagenetic quartz growth, from initial
precipitation temperatures around 45°C to the maximum burial temperatures expected from a 30°C/km
geotherm. The systematic §'0-zoning thus suggests that most quartz overgrowth developed prior to

the fluid flow event that formed the ore deposits of the Upper Mississippi Valley.

1.2 The Upper Mississippi Valley Ore-Forming Event

The Illinois Basin is thought to have experienced at least one major fluid flow event where
mobilized warm, metal-rich brines moved up dip through its sandstone aquifers. As these fluids reached
the basin margins, in places where they breached overlying aquitards, they interacted with Ordovician
carbonates to precipitate the galena, sphalerite, pyrite, and fluorite mineralization of the Mississippi
Valley-Type (MVT) deposits (Sverjensky, 1986). Fluids travelled over 500 km to reach southwestern
Wisconsin, where the Upper Mississippi Valley (UMV) district is located (Fig. 1). Rb/Sr dates obtained
from UMV sphalerite indicate an age of ~270 Ma for deposition of the MVT deposits (Brannon et al.,
1992). On the basis of organic maturity in shales, Zn dispersion modeling, and thermal diffusion
modeling, the duration of UMV formation, and possibly the period of fluid movement in the lllinois
Basin, is estimated to have been around 200,000 years (Barnes and Lavery, 1977; Gize, 1984; Hatch et
al., 1986; Rowan and Goldhaber, 1995). Fluid inclusion temperatures obtained from sphalerite in the
UMV ore district generally fall between 100 and 150°C at paleodepths of < 1 km (McLimans, 1977

Arnold et al., 1997).



Numerical modeling of basin compaction and tectonics suggests that these mineral deposits
were a result of the northwards gravity-driven flow of hydrothermal brines associated with the uplift of
the southern margin of the basin during the Permian. Before the Permian, purely compaction-driven
fluids are modeled to produce updip flow rates on the order of a few meters per thousand years, which
cannot explain the high temperatures and large fluid flux observed in the UMV deposits. In contrast,
flow rates on the order of several kilometers per thousand years are predicted for gravity-driven flow
after uplift of the Pascola arch to the south, and modeling suggests such flow rates are sufficient to
disturb the geotherm, producing temperatures up to 120°C at shallow depths in the UMV during the 270
Ma MVT event (Bethke, 1986; Bethke and Marshak, 1990; Arnold et al., 1997). In addition, magmatic
intrusion into the thickest part of the sedimentary sequence may have elevated the geotherm in the
deepest part of the basin and encouraged fluid mobilization through hydrothermal circulation; modeling
of a hybrid heat source such as this is consistent with preexisting data (Rowan et al., 2002). Intrusive
igneous breccias associated with Hicks Dome and the Fluorospar district in southern Illinois have yielded
4OAr/3°Ar ages of around 272 Ma, coincident with UMV ores and other dated diagenetic/thermal events

throughout the region (Reynolds et al., 1997).

Numerous studies have investigated modern formation waters and porewater-rock interactions
within the Illinois Basin, and though they rarely sample the deeper strata of the basin, they nonetheless
might provide a basis for constraining the basin’s more recent §0sy4 history (Clayton et al., 1966;
Stueber et al., 1987, 1993; Stueber and Walter, 1991; Labotka et al., 2015). As is typical for deep
sedimentary basins in other parts of the world, formation waters depart from the meteoric water line in
5'80-6D space towards positive §'80 values due to prolonged water-rock interaction. The first study to
investigate these trends in the Illinois Basin found in situ §*0porewater Values up to +4%0 VSMOW (Clayton
et al., 1966). However, more recent study of Mt. Simon formation waters failed to find §*Oporewater

higher than -2%o, and isotopic values deviated significantly from Clayton's §'¥0-6D trend (Labotka et al.,



2015). These differences may simply reflect modern regional isotopic variability in formation fluids.
Neither study measured in situ temperatures higher than 70°C or deeper than ~2 km, and the
compositions of modern brines deeper in the basin have not been measured. Complicating matters,
hydrothermal fluids would be expected to promote both water-rock interaction and advective mixing
with meteoric waters, and there is no reason to expect modern isotopic fluid compositions to preserve
the ore-forming fluids. Fluid inclusions from UMV minerals (sphalerite, galena, barite) possess §0inciusion
values in the range from -2.7 to +5.7%., with a clustering of values between +1.5 and +5.7%., suggesting
580yater compositions of MVT fluids at 270 Ma were positive (McLimans, 1977). These values for the
MVT brines are interpreted to be shifted from the original deep-basin waters by interaction with high-
580 carbonates and silicates, and may provide supporting evidence for a positive 0 value of MVT

fluids.

2. Methods

2.1 Sample Collection

Forty-two samples from seven drill cores were collected in a N-S transect roughly bisecting the
state of lllinois (Figs. 1,2). All St. Peter sandstone samples were collected from the submarine facies.
Samples are from drill cores and cuttings that are curated at the Illinois State Geological Survey and the
Wisconsin Geological & Natural History Survey. During sampling, carbonate-cement-rich zones identified
by prior researchers were preferentially targeted (Hoholick et al., 1984; Shaw, 1991; Pitman et al.,
1997), which provide samples that contained multiple diagenetic phases in close proximity. Samples
from well C11370 are drill cuttings collected at 4525 m (below collar), as no core exists from those
depths. Samples of the St. Peter cover a drill hole depth range of around 70 m to 2300 m, and samples

from the Mt. Simon range from 350 m to 4500 m (Table 1).



10

Before processing, samples were impregnated with epoxy to provide maximum preservation of
friable sandstones and delicate pore-filling minerals. Carbonate cements and other diagenetic relations
were then identified either through optical means (transmitted polarized light or binocular microscope)
or imaging of polished surfaces with a Hitachi S3400-N scanning electron microscope (SEM) in variable
pressure mode. Of the samples in which carbonates were identified, 15 were ultimately cast and

polished in epoxy mounts, and 11 were analyzed by SIMS.

2.2 Sample Preparation

Upon identification of zoned carbonates of interest, cubes of rock roughly 1 cm on a side were
cut with a diamond saw and cast in epoxy in 2.54 cm diameter molds. In the center of each round was
mounted the UWQ-1 quartz standard (Kelly et al., 2007) and the UW6220 dolomite standard (Sliwirski
et al., 2016a,b). Mounts were then ground and polished (to 0.25 um diamond) and checked for flatness

using a reflected light microscope and white light profilometer.

Prior to analysis by SIMS, chemical zoning in carbonate cements was imaged with backscattered
electrons (BSE) at high vacuum by SEM. The large difference in atomic number between magnesium and
iron results in greater intensity of backscattered electrons and a brighter BSE image for higher (more
ankeritic) iron content (Fig. 3). Areas of particularly interesting micron-scale features were identified and
imaged in detail prior to SIMS analysis, and special care was taken to preserve them during the

additional cleaning and polishing required for Electron Probe Micro-Analysis (EPMA) and SIMS.

2.3 SIMS Analysis of Diagenetic Cements
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Values of 60 and §3C were obtained with a CAMECA IMS 1280 at the WiscSIMS laboratory,
Dept. of Geoscience, University of Wisconsin-Madison. SIMS analysis procedures are reported in
previous studies (Kita et al., 2009; Valley and Kita, 2009; SliwiAski et al., 2016a,b). Samples are exposed
to a focused primary beam of 133Cs* ions with a 10 kV accelerating potential, which sputters sample
atoms and excavates a pit in the surface (pit sizes ranged, depending on session requirements, from 12
to 3 um in diameter, and were 2 um deep or less). The sputtered secondary ions are accelerated into a
double-focusing mass spectrometer, where ions are sorted by mass/charge and measured
simultaneously with an array of Faraday cup (FC) and/or electron multiplier (EM) ion counting detectors

(FC/FC for 10-pum O spots; EM/FC for C or 3-um O spots).

The SIMS method has an instrumental bias, or instrumental mass fractionation (IMF), that
results from the sputtering, transmission and detection of secondary ions. Bias varies with the
composition and crystal structure of the sample and must be corrected through the careful use of
standards. Commonly for solid solutions like those in the carbonate mineral family, a working curve is
constructed and EPMA analyses are required for each sample analysis spot to obtain accurate major
elemental compositions (Hervig et al., 1992; Eiler et al., 1997; Valley and Kita, 2009). For the
dolomite/ankerite solid solution, 680 instrumental biases have been observed to vary by 10%o or more,
and 83C by up to 5%o, between magnesium and iron-rich end members, with dolomite values being
especially sensitive to small changes in the amount of iron. A suite of 14 carbonate standards was
developed by Sliwinski et al. (2016a,b) that tightly constrain the instrumental bias trend, which is
systematic but curved and highly non-linear across the dolomite/ankerite solid solution. A linear
correction between dolomitic and ankeritic end members would yield values that are incorrect by as
much as 5%o for 6120 in the Fe# 0.15 to 0.3 range (Fe# = Fe/[Fe+Mg], Fe and Mg in atomic %) (Sliwiriski
et al., 2016a). This can be corrected with careful use of a suite of standards spanning a range of

dolomite/ankerite compositions; Appendix C contains an example of such a working curve. The full suite
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of standards used to generate these corrections was not readily available at the beginning of this study.
However, the shape of the bias vs. Fe# working curve is reproducible from session to session and this
allowed a refined correction of earlier sessions using a 3-parameter Hill-function fit (Sliwiriski et al.,
2016a,b). The sample analyses were bracketed by either quartz standard UWQ-1 or by dolomite
standard UW6220, with analyses bracketed by a standard of the same phase whenever possible
(carbonate bracketed by carbonate, quartz bracketed by quartz). Additional details of the Hill fit on a
session-by-session basis as well as the standards and instrumental biases involved, are included in

Appendix C.

To assist in charge compensation and prevent charging, sample mounts were coated with a
layer of gold (~60 nm thick) or carbon (~25 nm thick) prior to §'30 analysis, or solely with gold if §13C
was to be analyzed. Sample surfaces were always repolished, washed with ethanol, rinsed repeatedly
with deionized water in a sonicator, dried with a nitrogen gas stream, and inspected under a reflected
light microscope to avoid contamination prior to recoating. SIMS pits were imaged post-analysis by SEM
to evaluate the quality of the pits and verify that they were located in the targeted zones and phases of
interest. Carbonates can be prone to fractures and contain inclusions just below the surface that are not
recognizable in SEM, so verifying that there are no major pit irregularities is important in all SIMS studies
(Valley and Kita, 2009). On the basis of qualitative (SEM imaging) evaluation, pits were assigned a
numeric value denoting how far they deviated from an ideal appearance (3 = ideal, 0 = suspect and not
used; Appendices A and B). Common observed deviations from ideal appearance include small hairline
fractures intersecting the pit, or intracarbonate voids/inclusions that were exposed to the surface by the
sputtering of the 1¥3Cs* beam. Such small imperfections are not thought to affect SIMS carbonate
isotopic values significantly. If the domain of a pit was observed to include large voids, multiple mineral
phases, the suspected inclusion of epoxy in the analysis, or a rough mineral surface in the area adjacent

to the pit, the analysis was considered to be potentially strongly biased and given a rating of 0. In
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addition to detecting those isotopic species required to measure the isotopic ratio, simultaneous counts
were made of ®*0OH- ions (for §20) or 3CH ions (for §'3C) as a proxy for water/organic content in the
analyzed volume, and to serve as a subsequent check on the reliability of the data at that location.
Suspect analyses are not plotted or considered in interpretations made here; all rejected data points

and reasons for rejection are provided in Appendix B.

Models for the precipitation conditions of diagenetic cements were made using the dolomite-
water 8§80 and 83C fractionations of Horita (2014) and the low-temperature quartz-water fractionation
equation of Clayton et al. (1972) as modified by Friedman and O'Neil (1977). Unless otherwise noted, all
oxygen isotope ratios (carbonates, silicates, water) are reported in standard permil notation relative to
one reference material (standard) for consistency, Vienna Standard Mean Ocean Water (VSMOW). For
convenience, in Appendix A values of 5§80 are also reported relative to the VPDB scale using the

conversion of Coplen et al. (1983). Carbon isotopes are reported relative to VPDB.

2.4 Electron Probe Micro-Analysis

After SIMS analyses were made and raw values had been obtained for isotope ratios, chemical
compositions adjacent to each analysis spot in carbonate were determined by Electron Probe Micro-
Analysis (EPMA). Because of the sensitivity of the instrumental bias correction to Fe content, and
because of the small-scale Fe-Mg zonation present in most analysis areas, it was essential that the major
and minor element chemistry of the carbonate analyzed in each pit be determined. Sample mounts
were carbon coated and analyzed on the CAMECA SX-51 at the Cameron Electron Microprobe Lab,
Department of Geoscience, UW-Madison. Generally, two or three EPMA analyses were made per SIMS
pit, with a 15 keV electron beam defocused to 2 or 5 um at 10 or 20 nA, respectively (smaller beam sizes

allowed for smaller-scale measurement of complex carbonate zonation, but a corresponding decrease in
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current was required to minimize damage to carbonate phases during analysis). Because EPMA accuracy
is dependent on the presence of a flat sample surface, analyses were made immediately adjacent to
SIMS pits as close as possible to the zone of interest based on BSE images, while still maintaining a
distance of ~5 um from pits to minimize topographic effects relative to 1-2 um deep pits. Two to three
measurements were made around each pit and care was taken to image all analysis regions post-EPMA
to verify that EPMA spots recorded the chemistry of carbonates that are composition-equivalent to the

SIMS pits (e.g., Fig. 3a).

3. Results

All samples are labeled (e.g., UPH1-212) using the convention: 'Drill Core ID - Depth in Feet
Below Drill Collar' (Table 1); multiple mounts from the same core sample were distinguished with letter
suffixes (e.g., UPH1-212f). Images showing analysis spots and isotope ratios of most regions analyzed by

SIMS in this study are available in Appendix D. These images compliment the petrographic summaries.

All observed carbonates that lie in the dolomite-ankerite compositional range possess some
degree of concentric banding in Fe content. These bands are interpreted to have developed during the
outward growth of the carbonate cements in response to changes in local fluid and temperature
conditions. In many samples, multiple zoned dolomite/ankerite grains were analyzed by SIMS to
improve the resolution of isotopic trends. If the Fe variability in an individual sample’s carbonate
cements was systematic and easily identifiable from grain to grain, data were compiled in order of
precipitation and normalized through the use of correlatable, sample-specific "Growth Boundaries"

where recognizable shifts in dolomite/ankerite Fe content occur (e.g., Fig. 3). The purpose of this
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correlation was to test the consistency of the data from grain to grain within individual samples and to
better elucidate isotopic trends recorded during carbonate growth. These growth boundaries are
thought to represent bands of time-equivalent growth in all of a sample’s diagenetic cements, but these
boundaries are not used for correlation from rock to rock despite similarities that exist between
observed trends in all basin cements. The possibility of correlation does exist on the basis of four
“Growth Phases" (see Discussion). For the purposes of descriptive clarity, specific dolomite/ankerite
growth bands will from this point on be referred to on the basis of chemistry as dolomite (Fe/(Fe+Mg) <

0.1), ferroan dolomite (0.1 < Fe/(Fe+Mg) < 0.2), or ankerite (Fe/(Fe+Mg) > 0.2), after Chang et al. (1996).

3.1 Sample Petrography and Geochemistry

3.1.1 UPH1-212

Sample UPH1-212 was taken from near the top of the St. Peter sandstone at a modern depth of
65 m (212 ft) below the surface (Table 1). The extent of quartz cementation within this sample varies
significantly across the 1-cm analysis region. Some regions contain only sparse, small (< 30 um) euhedral
overgrowths, and in others, secondary quartz entirely occludes the pore space. Quartz overgrowth 5§20
values cluster tightly in the 26 to 28%o range, and do not show a consistent trend towards higher or
lower values between early and late overgrowths. These results are similar to those of Kelly et al. (2007),
who analyzed quartz overgrowths that are interpreted to be early and low temperature from outcrops
of St. Peter sandstone from southern Wisconsin.

Zoned dolomite/ankerite cements possess early-formed dolomite centers that are relatively low
in 6180 (22 to 24%0 VSMOW, -9 to -7%o VPDB) (Fig. 3) (between boundaries 0-1), which are surrounded
by higher values in the 25 to 27%o range. These 680 values then steadily decrease to 20-22%o for the

latest cements between boundaries 7 and 8, with an intermediate region of minor but complex Fe



16

zonation in dolomite suggestive of recrystallization (between boundaries 1-2), followed by a dissolution
boundary (boundary 5), a thin band of ferroan dolomite (boundaries 5-6), and finally by an ankerite rim
(boundaries 5-8). Values of 8'3C, in contrast, remain consistently in the -2 to -4%o range until after the
dissolution boundary (boundary 5), at which point they trend to a more negative value of -9%o. On the
basis of petrographic growth relations observed between diagenetic quartz and carbonate (Appendix E),
the main quartz growth phase is thought to have occurred coincident with dolomite growth but prior to

the later dissolution event and ankeritic rim.

3.1.2 UPH1-212f

Sandstone UPH1-212f was taken from the same piece of drill core as UPH1-212. Though only
collected about 5 cm apart vertically (UPH1-212f is deeper), this sample is distinguished from UPH1-212
by widespread pyrite and glauconite sharing pore space with dolomites and quartz overgrowths. The
main feature of interest in the sample is a fracture, approximately 1 cm long and 40 um across, that cuts
detrital quartz grains and quartz overgrowths alike (Appendix E). Layers of diagenetic quartz fill both the
original porosity and line the interior of the fracture, showing that diagenetic quartz formed both prior
to and after fracture formation. During analysis, attempts were made to analyze the earliest and latest
overgrowths of quartz using a small (3 um) spot. Overgrowths in this sample have a greater observed
spread in quartz 680 values (26.8 to 31.9%o, small spot) when compared to UPH1-212 (26.4 to 28.2%o,
mostly large spot), likely due to the smaller size of the analysis pits. Dolomite/ankerite 620 and Fe#

trends are broadly similar to those seen in UPH1-212.

3.1.3 UPH1-1144
Sandstone UPH1-1144 was collected at a modern depth of 349 m below the surface, at the

boundary between the Mt. Simon and the overlying Eau Claire formations, and is predominantly quartz
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grain supported despite its porosity being almost entirely filled with carbonates (Fig. 4a).
Dolomite/ankerite 820 values are variable between 18.9 and 25.7%., with §3C in the -0.6 to -6.0%o
range. Dolomites are complexly zoned and growth was interrupted by at least two periods of
dissolution. Dolomite growth appears to have terminated prior to the growth of the majority of the
diagenetic quartz, as diagenetic quartz extends out from detrital grains and around euhedral dolomite
rhombs (Fig. 4a). Quartz overgrowth 80 values range from 23.9 to 27.9%o. After the termination of
quartz growth, carbonate growth continued with an ankeritic phase (5§30 range 19.5 to 25.4%o0 VSMOW,
5'3C down to -13.4%o0 VPDB). Due to its higher Fe-content, siderite occurs as a bright white phase in BSE

imagery and clearly postdates ankerite growth.

3.1.4 UPH1-1170

Sandstone UPH1-1170 was collected from the top of the Mt. Simon, at a modern depth of 357 m
below the surface. Quartz overgrowths are sparse, predate ankerite, and 620 (Qz) values fall into the
25.0 to 26.8%o range. Dolomite was not observed, despite the close proximity to UPH1-1144. Both
ankerite and siderite are present, but are not in contact with each other. Ankerite is presumed to
predate siderite based on relations in UPH1-1144, but the lack of contacts demonstrates that the later
siderite did not nucleate on ankerite. Ankerite §'0 values are nearly constant (16.2 to 17.8%.), while

813C values shift downwards by 6% from center to rim (-7.5 to -13.5%s).

3.1.5 C4636-1202

Sandstone C4636-1202 is a portion of a dolomite concretion from the St. Peter, roughly 2 cm in
diameter, collected from drill core at a modern depth of 366 m below the surface. Analyses were
concentrated near the edge of this concretion (Fig. 4b), where the highest iron contents and the largest

observed swings in isotopic values were located. Pyrite is visible in hand sample and is associated with
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the edges of some of these concretions. Beyond the concretions, sand is extremely friable and little of
the surrounding rock at this depth remained coherently preserved. Despite the size of the concretion
analyzed, no appreciable shift in 680 was observed until the last 100 um of growth, where carbonate
580 values drop from 25%o to around 21%o., coincident with an increase in Fe content. In multiple
locations within this concretion, dolomite was observed to have replaced detrital quartz (e.g., Fig 4c).

Little change in 8*3C occurred throughout the growth history. No quartz overgrowths were observed.

3.1.6 C10180-1561

Sandstone C10180-1561 is from the St. Peter, at a modern depth of 476 m below the surface.
Dolomite/ankerite cements in this sample show a complex but consistent growth pattern from grain to
grain (Fig. 5). Early innermost dolomite is low in 60 (21.7 to 24.2%o) relative to values in surrounding
carbonate (between boundaries 1 and 2), and the dark irregular and patchy shapes of these central
regions in BSE provide evidence that they were partially dissolved and/or recrystallized at some point in
their history (Fig. 5a) (between boundaries 0-1). Dolomite growth subsequent to this dissolution event
begins with high 680 values (26%o) and drops steadily through a band of ferroan dolomite to below
21%, while over the same interval, 613C values rapidly rise from the -6 to -4%o in innermost dolomite
cements to the -2 to -1%o. range and hold relatively steady at -1%o. for the remainder of carbonate
precipitation (Fig. 5¢). The majority of quartz overgrowths (880 = 25.4 to 30.2%o) clearly postdate
earlier dolomites, but likely precipitated prior to and coincident with the most Fe-rich ankeritic band
(boundaries 2 to 3), based on interfingering petrographic relations between quartz and carbonate
(Appendix E, k-m). Another dissolution event (boundary 4) marks the end of the decline in 680 values,
and is followed by higher 60 dolomite (23.8 to 25.1%o). One final dissolution event (boundary 5)
corroded this dolomite, which was followed by a final phase of carbonate growth and a return to higher

Fe and lower 630 values.
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3.1.7 €28-2674.5

Sandstone C28-2674.5B is from the St. Peter, at a modern depth of 815 m below the surface (Fig
4d,e). Dolomite cements (880 of 22.4 to 28.3%o, 613C of -6.7 to -6.0%0) are widespread and small (<50
um from grain center to rim) relative to those observed in other samples. Based on petrographic
relations, quartz overgrowths (580 of 25.2 to 30.3%o) postdate the majority of the dolomite
precipitation, but predate a thin band of more Fe-rich dolomite that coats many of the rhombs.
Carbonate precipitation ended with the growth of large calcites, >400 um across, in portions of the

sample (50 of 19.2 to 20%o, §'3C of -4 to 0%o).

3.1.8 C4831-5238.5B

Sandstone C4831-5238.5B is from the top of the St. Peter, at a modern depth of 1597 m below
the surface, and just one centimeter below the base of the overlying Platteville Limestone. The lithologic
transition between these two formations is quite abrupt, and focused at a thin, shaley stylolite-like
dissolution boundary consuming both carbonate and quartz. The sample contains sparse quartz
overgrowths (80 of 22.3 to 25.5%o) and abundant zoned dolomite/ankerite. Innermost dolomite
cement interiors are complexly zoned and experienced at least one dissolution event. From an early
range of 24 to 27%o, 680 values drop sharply just prior to peak Fe content (ankerite band) and remain
around 20 to 22%. for the remainder of carbonate growth, which includes a final ferroan dolomite rim.
Values of 613C in early cements are -3 to -7%o and rise sharply with the onset of the ankerite growth
phase to 0%o (Fig. 6). Unlike many of the other samples analyzed, the sparse unetched quartz
overgrowths appear to postdate ankerite growth (Appendix D), suggesting that the majority of quartz
growth in this sample was unusually late, or ankerite was unusually early, possibly related to the close

proximity of the sample to the overlying Platteville.
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3.1.9 C4785-7616, 7623, 7624

Sandstones C4785-7616, -7623, and -7624 are from the same core in the St. Peter (2321 to 2324
m below the surface). Zoned dolomite/ankerite cements are widespread in both 7616 and 7624, in some
regions appearing to entirely fill porosity (Figs. 4f, 7), while in 7623 carbonate cements are limited to
sparse concretions approximately 1 mm across (Appendix D; zonation is found at the edges of
concretions, as in Fig. 4g). An interior to rim compilation of 6§80 and 5*3C data in carbonates from 7624
is provided in Fig.7c. Isotopic trends in the carbonates of all three samples are surprisingly consistent.
Initial dolomite 880 values start around 24%o, before dropping sharply at a dissolution boundary to
values as low as 15%e.. They rise to ~21%eo at a thin, Fe-rich band that marks the most ankeritic growth
stage (boundary 4). Values of 6§80 then descend steadily through younger dolomite growth bands to
~17%o, before gradually climbing back up to ~20%. at the end of carbonate precipitation. Values for §3C
start around -4%o. for early growth, before rising to above 0%o at the thin ankerite band (boundary 4).
After this brief excursion, 83C values return to -4%o and gradually rise to 0%o, drop to -5%o, and then
rise again until growth ends around -3%.. Quartz overgrowths were virtually absent from 7616 and
7623, but they are abundant in regions of 7624 where zoned dolomite/ankerite was generally sparse,
and appear to have mostly developed prior to the most Fe-rich ankerite growth bands. Values of 60
for diagenetic quartz range from 18.9 to 30.8%o. Sample C4785-7616 also contains anhydrite, a late

phase that appears to completely postdate carbonate precipitation.

3.1.10 C11370-14845
Unlike the other samples, which were collected directly from the core, sample C11370-14845
consists of five pieces of drill cuttings < 0.5 cm in size collected between 4523 and 4526 m below the

surface, depths consistent with the Mt. Simon or Mt. Simon equivalent rocks. Minimal porosity remains
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in all five cuttings. Two of the cuttings contain a complex assemblage of glauconite, quartz, feldspar,
calcite, and ankerite, with very Fe-rich rims growing at the expense of glauconite. Quartz grains show
rounded detrital cores and overgrowths by CL. The glauconite and feldspar appear to be at least partially
detrital in origin. Ankerite, feldspar and quartz cements came later during diagenesis. Zoned ankerites in

the pair of cuttings show drops during growth from ~20 to ~14%. for 60 and 1 to -2%o for §*3C.

The three remaining cuttings appear to have been originally feldspathic arenites with porosity
filled predominantly by quartz overgrowths. K-feldspars have been partially albitized or replaced by
siderite, and secondary albite is present along some detrital quartz-quartz overgrowth contacts as well.
Ankerites have filled porosity in a few patchy locations. The ankerites surround rounded detrital quartz
grains and at least partially predate the quartz overgrowths. Determining relative timing of the ankerites
is difficult as some of the replacive carbonates have developed euhedral habits, and in places
carbonates are observed to replace quartz. Ankerites fall into the 18 to 19%. range for 680 and the -10

to -7%o range for 63C.

It is worth noting that drill core C11370 is located within 20 km of surface-exposed dikes
associated with Hick's Dome (272 Ma), and as a result may have experienced alteration by hydrothermal

fluids of magmatic origin (Reynolds et al., 1997).

3.2 Overall Trends

Calcite is rare and was only identified in two samples, C28-2674.5 and C11370-14845. Despite
being imaged with BSE, CL, and compositionally analyzed by EPMA, no definitive evidence of zonation in
calcite was found. In C28, calcite postdates all other cements and has 8§80 values clustered in the 19 to

20%o range, and 8'3C is mainly in the -2 to -3%o. range. In C11370, calcite is interpreted to be early,
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predating much of the dolomite/ankerite growth and a single analysis gave a §'80 value of 24.6 and 8'3C

of -4.6%eo.

Siderite is present in Mt. Simon samples UPH1-1144, UPH1-1170, and C11370-14845 (none was
observed in the St. Peter sandstone). Siderites generally have a few wt. % Mg and Ca, and C11370 has
minor quantities of Mn. SIMS analyses of these siderites were attempted, but a full bias correction for
these phases is still being developed it is not presently possible to accurately correct the raw data to the
VSMOW or VPDB scales. These data do not influence the conclusions below, and will not be discussed

further.

Looking at the basin as a whole, syntaxial quartz overgrowths on detrital grains are present in
nearly all samples, and show euhedral growth wherever pore space was available around detrital grains.
Fibrous or opaline silica was not observed in samples for which thin sections were made, and ®0OH" ion
counts for all quartz analyses were lower than would be expected for opaline silica (Oster et al., 2017).
The degree to which quartz overgrowths are present, however, is highly variable. All samples show
evidence of detrital quartz dissolution at grain boundaries and/or etching of quartz in pore space, which

would have released silica into pore fluids.

On the basis of observed growth relations with dolomite/ankerite, a large portion of quartz
growth in the analyzed samples is thought to have occurred between two separate periods during which
dolomite/ankerite growth was dominant (Appendix E). This observation is consistent with previous
diagenetic studies focused on the petrography of the St. Peter cements (Pitman and Sp6tl, 1996; Dwyer,
2011). Detrital quartz grains cluster around 10.2%. (+2.6%o0 2SD) for §'80, which is consistent with
previous studies (Pollington et al., 2011; Hyodo et al., 2014) and results from a high temperature

igneous or metamorphic origin prior to being eroded from Precambrian bedrock (Johnson and Winter,
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1999). The spread of 6§80 values is much wider for quartz overgrowths, that vary from 18 to 32%o (Fig.

8), than for detrital quartz.

The zoning patterns observed in analyzed dolomite/ankerite samples share significant
similarities despite differences in lithology and covering a wide geographic area. Dolomites are
moderately Ca-rich, generally plotting in the 50-55% Ca range, though some ankerites show even
greater enrichment in Ca (Fig. 9). All of the analyzed dolomite/ankerite cements trend towards more Fe-
rich compositions near their rims, and most samples show a coincident lowering in 880 values for more
Fe-rich (generally younger) cements (e.g. Fig 7, Fig. 10a). In the three deepest drill cores studied (C4831,
C4785, and C11370), these shifts in Fe content and 880 are particularly abrupt and pronounced, and are

closely related to abrupt changes in §3C.

Taken as a whole, 8'3C values appear to show two different trends with relation to Fe content.
There is a positive correlation between 8'3C and Fe# for low Fe# carbonates, and others show a negative
correlation for high Fe# carbonates (Appendix F). Generally, the correlation in St. Peter samples is
positive, and the correlation in the Mt. Simon is more negative, likely due to the influence that migrating

fluids on both Fe# and §3C values (discussed further in section 4.4, below).

4. Discussion

Our new in situ data show that diagenetic carbonates record and preserve large ranges and
systematic trends in stable isotope ratios during their growth history (variability up to 10 %o for 680 and
up to 10%o. for §3C), and steep gradients (up to 8%. for 60 and up to 11%. for 6*C over <5um). This

wealth of information would be lost by homogenization during sampling without the small spot
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capabilities of SIMS analysis correlated to SEM imaging and EPMA of cation compositions. Important
generalizations can be made in spite of basin-wide variability. Quartz overgrowths formed after initial
high-6180 dolomite cementation, and in many samples the majority of quartz overgrowths predate a
peak in the Fe content of developing carbonate cements. The concentric zoning of 6§20 in individual
quartz overgrowths formed mainly during pre-270 Ma burial. Post-quartz drops in 680 in carbonates
are associated with increases in Fe; carbonates tend to have lower §'¥0 and higher Fe towards the end

of carbonate growth (Fig. 10a).

For the purposes of drawing comparisons between the diagenetic histories recorded by isotopic
data from different cores, dolomite/ankerite analyses were divided into four different growth phases
correlatable based on the petrography and isotopic trends (Figs. 10, 11, also Figs. 3¢, 5c, 6¢). Phase 1
consists of the innermost portions of dolomite cements present in samples, which are nearly
stoichiometric (Caso-Cass, Fe#f < 0.05), and commonly surrounded by an irregular boundary, interpreted
to represent a dissolution event. Basin-wide, Phase 1 carbonates vary from 21 to 27%e. in §*¥0 and -1 to -
7%o range in §13C. Phase 2 carbonates are the zoned low-80 dolomite/ankerites that postdate the end-
Phase 1 dissolution boundary, predate the most Fe-rich ankerites, and possess significantly lower 6§20
and similar 83C values when compared to Phase 1. Phase 3 carbonates correspond to the most Fe-rich
band of ankeritic growth, and commonly show the most significant shifts in §'3C to either higher or
lower values, depending on the sample. Phase 4 dolomite/ankerites postdate Phase 3, and basinwide
show less variability in 83C values than Phase 3. The majority of quartz overgrowths formed between
Phases 1 and 3, and in some locations was concurrent with the growth of Phase 2 carbonate (Appendix

E).

Earlier studies have presented a burial and heating model for precipitation of quartz

overgrowths in the lllinois basin before the MVT event (Fig. 8b) that assumes: restricted flow of fluids
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during the compaction phase of burial, a constant value of §®0yater = -3%o, a geothermal gradient of
30°C/km, surface T= 20°C, and 1 km of erosion and uplift (Pollington et al. 2011; Hyodo et al. 2014). If
such a model is applied to 880 for the analyzed dolomites, there is good conformance at moderate
depths (500-2500 m, cores C4831 and C4785) between estimated 30°C/km geotherm temperatures and
the lowest 680 values expected at those temperatures from aqueous fluids with 80 = -3%o (Fig. 10).
However, if it is assumed that original fluid 680 values were closer to -1%e., as has been suggested from
recent clumped isotope data (Came et al., 2007; Finnegan et al., 2011; Cummins et al., 2014), then the
model deviates slightly from the data and requires that the geotherm be elevated above 30°C/km, or

that fluids evolved to heavier oxygen isotope compositions before maximum burial.

The deepest sample of Mt. Simon sandstone (C11370) doesn’t extend to values as low as the
30°C/km-geotherm estimate, possibly because cementing minerals grew to impingement before
maximum depths of burial, or because §0water) Was elevated by the time max temperatures were
reached. In contrast, many shallow samples plot lower in §20 than reasonable §0water) values and
geotherm temperatures would suggest, an observation that has three potential explanations. 1) If the
burial depths and amounts of uplift of the St. Peter and Mt. Simon sandstones are underestimated near
the Wisconsin Arch, this would mean that rocks were buried to greater depths and exposed to higher
temperatures than estimated in the model. 2) Alternatively, these low §®0(Dol/Ank) values might result
from changes in the 80 of fluids and heating during the MVT event (Phase 3). These samples are closer
to the UMV ore deposits than others located further into the basin, and the low 80 values might then
reflect more localized regions of elevated temperature during brine migration. 3) These shallow low
580 cement phases formed under the influence of infiltrating of low-680 meteoric water during their

growth.
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In the following sections, more detailed analysis will be given of each of the diagenetic phases
studied here in their approximate order of formation: Phase 1 Early Carbonates, Quartz Overgrowths,

Phase 2 Pre-Peak Fe Carbonates, Phase 3 Peak-Fe Carbonates, and Phase 4 Post-Peak Fe Carbonates.

4.1 Early Carbonates (Innermost Carbonate Cements/Carbonate Growth Phase 1)

With the exception of UPH1-1170 and C11370-14845 from the Mt. Simon, all analyzed zoned
dolomite/ankerites contain near-stoichiometric (Fig. 9) inner dolomite cements with variable 60, from
22 to 27%o (growth phase 1, Fig. 11). There is good conformance between the range of these early
dolomite 560 values and average values previously reported for dolomites in the overlying Platteville
(24 to 26%o) (Hall and Friedman, 1969), the base of which was within a few meters for several of these
samples. However, other samples (UPH1-212, UPH1-1144, C10180-1561) have relatively low 80 values
(21 to 24%) in the innermost dolomite, that are surrounded by bands of higher §¥0 dolomite (Figs. 3,

43, 5).

Three possibilities for explaining these anomalously low early values are considered below. 1)
These values are for carbonates that exchanged with unmodified seawater and directly reflect seawater
580 values. 2) These values reflect mixing of meteoric-water and seawater during the early stages of
cementation. 3) The early cements were recrystallized, and the low 50 values reflect interaction with a

later, hotter (or lower §*0) fluid.

Addressing the first possibility, precipitation from pristine seawater, although the zoning pattern
of cements suggests that the inner carbonates formed first as primary low-80 precipitates from
seawater or an early connate derivative, there are two reasons to question such a simple explanation.
First and foremost, if it is assumed that porewaters were not significantly different from estimates of

Cambro-Ordovician seawater (620 = -3 to -1%o) (Came et al., 2007; Jaffrés et al., 2007; Cummins et al.,
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2014), such low 80 mineral values require temperatures greater than 50°C before initial burial, an
unrealistic result for a tectonically inactive region. Because these dolomites all are petrographically
earlier than low-temperature quartz growth, it is unlikely that hotter geothermal fluids infiltrated these
rocks at the time of initial dolomite formation. There is disagreement about the 50 value of Cambro-
Ordovician seawater, and water may have been lower in §'0. However, a second piece of evidence
argues against lower Cambro-Ordovician seawater §'®0—there is also a sharp rise in 680 that occurs
just outside the innermost zone of cement (in growth Phase 2, Figs. 3 and 5). This increase would be
difficult to explain in the context of pristine seawater and shallowly buried sandy sediments, and is even
more difficult to explain with a lower 620 of seawater. If Ordovician seawater was lower in 620, then
the later, higher 60 cements of Phase 1 would require lower temperatures or higher §'¥0 fluid.
However, diagenetic temperatures cannot have been significantly lower than seawater and it is unlikely

that water-rock interaction significantly shifted porewater compositions to higher §'¥0 at the time.

Addressing the second possibility, (meteoric/seawater mixing), if the early dolomites did not
initially precipitate from seawater-like compositions and have not recrystallized, then they likely
originated in the seawater/meteoric water-mixing zone. A number of models for low temperature
dolomite formation invoke coastal settings, where low-60 meteoric fluids can mix with seawater in
pore fluids and lower the 60 below that of the ocean (for a review of dolomite precipitation models,
see Warren, 2000). Some studies have proposed that mixing connate fluids with meteoric water can be
a direct cause of dolomite precipitation (Hanshaw et al., 1971; Badiozamani, 1973; Folk and Land, 1975),
although more recently the invocation of this process to explain pervasively dolomitized limestones has
been criticized on the basis that kinetic rather than equilibrium processes control dolomite precipitation,
and because there are no known examples of massive dolostones actively forming in modern
depositional settings (Machel and Mountjoy, 1986; Hardie, 1987; Machel, 2004; Melim et al., 2004).

Whatever the origin, dolomite mineral nucleation is well documented in low-temperature coastal
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settings, demonstrating that dolomite nucleation near the ocean/meteoric water boundary is possible in
modern environments and likely in the past (Ward and Halley, 1985; Randazzo and Cook, 1987; Cander,
1994; Humphrey, 2000). In the Illinois Basin, subsequent to the lower 80 inner dolomite cement (20 to
24%o), 60 values in several samples rise to 25-27%o, values more consistent with precipitation from
low temperature seawater, which would be expected as meteoric water recedes during transgression. In
the modern day, it would be reasonable to observe annual averaged rainwater 6180 values of ~-7 to -
9%o0 along the western equatorial margins of continents (Bowen, 2010); thus, it is not unreasonable to
assume that meteoric fluids in Cambrian-Ordovician lllinois might have achieved a similar magnitude of

deviation from seawater.

The third possible explanation for the low 8§80 inner carbonate cements of Phase 1 is that they
formed by recrystallization of metastable dolomite, and thus record values that are younger than the
original cement. Low temperature calcian-dolomite often precipitates as a metastable precursor, and
recrystallizes with X(Ca) closer to stoichiometric dolomite over time. This process has been proposed in
dolomite-rich rocks to explain a wide range of potentially covariant trends, including crystal size, mol%
Ca, 60, 863C, Sr, Mn, Na, and &Sr/8Sr ratios (Malone et al., 1994; Al-Aasm, 2000; Rott and Qing, 2013;
Kaczmarek and Sibley, 2014). The recrystallization to stoichiometric dolomite compositions can be
gradual and take tens or even hundreds of millions of years, and unmetamorphosed Paleozoic dolomites
can retain non-stoichiometric Ca/(Mg+Fe) ratios (Land, 1985). Evidence suggests that highly unstable
precursors (~60 mol% CaCOs) can be expected to undergo noticeable recrystallization in less than 1,000
years especially when exposed to fluids and elevated temperatures (Gregg et al., 1992; Malone et al.,
1996). If the Phase 1 dolomite cements in this study were still somewhat metastable and prone to
selective recrystallization at the time of the MVT hydrothermal fluid activity, then recrystallization at
high temperature (MVT fluids at >100°C) and/or different fluid conditions could have produced new

inner dolomite cements (Phase 1) lower in 6§80 than the precursor metastable phase, as has been
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observed in recrystallizing dolomites in other terranes (Reinhold, 1998; Rott and Qing, 2013). Values of
8%3C would be less susceptible to change during this process than 620 due to the low C/O ratios of
groundwater compared to carbonate, and thus 8'3C has greater fidelity as a record of pre-
recrystallization dolomite isotopic compositions (Kupecz et al., 1993). BSE and CL imaging of the
innermost dolomite in the Phase 1 cements sometimes shows irregular boundaries between patchy
regions of differing Fe contents (e.g., Figs. 3a, 5a), consistent with recrystallization, but if
recrystallization occured early, it is possible that low-8'80 meteoric water caused these low 5§20
dolomites. If metastable Ca-rich dolomites originally existed in these samples, they have recrystallized
and are indistinguishable from most subsequent cement phases on the basis of Ca/(Ca+Mg+Fe) values

alone, falling in the 50-55 mol% CaCOs range.

It is significant that not all samples possess anomalously low 880 cores, which indicates that the
process creating them is not acting universally across the basin. Because of this heterogeneity, and given
our current understanding of the propensity of dolomite to form in mixing zones (Warren, 2000), the

meteoric/seawater interaction explanation seems the most likely.

4.2 Quartz Overgrowths

The ranges of 60 and zoning of 60 within individual quartz overgrowths are similar to those
reported by previous authors for the lllinois Basin (Pollington et al., 2011; Hyodo et al., 2014). In most
samples, the early quartz in an overgrowth has the highest 6§20 nearest to the detrital grain boundary
and then 880 steadily drops in value towards the rim. This trend is consistent with the model of burial-
driven compaction, pressure solution, and heating of sandstone containing relatively immobile Paleozoic

seawater as proposed by Pollington et al. (2011).
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In many of the analyzed samples, the early Phase 1 carbonates grew before quartz overgrowths
and the late carbonates (growth Phases 3 and 4) grew after the quartz overgrowths (Appendix E). It
should be emphasized that this does not necessarily equate to a hiatus in carbonate growth in all
samples, but that quartz growth rates, if concurrent with carbonate cementation, were higher than
carbonate cementation rates during this period. This carbonate-quartz-carbonate alternation in
diagenetic growth history has been observed by others in the Paleozoic sands of the lllinois Basin
(Pitman and Spotl, 1996; Fishman, 1997; Pitman et al., 1997), and therefore likely reflects long-term
basin-wide shifts in water chemistry. Presumably, late carbonates developed after conditions become
less favorable for quartz growth (i.e., a cessation of burial and pressure solution) and more favorable to
carbonate growth (in many samples late carbonates are interpreted to mark the start of the MVT fluid
flow event, which post-dates major periods of sediment deposition in the lllinois Basin). One additional
feature to these overall quartz trends is seen in C4785-7624, where quartz overgrowths reach a
minimum &0 of around 19%o. and then show a late return to higher values (~24%., Appendix D). Such
late values were also reported in a few samples by Hyodo et al. (2014) who suggested that they may
reflect a late cooling or local growth of quartz exposed to higher 880 fluids associated with the MVT

event.

4.3 Pre-Peak Fe Carbonates (Carbonate Growth Phase 2)

Moving outwards from the innermost portion of each zoned dolomite/ankerite cement, 520
values tend to fall as Fe content in the carbonate rises. Surrounding Phase 1 dolomites, but prior to the
growth of the most ankeritic compositions (Phase 3), some of the samples show dissolution boundaries
associated with sharp drops in mineral 680 values. In samples C4831-5238.5 and C4785, these

transitions are quite large and 80 changes by up to 8%e.. In contrast, §:3C values do not change
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significantly from Phase 1 to 2 (Fig. 11a). The presence of the dissolution surface at the end of Phase 1
implies that portions of the intervening record were lost, and may be interpreted one of two ways. If
Phase 1 carbonates preserve the earliest growth, then the drop in carbonate 8§80 from Phase 1 to 2
requires either a significant rise in temperature (assuming a constant 6®0porewater) during the carbonate
hiatus, or a large negative shift in §®Oporewater Values. Incursion of meteoric water is commonly seen in
shallow aquifers and may provide an explanation for low 80 values present in the latter part of growth
Phase 2 in UPH1-212, which would have been near the northern margin of the basin and comparatively
shallow relative to deeper samples (~1 * 0.5 km for shallow northern lllinois rocks) (Rowan et al., 2002;
Makowitz et al., 2006). Incursion of meteoric water is deemed unlikely as a factor for deeper cements,

however.

If Phase 2 cements record precipitation from porewaters not significantly altered in 50 from -3
to -1%o0 (Cambro-Ordovician seawater), then the carbonates of this growth phase record 60 values
that are fairly consistent with estimated maximum burial temperatures for C4831 (~95 °C) and C4785
(~115 °C). It is significant that Phase 2 contains the lowest 60 values measured in either C4831 or
C4785, such that later carbonate phases (Phases 3 and 4) must have been formed after either
temperatures drop (which would be surprising before exhumation in the lllinois Basin), or after waters
rose to higher 80 values. The latter scenario is more likely; MVT fluids would have caused significant
water-rock interaction along their flowpath, and even modern waters of the lllinois Basin have elevated

580 values due to more prolonged water-rock interaction (Clayton et al., 1966).

A second period of carbonate-dominated growth, after the prolonged period of burial and
compaction when quartz growth was dominant, would require a renewed source of carbonate ions and
possibly a change in pH, implying changes in fluid composition. Because this transition back to carbonate

growth is seen in multiple samples, the most likely time for Phase 2 carbonates to grow would be before
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or at the onset of MVT fluid movement, when changes in fluid composition and pH were likely small and
still relatively local. In any case, the source of carbonate ions for the dolomite/ankerites precipitating in

these siliclastic units after burial was likely adjacent units, and dolomite/ankerite precipitation after the

rock was isolated from seawater would have required the significant movement, probably gravity-

driven, of fluid through adjacent units.

4.4 Peak-Fe Carbonates, MVT-Related (Carbonate Growth Phase 3)

After Phases 1 and 2, Fe content in carbonate consistently shows a sharp and dramatic increase
in Fe#, hereafter referred to as Phase 3 or “peak-Fe” carbonates. Coincident with this carbonate phase,
813C becomes more variable (e.g., Fig 7c,d). For the same reasons previously discussed for growth Phase
2, it is considered unlikely that low-80 fluids of meteoric origin significantly interacted with the
carbonates after quartz overgrowths began to develop. If there was no potential source of low-60
fluids at the time, then the observed decline in 630 values leading into growth Phase 3 must reflect a
significant rise in temperature during burial and possibly MVT fluid passage. Fluid inclusion data in the
Mt. Simon and St. Peter formation cements show that temperatures were elevated above the geotherm
at some point in their history (Fishman, 1997; Chen, 2001), but the timing of inclusion formation is not
well constrained. Temperatures during the MVT event are modeled on the north side of the basin to
have been generally higher than the geotherm at all depths due to heating by migrating fluids (Bethke

and Marshak, 1990; Arnold et al., 1997; Rowan et al., 2002).

During a period of major fluid flow, it cannot be assumed that temperatures follow the
equilibrium geothermal gradient, or that porewaters have the isotopic composition of original formation
water; such events tend to promote water-rock interaction, affecting fluid chemistry. Thus, the shallow

samples (UPH1, C4636, C10180) with Fe-rich Phase 3 carbonates too low in 880 to have precipitated
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from fluids with 880 = -3%o. are strong evidence for Phase 3 precipitation during the MVT event when
temperatures would have been elevated. These samples plot lower in 6§80 than an estimated 30°C/km
gradient and §®0porewater = -3%o0 (<500 m, Fig. 10), likely due to the elevated temperature at shallow
depths. In contrast, Phase 3 carbonates from samples at present depths greater than 500 m (cores
C4831 and C4785) plot higher in 620 than Phase 2 carbonates (Fig. 10). If hot MVT brines were sourced
from deeper in the basin, they could possess 6§80 values of 1.5%o to 5.7%o that were observed in fluid
inclusions by McLimans (1977) in UMV fluid inclusions. Higher 880 fluids would precipitate ankerite

with higher 80 values.

If the peak-Fe carbonate growth phase (Phase 3) formed during the MVT event, then the 6§20 of
fluids that migrated updip along the northern slope of the basin was likely positive during this time. As a
point of reference, +3%o. water precipitating UPH1 ankerites at the northern end of the Illinois Basin
would require temperatures as high as 120 °C in the St. Peter (ankerite §'0 ~ 20%o) and 155 °C
(assuming +3%o water) further down UPH1 in the Mt. Simon (ankerite 880 ~ 17%o). Assuming the same
580 water) = +3%o values for C4785 ankerite yields temperatures as high as 180 °C in the St. Peter in
south-central lllinois (modern depth = 2.3km, §'®0ank ~15%eo). The range in §'0 within the Fe-rich zone
(Phase 3) is interpreted to be a reflection of both temperature and fluid composition. Samples that were
exposed to hotter fluids (those buried more deeply or in more direct communication with the primary

MVT fluid-flow conduit of the Mt. Simon formation) tend to record lower 60 values.

Values of 613C in carbonate show a strong sensitivity to carbon source, as there is less of a
temperature effect on the fractionation of carbon isotopes than in the oxygen system (Friedman and
O’Neil, 1977; Horita, 2014). The range in §'3C values seen in Phase 3 is interpreted to primarily reflect
two different sources of carbon, carbonate (high §'3C, source ~0%o) or thermal maturation of organic

matter (low 8™3C, source < -25%o). Mt. Simon samples collected from core UPH1 (1170) near the UMV
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ore district contain Fe-rich ankerites that drop to 680 values of around 17%o and 8§3C values as low as -
13%o. Negative carbon excursions are seen in association with the Fe-rich band in core UPH1, in both the
St. Peter (Fig. 3) and the Mt. Simon (Appendix C). UPH1 rocks were never buried deeply enough in
Wisconsin to provide an explanation for these post quartz overgrowth, negative §'3C excursions without
invoking hot migrating fluids, or some other nonmarine fluid pulse of anomalous origin. Similarly, bulk
analyses of calcites related to the UMV-MVT-ores show excursions to values as low as 17%. for §'0 and
-12.5%o for 613C (McLimans, 1977). These similarities in the magnitude of negative §!3C shifts in both
UMYV calcites and UPH1 St. Peter carbonates do not necessarily mean that the fluids experienced in both
the UMV district outcrops and nearby drillcore were identical, but the magnitudes of the excursions in
both 83C and 80 are similarly large and in the same direction, consistent with recording different
portions of the same event. Hot MVT fluids in the Mt. Simon formation (perhaps in excess of 150°C,
Bethke, 1986; Rowan et al., 2002) are likely to have interacted with organic carbon at some point along
their flowpath (possibly along the overlying Eau Claire or even within intermittent thin shale beds in the
Mt Simon itself) during migration, and carbonates that precipitated from a higher percentage of these
fluids should have more negative carbon values (Mt. Simon samples and some St. Peter samples, e.g.,
UPH1-1170, UPH1-212). Even invoking late hot fluids in UPH1-212, though, the §'3C range present in the
two Mt. Simon samples analyzed from the same core (down to -13%e.) are more negative than that
found in the St. Peter (down to -8%., Fig. 10), suggesting fluids in the Mt. Simon experienced a lower

proportion of exchange with carbonate than fluids in the St. Peter.

However, if hot MVT fluids interacted with large volumes of limestone or dolostone (or there
was a relative lack of organic carbon), then it is a common observation for §13C values to approach the
values of marine carbonate. The St. Peter is underlain by the thick carbonate sequence of the Prairie du
Chien Group, which could have been the source of carbon. This would explain the high §3C excursions

seen in parts of the St. Peter coincident with the sharp drop of 6§80 associated with the MVT (e.g.,
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C4831-5238.5, C4785-7624; i.e., boundary 7 in Figs. 6, boundary 5 in Fig. 7; again, these zones are used
for intra-sample correlation, not inter-sample correlation). In the vicinity of the UMV, the St. Peter has
filled paleovalleys in the underlying unconformity surface that incise and in places eroded completely
through the underlying Prairie du Chien carbonates. These sandstones are interpreted to have been
fluid pathways for upwards flow that allowed MVT fluids to cut through of the intervening low-
permeability strata (Mai and Dott, 1985). This bypassing of comparatively high §3C carbonate units

potentially explains the observed low 8§'3C trends in these late cements.

4.5 Post Peak-Fe Carbonates (Carbonate Growth Phase 4)

After peak-Fe, there is typically a final stage of carbonate growth where Fe content is diminished
and the 86%3C shifts seen during Phase 3 growth begin to trend back towards values present prior to the
peak in Fe#. The source of carbon for the dolomite and ankerite precipitated in these siliclastic units
after burial was likely adjacent units, and the movement of fluids through adjacent units, under
favorable conditions, would encourage faster precipitation rates by increasing the rate of supply of
carbonate ions to these growing cements. As the fluid flow event (likely MVT) that produced the peak-Fe
Phase 3 carbonates began to wane, then the precipitation of carbonate cements might have waned as
well. The zoned dolomite/ankerite cements that developed after peak-Fe are interpreted to correspond
to this final phase and capture a return to conditions more similar to those prior to the MVT. In deep
samples, this manifests itself as continued low 60 values not significantly different from those during
peak-Fe (temperature remains elevated), while §'3C trends towards values that were present prior to

peak-Fe (equilibrating with the local mineralogic environment).

5. Perspectives
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Throughout the geologic record, carbonate minerals are considered to possess some of the
most direct records of oceanic and atmospheric histories. However, they are also particularly susceptible
to low temperature alteration processes and fluid-rock interaction. Notably, none of the carbonates
studied in this paper are interpreted, based on geochemical and petrographic observations, to have
formed in direct contact with seawater, and therefore formed in a purely diagenetic regime. Evidence of
diagenesis is ubiquitous in the sedimentary record, and yet it remains poorly understood. Improvements
in the ability to qualify, quantify, and predict the timing and bulk geochemical effects of diagenesis in

sedimentary rock will inevitably improve the accuracy of interpretations of sedimentary histories.

SEM/SIMS provides a powerful tool with which to interrogate diagenetic cements, as single
diagenetic carbonate minerals can contain micron-scale 60 and 63C records of surprising complexity.
With this realization comes opportunities for new approaches to old diagenetic problems, such as
interrogating water-sediment interactions in Holocene environments, or reexamining the fidelity of
Precambrian stable isotope record and proposed secular trends in carbonate-rich units by separating
them from diagenetic overprinting. Similar features to those discussed in this paper will probably be
found as these approaches are applied in other localities, however, the interpretations of such results
are in their infancy and will be greatly enhanced if temperatures can be estimated for individual growth
bands that have been isotopically analyzed by SIMS. Distinguishing broad basin-wide trends from the
details of local geology will be the subject of many future studies. Perhaps, as understanding of these
systems continues to evolve, a point will be reached where confident interpretation of the fluid history

of a relatively unstudied basin may be made from a few key cemented samples.

6. Conclusions
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A detailed chronology of thermal and fluid events is recorded by diagenetic cements in the Mt.
Simon and St. Peter sandstones of the lllinois Basin. The SEM/SIMS approach combines SEM-based
petrography and in situ stable isotope analysis by SIMS, and reveals this record in greater detail than has
previously been possible for any sedimentary basin. This richness of information was previously
unrecognized and reveals large isotopic variability (up to 10%o. for 63C in dolomite/ankerite and up to
10%o for 680 in dolomite/ankerite and quartz) within small (<100 pm) cements, demonstrating the
importance of this new approach for studying carbonate diagenesis. Diagenetic carbonates in the lllinois
Basin preserve evidence of a complex history in their isotopic records, including 1) early mixing zone
cements, 2) cements that formed during burial and heating with low fluid-flow rates controlled by
compaction, and 3) cements formed during faster MVT-related gravity-driven fluid flow (Fig. 12). Hot
MVT fluids appear to have imprinted a basinwide signal in these cements, with 8*3C values influenced by
assimilation of organic carbon from shales and exchange with carbonate-rich units. Quartz overgrowths
in sandstone formed in the prolonged period of burial, pressure solution and compaction (Cambrian to
Permian), whereas carbonate cements in these sandstones bracket quartz, offering clues to initial burial

conditions and capturing later periods of punctuated fluid flow.
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Table 1. Sample names, corresponding sample depths, and the locations and unique APl numbers of the cores analyzed in this study. Formation

tops and bases are from the Wisconsin Geological and Natural History Survey (WGNHS) and lllinois State Geological Survey (ISGS).

samie e o Formatontiame e [P cre
UPH1-212 211.2 64.6 212 St. Peter (top) | 42.50562 | -89.8521 | 121772131500
UPH1-212f 211.2 64.6 212 St. Peter (top) | 42.50562 | -89.8521 | 121772131500
UPH1-1144 -72.8 348.7 1144 Mt. Simon (top) | 42.50562 | -89.8521 | 121772131500
UPH1-1170 -80.8 356.6 1170 Mt. Simon (top) | 42.50562 | -89.8521 | 121772131500
C4636-1202 -143.9 366.4 1202 St. Peter 40.85997 | -88.5422 | 121050073900
C10180-1561 -244.1 475.8 1561 St. Peter 40.70379 | -88.9191 | 121130053500
C28-2674.5 -633.5 815.2 2674.5 St. Peter 39.76514 | -89.3957 |121670011500
C4831-5238.5b -1431.8 1596.7 5238.5 St. Peter (top) | 38.55216 | -89.0225 | 121210519800
C4785-7616 -2201.6 2321.4 7616 St. Peter 38.02654 | -88.4778 | 120650345000
C4785-7623 -2203.7 2323.5 7623 St. Peter 38.02654 | -88.4778 | 120650345000
C4785-7624 -2204 2323.8 7624 St. Peter 38.02654 | -88.4778 | 120650345000
C11370-14845 |-4278.21t0-4281.2 |4523.2t04526.3 | 14840 to 14850 Mt. Simon 37.58963 | -88.5128 |121512030200
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FIGURES

Figure 1. Map of the Illinois Basin, with significant structures and major historically important Mississippi
Valley type Pb-Zn ore districts overlain. Samples were collected from the indicated drill holes. The
locations of Hicks Dome (the site of intrusive dikes in Illinois) and Decatur (the site of the MGSC CO,

injection well) are marked with stars.
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Figure 2. N-S transect from UPH1 to C11370 (Fig. 1) displaying the depths of the Mt. Simon and St. Peter
sandstones in the Illinois Basin, as well as the full depth of drill holes (vertical dashed lines) and core
sample locations (black dots). Note that preserved core available for sampling often only covered a

portion of the full extent of each drill hole. All depths are relative to sea level.



55

Fig. 2

C4785

C10180

(w) |19A3] eas 03 annej2. Yyadag

- -500
- -1000
- -1500
- -2000
-2500
- -3000
- -3500

RS
N
N\

(collar) Elevation
S¢ e
Ste,
=
-5
%
~

C28

|

i

|
—

UPH1

41 40 39 38 37
Degrees North Latitude

42

43




56

Figure 3. (a) A representative BSE image of zoned dolomite/ankerite cement found in St. Peter sample
UPH1-212, from 65 meters below collar. SIMS analysis pits are drawn to scale: red ovals for 680 (values
in %0 VSMOW) and blue ovals for §13C (%0 VPDB). Dashed black lines indicate recognizable shifts in Fe
content (“Growth Boundaries"), visible in BSE imaging of all carbonate cement grains analyzed, that
were used to compare 60 and 8§3C trends across multiple grains. These growth boundaries can be
correlated within a sample and are numbered 1 to N (N=8 in Fig. 3) from the earliest cement to the
latest. Oval white patches are locations analyzed by EPMA. (b) Blue-filter SEM-CL image showing the
same area as in (a). (c) 5'0 and 83C trends from all dolomite/ankerite cements in this sample,
normalized to the boundaries denoted in a and b. Grayscale shading is meant to approximate the
banding present in the BSE image (a). Vertical error bars for 680 and 6*3C represent the 2SD precision of
analysis. Horizontal error bars approximate the SIMS pit width normalized to the local width between

boundaries. (d) Trends in Fe# from cement interior to rim, determined by EPMA.
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Figure 4. SEM-BSE images providing examples of zoned dolomite/ankerite cement zonation in samples:
(a) Sample UPH1-1144, Mt. Simon. (b) Sample C4636-1202, St. Peter; image shows a small rhomb at the
edge of the concretion. (c) Sample C4636-1202, St. Peter; image taken in interior portion of carbonate
concretion. (d, e) Sample C28-2674.5, St. Peter. (f) Sample C4785-7616, St. Peter. (g) Sample C4785-
7623, St. Peter, from the rim of a carbonate concretion that extends upwards out of the field of view.
Pits from oxygen isotope analysis are denoted with red ovals (880 in %0 VSMOW). Pits from carbon
isotope analysis are blue ovals (§*3C in %0 VPDB). Yellow dashed lines demark the boundary between
detrital and overgrowth quartz. Qz = Quartz, Dol = Dolomite, Ank = Ankerite, Cal = Calcite, Anh =

Anhydrite.
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Figure 5. (a) A representative SEM-BSE image of zoned dolomite/ankerite cement in St. Peter sample
C10180-1561 from 476 meters below collar. SIMS analysis pits are drawn to scale: red ovals for 50
(values in %0 VSMOW) and blue ovals for §3C (%0 VPDB). Dashed black lines indicate recognizable shifts
in Fe content ("Growth Boundaries"), visible in BSE imaging of all carbonate cement grains analyzed,
that were used to compare 80 and 8'3C trends across multiple grains. These growth boundaries can be
correlated within a sample and are numbered 1 to N (N=6 in Fig. 5) from the earliest cement to the
latest. Oval white patches are locations analyzed by EPMA. (b) Blue-filter SEM-CL image showing the
same area as in (a). (c) 5'0 and &*3C trends from all dolomite/ankerite cements in this sample,
normalized to the boundaries denoted in a and b. Grayscale shading is meant to approximate the
banding present in the BSE image (a). Vertical error bars for 620 and 6'3C represent the 2SD precision of
analysis. Horizontal error bars approximate the SIMS pit width normalized to the local width between

boundaries. (d) Trends in Fe# from cement interior to rim, determined by EPMA.
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Figure 6. (a) A representative SEM-BSE image of zoned dolomite/ankerite cement found in St. Peter
sample C4831-5238.5B, from 1,597 meters below collar. SIMS analysis pits are drawn to scale: red ovals
for 680 (values in %0 VSMOW) and blue ovals for 8*3C (%0 VPDB). Dashed black lines indicate
recognizable shifts in Fe content ("Growth Boundaries"), visible in BSE imaging of all carbonate cement
grains analyzed, that were used to compare 5§20 and 83C trends across multiple grains. These growth
boundaries can be correlated within a sample and are numbered 1 to N (N=9 in Fig. 6) from the earliest
cement to the latest. Oval white patches are locations analyzed by EPMA. (b) Blue-filter SEM-CL image
showing the same area as in (a). (c) 680 and &3C trends from all dolomite/ankerite cements in this
sample, normalized to the boundaries denoted in a and b. Grayscale shading is meant to approximate
the banding present in the BSE image (a). Vertical error bars for §'80 and 8'3C represent the 2SD
precision of analysis. Horizontal error bars approximate the SIMS pit width normalized to the local width

between boundaries. (d) Trends in Fe#f from cement interior to rim, determined by EPMA.
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Figure 7. (a) A representative SEM-BSE image of zoned dolomite/ankerite cement found in St. Peter
sample C4785-7624, from 2,324 meters below collar. SIMS analysis pits are drawn to scale: red ovals for
580 (values in %0 VSMOW) and blue ovals for §3C (%0 VPDB). Dashed black lines indicate recognizable
shifts in Fe content ("Growth Boundaries"), visible in BSE imaging of all carbonate cement grains
analyzed, that were used to compare 50 and 63C trends across multiple grains. These growth
boundaries can be correlated within a sample and are numbered 1 to N (N=9 in Fig. 7) from the earliest
cement to the latest. Oval white patches are locations analyzed by EPMA. (b) Blue-filter SEM-CL image
showing the same area as in (a). (c) 680 and &3C trends from all dolomite/ankerite cements in this
sample, normalized to the boundaries denoted in a and b. Grayscale shading is meant to approximate
the banding present in the BSE image (a). Vertical error bars for §'80 and 8'3C represent the 2SD
precision of analysis. Horizontal error bars approximate the SIMS pit width normalized to the local width

between boundaries. (d) Trends in Fe#f from cement interior to rim, determined by EPMA.
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Figure 8. (a) Plot of all SIMS quartz 680 data vs. present depth collected during the study of diagenetic
quartz overgrowths in the lllinois Basin, including data from the St. Peter (red diamonds, this study), Eau
Claire (green triangles, from Hyodo et al., 2014; Sliwinski et al., 2017), and Mt. Simon (blue circles, from
Pollington et al., 2011, and this study) formations. Data clustering around 10%. reflect analyses from
detrital quartz grains (open symbols); values of 6§80 >18%o. are of diagenetic quartz overgrowths (filled
symbols). Vertical black line is the predicted 8§80 value for quartz, if precipitated at 45°C, in equilibrium
with water (680 = -3%.). Vertical dotted black line is for quartz precipitated from 5§®0(water) of 0% at
45°C. Curved black line is 6'80(Qz) if temperature increases along a 30°C/km geotherm, assuming
8'80(water) = -3%o, 1km of erosion, and a surface temperature of 20°C. Curved dotted line is the
geotherm curve if 5'80(water) is held at 0%o. (b) Difference in isotopic value between earliest quartz
(detrital grain adjacent) overgrowth and other (later) overgrowth quartz analyses. DQ= detrital quartz,

0Q = overgrowth quartz.
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Figure 9. Ca-Mg-Fe ternary plot for all analyzed dolomite/ankerites, color-coded by sample number.

Data are from both the St. Peter (circles) and Mt. Simon (diamonds) formations in the Illinois Basin.
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Figure 10. Distributions of dolomite/ankerite §'80 and 8'3C data from this study separated out by
sample name and growth phase. St. Peter data are color coded by growth phase, and Mt. Simon samples
UPH1-1144, UPH1-1170, and C11370-14845 have been plotted with grey symbols to visually emphasize
that they are a different formation. The average of each growth phase in a sample is denoted by a large
black circle. Shown for reference below the 520 data are the calculated temperatures of dolomite
formation for the cases in which dolomite precipitated from 80 water) Of -3%0, 0%o, and 5%o. Geotherm
temperatures were determined by assuming a surface temperature of 20°C, a 30°C/km geotherm, and a
projected additional 1km of overburden uniformly distributed across the basin. These temperatures
represent the expected maximum temperatures each sample would have experienced in the absence of

anomalous heating or MVT fluid flow.
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Figure 11. (a) Cross plot of dolomite/ankerite §'80 vs. §13C values, coded by growth phase, colored as in
Fig. 10. Data are from both the St. Peter and Mt. Simon formations, and only plotted when &80 and 63C
pits are closely correlatable from the same zone. With the exception of samples from core UPH1, all St.
Peter sample Phase 3 carbonates plot high in §23C (6*3C > -3%o). All Mt. Simon Phase 3 carbonates plot
low (83C < -7%o). For a detailed interpretation of these separate growth phases, see the text. (b)
Schematic carbonate and quartz growth histories in the St. Peter formation of the lllinois Basin using the

burial model of Pitman et al. (1997).
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Figure 12. Hypothesized relations between lllinois Basin sandstone burial evolution and the sequential
development of diagenetic quartz and carbonate cements in the St. Peter sandstone. (a) Shoreline
environment in which sands are deposited upon an erosional surface on the Prairie du Chien group. As
the ocean transgresses, the sands are buried beneath the Platteville limestone (St. Peter). Growth Phase
1 comprises the innermost portions of dolomite cements, which were one of the first diagenetic
minerals to develop and may have nucleated in the meteoric-seawater mixing zone. (b) Transgression
gradually removes the meteoric influence, and Growth Phase 2 comprises early burial carbonate and
minor quartz overgrowths from a seawater-derived connate fluid. The main quartz growth phase occurs
as basinwide burial progresses and diagenetic carbonate formation wanes in the absence of major fluid
flow or an alternate source of carbonate ions, but pulses of carbonate Phase 2 growth are still possible.
(c) Growth Phase 3 occurs as warm MVT fluids pass through the siliciclastic units of the basin. Growth

Phase 4 occurs post-MVT.
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