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Abstract

Previous results reported by Davis (2013) determined that uranium-lead geochronology
techniques, including laser ablation inductively-coupled mass spectrometry and thermal
ionization mass spectrometry, were suitable for assessing the timing of emplacement of
secondary vein and vug calcite in deep Ordovician and shallow Devonian-aged carbonate
sedimentary rocks of the Michigan Basin. The current report presents results on the absolute
age determination of 15 additional secondary calcite samples. These samples were collected
from drill core of Devonian and Silurian age from the Paleozoic carbonate sedimentary rocks
beneath the Bruce nuclear site, near Tiverton, Ontario (Intera, 2011; NWMO, 2011). The
current report also includes revised previous results from Davis (2013) that together summarize
the current understanding of the geochronology of secondary calcite mineral emplacement
within the Paleozoic bedrock on the eastern flank of the Michigan Basin beneath the Bruce
nuclear site.

The new data presented herein reveal a complex history of fluid mobility, and vein and vug
emplacement ranging from late during the Paleozoic Era to the Pleistocene. Samples that
extend down to approximately 180 metres vertical depth below ground surface (Upper Silurian
Bass Islands Formation) show evidence for multiple secondary calcite ages ranging between
ca. 100 and 0 Ma. Secondary calcite from the deeper Silurian Salina A1-Unit yields an age of
318 + 10 Ma, as well as, scattered younger ages.

Some of the LA-ICPMS data acquisition methods employed by Davis (2013) were identified for
additional refinement, including the selection of the most suitable analytical standard and the
selection of optimal laser beam wavelength for data collection. In addition, new software has
been employed for processing the LA-ICPMS data. The outcome is a statistically more robust
methodology for the application of U-Pb geochronology techniques to secondary calcite.
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1. INTRODUCTION

Previous results reported by Davis (2013) determined that existing uranium-lead (U-Pb)
geochronology techniques, including laser ablation inductively-coupled mass spectrometry (LA-
ICPMS) and thermal ionization mass spectrometry (ID-TIMS), were suitable for assessing the
timing of emplacement of secondary vein and vug calcite in Ordovician and Devonian-aged
carbonate sedimentary rocks of the Michigan Basin. The current report presents additional
results from continued application of U-Pb geochronology to the absolute age determination of
15 secondary calcite samples. These samples were collected from drill core of Devonian and
Silurian age from the Paleozoic carbonate sedimentary rocks beneath the Bruce nuclear site,
near Tiverton, Ontario (Intera, 2011; NWMO, 2011). The current report also includes revised
previous results from Davis (2013) that together summarize the current understanding of the
geochronology of secondary calcite mineral emplacement within the Paleozoic bedrock beneath
the Bruce nuclear site.

Some of the LA-ICPMS data acquisition methods employed by Davis (2013) were identified for
additional refinement, including the selection of the most suitable analytical standard and the
selection of optimal laser beam wavelength for data collection. In addition, new software has
been employed for processing the LA-ICPMS data. These refinements are described below.
The outcome is a statistically more robust methodology for the application of U-Pb
geochronology techniques to secondary calcite.

1.1 SAMPLES

New results, based on the refined LA-ICPMS methodology and ID-TIMS analyses, are
presented for 15 core samples collected at shallow to intermediate levels beneath the Bruce
nuclear site (Table 1 and Figure 1). These carbonate vein samples span the lower Devonian to
middle Silurian interval of the Paleozoic succession. Table 1 and Figure 1 also include the list
and location, respectively, of samples previously analysed and reported in Davis (2013). Note
that the first number of the core sample name (e.g., 3-779.15) in Table 1 and Figure 1
reference the borehole number drilled at the Bruce nuclear site, and the second value indicates
the depth of the mid-point of the sample measured along the borehole axis. In addition, Figure
1 provides a summary of ages from both the previous data and new data presented below.
Appendix Al and Appendix A2 present summaries of all LA-ICPMS isotopic analyses
undertaken on vein calcite. Appendix A3 presents a summary of all ID-TIMS isotopic analyses
undertaken on vein calcite.

In both the previous work and recent work discussed herein some of the analysed samples
failed to yield useable age information, primarily due to extremely low U and/or high common
Pb concentrations. The sample locations for these failed U-Pb analyses are also included on
Figure 1.



Table 1: List of Samples Analysed Using U-Pb Geochronology Methods, Including
Previous (Davis, 2013) and Recent (2014-2016) Work

Sample # Formation (Period) LA-ICPMS ID-TIMS

DD12-11NE Lucas (Devonian) X X

DD12-12SE Lucas (Devonian) X X

DD12-12FV Lucas (Devonian) X X

DD12-13N Lucas (Devonian) X X
DGR-3-037.37 Lucas (Devonian) X

DGR-3-034.61 Lucas (Devonian) X X
DGR-3-034.90 Lucas (Devonian) X
_ DGR-5-704.44 Collingwood (Ordovician) X

DaV|32,32§Iyses DGR-5-706.80 Collingwood (Ordovician) X X

DGR-6-756.48 Cobourg (Ordovician) X
DGR-6-782.95 Sherman Fall (Ordovician) X
DGR-3-779.15 Coboconk (Ordovician) X
DGR-6-883.75 Coboconk (Ordovician) X
DGR-6-886.91 Coboconk (Ordovician) X
DGR-6-892.99 Coboconk (Ordovician) X
DGR-4-818.36 Coboconk (Ordovician) X
DGR-4-848.29 Cambrian X
DGR-4-073.73 Amherstburg (Devonian) X
DGR-3-096.59 Bois Blanc (Devonian) X

DGR-1-113.17 Bois Blanc (Devonian) X X
DGR-3-113.55 Bois Blanc (Devonian) X
DGR-1-120.18 Bois Blanc (Devonian) X
DGR-3-133.17 Bois Blanc (Devonian) X
_ DGR-3-162.07 Bass Islands (Silurian) X

Da;:iig%'{g €S | DGR-3-180.06 Bass Islands (Silurian) X X

DGR-3-186.43 Bass Islands (Silurian) X X
DGR-1-277.72 Salina B-Unit (Silurian) X

DGR-4-344.18 Salina A-Unit (Silurian) X X
DGR-3-391.17 Guelph (Silurian) X
DGR-4-377.35 Guelph (Silurian) X
DGR-5-412.95 Guelph (Silurian) X
X

DGR-2-844.31

Cambrian
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Figure 1: Secondary Calcite Surface and Core Sample Stratigraphic Locations for the
2013 (Davis, 2013) and 2014-2015 Phases of Work and Summary of Age Results from all
Successful U-Pb Analyses. Plot also Includes Samples that Failed to Yield Useful Age
Data



2. METHODS

The methods employed for the U and Pb isotope analysis of secondary calcite followed the
general approach of Davis (2013). Calcite collected from veins in core samples was analyzed
using LA-ICPMS either as whole grains (Figure 2A), polished grains (Figure 2B) or in situ in the
case of vugs (Figure 2C). For ID-TIMS analysis, which is more accurate than LA-ICPMS but
also much more labour intensive, the first step identified grains with relatively high U and low
common Pb contents using LA-ICPMS. These grains were subsequently analyzed by ID-TIMS
using single or multiple dissolution steps. Davis (2013) showed that general consistency in age
results between the two methods provided a measure of confidence that the LA-ICPMS results
are broadly accurate.

LA130910C DGR-3-034.90

G\ ® P ¢

- ‘1&9 4“3 3@ 2.0012-131
g%\'sb g}' Q @ @;0 f L & 5l :j‘i‘}1

- € 6 pp12- 12FY

14 10
15 —
: : ( d 1000 microns
11 6% . \.__,0 ‘ 2 15 5 o
, & 20 & e
= @ - = & e 4 L 1
,. , ‘3 pa? T T DD12-12

Figure 2: A) Whole Calcite Grains on
Parafilm Mounted for LA-ICPMS Analysis.
B) Polished Calcite Grains Mounted for LA-
ICPMS Analysis. C) Vug Rimmed with
Calcite Crystals in Dolostone Sample DGR-
1-034 Mounted for LA-ICPMS Analysis




Some refinements to the LA-ICPMS methodology for U-Pb analysis of calcite were made since
Davis (2013). This included a determination of the most appropriate external calibration
standard to use; either of National Institute of Standards and Technology (NIST) standard glass
samples, NIST-610 or NIST-612. It also included determination of optimal laser wavelength,
either 213 nm or 193 nm, using two different instrument systems: a New Wave UP-213 laser
ablation system with a 213 nm beam coupled to a VG Series 2 Plasmaquad ICPMS with
enhanced pumping (S-option) for increased sensitivity, or a New Wave UP-193 laser ablation
system with a 193 nm beam coupled to an Agilent 7900 ICPMS. The results of this analysis are
presented below in Section 2.1. Section 2.2 describes the rationale for implementing a new
data reduction method to the LA-ICPMS results.

The analytical approach was the same regardless of the laser employed. Secondary calcite
samples were ablated and analyzed using two instrument systems. The laser beam diameter
for calcite was in the range 100-150 microns, 10-20 Hz with a fluence of about 5 J/cm?.
Frequency and beam size were reduced for the more concentrated NIST610 glass standard
and appropriate correction factors applied to calculate U concentrations of samples.
Measurements were carried out on 2%6Pb, 297Pb and 238U, as well as 2%2Th to test for detrital
material. Spots were pre-ablated by rastering the beam over an area larger than the beam
diameter to clean the surface. Following a 10 sec period of baseline accumulation the laser
sampling beam was turned on and data were collected for 25 seconds followed by a washout
period. The same methods were also applied to the new analyses presented in Section 3.2
below.

2.1 BIAS CORRECTIONS FOR NIST610 AND NIST612 GLASS STANDARDS ANALYSIS
USING THE 213 nm AND 193 nm LASERS

NIST610 and NIST612 glasses were compared for their applicability as external calibration
standards for U-Pb analysis of calcite. While it would be ideal to use a calcite standard, there is
currently no available standard that is completely homogeneous and radiogenic. Glasses have
the advantage of a uniform well-known composition and they are considered to be adequate
provided their relative fractionation value is well established.

In order to determine relative Pb/U ablation fractionation of these glass standards versus
calcite, a sample of calcite of known age was used. This is the Walnut Creek calcite, collected
by Troy Rasbury (Stony Brook University) and obtained from Randy Parrish (Natural
Environment Research Council isotope lab, UK). The age of this calcite is about 254 Ma
(Parrish, pers. comm.). It has fairly high U concentrations and low (although not insignificant)
common Pb. This comparison was carried out using both 213 nm and 193 nm lasers in order
to also establish the optimal laser wavelength for the analyses.

2.1.1 213 nm Laser

The NIST610 standard shows a 33% fractionation of Pb/U ratios relative to calcite using the
213nm laser (Figure 3A). The NIST612 standard also shows a significant fractionation of about
23% (Figure 3B). Data show significant scatter about the mean so these numbers are
approximate.
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Figure 3: A) U-Pb Concordia Data on the Walnut Creek Calcite Using the NIST610
Standard Ablated with a 213 nm Laser Beam. B) U-Pb Concordia Data on the Walnut
Creek Calcite Using the NIST612 Standard Ablated with a 213 nm Laser Beam



2.1.2 193 nm Laser

The NIST610 standard shows no detectable fractionation under the 193 nm laser, giving an age
of 255 + 7 Ma (Figure 4A). The NIST612 standard gives a slightly higher age of 262 + 8 Ma
(Figure 4B). Given the degree of scatter, it was provisionally decided to set the fractionation
correction at zero for this standard as well. Note that this experiment was run with the same
data set calibrated against the two standards.
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Figure 4: A) U-Pb Concordia Data on the Walnut Creek Calcite Using the NIST610
Standard Ablated with a 193 nm Laser Beam. B) U-Pb Concordia Data on the Walnut
Creek Calcite Using the NIST612 Standard Ablated with a 193 nm Laser Beam

The ablation characteristics of the NIST610 and NIST612 glasses are somewhat different.
NIST612 requires a higher laser power density to ablate evenly because it is a more pure glass



with 37 parts per million (ppm) U, whereas NIST610 is heavily doped with trace elements

(462 ppm U) and couples to the laser at about the same power density as calcite. However,
NIST610 is closer to calcite samples in terms of U concentration. Analyses using the even more
dilute NIST614 glass also show no Pb/U ablation fractionation relative to calcite using the

193 nm laser (R. Parrish, pers. comm.). Ablation is thought to be more efficient at shorter laser
wavelengths. With incomplete ablation a portion of the sample may be melted and blown
around the ablation pit. Melts are likely to retain U but lose most of the Pb because of its high
volatility, thus leading to an increase in measured 2°°Pb/?8U ratio. In addition, only about half of
the calcite is converted to CO, with the 213 nm laser (Munsterer et al., 2011), which can
produce explosive disaggregation, leading to signal spikes that must be removed. The 193 nm
laser converts most of the sample into CO; resulting in much more even ablation with less
residual melt. The comparison indicates that all future laser ablation work on secondary calcite
should be carried out using a 193 nm or shorter laser wavelength.

Based on the above analyses, fractionation bias corrections for previous and current analyses
have been set at -33% for NIST610-based analyses using the 213 nm laser and -23% for
NIST612-based analyses with the 213 nm laser. Previous (Davis, 2013) data have been
recalculated using these values and the updated results are presented below. A numerical error
in the 2°6Pb/2%8U value previously used for the NIST612 standard fortuitously cancelled the
fractionation bias so that previously quoted ages using this standard are close to unchanged,
whereas previous ages using the NIST610 standard are reduced by a third.

2.2 LA-ICPMS DATA REDUCTION

The LA-ICPMS data presented herein were calculated using software which bases mean ages
on the sum of counts in an analytical time-resolved profile rather than the average of ratios,
which was the previously employed method. This data reduction method is a more statistically
robust approach (Ogliore et al., 2011) for the analysis of secondary calcite as it is common for
signal intensity to approach baseline and for data to be noisy.

Data acquisition involves collecting hundreds of cycles of 2°’Ph, 2°Pb and #*3U measurements
(about 150 ms per cycle) as the beam penetrates deeper into the sample and displaying the
ratios in a time-resolved profile. The traditional approach to data reduction is to define an
acceptable window within the data profile and average the ratios. Calcite typically has low

(<1 ppm) U concentrations and the most useful samples for dating are those with very low initial
common Pb concentrations so that a significant proportion of the Pb is radiogenic. Relatively
young (<100 Ma) radiogenic samples will have much lower Pb concentrations than U.

When a signal approaches baseline ratios it becomes unstable since a near-zero measured
value in the denominator will cause the apparent ratio to increase without limit. This causes the
average to skew toward higher values. One way to prevent this is to base the average ratio on
the sum of total counts in the numerator and denominator peaks. A limitation is that calculation
of standard deviations cannot be based on the scatter of individual measurements as in the
ratio average approach. A standard deviation for a ratio can only be calculated based on the
root-mean-square of the errors in the individual peaks, which are 1/AN where N is the number
of counts in each peak. This will be a minimum estimate of the true standard deviation. The
total standard deviations (sigma) for concordia coordinates and their cross correlations (rho)
are determined by increasing each input parameter (measured sample and standard ratios) by
one sigma, calculating the results and then taking the root-mean-square values of the



deviations of these results from the means to produce variances and covariance for the mean
concordia coordinate values.

In addition, when collecting laser ablation data from calcite using a 213 nm laser there are often
numerous spikes, particularly on the Pb isotopes, possibly due to the explosive nature of the
ablation process. Therefore, many data sets have to be heavily edited. In the ratio averaging
approach, anomalously high or low 2°’Pb/?°Ph and 2*®Pb/%8U ratios can be edited out
independently. In the peak summing approach, peaks rather than ratios are edited and the
rejection of one peak requires removal of all other peaks in the cycle. In most cases anomalous
spikes are much higher than surrounding signals so the choice of which ones to edit is obvious,
but this is not always the case so there is the danger of over-editing, which could bias data. The
current software version has an ‘auto edit’ feature that allows peaks to be edited out to a
chosen multiple of a standard deviation (1/VN).

Time resolved profiles of ratios for zoned calcite often show variable 2°’Pb/?°Pb and 2°°Pb/?38U
values, which may be due either to variable age or to variations in the ratio of U to initial
common Pb. A feature of the new software is that it presents a time-resolved profile of model
ages. Where data are sufficiently precise, this allows resolution and averaging of specific age
zones. The new software appears to result in more consistent and statistically robust ages.
Meaningful age information can be extracted even when Pb signals are only a few counts in
each cycle.

Reduced data are plotted and averaged using Isoplot (Ludwig 2003). Ages and error ellipses
are given at 2 sigma unless otherwise noted.

2.3 ID-TIMS METHOD

Relatively large crystals with well-defined LA-ICPMS ages are preferred for ID-TIMS analyses.
Crystals are fixed onto warm parafilm to shield broken basal surfaces and dissolved in 2 or 3
stages. The dissolved fractions are spiked and processed separately to determine any age
differences between the interior and exterior portions of crystals.

Grains are slightly leached in dilute CLR solution to remove surface Pb contamination. They are
then weighed and the volume of 3N HCI necessary to dissolve a given fraction of the crystal
calculated. This volume is then applied to the crystal in a clean air box beneath a microscope.
After bubbling ceased, the liquid is withdrawn and transferred to a 0.5 ml centrifuge tube, along
with 2%5Pb233U-2%U spike solution (Earthtime ET535). Several drops of 9N HBr are added to the
liquid in the centrifuge tube. HF is then added to precipitate Ca. It is important that precipitation
occur in the presence of excess Br- or Cl anions (hence the HBr) so that dissolved Pb is
complexed, since uncomplexed Pb*2 will co-precipitate with CaF,. The tubes are then
centrifuged and the liquid drawn off with a pipette, evaporated and converted to 2N HBr for
chemistry in 50 microlitre anion exchange columns following the method of Krogh (1972).
Isotope analysis is carried out using a Daly collector on an MM354 mass spectrometer.
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3. LA-ICPMS RESULTS

LA-ICPMS results presented below include data previously presented in Davis (2013) that has
been recalculated using the correct fractionation bias corrections and data reduction program
described above (Section 3.1). These data are presented in Appendix Al along with new data
on sample DGR-3-034. Results on new samples from deeper levels are calculated using the
same corrections and data reduction program and presented in Section 3.2 and Appendix A2.
Data in section 3.1 were acquired entirely on the 213 nm laser using either NIST610 or
NIST612 standards as noted in the headings of Appendix Al. Data in Section 3.2 were
acquired on either the 213 nm or 193 nm laser using only the NIST610 standard, also noted in
the headings to Appendix A2.

3.1 RECALCULATION OF PREVIOUS LA-ICPMS DATA

Results originally presented in Davis (2013) have been recalculated using the updated data
reduction method described above in Section 2.2. Recalculated data from calcite filling
northeast trending fractures at surface (DD12-11NE) are shown on Figure 5A and listed in
Appendix Al. The mean regression age is 71 £ 6 Ma on a set of the 35 most radiogenic data
but the MSWD is 16 indicating scatter well outside of error. The model ages from the most
precise and radiogenic data (*°’Pb/?**U ages less than 300 Ma) range from 60 + 4 Ma to 89 + 6
Ma, suggesting that the ablation pits sampled zones of variable age.

Data from southeast trending fractures at surface (DD12-12SE) are shown on Figure 5B. The
majority of data define a mean model age of 89 + 3 Ma but with significant scatter. A small
subset of data show distinctly younger ages, the youngest and most radiogenic giving a

58 + 2 Ma model age.

A sub-horizontal set (flat veins, DD12-12FV) gave similarly scattered U-Pb data suggesting a
possibly trimodal age distribution (Figure 5C). A fairly coherent older cluster gives a mean age
of 88 + 5 Ma with scatter only slightly outside of error (MSWD — 2 on 25 data). There is a small
group of distinctly younger data, the most radiogenic of which gives a model age of 40 + 2 Ma.
An apparently coherent intermediate cluster may define an age of about 60 Ma but this may
also be an artifact of mixing.

A north-trending set of fractures (DD12-13N) gave similar data to the others with most data
ranging from about 60 Ma to 85 Ma (Figure 5D). A small subset gives a distinctly younger age
of 40 + 3 Ma (MSWD - 0.9, 5 data).

A great deal of work was done on calcite from shallow brecciated veins and vugs collected from
DGR drill hole number 3 at 34 m depth (sample DGR-3-034). Individual crystals were targeted
on both natural surfaces and broken bases to see if there was evidence for age zonation.
However, results are inconclusive. Plotting all data (Figure 6) shows a similar but somewhat
wider range of ages compared to the surface samples. The oldest data define a model age of
about 100 Ma although there are near concordant data at about 80 Ma, 40 Ma and possibly one
datum at 25 Ma.

Most samples from Ordovician sections proved to be too low in U to obtain useful age
information. One calcite vein sample from DGR-6-886.91B yielded a range of radiogenic data
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that define an age of 468 + 25 Ma (MSWD — 1.3) on 6 analyses (Figure 7). This is a middle
Ordovician age consistent with the time of deposition of the host rock.

Host dolostone material was found to have relatively high U concentrations but also high
common Pb and did not yield useful age information (e.g. Appendix Al, analyses 255-260 from
DGR-3-034).
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Figure 5: A to D) U-Pb Concordia Data from Surface Vein Calcites Recalculated with New
Software and Corrected for Calcite-Standard Glass Bias
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Figure 7: U-Pb Concordia Data from Ordovician Vein Calcite Recalculated with New
Software and Corrected for Calcite-Standard Glass Bias
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3.2 NEW LA-ICPMS DATA FROM DGR CORE

3.2.1 DGR-3-037.37 Devonian Lucas Formation

New U-Pb analyses from a shallow level calcite vein sample produced near-concordant data
with a range of model ages from about 40-90 Ma (Figure 8). This approximately matches the
range found in the previous dataset.
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Figure 8: U-Pb Concordia Data from Sample DGR-3-037.37 Vein Calcites
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3.2.2 DGR-4-073.73 Devonian Amherstburg Formation

U-Pb data from this sample shows no evidence for the >50 Ma ages that are abundant at
higher levels. Near concordant data show a range of ages (Figure 9) but these cover a younger
range of 27-46 Ma. Six of the youngest data define a mean age of 28 + 2 Ma with some scatter.
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Figure 9: U-Pb Concordia Data from Sample DGR-4-073.73 Vein Calcites

3.2.3 DGR-3-096.59 Devonian Bois Blanc Formation

Although this sample shows relatively high U levels, its Pb is generally only weakly radiogenic.
Only 5 analyses were done on this sample, one of which gave a slightly discordant datum with a
model age of 26 £ 2 Ma.

3.2.4 DGR-1-113.55 Devonian Bois Blanc Formation

In this sample, calcite grains coat surfaces in irregular fractures that are near vertical (Figure
10A). Crystal faces were targeted in addition to broken surfaces to resolve the youngest
component. Data are highly variable in terms of radiogenicity but the more concordant data
appear to consist of two age components, one being about 50 Ma and the other nearly 0 Ma
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(Figure 10B). Most of the data in the younger (<50 Ma) arrays are from crystal faces whereas
all other data are from broken or cleaved surfaces. A polished grain that showed zoning under
back-scattered electron imaging (Figure 11A) was targeted but proved to be of one age.
Analyses show a wide range of discordance but are collinear with an age of 0.7 £ 1.5 Ma

(Figure 11B).
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Figure 10: A) Exposed Face of Sub-Vertical Calcite-Coated Fracture in DGR-1-113.55
Core Sample. B) U-Pb Concordia Data from Sample DGR-1-113.55 Vein Calcites with
Approximate Contamination Lines. Most of the Data in the Younger (<50 Ma) Arrays are

From Crystal Faces
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Figure 11: A) BSE Image of a Polished Vein Calcite Grain from Sample DGR-1-113.55.
Data for this Grain is Shown Below. B) U-Pb Concordia Data on a Single Polished Vein
Calcite Grain from Sample DGR-1-113.55
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3.2.5 DGR-3-113.17 Devonian Bois Blanc Formation

As with most samples, calcite grains coat surfaces in near vertical fractures (Figure 12A). This
sample again gave evidence for multiple generations of calcite growth. Near concordant data
give model ages that scatter from 11 Ma to 24 Ma while more discordant imprecise data
suggest older components that are 50-70 Ma in age (Figure 12B). Most of the younger data
shown in the inset are from crystal faces whereas all others were from broken or cleaved
surfaces. The older analyses show relatively high Th/U ratios (Appendix A2, analyses 122-129)
whereas the younger analyses show relatively high U concentrations of several ppm.
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Figure 12: A) Exposed Face of Sub-Vertical Calcite-Coated Fracture in DGR-3-113.17
Core Sample. B) U-Pb Concordia Data on Vein Calcite from Sample DGR-3-113.17. All but
Four of the Younger Data Shown in the Inset were from Crystal Faces
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3.2.6 DGR-1-120.18 Devonian Bois Blanc Formation

The 8 most concordant data from this sample are consistent with a single age of 46 + 3 Ma
(Figure 13). This calcite shows anomalously high Th/U ratios, like the ca. 50 Ma component
from DGR-3-113. Three other analyses (Appendix A2, analyses 135-137) show much higher U
values and low Th/U but are only weakly radiogenic (off scale in Figure 13). These give model
ages of about 250 Ma.
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Figure 13: U-Pb Concordia Data on Vein Calcite from Sample DGR-1-120.18
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3.2.7 DGR-3-133.17 Devonian Bois Blanc Formation

This sample consists of small clear crystals from narrow irregular subvertical fractures.
Although the aggregate data define a mean age of 11 Ma, the more precise and concordant
data appear to form two groups with ages of about 8 Ma and 12 Ma (Figure 14).
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Figure 14: U-Pb Concordia Data on Vein Calcite from Sample DGR-3-133.17.
Contamination Lines are Approximate.

3.2.8 DGR-3-162.07 Silurian Bass Islands Formation

Only two analyses were carried out on this sample, which proved to have very low U
concentrations and failed to yield model ages (Appendix A2, analyses 195-196).

3.2.9 DGR-3-180.06 Silurian Bass Islands Formation

This sample contains irregular openings splaying off of sub-vertical fractures (Figure 15A). Ten
data from this sample are consistent with an age of 18.1 + 1.4 Ma (Figure 15B) although with
some excess scatter (MSWD — 3.8). This age is largely controlled by two near-concordant data.
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Figure 15: A) Calcite-Filled Opening in Core Sample DGR-3-180.06. B) U-Pb Concordia
Data on Vein Calcite from Core Sample DGR-3-180.06

3.2.10 DGR-3-186.43 Silurian Bass Islands Formation

This sample was collected from a calcite-filled vug (Figure 16A). Although data were collected
from both crystal faces and broken basal sections, all data appear to be consistent with a single
age of 7.6 + 0.3 Ma (MSWD — 4.1, Figure 16B).
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Figure 16: A) Calcite-Filled Vug from DGR-3-186.43 Near Base of the Bass Islands
Formation. B) U-Pb Concordia Data on Vein Calcite from Sample DGR-3-186.43

3.2.11 DGR-4-344.18 Silurian Salina A-1 Carbonate

This sample was distinct from the others in having a set of sub-horizontal calcite filled fractures
(Figure 17A). A set of 7 analyses defines a Pb contamination line with an age of 318 + 10 Ma
(MSWD - 3.1, Figure 17B). Four other analyses scatter toward ages as young as approximately
140 Ma.
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Figure 17: A) Predominantly Horizontal mm-Scale Calcite Veins with a Few Vertical Veins
from DGR-4-344.18 in the Silurian Salina A-1 Carbonate Unit. B) U-Pb Concordia Data on
Vein Calcite from Sample DGR-4-344.18
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4. ID-TIMS RESULTS

Results of all successful U-Pb analyses by ID-TIMS are reported in Appendix A3 and shown on
Figures 18A and 18B. For convenience, this includes analyses from previous reports (Davis
2013) (labeled with dwd analysis numbers in Appendix A3).

All data are well within error of concordia after correction for the common Pb component.
206ph/238Y ratios give the most precise age estimates and these will be quoted. LA-ICPMS ages
are roughly in agreement with ID-TIMS ages where both are available on the same grain. One
exception is Grain 2 from DD12-12FV which gives younger ages by both LA-ICPMS and ID-TIMS.

The ID-TIMS data set from surface and near-surface samples (Figure 18A) is sparse compared
to that from LA-ICPMS but the overall age pattern is similar (compare with Figures 19A and 19B
below). Most ID-TIMS analyses group around about 90 Ma but ages scatter well outside of error
suggesting that crystal growth occurred over a substantial time span of about 80-110 Ma either
as the result of a continuous process or due to multiple events. Some of the age spread is
probably due to mixing with one or more younger phases. This was tested by dissolving and
analyzing some crystals in stages. Care was taken to ensure that dissolution progressed from
the crystal faces inwards by covering broken basal surfaces with parafilm. However, the
integrity of the seal may be compromised after dissolution becomes advanced.

One grain from DD12-13N showed a progression from 73 + 5 Ma to 104 + 2 Ma over three
dissolution stages as did a grain from DGR3-034, which gave 82 + 1 Ma for the outer part
versus 98 = 1 Ma for the inner part. However, another grain from DD12-16, a loose unoriented
sample collected at surface, shows a highly anomalous old but negatively discordant datum for
the first wash, 91.4 + 0.4 Ma for the second, and the youngest age of 88.2 + 1.8 Ma for the
third. Nevertheless the data show extended age zonation in the calcite crystals and suggest
that ages from most whole grain dissolutions are likely to represent mixtures of younger and
older components.

ID-TIMS results on deeper near-surface samples (Figure 18B) confirm the presence of younger
age components, although these do not always agree with ages from LA-ICPMS. Two-stage
dissolutions on each of two grains from DGR-1-113 yield the same 55 Ma ages for the cores,
which roughly agree with an estimate of the older age component from LA-ICPMS (Figure 10B).
The overgrowth ages of 9 Ma and 17 Ma are older than the ca. 0 Ma age component found by
LA-ICPMS. They probably contain some proportion of the older component. Whole grain
dissolution of DGR-3-180 gives an age of 60 + 4 Ma, which is much older than the 18 Ma given
by ID-TIMS (Figure 15B), although this is heavily dependent on just 2 radiogenic data. Two-
stage dissolution of a grain from DGR-3-186 gives 10 Ma and 14 Ma, although LA-ICPMS gave
an apparent age of about 8 Ma (Figure 16B), so there may be older components.

A whole grain dissolution from DGR-4-344 gives an age of 313 £ 1 Ma, in good agreement with
the LA-ICPMS age of 318 + 10 Ma for the older component (Figure 17B), while an imprecise
age from a deeper Ordovician vein gives 451 + 38 Ma (Appendix A3).
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Figure 18: A) U-Pb Concordia Data Measured by ID-TIMS on Vein Calcite from Surface
and Near-Surface Samples Collected from Devonian and Silurian-aged Bedrock. B) U-Pb
Concordia Data Measured by ID-TIMS on Vein Calcite from Devonian and Silurian-aged
Bedrock
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5. DISCUSSION

The new data, based on analysis of 15 secondary near-surface calcite samples from Silurian
and Devonian formations, reveal a complex history of fluid mobility and vein and vug
emplacement ranging from late during the Paleozoic Era to the Pleistocene (Figure 19).

Plotting the probability density distribution of LA-ICPMS model ages from all surface samples
gives a broad peak around 90 Ma with shoulders at about 100 Ma and 80 Ma and a distinct
younger peak at 40 Ma (Figure 19A). For samples from the near-surface (e.g., DGR-3-034),
the main distribution peaks at 100 Ma but with a slightly older shoulder and extends down to
about 80 Ma. There is again a distinct younger peak at 40 Ma (Figure 19B).

Samples that extend down to approximately 180 metres vertical depth below ground surface in
the Devonian and Upper Silurian sections show evidence for multiple events younger than the
main growth event at surface (Figure 19C). At 73 m along borehole DGR-4 (DGR-4-73.73)
ages range from about 46 Ma to 27 Ma. At 113 m along borehole DGR-1 (DGR-1-113) there is
evidence for a distinct ca. 50 Ma growth event, as well as, one in geologically recent time (0.7
1.5 Ma). Calcite from approximately the same depth in borehole DGR-3 (DGR-3-113) shows
hints of a ca. 50 Ma event but the most recent growth gives U-Pb ages that scatter from about
24 Ma to about 11 Ma. Vein calcite from 120 m depth along borehole DGR-1 (DGR-1-120)
seems to preserve evidence for a 46 + 3 Ma growth event. There appears to be evidence for
growth of a distinct high Th/U phase at ca. 50 Ma in DGR-3-113, DGR-1-120 and possibly a few
of the analyses from DGR-1-113.

At 133 m along borehole DGR-3 near the base of the Devonian (DGR-3-133) there is evidence
for two growth events at about 12 Ma and 7 Ma. Veins from the Upper Silurian (DGR-3-180)
record 18 + 1 Ma, based largely on two near-concordant analyses, while several meters deeper
in the same borehole (DGR-3-186) calcite from a vug records a growth event at 7.6 £ 0.3 Ma
with no evidence of any other ages.

In general, many of the results from the surface and near surface environment down to
approximately 180 m vertical depth, appear to be the result of mixing between multiple
generations of calcite but some appear to represent single or short-period events. Interestingly,
the ca. 100 — 80 Ma ages are only evident in samples down to approximately 34 m vertical
depth while ages down to ca. 0 Ma are found as deep as the Upper Silurian Bass Islands
Formation (Figure 1). The entire shallow portion of the bedrock is within a zone of modern karst
development beneath the Bruce nuclear site and, in addition, the top of the Bass Islands
Formation is also recognized as a paleokarst horizon (Worthington, 2011).

In the Silurian Salina A-1 Carbonate Unit (DGR-4-344), sub-horizontal veins were filled with
calcite at about 318 £ 10 Ma, at approximately the same time as the Mississippian to
Pennsylvanian transition. Younger ages measured in this sample are scattered and may be the
result of mixing with <100 Ma generations of calcite.

The samples collected from the Silurian Guelph Formation (e.g., DGR-3-391), as well as most
of the deeper Ordovician samples analysed, proved to be too low in U to provide reliable age
information. The only useful LA-ICPMS age data are from an Ordovician sample (DGR-6-886),
in which vein calcite defines a much older age of 468 + 25 Ma, while an ID-TIMS age on DGR-
6-756 gave a similar age of 451 + 38 Ma.
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Figure 19: A to C) Probability Density Distributions for LA-ICPMS Model Ages from
Calcite Sam