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Abstract

The McArras Brook Formation is located on the Northwest coast of Nova Scotia, Canada,
consists of interlayered red-bed sedimentary rocks, and amygdaloidal basalt. This
formation plays a part in Dalhousie University’s intermediate field school course each
Summer, however other than this it has not been often studied. The formation has been
placed stratigraphically in the early Devonian period, but no absolute (hnumerical) age is

known, nor are there absolute ages known for surrounding units.

The amygdaloidal basalts in the unit contain calcite, forming the amygdules, which has
been dating using U-Pb techniques previously for both eruption/volcanism and tectonic
events for basalt. The basalts in this unit have also been characterized previously in a

Dalhousie project, and this project aims to continue work done on this unit.

This project uses Laser Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS) to
analyze over thirty isotopes in-situ on calcite samples taken from the McArras Brook basalt.
Data acquired from analysis is used to image isotopic distribution on sampled locations, to
create temperature maps of sampled locations, and ultimately to plot U and Pb ratios to

obtain an absolute age for the unit.

Keywords: Calcite dating; Carbonate dating; LA-ICP-MS; U-Pb geochronology; McArras

Brook Formation
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Introduction and Motivation

This study is concerned with acquiring an absolute age for the McArras Brook
Formation, by using calcites found in amygdules within basalts that make up part of the
formation. This will be accomplished using U-Pb dating methods for carbonate minerals
using LA-ICP-MS (laser ablation inductively coupled plasma mass spectrometry, often
referred to as simply “laser ablation”) for data acquisition. This study builds on work done
by I. Helmke in Helmke 2024¢, which involved characterization of the calcites. The same

samples are being used to acquire an age for the formation.

Calcite in the amygdaloidal basalt can be used as a good dating mineral as these
crystals would have grown shortly after the eruption of the basalt. Air pockets in the lava
flow form vesicles as the lava cools, and calcite precipitates in these vesicles, making
them amygdules. This growth time adjacency to the eruption, as well as their size and ease
of use as samples, is what makes them a good material to date. With more traditional
dating mineral choices, like zircon, absent from this formation, calcite becomes the choice
for dating analysis, as in Andjic et al., 20224, and Rembe et al., 2022°, which were
inspirations for this project. Some cooling history can be recorded and analyzed from data

gathered from these crystals as well.

The McArras Brook Formation, located in Northwest Nova Scotia along the
Antigonish coast, is the site for Dalhousie’s 3" year field school during the Summer. Work
done to gather an absolute age for this formation can aide in the further education of Earth

and Environmental Science students who take this course.

Motivation for this project comes from inspiration from previous calcite U-Pb chronology,
with LA-ICP-MS being used to analyze calcites in other studies. These calcites were able to
yield ages for basalt formation in different structures. Motivation also comes from a desire
to continue work started in Helmke 20245, which began the project by qualifying calcite
present in amygdaloidal basalt in the McArras Brook Formation in Antigonish, Nova Scotia.
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This project aims to continue that work by obtaining trace element and REE (rare Earth
element) data from the same samples, ultimately to obtain an age of eruption for the basalt

presentin the formation (effectively yielding an absolute age for the formation).

Previous Work

As stated, this project is a continuation of Helmke 2024¢, and samples are the same
throughout the two projects. Considerable analysis was done in Helmke 2024° using UV
florescence techniques, as well as scanning electron microscope (SEM) work done at Saint
Mary’s University. Major element data was collected using the SEM, and Back Scattering
Electron (BSE) images were made of the samples. This analysis allowed the calcite
samples to be qualified for their general composition. The samples contain both calcite
and dolomite, as well as some quartz and ankerite, and clear zoning can be seen on some
samples®. It was determined that there were likely two growth events for the calcite
amygdules, at ~250°C and ~375°C®. These two growth events could be interpreted as a

post-eruption growth, and a subsequent growth event during the Acadian Orogeny®.

Recent calcite dating work includes Andjic et al. 2022* and Rembe et al. 20225, which were
both inspirations for this project and the previous project, Helmke 2024°. LA-ICP-MS
analysis was done on calcites in amygdaloidal basalts in both papers, using U and Pb data

from analysis to determine an age for their respective structures.



Geological Setting

Nova Scotia has a diverse Geological history including areas like the McArras Brook.
The McArras Brook is located in Northwest Nova Scotia, in the Antigonish Highlands,
sandwiched between the Martin’s Road Formation and the Knoydart Formation. The
formation is part of the Arisaig Group, and is underlain by the Avalon terrain, and thereis a
disconformity between the McArras Brook Formation and the Ardeness Formation?, which
is a calcareous unit. McArras Brook consists of interlayered red-bed sedimentary strata,
and basalt flows®. The basalt in the McArras Brook contains calcite amygdules, which
would typically form shortly after eruption/volcanism, and form the main focus for this
project. Itis thought that the pull-apart basin during nearby orogenic events caused the
basalt spreading centers?®, giving a reason for the basalt presence in the McArras Brook

Formation, and that the formation was subject to alteration during the Acadian Orogeny.
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Methods

For analysis, samples were cut, mounted in epoxy resin, and polished. This work was done

previously, as stated in the introduction, for Helmke 2024 by |. Helmke.

Before chemical data was collected, visual maps of the samples were made using an
incident light visual binocular microscope, with an AmScope LED-56S LED ring light
attachment for illumination, connected with an AmScope eye piece camera, model
MD500L, to AmScope software to capture and stitch together images of the samples. All
images of the samples included in this project were taken at 1.6x magnification. This was to
create maps for orientation as to where analysis was being done on the samples when
plotting points for the laser. The samples were all re-imaged using the same parameters
and software/hardware to pinpoint ablation sites on each sample after laser analysis was

done (see figures 2-5).

For laser analysis, samples 1a, 1b, 1d, and 3a were placed into the stage for the laser,
along with MACS-1 and MACS-3 standard powders pressed into pucks. The laser used was
a 213nm laser feeding into a Thermo iCAP Q quadrupole mass spectrometer. For a carrier
gas, He was used with a flow rate of 900mUl/minute. During analysis, laser fluence was
between 4.5 - 5.2)/cm?. MACS-1 and MACS-3 powders were analyzed first, with two lines of
five passes, a scan speed of 20pm, a depth/pass of Oum, an output of 25%, a laser
frequency of 10Hz, and a spot size of 25um. Collected of data from the MACS powders was
repeated between each sample analysis. All samples were analyzed with a raster pattern
broken into lines with a raster spacing of 20um, one pass, Oum depth setting, 20pum scan

speed, 25% output, 10Hz frequency, and a 20pum spot size.

The isotopes included in the scan were 2*Mg, *'P, “°Ca, **Mn, %’Fe, %3Cu, %°Cu, %Zn, 7°As, ®°Rb,
88Gr, 89Y, 133Cs, ¥’Ba, REEs without isotopes of Pm and Tb, 2*4Pb, 2°°Pb, 2°’Pb, 28Pb, 2*2Th, and
238U.

Data obtained from laser ablation was reduced using lolite V4 software® '°, following the
guide by Kathleen Clark available in the Dalhousie LA-ICP-MS laboratory. lolite was also

used for creating element trace maps for the samples, and for reducing and compiling the



data acquired from the laser analysis into useable and interpretable formats. Data files
were separated between ablation dates (March 3 and 4™), with compiled laser logs (using
the log compiler feature on lolite) were separated the same way. References and samples
were separated into their own selections with a start crop value of 20 and an end crop value
of 15. The baseline group was created from the autoselect tool, setting the parameters as
less than 10 0000, and selecting all. Internal reference used was “*Ca, with a weight
percent value of 38. For imaging, height and width varied depending on the dimensions of
the ablation sites, the gradient used was “Polar”, the lower limit was set to 0 and the upper
limit was set to “percentile95”. Data from lolite was then exported and used in Microsoft
Excel to normalize and create graphs of Rare Earth Element trends (figures 17-21). For
normalization, REEs were normalized vs chondrites with values from Anders and Grevesse

(1989)".

Paint.net software was also used for minor image processing and modification, including
adding highlighted boxes on ablation sites for visual ease, and creating image collages of

data overlying ablation sites.

Results

Where ablation sites ended up were not in the exact intended locations, as this was my first
time using the software and hardware for LA-ICP-MS. Data acquired, however, was still
quite usable for all samples. Ablation sites were also easily pinpointed with the naked eye
on the samples, as well as with an incident light visual microscope (as seen in figures 2-5),
although some sites were harder to see than others, for this reason all sites have been
highlighted in red. Mg, Mn, total Pb (combination of 2°4Pb, 2°6Ph, 207Pb, 2°8Pb), and #*®U data
exported from lolite has been transposed overtop of sections of the sample photos to put
selections in context, in sample 1d 2°8U has been omitted for the second site (bottom of
figure 4), as there seemed to be an error in the line scans for the 228U channel. In the full

images of these itostopes (figures 11-16) the scale bar and colour scale can be seen as
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well, with blue being lowest and yellow being highest in concentration, and absolute values

differing across each isotope (values visible on individual scales).

Fig. 2 Sample 1a post ablation, with the ablation site marked in red. Ablation was done in a large section of

white/clear calcite (Ben Thompson).
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Fig. 3 Sample 1b post ablation with ablation sites marked in red. Two sites were ablated on sample 1b, one

on the edge of the clear/white and green calcite boundary (site 1, left), and one within the green calcite (site

2, right) (Ben Thompson).
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Fig. 4 Sample 1d post ablation with ablation sites marked in red. Two sites were ablated on sample 1d,

encompassing both the outer white/clear calcite and the inner growth section of the amygdule (Ben

Thompson).




Fig. 5 Sample 3a post ablation with ablation site marked in red. The ablation site encompasses both a

section of calcite, and the surrounding basalt. Sample 3a is a vein, rather than an amygdule (Ben Thompson).
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Pb Total

Pb total

U238

(Fig. 7) Collage of 2*Mg, **Mn, Total Pb, and 2°®U for both sites on sample 1b, showing context for ablation

sites.
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Mg Pb Total

(Fig. 8) Collage showing 2*Mg, *Mn, Total Pb, and 23U for the top site on sample 1d, showing context for

ablation sites.

16



Pb total

(Fig. 9) Collage of *Mg, °Mn, and Total Pb for the lower site of sample 1d, omitting 2°®U as there seemed to

be an error in the channel.
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(Fig. 11) 2*Mg, *Mn, Total Pb, and 2**U data with scale from sample 1a.
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(Fig. 12) >*Mg, °Mn, Total Pb, and 2**U data with scale from the left site of sample 1b.
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(Fig. 15) #Mg, °Mn, and Total Pb from the bottom site of sample 1d, 2**U omitted because of channel errors.
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(Fig. 16) 2*Mg, 5°Mn, Total Pb, and 2*®U data from sample 3a. Jagged pale blue lines on the left side of these
images can be ignored for the most part, as this is due to an error in line-length similarity when calculations

were done in lolite.

Figures 11 to 16 are concentration maps in ppm of 2*Mg, 5*Mn, Total Pb, and 28U for all of
the ablation sites. In general, light blue concentrations are the lowest and yellow
concentrations are the highest, all concentrations are relative to the ablation site they are
found in, and to the specific isotope channel. In sample 1d, it seems that the 2°8U channel
was corrupted, and this is a possibility for other samples as well, although the exact

patterns visible in sample 1d’s 2%8U channel are not visible in other samples.

In figure 11 we can see the data from sample 1a, and there is a much greater difference in
concentration for displayed isotopes in the center of the ablation site than on the edges. All
of the 28U visible on the site for sample 1a also seems to be in this center area, as the
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surrounding concentration is near 0. Some lined patterns can also be seen in the Total Pb

image, although they do not seem to correlate directly with U.

In figure 12 is data from sample 1b, specifically the left ablation site (left and right sites can
be seen in figure 3), there is a difference in concentration of Mn on the bottom left section
of the site, being much higherin Mn, and just above this can be seen an area of high Mg and
U concentrations. This upper area also seems to have a relatively lower concentration of

Pb.

In figure 13 we can see the data from the right site on sample 1b where there is a gradient of
concentration increasing in Mn from left to right and from top to bottom. The other reported
isotopes here seem to be concentrated within the higher Mn area, however within these the

distribution is somewhat non-uniform. U also seems to have no uniformity on this site.

In figure 14 the data from the top site of sample 1d can be seen, and there is a large central
section with much different distribution than the outer section. Looking at figure 4, one can
see that this different section is part of the inner growth of sample 1d°, which has much

higher Mn.

Figure 15 is the lower site for sample 1d, however there is no discernable pattern to the
distribution throughout most of the site, other than one line oh higher concentrations

through Mg and Mn on the middle right section of the site.

Figure 16 is from sample 3a, which is a vein rather than an amygdule. The difference
between the calcite vein and the surrounding basalt can be seen nicely in these images. A
rim of very low concentration can also be seen between the inner part of the calcite and the

basalt, with a line of moderate concentration separating the rim and the basalt.
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Fig. 26 Graphs visualizing Mg across all samples, one graph with a linear scale on the Y axis (top) and one

graph with a log scale on the Y axis (bottom).

Figures 17-21 show REE (Rare Earth Element) trends for different zones of each sample.
Overall, REE trends are somewhat out of the expected trend for calcite, which should

generally follow normal trends.

Sample 1a (figure 17) seems to have a very large positive anomaly in Ho in the left section
of the ablation site, and overall, an enrichment in HREEs (Heavy Rare Earth Elements)
throughout the site, with also a slight enrichment of La and Ce on the left and right sides,

but not the center, of the site.

Sample 1b (figures 18 and 19) shows a large positive Eu anomaly in all areas except the
upper section of the left site. All sections with a positive Eu anomaly in sample 1b are
within the green potion of the amygdule, and the clear/white portion contains the negative
Eu anomaly. The green portion of the amygdule also exhibits an enrichmentin LREEs (Light
Rare Earth Elements), especially La, while the clear/white portion is enriched in HREEs and
LREEs towards the extremes of either side, forming somewhat of aV shape on the graph (if

you exclude the relatively low Ce content).

Data from sample 1d (figure 20) was unfortunately mostly unusable. There were many
negative values exported from lolite, which lead to many holes in the trend line, and some
sets that could not form trend lines at all. The one useable set from the center of the
bottom site of sample 1d does exhibit a somewhat normal REE trend (normal in the sense
thatis it closer to expected), with an enrichment in LREEs and a positive anomaly in Er and

Lu, leading to a taper at the right side of the graph.

Sample 3a (figure 21) is the calcite vein, rather than an amygdule, and exhibits another
somewhat more normal REE trend with an enrichment in HREEs in the section of just the
vein, the values for La and Ce are also somewhat high. In the section that included some of
the surrounding basalt, the trend line creates a very smooth bowl like pattern, with a

negative anomaly in La, a positive anomaly in Ce, and an enrichment in HREEs.
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The graphs shown for REE trends in this section were created from data in the non-Int2SE

table, found Appendix A, figure Il.

In figure 22, the right section of the right site of sample 1b seems to contain outlying data
point for both Ce and Yb. The bottom section of the right site of sample 1b also exhibits a
larger concentration of Ce and Yb than the rest of the samples. This could represent some
sort of inclusion within this part of the amygdule, or because this site is within the green
section of calcite for sample 1b, this could suggest differing concentrations throughout the
green section of calcite in sample 1b. Other than the right site of sample 1b, samples seem
to sit between 1-10 ppm of both Ce and Yb. The ratio between the two isotopes exhibits an
odd zigzag patter, but this is partially to do with the positioning of the samples relative to
each other, but also with the upper section of the left site of sample 1b (labelled “fracture”
on these graphs). This section is within the clear/white section of the amygdule, while the

green section exhibits a much higher ratio.

In figure 23, concentrations of Sr and Ba are displayed. A similar pattern for sample 1b can
be seenin the Sr plot, but not in the Ba plot. Interesting to see is a decrease in Sr for sample
1a from left to right, and relatively no change from left to right for Ba in the same sample.
The Ba concentrations in total are relatively flat, with most samples beingin the 1-10 ppm
range, and some reaching 20-30. The one outlier is the “boundary” section for the top
section of sample 1d (this is the section on the edge of the inner section, encompassing
both the inner and out section of the top site of sample 1d). The Sr/Ba ratios also exhibit an
odd zig-zag pattern, both between and within samples. Sample 1a has a much lower ratio
in the middle section, and very high ratios on both he left and right section. In general, the
average is around 100 for the ratio value, but 1a left and right, and 1b fracture have much

higher ratios, and sample 1d top and bottom, and sample 3a have much lower Sr/Ba ratios.

For Mg plots, the right site on sample 1b exhibits much higher Mg concentrations than
other samples. The lower section of the left site of sample 1b also exhibits slightly higher
Mg concentrations than other samples. All of these sections are in the green section of

calcite for sample 1b, and the lowest Mg concentration is within the clear/white section of
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calcite in sample 1b. Sample 1a exhibits concentrations between 1200-1800ppm,
increasing from left to right. Sample 1d has concentrations under 1000ppm, except for the
boundary section of the top site. Sample 3a has the lowest Mg concentrations, with values

under 10ppm.

Discussion

Eu?*will commonly replace Ca?" in many different systems, and that is true of calcite as
well. We can see thatin sample 1b, both left and right sites, the REE graph shows a large
positive Eu anomaly in all inspected sections except for the upper section of the left site.
All of the sections that display this large positive Eu anomaly are within the green parts of
sample 1b, suggesting this are had much more replacement of Ca with Eu. The upper
section of the right site of sample 1b is within the clear/white section of the amygdule, and
has a negative Eu anomaly. This negative suggests less replacement, or perhaps less Ca to
have been replaced. It could also suggest Eu diffusion into the green growth of the crystal,
if the green section grew after the clear/white section of the amygdule. The positive Eu
anomalies also seem to correlate with positive Ce anomalies, which is interpreted to be an
interference within the REEs. There is, however, possibility of the Ce anomalies being from
inclusions present in the samples. The same goes for the Ho anomaly in sample 1a, thisis

most likely an interference with the slight possibility of an inclusion.

Partitioning for REEs in calcite® lets us interpret that samples and sections enriched in
LREEs likely grew in earlier stages of calcite growth than those enriched in HREEs. Early
calcite growth will partition LREEs out of the solution, enriching earlier growths in LREEs. It
is likely that HREE enriched sections and samples grew later. Sample 3a is perhaps an
exception, as itis a vein rather than an amygdule. The veins are interpreted to have grown
during the Acadian Orogeny, rather than the eruption event, and so is from a different
system of fluid, and this may be the reason the bowl-like pattern is visible for that sample.
The green section of sample 1b (all sections within 1b other than the “upper” section) all

exhibit enrichmentin LREEs, suggesting earlier growth. The opposite is true for the upper
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section of the left site of sample 1b. The middle and right sections of sample 1a exhibit
enrichment in HREEs, suggesting later growth, while the left side displays the large Ho

anomaly and slight HREE enrichment.

HREE enrichment could also have come from later seawater intrusion®, potentially during
the Acadian Orogeny and the vein formation, and some samples with known alteration®

exhibit higher HREE contentin them.

Sample 1a seems to have trends moving left to right on the ablation site from the graphs
seen (figures 22-26). This suggests some growth difference from the left to right side for
sample 1a, Srin sample 1a we can see that the growth was faster on the right side of the

sample (from higher Sr content).

Mg content generally corresponds to growth temperature, with higher Mg content equalling
higher temperature growth. Looking at the Mg concentration graphs, we can assume that
sample 1b, specifically the green section of sample 1b, probably grew at greater
temperatures that the white section of sample 1b, and at greater temperatures than other
samples. Temperatures overall were shown to be centered around ~350°C, and ~200°C in
Helmke 2024¢, and the Mg content graphs would relate the green section of sample 1b to
this higher ~350°C growth phase. Closer to the center of the green section, the right side of
the right site of sample 1b exhibits the highest Mg concentration, and could be close to the

core of the growth for the green section.

U and Pb were putinto a ratio of Pb/U to be used in a Terra-Wasserburg concordia plot for
age calculation. Unfortunately, across all samples both Pb and U concentrations are very
low. Uis under 0.01ppm in all samples, except sample 3a which sits around 4ppm and
10ppm for the vein and the vein/basalt boundary. Such low U content makes acquiring an
age for the samples difficult without further spot analysis and lower detection limits on the
instruments used. We can see, however, that sample 1d has a very high ratio. This comes

from higher Pb content, and a very low U concentration.
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Conclusion

From this project we can understand the REE distribution across the four samples studied,
as well as other trace element contexts and Mg concentrations for these samples. A little
more is known about the potential growth history of these samples as well. Sample 1b has
a more complex structure than before thought, and exhibits different patterns of growth
and REE distribution across the amygdule, both within and between the clear/white and

green sections of the amygdule.

Time constraints on the project limited abilities to collect data and do analysis. In the
future, analysis could be repeated using solid standards™" "?rather than just general
powdered standards, for more accurate results. Temperature maps could be made with Mg
data to determine exactly the higher temperature zones in the amygdules, and spot
analysis with lower detection limits for 228U could be done to acquire more accurate 228U
data. This could be used in tandem with similar Pb analysis, and the more accurate
carbonate standards, to obtain better data for more accurate age calculations. This could

be done as a future project, or as an extension of this project.

In my opinion, sample 1b should be studied more closely, as it exhibits interesting patterns
both between the clear/white section and the green section, and within the green section,
in all analyses performed. The difference between clear/white section and green section
growth could be studied more, and age calculations could be done separately for each

section of sample 1b.
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Fig. | Reduced and un-normalized REE data, bottom set

Int2SE values.
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Fig. Il Normalized REE data, top set is Int2SE values and bottom set is non-Int2SE values.
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HolEE_ppm
HolE65_ppm Int2SE
ErlGE_ppm
ErGE_ppm Int25SE
TmlE3_ppm
Tm163_ppm Int2SE
YBEITE_ppm
wB17E_ppm Int2SE
Lul7?E_ppm
Lul7S_ppmInt2SE
Pb20d_ppm
Pb20d_ppm Int25E
Pb20E_ppm
Pb20E_ppm Int2SE
PE207_ppm
Pb207_ppm Int25E
Pb202_ppm
Pb205_ppm Int2SE
ThZ3Z_ppm
Th23Z_ppm IntZSE
Mg2d_ppm
Mg2d_ppm Int25SE
JZ2358_ppm
238_ppm Ine2SE
PbTotal_ppm

Left Side
301330.21
ETS

Palugon
165. 24555
459658363
1377261
47 357013
1.TOETED:
012225
1.8609357
01543009
4. 7154322
03106736
0.2561805
00175469
11530251
0.0810453
02233743
0.0243173
0. 1186529
00106641
04270411
0.04 26656
03074035
0.0367135
1.5260204
03005307
05103647
00630731

0. 7320022
11414333
0. 104646

0.2812165
0.026313

0.6730603

0.6335251

0.3606555

0.0731535

0.4531632

0.0759521

02376453
2.85TE-06
1237.1344
43 TE1353

0.0034E15
0.3368513

PbTatal_ppmIntZ3E  0.0564715

Fig. | Data table exported from lolite V4 for sample 1a.

Right Sidi Middle
21127 52303812
474 123
Falugon Paolugon
1323 512.55253
22175 43306838
575,24 d488.ER1E3
3813 29.652232
6.4853 03067326
1.0B06 03075866
04195  0.1341858
0.0572 0.0335351
1.2523 0.8050464
01365 01015845
0026 00605757
0005 00103355
04675 0457672
0.0437 0.02804103
0.0344 00336328
0.0153 00230654
0.0605 005353755
00071 0012308
0.2008 02613385
0025 00632465
03153 04344275
00315 00521053
01286 01330935
0.0131 0.0340002
0.3542 04637459
0.0307 0.0873107
00738 01475835
00078 0.0300412
04355 0EB2Z00676
0.0335 0.0331545
0.0333 01634874
0003 00270704
24735 -07115235
08023 16713343
2.E377 0.3315493
04306 01453332
34522 0.6343186
05211 0.2303837
12.715
G042 01553015
0.000z
0.0005 2 436E-17
16005 17203558
G2, 735 63854582
00055 0.0014732
0.0031 00023353
23165 03690328
03247 01515064
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Sample b left

Mame Lawer £o Fracture TotalLead and Ulnterest
Brea (pm’ 7836 43203 65335
Paints 583 363 462
Tupe Paolygon Palugon Palugon
*[pm) 32025 81642 57791
' [pm) d4df G2 24247 334.02
PbTotal_ppm 16821 02537 11013
PbTata_ppmint2S 03833 00705 02823
Ma2d_ppm TIT6.2 20353 13785
Ma2d_ppm Int2SE 1763 83264 12023
Si38_ppm 20946 36738 12319
Sra8_ppm Int2SE 16.732 15924 15256
Bal37_ppm 27dod 00823 13747
Bal37_ppmlne2SE 05051 00138 025N
Lal33_ppm 12265 10763 0.825
Lal39 ppmiInt2SE 01071 00721 0.0447
Celd0_ppm 5.52 13334 28373
Ce0_ppmlne2SE 03351 02303 03136
Frid_ppm 03435 02422 0.2264
Pr1d1_ppm Int25E 0031 0MBe  001d7
Md1E_ppm 15231 131933 11421
Md4E_ppmine2SE 01406 0105 0.0528
SmldT_ppm 03453 0233 0.2478
Smld7_ppmInt2SE 0041 003833 0.0307
EulS3_ppm 02405 00802 01462
EulSd_ppmiInt2SE 00251 0o nofve
G157 _ppm 04075 04336 0.3947
GdE7_ppmInt2SE  0.0433 00503 0.0428
OuwlE3_ppm 0434 06632 05453
OwlG3_ppmInt2SE 0.0423 00562 0.0452
HolE5_ppm 012 01vad 01347
HolBS_ppmIne2SE 0.0037  0.014T 0078
ErGE_ppm 04207 05836 04761
ErGE_ppm Int2SE 0035 00477 0.0404
Tm1E3_ppm 00643 00334 0.0675
TmiE9_ppmInt2SE  0.00BE  0.00833 0.0072
YBITZ_ppm 0.dd3z 0EEEE  0.506
YhITe_ppmInt2SE 0.0385 0.0573  0.0415
Lul?5_ppm 00736 012z 0.0874
Lul?S_ppmInt2SE 0.00E3 0002 0.0083
Pbz0d_ppm 29723 08225 193385
Pb20d_ppmiInt2SE 0653 0547 0.564
PBZ0OE_ppm 17216 016833 1352
Pb20E_ppmInt2SE 04143 00349 0.3807
Pb207_ppm 19677 01762 11383
Pe207_ppmiInt2SE 04301 00472  0.3135
PB20S_ppm 15342 02545 033582
Pb208_ppmInt2SE 03674 00773 0.2234
ThZ3Z_ppm 00046 0073 0003
Th232_ppmIntZ2SE 0.0015 0.0023 0.0022
238_ppm 0007 0053 00273

Fig. Il Data table exported from lolite V4 for the left site of sample 1b.



Sample b right

Mame Middle Ri Middle Battam
Hrea (pm’ BE02E 236467
Paints B33 1238
Tupe Palugon Paolygon
7 (pm] 175 NMS36
' [pm] S00.2  T7S.3
Sr38_ppm 12174 94072
Sr38_ppmime2SE 47224 23635
Bal37_ppm 10,357 10,755
Bal3?_ppmimt2s 06132 0973
La139_ppm 83931 EB.3136
La133 ppmintzs  0.3435 02543
Celdl_ppm 26,573 18.585
Celdl _ppmimt2s 11163 0655
Prid1L_ppm 23133 1.804
Pridlippmint2St 01353 00835
Md1dE_ppm 36 76072
Md1dE_ppmint2s 05436 03732
Smld7_ppm 30157 1EB8E7
Smild7_ppmimeZd 01716 00347
Eu1S3_ppm 1.3642 111
Eu1S3ppmintZs  0.0733 0.0402
Gd157_ppm 32095 15363
Gd57_ppmint2s 01826 0.1043
Oy163_ppm 3273 18616
Oul63_ppmintzs 01711 00343
Hol65_ppm 0EETE 04162
Hol65 _ppmint2s  0.0331 00203
ErGE_ppm 20604 12247
ErGE_ppmint23l 01104 0.053
Tm1E3_ppm 02374 01785
TmlE_ppmint2s  0.0173 00033
WBITZ_ppm 20126 12603
YhI1Fe_ppmint2s 0166 00805
Lu17E_ppm 03458 02155
Lot _ppmint2=S 0021 0.0107
PbZ0d_ppm 54542 T.EGdE
PbZ0d_ppmintZd 14213 13107
PBZ0E_ppm 23593 50535
Pb20E_ppmint2: 0.4304  0.5531
PbZ07_ppm 17456 42097
Pb207_ppmintZi 0.2585  0.333
PB208_ppm 16558 54005
Pb208_ppmint2: 0.24056 0.EB07S
ThZ3Z_ppm 0.002d4  0.0005
Th23z_ppmint2 0,001 00004
Mg2d_ppm 32643 1BVSS
Mg2d_ppmInt2S 38168 17322
I1235_ppm 00062 003127

U238 _ppmint2Sl 0002 0.002
PbTotal_ppm 18873 GE.d7az2

Fig. Ill Data table exported from lolite V4 for the right site of sample 1b.



Sample 1d top

Mame Right Sid
frea (pm’) alezz
Paints a0
Tupe Palugan
X [pm] 12583.8
' [pml] 332.68
Sre8_ppm 1516

Sr38_ppminez 10,431
Ea137_ppm 22413
Eala7_ppmin 22057
Lal39_ppm 3.3485
La133_ppmin  0.1703
Celd0_ppm 3.21M
Celd0_ppmin 03373
Prid_ppm 0.3773
Pridlppmint  0.0416
MA1dE_ppm 52351
Md1d6_ppmin 02533
SmldT_ppm 118585
Smd7_ppmIr 0.06
EulSE_ppm 0.487
EulSa_ppmin 00242
Gd157_ppm 20125
GA157_ppmi-r  0.033
OylE=_ppm 22,736
Ovl63_ppmin 10327
HalES_ppm

Hol65_ppmin  0.2132
ErEE_ppm 4. B513
EFEE_ppmint  0.734E6

TmlE3_ppm
Tm169_ppmi-r 00237
¥BI17Z_ppm
YbITZ_ppmin 0647
Lul7S_ppm

Lul?S_ppmin 22043
Pb20d_ppm 55187
Pb20d_ppmir 10035
Pb206_ppm 65301
Pb20E_ppmir 0.4333
Pb207_ppm .0z
Pb207_ppmir 08365
Pb205_ppm
Pb208_ppmir  0.3216
Th23Z_ppm
ThE3Z_ppmir 00035
Ma2d_ppm 20778
Mg2d_ppmlnt 5. 7EET
U238 _ppm

U235 _ppmint 03723
PbTotal_ppm 716393
PbTotal_ppm 0.5306

Fig. IV Data table exported from lolite V4 for the top site of sample 1d.

‘Withtin  Boundary
2175 8621
GG g73
Palygon Palugon
Bd5.96 71202
79553 3936
130.13
41103 42,83
197.95
15054 52865
3.03
15597 B6.B584
E.5d43  10.017
41202 0.3421
0.6812
T8.525 03356
54571
.07z 05002
0.3303
15353 06733

15.05

736 14652

12332 213355
12,771
F3E 28225

43638 31133
25247
18515 03224

15373 32317

605 15641
0.3401
1ESTE 22774

934437 10613
Z8.674

16570 13.309
27.234

1E316 10131

44013 1214

14803

33424 133033
1546, 7

93230 395343
0.1535

12683 03181

1E5EY  ZF2.05

38



Sample 1d bottom

Mame Eig Center
Area (pm’) 30203253
Paints 1270
Tupe Palugon

% [pm) 823.89601
' [pm) 35706554
SrdS_ppm 167.51665
Sr38_ppm Int25E 66355136
Ba137_ppm F335T7333
Bal37_ppmintZ5SE 35663514
La133_ppm 33677002
La139_ppmInt25SE 01747536
Celdl_ppm 85210632
Celdl_ppmint2SE  0.31373d
Prid_ppm 11412051
Prid_ppmIme2SE  0.057097
MA14E_ppm 4.3399505
Md1dE_ppm Int2SE 01447335
Smld7_ppm 13323573
Smld7_ppmint2S  0.0580413
Eul1S3_ppm 0415833
EulS3_ppmInt25SE  0.0153715
Gd157_ppm 1.6513547
Gd57_ppmIne2Sl 0065053
OulE3_ppm 1.83573M
Ou163_ppm Int25E 00616731
Ho165_ppm 0.4354636
Hol65_ppm Ine25E  0.0140501
ErEE_ppm 1.5307549
ErB6_ppmInt23E 0.0465237
Tml63_ppm 01657056
TmlE3_ppm Int2S1 0.0053034
Yb1Te_ppm 11171454
YEITZ_ppm Int25SE 0.03624 26
Lul7o_ppm 02152131
Lul7S_ppm Int25E 0.0072525
Pb204_ppm E. 7156712
Pb20d_ppmintZS  0.3153085
Pb20E_ppm T.05153352
Pb20E_ppmInt2S 0.3363222
Pb207_ppm 8.0806001
Pb207_ppmintZS 0.4377005
Pb20&_ppm 70578233

PL205_ppmInt2S  0.3730711
Th232_ppm
Th232_ppmIntzSl 3.458E-05

Mg24_ppm 272 BB0IS
Mg2d_ppmInt2SE  11.241703
U238_ppm 0.0009751

23535 _ppm IntZSE  0.0003555
PbTatal_ppm 63205154
PbTatal_ppm Ine2!  0.353423

Fig. V Data table exported from lolite V4 for the bottom site of sample 1d.
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Sample 3a

Mame Left Edge ru Right Edge 'with Basalt
Area (pm’ 716 150001
Paints Tr0 a0s
Tupe Palugon  Polugon
x [pm] 5143113 87T
' [pml] 4358.2431 B53.36

Si36_ppm 1065512 9484.1
SiEG_ppmir  1010.984 11714
BaliT_ppm 3339.824 42876
Balit_ppm 368.8365 752.83
Lal33_ppm 523314 57.953
Lal39_ppm 3513564 51924
Celdl_ppm  124.0766 134.55
CeMdl_ppm 9293138 31484
Pridippm 1683331 17.672
Pridlppmlr 1300437 3.0485
Md1df_ppm  B7.13248 78.936
Md#d4f_ppm 5575314 11137
Smld7_ppm 17.29805 22.557
Smld7_ppm 1796712 5.4297
EulS3_ppm £.534962 7.9756
EwlS3i_ppm  0.610314 14563
Gd1S7_ppm 13.65371 30.132
Gd157_ppm 1830771 5.6493
OviE3_ppm 251781 43.174
DylE3_ppm 2454501 81892
Hol65_ppm  B.OG3I107  11.538
Hol65_ppm  (.644646 27568
ErBE_ppm 2120716 43.305
ErB6_ppmh 25833 10.492
Tmi63_ppm 3044204 60644
Tmi69_ppm 0.374883 1433
vhITZ_ppm  23.72308 53.543
vhITZ_ppm 2987983  12.921
Lul?S_ppm 3586106  ©.1056
Lul?S_ppm  0.452131 18753
MgZd_ppm 3130016 436955
Mg2d_ppm| 28375.36 70261
Pb204_ppm BO74.4
Pb204_ppm 4382763 £593.2
PbZ0E_ppm 1768066 27243
PbZ0E_ppm  15.5177 38.978
Pb207_ppm 2028277 314.56
Pb207_ppm 15.38433 45.464
PbZ05_ppm 1936083 282,18
PbZ0&_ppm 17.24613  40.2
Uz36_ppm  4.821763  10.082
Uz35_ppmh 0561923 23695
PbTots_ppr 2005805 3155
PbTota_ppr  17.61783 45257
Th23Z_ppm 1515842 3874
Th232_ppm 214331 55433

Fig. VI Data table exported from lolite V4 for sample 3a.
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Fig. Ill Lu distribution in sample 1a.
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Fig. VI Eu distribution in the top site of sample 1d.
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Fig. IX Eu distribution in sa

mple 3a.
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