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APPENDIX 1: ANALYTICAL METHODS

Sample Preparation

Samples for in situ d18O analysiswere cast into 25-mm-
diameter epoxy mounts (Buehler EpoxyCure), taking
care to position areas of interest within a 5-mm radius
of the geometric center; this was done to minimize
any potential fractionation effects associated with a
sample’s position relative to the focusing axis within
the analysis chamber (Kita et al., 2009; Valley and
Kita, 2009). Several grains of a running standard
(end-member dolomite UW6220, d18O = 22.60‰Vi-
enna standard mean ocean water [VSMOW], -8.1‰
Vienna Peedee belemnite [VPDB]; Śliwiński et al.,
2015) were embedded in the center of each mount,
which was then polished to a 0.25-mm finish using
oil-based polycrystalline diamond suspensions (Buehler
MetaDi Supreme) and Allied TECH-Cloth pads.
Care was taken to keep polishing relief between
mineral phases of contrasting hardness (e.g., carbonate
cements in quartz-rich sandstones) to less than a few
micrometers. Prior to analysis, sample mounts were
cleaned with deionized water and ethanol and coated
with carbon (25-nm thickness) to make sample sur-
faces electrically conductive.

Oxygen Isotope Analyses by Secondary Ion
Mass Spectrometry

In situ d18O measurements were performed using a
CAMECA IMS 1280 large-radius multicollector ion
microprobe at the Wisconsin Secondary Ion Mass
Spectrometer (WiscSIMS) Laboratory (Department
of Geoscience, University of Wisconsin–Madison).
The sample data presented here were collected dur-
ing four analytical sessions throughout the course

of 1 yr: two10-mm-diameter spot-size sessions (session
S1, September 23–25, 2013, and session S7, May
13–16, 2014) and two 3-mmspot-size sessions (session
S4, February 24–27, 2014, and session S8,May22–25,
2014). The full data set is provided in Appendices 4
and 5. The analytical conditions employed were the
same as those described in Śliwiński et al. (2015).

The analytical accuracy of oxygen–isotope ratio
measurements by secondary ion mass spectrometry
(SIMS) is affected by instrumental mass fractionation
(referred to here as “SIMS d18O bias”; Hervig et al.,
1992; Kita et al., 2009; Valley and Kita, 2009), a
component of which is systematically related to the
chemical composition and crystal structure of a sam-
ple. A calibration scheme for correcting SIMS d18O
bias for carbonate mineral compositions along the
dolomite–ankerite solid solution series was re-
ported by Śliwiński et al. (2015) and employedhere for
reducing sample data. The calibration relates the
magnitude of SIMS d18O bias to the Fe number
[=Fe/(Mg + Fe) molar ratio] of dolomite–ankerite
using the three-parameter Hill equation (e.g., re-
view of Goutelle et al., 2008), which elegantly de-
scribes empirical relationships of the “component
concentration” versus “measured effect” type in sys-
tems that behave nonlinearly and reach saturation;
it is characterized by two curve-shape parameters
(n and k) and an analytical session-specific calibration
scaling factor (bias*max). Although it is common in
SIMS analyses for the magnitude of instrumental
d18O bias to vary from session to session, the overall
distribution of calibration standard data points in
relation to one another remains remarkably con-
sistent, with the values of both Hill shape parameters
(n and k) remaining invariant for the IMS 1280 in-
strument and tuning protocols at the WiscSIMS lab.
Thus, it is best in every analysis session to analyze a



series of standards between dolomite and ankerite
to construct a working curve, but even if only two
standards from the dolomite–ankerite solid solution
series are measured (end-member dolomite in addi-
tion to one ankerite from the opposite end of the
series), a calibration curve can still be established,
albeit with a slight increase in the analytical un-
certainty (by an additional ~0.3‰). The analytical
precision is typically –0.3‰ (two standard deviations
[2SD]) for 10-mm-diameter sample spot analyses
and –0.7‰ (2SD) for 3-mm spots, based on the spot-
to-spot reproducibility (number of analysis [n] = 8)
of a running standard (end-member dolomite,
UW6220) that “brackets” each set of 10 sample ana-
lyses. The accuracy of sample analyses is, in part,
determined by the calibration residual, which is a
measure of how well the SIMS d18O bias correction
scheme reproduces standard data in relation to the
certified reference material (RM) NBS-19; for 10-mm
spot-size sessions, the residual is constrained to 0.3‰
for a suite of 13 dolomite–ankerite standards, whereas
it is within 0.4‰ when performing analyses using a
3-mm spot (Śliwiński et al., 2015).

Measured isotope ratios are reported using the
conventional d notation expressed in per mil relative
to the VSMOW and VPDB d18O scales.

Chemical Analysis (by Electron Probe
Microanalysis)

To correct each in situ carbonate d18O analysis for SIMS
instrumental bias, it is necessary to have knowledge of
the cation composition of the sample material sput-
tered from each sample pit. Chemical analyses in the
immediate vicinity of each SIMS pit (detailed below)
were performed by electron probe microanalysis
(EPMA) using a CAMECA SX-51 at the Cameron
Electron Microprobe Laboratory (Department of
Geoscience, University of Wisconsin–Madison).

The electron microprobe was operated at 15 keV
and 10 nA; care was taken to minimize beam damage
to carbonate samples by performing analyses with the
electron beam preferentially defocused to a 5-mm
diameter where possible. However, the narrow
thickness of certain compositional zones at times ne-
cessitated the use of a 2-mm-diameter beam. Monte
Carlo simulations using Casino software (v2.41;
Drouin et al., 2007) indicate that under these

conditions, a 2-mm-diameter beam produces an in-
teraction volume in dolomite and ankerite with a
surface footprint approximately 3–4 mm in diameter.
Thus, to avoid any potential edge effects, EPMA
analyses were performed at least 5 mm away from
3-mm SIMS pits (using a 2-mm electron beam) and
approximately 10 mm away from 10-mm SIMS pits
(using a 5-mm electron beam). Characteristic x-ray
intensities were measured for 10 s on each spectral
peak and on two background positions (one on either
side of each peak). During the course of a point
analysis, the intensities of characteristic x-rays fluo-
rescing from electron beam-sensitive materials can
drift; this is corrected by a feature in Probe for EPMA
software (Donovan et al., 2007) called TDI (time-
dependent intensity), where data plotted in “mea-
sured x-ray intensity” versus “time” space are first
detrended before the application of ZAF corrections
(i.e., corrections for sample matrix effects, based on
mean atomic number [Z], x-ray absorption [A], and
x-ray fluorescence [F]).

The electron microprobe was standardized with
the following RMs: Delight Dolomite (RM for Ca,
analyzed using a pentaerythritol [PET] crystal, and
RM for Mg, using a thallium acid phthalate [TAP]
crystal), Callender Calcite (alternate RM for Ca),
USNM 460 Siderite (RM for Fe, using a lithium
fluoride [LiF] crystal), rhodochrosite (RM for Mn,
using a LiF crystal), and strontianite (RM for Sr, us-
ing a TAP crystal). Data were collected during five
analytical sessions throughout the course of a year
(Fall 2013–Summer 2014). Based on replicate mea-
surements (n = 5–10) of the above RMs during each
session, the elemental concentrations determined for
each of the cations are precise to within 2.5% relative
(relative standard deviation), whereas deviations from
accepted values are constrained to within 5% relative.

Sample Imaging by Scanning Electron
Microscope

Extensive characterization of carbonate cements in
sandstone samples by backscattered electron (BSE)
and cathodoluminescence (CL) imaging (using a
Hitachi S3400-N scanning electron microscope
[SEM]) was employed to identify areas of interest
prior to in situ d18O analyses by SIMS and then again
after SIMS analysis to verify that sample pits were



indeed placed where intended. High-resolution sec-
ondary electron images were acquired prior to SIMS
analysis to identify characteristic features on sample
surfaces (e.g., cracks, cavities, etc.) to aid in navigating
and to allow for triangulating target positions in the
reflected light optics of the SIMS sample viewer;
secondary electron imaging was used again after
analysis to assess the overall quality of each sputtered
SIMS pit by revealing its surface texture. Data points
were flagged and excluded if pits were found to
partially overlap epoxy or showed any of the following
features: cracks, epoxy, cavities (larger than ~1–2 mm),
inclusions of other minerals, or any “shelves” or
“ledges” that detract from an otherwise regular
appearance of the pit sputtered by the ion beam.
Cathodoluminescence imaging was employed to
identify and to image the earliest formed, commonly
luminescent generations of carbonate cement. Fol-
lowing the method of Reed and Milliken (2003), a
broadband, short-wavelength (ultraviolet-blue range)
filter was employed to avoid streaking in SEM–CL
images that results from carbonate phosphorescence.

Bulk Mineralogy and Clay Speciation Analyses
by X-Ray Diffraction

Five Eau Claire Formation shale samples from dif-
ferent burial depths across the Illinois Basin were
submitted to ActLabs (Ancaster, Ontario, Canada)
for clay mineral analysis by x-ray diffraction. A part
of each powdered sample was mixed with 10 wt.
% corundum powder and loaded into a standard
back-fill holder. Corundum was used as an internal
standard to determine the x-ray amorphous content
of the samples. The abundances of the crystalline
mineral phases were determined using the Rietveld
refinement method, which is based on reproducing
an observed diffraction pattern through modeling
with crystallographic parameters. A part of each
sample was dispersed in distilled water and clay
minerals in the less than 2-mm fraction separated by
gravity settling of particles in suspension. Oriented
slides of the less than 2-mm fraction were prepared
by placing a part of the suspension onto a glass slide.
To identify expandable clay minerals, the oriented
slides were analyzed after (1) air drying, (2) saturation
with ethylene glycol, and (3) subsequent heating
at 375°C (~710°F) for 1 hr. The semiquantitative

amounts of the different clayminerals in the less than
2-mm fraction were determined based on calcu-
lations of basal-peak areas.

The x-ray diffraction analysis was performed on
a Panalytical X’Pert Pro diffractometer equipped
with a Cu x-ray source and an X’Celerator detector.
The operating conditions were as follows: 40 kV and
40 mA, range 4°–70° 2u for random powder mounts
and 3°–35° 2u for oriented clay mineral preparations,
step size 0.017° 2u, time per step 50.165 s, fixed
divergence slit (1/4°), and sample rotation 1 rev/s.

The abundances of illite and smectite in clay
mineral separates can be assessed using Środoń’s
(1984) intensity ratio (IR). This parameter com-
pares x-ray IRs of the illite 001 and 003 diffraction
peaks measured in oriented clay mounts before and
after glycolation and is very sensitive to the presence
of swelling (smectite) layers (IR = [001/003]air dried/
[001/003]glycolated). Swelling has occurred if IR >
1.0; values less than approximately 1.5 are generally
consistentwith less than 15% smectite (Środoń, 1984).
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APPENDIX 2: ABBREVIATED CORE
DESCRIPTIONS

Eau Claire Formation Interval, Illinois Basin

The purpose of the following is to provide a lithos-
tratigraphic context to the samples that were collected
and analyzed for this study. Sandstone beds within the
predominantly silty–shaly Eau Claire Formation were
sampled at three cored localities (refer to Figure 1 and
Table 1 in main text) representing different sediment
burial depths: (1) on the Wisconsin arch (sample
SS-1, maximum burial depth <0.5 km (~1500 ft); see
discussion in the Significance of Paleodepth-Related
Differences in Carbonate Cement D18O [Early–Late]
section), (2) on the basin margin in northern Illinois
(SS-2, maximum burial depth ~1 km [3500 ft]), and
(3) in the central Illinois Basin (SS-3, maximum burial
depth ~2 km [6500 ft]).

Historical coring to the basal Mt. Simon Sandstone
of the Illinois Basin often did not aim for a recovery
of the overlying Eau Claire Formation interval (R.
Mumm, 2013, personal communication). Thus, only a
relatively small number of cores exist with the Eau
Claire Formation intact or present altogether, hindering
a thorough characterization of the stratigraphy and
limiting the wherewithal to laterally correlate specific
lithofacies across the basin (Neufelder et al., 2012).

Legacy porosity and permeability data are pro-
vided where available.

Core C131467 (Dane County, Wisconsin; API Number: Not
Applicable)
Depth of sandstone bed sampled for this study:
277.9 ft (84.7 m) (sample SS-1).

Aswasereelert et al. (2008) divided theEauClaire
Formation of west to southcentral Wisconsin into
five distinct lithofacies (A–E; see table 1 therein) that

represent different paleowater depths and deposi-
tional environments (outer shelf to shore face) of
an epeiric shelf. Only the finer-grained, outer shelf
facies (A and B) are present at this cored locality; an
overview of the lithostratigraphy is shown in Figure
A.1 (see figure 13 in Aswasereelert et al., 2008 for a
more comprehensive description).

• Lithofacies A: This facies consists of mudstone and
siltstone with minor, very thin-bedded (0.1–1 cm
[~0.0625–0.375 in.]) sandstone beds. This desig-
nation was given to cored intervals comprised of at
least one 1-ft (~30-cm) interval of very thin-
(0.1–1 cm [~0.0625–0.375 in.]) to thin-bedded
(1–10 cm) mudstone and/or siltstone.

• Lithofacies B: This facies consists of thin-bedded
sandstone beds (1–10 cm [~0.375–4 in.], gen-
erally <5 cm [~2 in.]) with very thin siltstone and
mudstone interbeds (0.1–1 cm [~0.0625–0.375 in.]).

• In southern Wisconsin, the Eau Claire Formation
is an important regional aquitard (Aswasereelert,
2005; Aswasereelert et al., 2008).

Core C12996 (UPH-3) (Stephenson County, Illinois; API
Number: 121772131700)
Depth of sandstone bed sampled for this study:
1217.3 ft (371 m) (sample SS-2).

The following lithostratigraphic overview pertains
to core UPH-1 (API number: 121772131500), drilled
approximately 4.5 mi (~7 km) north of the core
sampled for this study (C12996/UPH-3). The depth of
the sandstone bed sampled in core C12996/UPH-3
(1217.3 ft [371 m]) was correlated to within several
feet with the depth of the equivalent bed in coreUPH-1
(position indicated in Table A.1 at 1101 ft [335.6 m])
based on the following reference horizons: (1) the
depth of the contact between the Mt. Simon and
theEauClaire Formations (UPH-1: 1165 ft [355.1m];
UPH-3: 1308 ft [398.7 m]) and (2) the depth of
unique carbonate beds (UPH-1: ~1046.7–1047
(319–319.1m) and1050.5–1051.5 ft [320.2–320.5m];
UPH-3: ~1191.6 ft [363.2 m]).

Core C4006 (Champaign County, Illinois; API Number:
120190012800)
Depth of sandstone bed sampled for this study:
3857 ft (1175.6 m) (sample SS-3).

http://dx.doi.org/10.1111/j.1751-908X.2015.00364.x
http://dx.doi.org/10.1111/j.1751-908X.2015.00364.x


The sources of the following information are
core descriptions from a well folder, provided by the
Geological Records Unit of the Illinois State Geo-
logical Survey.

The Eau Claire Formation interval (3305–3993 ft
[1007–1217.1 m]) was cored from 3751–3992 ft
(1143.3–1216.8 m). The core is no longer complete; it
has been reduced to “chips” that represent approx-
imately 15% of the original core material. Table A.2
below provides a summarized overview of the litho-
logies present and the range of porosity and per-
meability values for the different depth intervals
(measurements performed by Core Laboratories,
Inc., Oklahoma City, Oklahoma, 1959). The posi-
tion of the sandstone bed sampled for this study
(sample SS-3, 3857 ft [1175.6 m]) is indicated.
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Table A.1. Core UPH-1

Depth (ft [m]) Interval Thickness Lithology

846–851 (257.9–259.4) 5 ft (1.5 m) Sandstone with shale streaks
851–864 (259.4–263.3) 13 ft (4 m) Shale
864–926 (263.3–282.2) 62 ft (18.9 m) Interbedded siltstone–shale (centimeter scale)
926–927 (282.2–282.5) 1 ft (0.3 m) Sandstone, heavily iron stained (thoroughly maroon)
927–930 (282.5–283.5) 3 ft (0.9 m) Interbedded siltstone–shale (centimeter scale)
930–933 (283.5–284.4) 3 ft (0.9 m) Sandstone, heavily iron stained (thoroughly maroon)
933–974 (284.4–296.9) 41 ft (12.5 m) Clean sandstone
974–986 (296.9–300.5) 12 ft (3.7 m) Shale and very shaly siltstone
986–993 (300.5–302.7) 7 ft (2.1 m) Clean sandstone
993–1035 (302.7–315.5) 42 ft (12.8 m) Sandstone with siltstone interbeds

(centimeter–decimeter scale) and shale streaks
1035–1040 (315.5–317) 5 ft (1.5 m) Clean sandstone
1040–1041 (317–317.3) 1 ft (0.3 m) Carbonate (dolomite) bed
1041–1046 (317.3–318.8) 5 ft (1.5 m) Sandstone, heavily dolomitized? (not clean in

appearance)
1046.7–1047 (319.0–319.1) 0.3 ft (0.1 m) Carbonate (dolomite) bed
1047–1048.5 (319.1–319.6) 1.5 ft (0.5 m) Sandstone, heavily dolomitized? (not clean in

appearance)
1048.5–1049.5 (319.6–319.9) 1 ft (0.3 m) Carbonate (dolomite) bed; several inches of siltstone

and/or shale near bottom
1049.5–1050.5 (319.9–320.2) 1 ft (0.3 m) Sandstone, heavily dolomitized? (not clean in

appearance)
1050.5–1051.5 (320.2–320.5) 1 ft (0.3 m) Carbonate (dolomite) bed
1051.5–1054 (320.5–321.3) 2.5 ft (0.8 m) Sandstone (not clean in appearance); some

shale streaks
1054–1075 (321.3–327.7) 21 ft (6.4 m) Mixed sandstone and siltstone with shale laminations
1075–1094 (327.7–333.5) 19 ft (5.8 m) Mostly clean sandstone with some shale streaks and

gray sandstone beds
1094–1107 (333.5–337.4) 13 ft (4 m) Clean sandstone*
1107–1136 (337.4–346.3) 29 ft (8.8 m) Mixed clean gray sandstone with some siltstone

laminations and shale streaks
1136–1142 (346.3–348.1) 6 ft (1.8 m) Interbedded sandstone, siltstone, and shale
1142–1165 (348.1–355.1) 23 ft (7 m) Sandstone (not clean in appearance); some

shale streaks

*Sandstone bed sampled at depth of 1217.3 ft (371 m) (sample SS-3) in core C12996/UPH-3, equivalent in this core (UPH-1) to a depth of approximately 1101 ft (335.6 m).
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Figure A.1. Lithostratigraphy of core C131467 (Dane County, Wisconsin). Modified after Aswasereelert et al. (2008).



APPENDIX 3: PETROGRAPHIC
DOCUMENTATION OF ALL SAMPLE
REGIONS ANALYZED BY SECONDARY ION
MASS SPECTROMETRY, WITH
INDIVIDUALLY ANNOTATED ANALYSES
PITS

Plate 1. (A) Shaly sandstone
sample SS-2 (northern Illinois):
cathodoluminescence–scanning
electron microscopy (CL–SEM)
image that corresponds to the
backscattered electron (BSE) im-
age of Figure 4A in the main text
(see also Plate 4A herein). (B)
Shaly sandstone sample SS-3
(central Illinois): CL–SEM image
that corresponds to the BSE image
of Figure 4D in the main text (see
also Plate 4A herein). Ank = an-
kerite; Cal = calcite; DF = detrital
K-feldspar; Dol = dolomite; DQ =
detrital quartz; OF = overgrowth
K-feldspar; QO = quartz over-
growth; V = void space.



Plate 2. Characteristic morphologies of calcite and dolomite cements in shaly sandstone sample SS-1 (Wisconsin arch). (A, C) Photo-
micrographs in plane-polarized light with (B, D) corresponding cross-polarized light images. (E, G) Backscattered electron (BSE) images with
annotated secondary ion mass spectrometry (SIMS) analysis pits (d18O Vienna standard mean ocean water [VSMOW]) and (F, H) corresponding
cathodoluminescence (CL) images. Each analysis pit has a unique designation, such as “S8 (@205),” followed by the SIMS bias-corrected d18O
(VSMOW) value and the two standard deviations (2SD) value in parentheses; the “S8” is an analytical session designator, whereas the “(@205)”
is a unique sample pit identification number for the corresponding session. Refer to Table 2 in themain text and Appendices 1 and 2. Cal= calcite;
DF = detrital K-feldspar; Dol = dolomite; DQ = detrital quartz; ksp = K-feldspar (DF+OF); OF = overgrowth K-feldspar; V = void space.



Plate 3. Shaly sandstone sample SS-1 (Wisconsin arch). (A) Backscattered electron (BSE) image of a representative sample region where
the d18O Vienna standard mean ocean water (VSMOW) of carbonate cements (calcite and dolomite) was analyzed in situ by secondary ion
mass spectrometry (SIMS). (B) Corresponding cathodoluminescence (CL) image. Each analysis pit has a unique designation, such as “S8
(@205),” followed by the SIMS bias-corrected d18O (VSMOW) value and the two standard deviations value in parentheses; the “S8” is an
analytical session designator, whereas the “(@205)” is a unique sample pit identification number for the corresponding session. Refer to
Table 2 in the main text and Appendices 1 and 2. Cal = calcite; DF = detrital K-feldspar; Dol = dolomite; OF = overgrowth K-feldspar.



Plate 4. Shaly sandstone sample SS-2 (northern Illinois). (A) Backscattered electron (BSE) image of a representative sample region (Area 1)
where the d18O Vienna standard mean ocean water (VSMOW) of all dolomite–ankerite cement generations was analyzed in situ by secondary
ion mass spectrometry (SIMS). Refer to Plate 1A for corresponding cathodoluminescence (CL) image. (B) The BSE and (C) corresponding CL
images of early dolomite cement and the placement of 3-mm SIMS spots within the innermost crystal cores. (D) The BSE image of a
supplementary, representative region (Area 2) where dolomite–ankerite cements were analyzed. Each analysis pit has a unique designation, such
as “S8 (@205),” followed by the SIMS bias-corrected d18O (VSMOW) value and the two standard deviations value in parentheses; the “S8” is an
analytical session designator, whereas the “(@205)” is a unique sample pit identification number for the corresponding session. Refer to Table 2
in the main text and Appendices 1 and 2. Ank = ankerite; Dol = dolomite; DQ = detrital quartz; QO = quartz overgrowth; Sr = subregion.



Plate 4. Continued.



Plate 4. Continued.



Plate 5. Shaly sandstone sample SS-3 (central Illinois). (A) Backscattered electron (BSE) image of a representative sample region (Area 9)
where the d18O Vienna standard mean ocean water (VSMOW) of dolomite–ankerite cements was analyzed in situ by secondary ion mass
spectrometry (SIMS). Refer to Plate 1B for corresponding cathodoluminescence image. (B, C) Additional regions analyzed (Areas 2 and 6,
respectively). Each analysis pit has a unique designation, such as “S8 (@205),” followed by the SIMS bias-corrected d18O (VSMOW) value
and the two standard deviations value in parentheses; the “S8” is an analytical session designator, whereas the “(@205)” is a unique sample
pit identification number for the corresponding session. Refer to Table 2 in the main text and Appendices 1 and 2. Ank = ankerite; Dol =
dolomite; DQ = detrital quartz; OQ = quartz overgrowth.



Plate 5. Continued.
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