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Abstract

Crystallographic orientation effects on ion microprobe analyses for U-Pb and O-
isotopes have been reported for a number of oxide minerals, including rutile (TiO2) and
baddeleyite (ZrOz2). Here we evaluate the effects of crystal orientation on U-Pb and O-
isotopic data measured by ion microprobe on cassiterite (SnO2), which is isostructural
with rutile. The crystallographic orientations of mounted and polished grains of
cassiterite were determined by electron backscatter diffraction (EBSD). Those grains
were then analysed for U-Th-Pb isotopes and '80/'60 compositions using the SHRIMP
RG and SHRIMP Sl ion microprobes, respectively. Based on these data, cassiterite
appears to show no dependence of key measurement parameters such as UO2/UO,
Pb/UO, or 80/'®0 ratios at the achieved precision with crystallographic orientation.
The contrasting behaviour of isostructural cassiterite and rutile provides new insights
into the mechanisms leading to crystallographic orientation effects during ion

microprobe analyses with electronic structure proposed as being a significant factor.
Keywords: Cassiterite, SIMS, crystallographic orientation effects, U-Pb, §'30
Highlights:

e SIMS U-Pb and 680 isotopic compositions of cassiterite are reported for the
first time.

e Unlike the isostructural rutile, crystallographic orientation of cassiterite does not
appear to effect key measurement parameters.

e Electronic structure of minerals is proposed as an important feature relating to

crystallographic orientation effects.



1. INTRODUCTION

Cassiterite (SnOz2), the primary ore mineral for Sn, commonly crystallises in magmatic
and magmatic-hydrothermal environments associated with highly fractionated granites
(e.g. Taylor 1979; Linnen 1998; Blevin 2004). Cassiterite is resistant to chemical and
physical abrasion and can survive hydrothermal overprinting events and often
concentrates in detrital deposits. The geochemical characteristics of cassiterite are
being used increasingly to study the processes and conditions that create tin
mineralisation and related ore deposits including using the oxygen isotopic
compositions of cassiterite and coexisting phases for thermometry (Macy and Harris,
2006) and tracing the source of mineralising fluids (Sun and Eadington 1987; Plimer
1991; Haapala 1997; Jiang et al. 2004; Abdalla et al., 2008). In addition, trace element
concentrations within cassiterite have been used for source tracing (e.g. Plimer 1991;
Jiang 2004), Those studies have shown that cassiterite often incorporates moderate
amounts of U and tends to exclude initial Pb (Zagruzina et al. 1987), which makes it
amenable to dating using U-Pb isotopic systems (Gulson and Jones, 1992; Liu et al.,
2007 Yuan et al., 2008, 2011; Li et al., 2016).

Although many cassiterites have relatively simple, monogenetic growth textures,
others have more complex textures that might indicate later episodes of alteration or
recrystallization that could compromise or obscure analyses of bulk samples (Fig.1).
This has motivated the application of in-situ analytical techniques such as ion
microprobe and laser ablation ICPMS for U-Pb dating (Yuan et al., 2011; Chen et al.,
2014; Zhang et al. 2015; Li et al. 2016) and ion microprobe oxygen isotopic analysis
of cassiterite as the high spatial resolution provided by these techniques allows
specific textural zones to be targeted for analysis. In addition, cassiterite is a common
accessory mineral in a variety of metal deposits including Nb-Ta (e.g. Sweetapple et
al. 2002), Au (e.g. Thompson et al. 1999) and Cu-Pb-Zn (Audétat et al. 2000a,b) so

that techniques requiring small amounts of material are advantageous.

A number of previous studies have applied in-situ laser ablation ICPMS analyses for
U-Pb dating of cassiterite (e.g., Liu et al., 2007. Yuan et al., 2008, 2011; Blevin and
Norman, 2010; Li et al., 2015; Cao et al., 2016) but to our knowledge, no U-Pb or O-



isotope studies of cassiterite by secondary ionisation mass spectrometry (SIMS) have
been reported. Caution is warranted, however, because previous studies have
demonstrated large crystallographic orientation effects on SIMS analyses of rutile (Li
etal. 2010, 2011; Taylor et al. 2012; Schmitt & Zack 2012; Shulaker et al. 2015), which
is isostructural with cassiterite, as well as for other simple structured oxides and
sulphides including baddeleyite (Wingate & Compston, 2000; Li et al. 2010; Schmitt et
al. 2010), magnetite (Lyon et al. 1998; Huberty et al. 2010; Kita et al. 2011), sphalerite
and galena (Kozdon et. al. 2010).

Although crystallographic orientation effects during SIMS analysis of some materials
have been well-documented, the physical processes that produce the effects are
poorly understood (Lyon et al. 1998; Wingate & Compston, 2000; Huberty et al. 2010;
Kozdon et. al. 2010; Li et al. 2010, 2011; Schmitt et al. 2010; Kita et al. 2011; Taylor
et al. 2012; Schmitt & Zack 2012). The crystallographic orientation of the target mineral
relative to the incoming ion beam appears to exert a control over the total sputter yield,
secondary ion counts and secondary ion energies. Importantly the crystallographic
orientation of some minerals can affect inter-element and isotopic fractionation, and

oxide production.

Previous studies demonstrated that rutile displays some of the largest effects that have
been observed so far (Li et al. 2010, 2011; Taylor et al. 2012; Schmitt & Zack 2012;
Shulaker et al. 2015). Taylor et al. (2012) showed that the crystallographic orientation
of rutile affects the total signal as measured on the reference mass (TisO3*), as well
as the measured UO2*/UQO* ratio. They also showed that inaccurate estimations of the
UO2*/UQO" ratio can lead to 15% error in calculated ages of unknowns. Cassiterite is
isostructural with rutile, being tetragonally coordinated with a 42mnm space group,
although the unit cell dimensions of the two minerals differ slightly (cassiterite:
a=4.738, c= 3.118; rutile: a= 4.594, c= 2.958).

Thus knowledge of potential orientation effects is essential prior to SIMS analyses of
cassiterite to determine U-Pb and O-isotopic compositions. Here we evaluate these
effects using the SHRIMP RG and SHRIMP Sl ion microprobes. Crystallographic
orientations of the cassiterite grains and sub-grains were determined by electron

backscatter diffraction (EBSD), followed by SHRIMP analyses of these grains.



2. SAMPLES

Three cassiterite samples were used in this study. Cassiterite from the Yankee lode in
the New England Orogen of eastern Australia and from near Euriowie in the
Curnamona Province of central Australia were analysed for U-Pb isotopes. Cassiterite
from within the Elsemore Granite in the New England Orogen was analysed for O
isotopes as it appears to be relatively homogenous at the scale of ~5 mg multi-grain
samples as measured by fluorination techniques (2.0 £ 0.3 %o; Norman and Blevin,

unpublished data obtained from GNS Science Lower Hutt, NZ).

The Yankee cassiterite occurs in veins associated with the Mole Granite, the age(s)
of which are poorly defined. Kleeman et al. (1997) reported Ar and Rb-Sr isotopic data
that implied emplacement of the Mole granite at 246 + 2 Ma with hydrothermal and
geothermal activity persisting in the area for about 15 Ma. They proposed cessation
of widespread hydrothermal activity (~300°C) at 243 + 2 Ma based on a variety of fluid-
related associations (see also Audétat et al. 2000a,b). Recent TIMS U-Pb dating of
zircon, monazite, and xenotime associated with the Mole granite system by
Schaltegger et al. (2005) documents a ~3 Ma interval between the crystallisation of
magmatic zircon within the granite at 247.7 + 0.5 Ma to late-stage hydrothermal
monazite at 244.4 + 1.4 Ma. The Elsemore cassiterite occurs within a greisen hosted
by the Elsemore Granite (Brown & Stroud 1997). Like the Mole Granite, the Elsemore
Granite is Middle Triassic in age but it has not been dated isotopically.

Cassiterite occurs in structurally controlled pegmatites in the Proterozoic Curnamona
Province of central Australia. The age of the pegmatites and Sn mineralisation has not
been measured isotopically. Anatexis prior to and during major deformation events
(D1-Ds; e.g. Fitzherbert 2015) involved extensive partial melting and efficient melt
extraction (White & Powell 2002; White et al., 2004) leading to granitic magmatism
between 1597 and 1591 Ma (Page et al. 2000). Burton (2000) suggests that the
pegmatites originated from late fluids derived from the undated Texas Bore Gneissic
Leucogranite, which is lithologically similar to the 1591 £ 5 Ma Mundi Mundi type
granites (Page et al., 2000). A minimum age constraint is provided by the Cambrian

deformation associated with the Delamerian Orogeny (Burton et al. 2000).



3. Methods
3.1 Polishing

Whole rock samples were crushed to <420 um, a high density (>3.3 g/cm?)
concentrate was prepared using heavy liquids, and the handpicked cassiterite grains
were mounted randomly into epoxy discs. The mounts were polished with 1200 grade
abrasive paper followed by a 9, 3 and 1 ym diamond polish. Although the mounts were
suitable for most microbeam analytical techniques at this point, a further 30 minutes
of polishing with alumina powder and approximately 2 hours with colloidal silica was
needed to remove the fine scratches caused by the diamond paste as these can affect
measurements of crystallographic orientations as described below. Because of the
extreme difference in hardness between the cassiterite grains and epoxy resin, this
process created significant surface relief, which could have affected the SIMS
analyses. Thus following the grain orientation measurements by EBSD and prior to

SHRIMP analysis the mount was repolished to flatness with 1 um diamond paste.
3.2 Cathodoluminescence imaging

Internal textures within cassiterite were imaged by cathodoluminescence (CL) using a
scanning electron microscope (SEM). Polished grain mounts were carbon coated and
imaged using into a JEOL JSM-6610 SEM with a Robinson CL detector at the RSES,

ANU with a operating voltage of 20 keV and working distance of ~20 mm.

3.3. Crystallographic orientations

Crystallographic orientations were determined for the Yankee and Elsemore grains
using a Zeiss UltraPlus analytical field emission SEM with an Oxford Instruments
EBSD detector at the Centre of Advanced Microscopy, ANU, using a tungsten filament
with an acceleration voltage of 20 keV and spot diameter of 60 um. Orientations were
determined by spot analysis. Several grains displayed multiple crystallographic
orientations which coincided with textural domains identified in CL imaging (Figure 1).
Each domain was analysed at least three times and measured backscattered patterns
were compared to the match unit of Bolzan et al. (1997). All solutions had mean
angular deviation (MAD) values of <1. Data processing was completed using the

Oxford Instruments Channel 5.10 software with the Mambo sub-program. The CL



images were used to ensure that the same crystallographic domains analysed by
EBSD were analysed by SHRIMP.

3.4. U-Th-Pb isotopes

U-Th-Pb isotopic compositions were measured on the SHRIMP RG over two sessions
at the Research School of Earth Sciences, ANU. A 10 keV primary ion beam of Oz
was focussed to a spot ~20 ym in diameter. Primary ion currents were ~4.6 nA during
the first session and ~5.9 nA during the second session. Each analysis included an
initial two-minute raster over the spot area to remove surficial Pb contamination.
Positive sputtered ions were extracted at 10 keV and analysed at a mass resolution of
~6,000, sufficient to resolve most potential isobars from the Pb and U species of
interest (Figure 2). Lead (Pb) masses were located using a mass offset from the
dominant adjacent Sn peaks. The run table used for the two sessions is detailed in
Appendix 1. The molecule 2*Sn2'%02* (AMU = 280) was used as a reference mass for
estimates of concentration. During both sessions a single grain, with a single
crystallographic orientation was analysed repeatedly as an internal reference. The
data were reduced using SQUID 2.5 (Ludwig 2009). Because there is no international
reference material for U-Pb isotopic analysis of cassiterite, all U-Pb ages reported here
were calibrated against grains of the Yankee cassiterite assuming radiogenic
206pp/238 and 2°7Pb/2%Pb values of 0.0384 and 0.5105, respectively, corresponding
to an age of 243 Ma (Kleeman et al., 1997).

In a target with homogenous Pb/U the relative ionisation of Pb and U is proportionate
to the ratio of U oxide species (typically UO2/UO, UO/U or UO2/U; Hinthorne et al.
1979; Compston 1984). We followed procedures used previously for rutile by
comparison against UO2*/UO". A mean relative sensitivity factor (RSF) is calculated
for all standard analyses using the mean UO2"/UO*, corresponding to the average
analytical conditions for the session, using the formula:

Pb*/UO* =RSFstx (UO2*/UO*)E (1)
where E represents the slope of covariance defined by In(Pb*/UO*) and In(UO2*/UQ")
(Taylor et al, 2012; Schmitt & Zack 2012). The true Pb/U ratios of the unknown (unk)
are then calculated using the individual RSF of each unknown analysis (calculated

using equation 1) in the following equation:



(Pb/U)unk = (RSFunk/RSFst) * (Pb/U)st (2)
where Pb/U (st) is the true or ideal value of the standard, either assumed or measured

by an independent technique.

3.5. Common Pb corrections for U-Pb SHRIMP data

Direct measurement of common Pb (monitored using 2%“Pb) of cassiterite by SIMS is
difficult due to the generally low concentrations and an isobaric interference between
186\WW180* and 2%Pb, requiring a mass resolution of ~10 000. Similarly, there is an
isobaric inference between '2°Sns'®0** and 232Th'O* (see section 4.3) that would
require a mass resolution of ~12000 to separate the two peaks. However, at 12000
mass resolution only approximately 70% of secondary ions are transmitted through
the source slit, compared to approximately 90% transmission at 6000 mass resolution.
Achieving the resolution required to separate these species would be at the expense

of net counts, which are already low, and thus not practical.

In the Yankee and Euriowie cassiterite the highest count rates are on 2°Pb* followed
by 297Pb* followed by 2®Pb*. To correct for common Pb in age calculations we apply
both the 207-method for higher count rates and the 208-method for its reliability in low
Th/U minerals (Zack et al. 2011). Thorium concentrations in cassiterite are
predominantly <0.1 ppm (Gulson & Jones 1992; Jiang et al. 2004; Li et al. 2016).
Corrections were applied post-analysis using age-appropriate (243 Ma and 1585 Ma
respectively) common Pb compositions from the Stacey & Kramers (1975) terrestrial
model: Yankee cassiterite: 2°°Pb/?%%Pb = 0.474, 297Pb/?%®Pb = 0.413; Euriowie
cassiterite: 2°6Pb/2%8Pb = 0.449, 207Pb/?98Pp = 0.431. The reference Yankee cassiterite

grain contained negligible common Pb and no corrections were required.

3.6. Oxygen isotopic compositions
Ci—g)sample

Oxygen isotopic compositions (6180, where §'0 = | -5
<W>VSMOW

—1 ]*1000) of the

Elsemore cassiterite were measured during a single session using the SHRIMP Sl at

the Research School of Earth Sciences, ANU. A primary Cs* beam of 12 nA was



focussed to a ~25 ym spot. A single cassiterite crystal with one crystallographic
orientation was used as a reference throughout the session, assuming a §'30 value
of 2.0 £ 0.3 %0 based on bulk fluorination analysis of the Elsmore cassiterite (Section
2). Negative sputtered ions were extracted from the sample at 10 keV. The '®O- and
180" isotopes were measured simultaneously with two Faraday cups (Ickert et al. 2008)
at a mass resolution of 10000 and the data were processed using the POXI in-house
software. All analyses were normalised to the composition of the single orientated

reference crystal.

4. RESULTS

4.1. Cathodoluminescence Imaging

Cassiterite is opaque or translucent to reddish brown in transmitted light depending on
its chemical composition. Internal textures in opaque grains are difficult to identify by
light microscope techniques and so cathodoluminescence (SEM-CL) imaging was
used to examine internal characteristics of individual grains. The textural features
revealed by CL primarily originate from the substitution of Ti, Fe and W for Sn (e.g.
Farmer et al. 1991). Titanium and W quench the afterglow and result in dark features,

whilst Fe is a luminescence activator and results in light features.

Internal textures of the Yankee and Elsemore cassiterite defined by the CL imaging
are illustrated in Figures 3 and 4. The Yankee cassiterite displays primary growth
textures of concentric and sector zoning, with minor secondary alteration. Linear
banding of light and dark zones, commonly concentric, is ubiquitous. Bands range
between 1-200 ym in thickness and have both abrupt and diffuse boundaries. This
banding can be both cyclic, showing repeating light to dark transitions (=Figure 3E, F
and H) and gradational from light to dark (or dark to light) (=Figure 3B and D). Sector
zoning is also common and always defined by dark features (Figure 3A). This does
not preclude chemical zoning in non-activator elements. In some grains the boundary
between sector and concentric zoning is defined by a change in crystal orientation
(Figure 1) and elsewhere only by chemical composition. Mineral inclusions (mica) are
common in the Elsemore cassiterite but rare in the Yankee cassiterite. Secondary
features are common in both deposits and are readily identifiable by CL imaging.
Generally these consist of alteration along cracks and at the boundaries that show up

as extremely bright CL.



Internal textures of the Euriowie pegmatitic cassiterite grains are displayed in Figure
4. The rhythmic banding observed in the Yankee and Elsemore cassiterite is rare in
the Euriowie cassiterite (Figure 4A). Instead textures are dominantly defined by
curved, discontinuous and diffuse bands of light and dark features creating an overall
mottled appearance. Single bands rarely exceed 150 pym in length and are mostly less
than 50 ym wide. Grains are commonly cracked and include numerous, strong

luminescent (extremely bright) inclusions.

4.2. Crystallographic orientations

Crystallographic orientation data (Appendix 2) for the Yankee and Elsemore
cassiterite grains are displayed in an inverse pole figure (Figure 5A), which shows
the angular differences between the sample and a reference frame (Bolzan et al.
1997). The three reference planes displayed (001), (100) and (110) represent
rotations around the a, b, and c axes. Cassiterite has two maijor crystal faces, (100)
and (110) (Figure 5B) which are imperfect and indistinct respectively, whilst (001) is

not a recognised terminal plane.

After crushing and milling, cassiterite separates generally displayed dominantly
conchoidal fractured surfaces rather than the terminal growth faces shown in Figure
5B. This is evident in Figure 5A by a scattering of crystallographic orientations in
both the Yankee and Elsemore cassiterite. There is a scarcity of data points from
both samples near to the (001) plane. The Elsemore cassiterite shows a slight
preference for surfaces towards the (100) plane compared with the Yankee

cassiterite.

4.3 Pb/U data and relative sensitivity calibration for SHRIMP

Sixteen of the Yankee cassiterite grains containing 26 defined crystallographic
domains were analysed by SHRIMP RG. Another 10 grains of the Euriowie cassiterite
with unknown crystallographic orientations were also analysed. These data are

presented in Appendix 3.



All measured Pb/U ratios were corrected by normalisation to a single reference crystal
of Yankee cassiterite. This single crystal displayed a restricted range in counts per
second (Cts/s) on the '2*Sn,'8QO,* reference mass (11158-13975 cts/s),UO2*/UO*
(3.45-4.24) and 2%6Pb*/2%4UO* (0.074-0.135).

Measured 2%Pb*/238U* values of cassiterite grains analysed as unknowns were 20-35
times higher in the Yankee cassiterite and 9—19 times larger in the Euriowie cassiterite
than the ideal values calculated from the assumed ages (243 Ma and 1590 Ma
respectively). lonisation of UO2*, UO* and U* relative to 2°6Pb of all crystallographic
orientations displayed linear relationships in the approximate proportions 42:11:1
respectively for the Yankee cassiterite (Figure 7A) and 23:13:1 for the Euriowie

cassiterite (Figure 7D).

The range in UO2*/UO* (3.20-4.39) and 2%Pb*/2%*U0O" (0.073-0.135) in the Yankee
grains analysed as unknowns was slightly larger than the single crystal (Figure 6A)
The Euriowie cassiterite varied slightly more with UO2*/UO* between 1.338 and 3.131,
and 2%°Pp*/2%4UO* between 0.224 and 0.517. Despite this variation, there is no
apparent relationship between counts on the reference peak and UO2*/UO* values for

either sample (Figure 7B and D).

The covariance between Pb*/UO" and UO2*/UO" in the Yankee cassiterite analyses
is relatively restricted, and could be described by either a linear or a power function in
order to define ‘a’ in Equation 1 (Figure 8). The Euriowie cassiterite displays a more
extended array than the Yankee cassiterite in Figure 8. A regression through these
data defines a power function with a slope of 0.780.

4.4 SHRIMP Pb/U cassiterite ages
4.4.1 Yankee cassiterite

The calculated RSF values from the Yankee cassiterite range between 0.0297 and
0.0403 compared to the calculated weighted mean RSF of the reference grain (0.0312
+ 0.001 or 3.4%). After correcting for the sputtering bias using Equations 1 and 2,
206pp/238Y values ranged between 0.03531 and 0.04795. An F-test indicates these
compositions define a single population with a weighted mean of 0.03905 £ 0.00072
(1.9%), slightly higher than the assumed ideal value at 243 Ma (0.0384) and
corresponding to an age of 246.9 £ 4.5 (1.8 %).

10



Common Pb was then corrected using the 207 and 208 methods. Cassiterite rarely
contains significant amounts of 232Th for 208 corrections (Gulson & Jones 1992; Jiang
et al. 2004; Li et al. 2016). However, quantifying the Th concentration for the 208-
method is difficult due to an isobaric interference with '2°Sn4'®0**. This is illustrated in
Figure 9A which shows a strong correlation between the reference mass and
282TRh16Q*, However if 208Pb was the daughter product of 232Th, and 232Th was in
equilibrium with 238U, its concentration within cassiterite should correlate with the
concentration of radiogenic 2°Pb. Figure 9B and C show that 2°®Pb* and 2°Pb* are
not correlated in both the Yankee and Euriowie cassiterite. The comparable common
Pb age estimations by the 207 and 208 methods (see below) also indicate very little

radiogenic 2°8Pb in either of these cassiterite samples.

Common 2%Pb (using a 2%Pb correction) was as high as 18% in the Yankee
cassiterite, but for most samples <4%. Age estimations for individual crystallographic
domains are displayed in Table 1. Using the 208-correction method reduced the
weighted mean 2%Pb/?38U age to 242.9 + 4.8 (1.8%), which is identical to the current
best age estimate of 243 Ma. Similarly, use of the 207-correction method reduced the
weighted mean age to 243.9 + 4.8 (1.8 %). The analysis requiring the highest (18%)
common 2%Pb correction (Y6.1.2) had an uncorrected 2°6Pb/?%8U age of 302 + 16 Ma,
and 208- and 207-corrected ages of 246 + 17 Ma and 245 + 13 Ma respectively,
indicating an appropriate initial common Pb ratio was used. Notably after all
corrections there is no relationship between the crystallographic orientation of the

Yankee cassiterite grains and counts on the reference mass, UO2*/UO* or Pb*/UO"*

values (Figure 10) and calculated ages (Table 1).

4.4 .2 Euriowie Cassiterite

The RSF for individual analyses of the Euriowie cassiterite is calculated from the mean
UO2/UO of the standard (Section 3.4) assuming a perfect fit of the regression, and that
the UO2/UO values of the standard and sample are comparable. However as the
UO2/UO values between the Euriowie cassiterite and the standard do not overlap
(Figure 10) additional uncertainty must be included. This error was quantified using a
robust regression analysis within ISOPLOT (Ludwig 1991). As shown in Figure 8, this
results in Euriowie cassiterite analyses with UO2/UO values more similar to that of the

Yankee cassiterite having lower associated error.

11



The resulting calculated 2°6Pb/238U ages for the Euriowie cassiterite have large errors
for individual analyses (200-300 Ma) and the error-weighted ages and are not
practical for precise age dating. Using a calibration slope of 0.7799 leads to sputter-
corrected, mean-weighted, and 208-corrected 2°°Pb/?38U age of 1433 + 100 Ma and a
207-corrected 2%°Pb/228U age of 1413 + 110 Ma, both of which underestimate the 208-
corrected 297Pb/2%Pb age. A calibration slope of 1 still appropriately defines the array
in Figure 8 and leads to 208-corrected and 207-corrected 2%°Pb/?38U ages of 1534 +
110 Ma and 1521 £+ 120 Ma respectively. With this calibration slope, RSF values range
between 0.137 and 0.184 and sputter-corrected 2°°Pb/238U values between 0.233 and
0.313. The mean-weighted uncorrected 2°Pb/238U age was 1539 + 110 Ma (3.0%) Ma.

Measured 29"Pb/?%Pb values ranged between 0.089-0.252, with a mean-weighted
average of 0.1029 + 0.0038 (3.7 %; 95% conf.), slightly higher than the ideal value
(0.09819). Individual analyses often have large errors in calculated ages (>100 Ma;
Table 2). The uncorrected mean-weighted 2°”’Pb/2%Ph age was 1666 + 51 (3.0; 95%
conf.) Ma. Calculated common 2%Pb (208) was as much as 7%, but predominantly
below 2%. The mean weighted 208-corrected 2°’Pb/?°Pb age from all analyses was
1588 + 42 (2.6%; 95% conf.) Ma.

4.4. Oxygen isotope results

The results of SHRIMP Il oxygen isotope determination of the Elsemore Cassiterite
are compiled in Appendix 4. Count rates on 'O from the reference grain of Elsemore
cassiterite varied between 2.289 x 10°—2.781 x10° cts/s, whilst the data for all grains
varied only slightly more between 2.301 x 10°— 2.889 x10°. Conventional fluorination
analysis of the Elsmore cassiterite yielded a weighted mean 630 of 2.0 + 0.3 %o for six
splits of ~5 mg each. This value was assigned as the calibration value for the single
crystal used for reference. Apparent §'80 values for this reference grain ranged
between 1.15 and 2.82 %o, giving an uncertainty on the weighted mean value (1.98)
of £ 0.16 %o (95% conf.). Apparent §'80 values of the Elsemore grains analysed as
unknowns varied between 1.18 and 3.43 %., with a weighted average of 2.22 + 0.11
%0 (95% conf), within error of the reference grain (Figure 11). Standard error estimates
for individual analyses ranged between 0.08 and 0.65%.. Numerous measurements

were taken on individual crystallographic orientation domains. These data are

12



summarised in Table 3. Whilst 3'80 values vary significantly between these domains,
there is no apparent relationship between crystallographic orientation and 580 values
(Figure 12). Compositions measured within a single crystallographic orientation varied
by as much as 1.5%0 suggesting large internal heterogeneity. There is a grouping of 4
analysis ~15° from the 100 plane and ~80 ° from the 001 plane with a high 6O count
rate (Figure 12; circled). This is a similar orientation to that for maximum count rate
from rutile reported by Taylor et al. (2012) in rutile (78° from 001, 15° from 110).

5. Discussion:
5.1. Crystallographic orientation effects on SIMS U-Pb data

In their SIMS analyses of rutile, Taylor et al. (2012) showed variable ionisation of UO*
relative to 29°Pb* compared with UO2* relative to ?°°Pb* (Figure 7E). Similarly they
documented variations of between 300-1800 total counts on the reference mass
(*8Ti3'803*) that co-varied with UO2*/UO* (Figure 7F), with high total counts on the
reference mass being associated with high UO2*/UO*. Those authors proposed
primary ion channelling — the implantation of primary ions along particular
crystallographic planes - resulted in variable sputtering rates. Orientations with higher
sputter rates (shallower ion implantation) consumed more O at the interface of the
primary beam and sample surface than low sputtering rates (deeper ion implantation;
Schmitt & Zack, 2012). Increased consumption of this O lead to the variable ionisation
of UO" relative to UO2" that affected sputtering calibrations relying on this ratio

(Equation 1).

It is difficult to identify such effects in our data despite large variations in cts/s on the
Sn202" reference mass (10327-19078 cts/s). Within the single orientation domain on
the reference grain (Y12), cts/s on the reference mass varied between 11158 and
13975. If ion channelling is occurring it appears to be insignificant relative to variations
in primary beam intensity or ion yields. Measured UO2*/UO* values in the Yankee
(3.20—4.39) and Euriowie cassiterite (1.34—3.13) varied slightly more than observed
by Taylor et al. (2012) for rutile (0.57-1.48). However the percentage variation of
UO2*/UO" in rutile is more than double that of the Yankee cassiterite. Unlike rutile there
is no covariance between total counts on the reference mass and UO2*/UO" in the

Yankee (Figure 7B) and Euriowie cassiterite (Figure 7D) and most importantly the
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variable ionisation of UO* in rutile reported by Taylor et al. (2012) (Figure 7E) is clearly
not present in cassiterite (Figure 7A and C).

Calculated 2%5Pb/2%U age estimates of the Yankee cassiterite with 26 different
crystallographic orientations yielded a weighted mean error of ~5 % (Table 1). In
contrast, Taylor et al. (2012) highlighted potential weighted mean errors of up to 15%
were possible in rutile owing to the poorly defined calibration slope. This large error is
attributed to the large variation in UO2*/UO* values associated with crystallographic

orientation.

5.2. 880 variations in the Elsemore cassiterite: real or analytical uncertainty?

Cassiterite commonly forms in complex geological environments with dramatically
changing temperatures and numerous fluid sources (e.g. Sun and Eadington 1987,
Ren et al., 1995) and thus the 580 values within cassiterite can be expected to vary.
The two methods providing the most precise 8'80 determinations in a wide range of
samples are fluorination, by which bulk samples (> 5 mg) are reacted with F2 or BrFs
to create O2, and laser fluorination, which rapidly and efficiently heats the sample to
produce O2 and requiring > 0.3 mg of bulk separates. However in both these bulk
techniques, inter- and intra-grain heterogeneities cannot be assessed. Cassiterite
geothermometry by these methods, which is based on the temperature dependent
fractionation of oxygen isotopes between quartz and cassiterite (e.g. Hu et al. 2005),
assumes that all grains analysed are in isotopic equilibrium and are internally

homogeneous.

The SHRIMP Sl results reported here indicate that the 5’80 measured on a cassiterite
crystal with a single crystallographic orientation can vary by as much as ~2%.. During
SIMS analysis of oxygen isotopes the dominant source of instrumental mass
fractionation is the composition of the target mineral. Therefore the ~2%o variation
observed in a single homogenous composition cassiterite grain is likely an
approximation of the true internal O isotopic heterogeneity in that grain. Determining
whether variations outside this range are real or related to differences in the
crystallographic orientation is difficult. Huberty et al. (2010) reported crystallographic
orientation effects in SIMS analysis of magnetite of 50 of 2—-3 %o, however within a
single grain orientation the precision was 0.4 %o (2SD), which is more typical for O-

isotopic analysis of homogeneous materials by SIMS (e.g. Ickert et al. 2008; Huberty
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et al. 2010). At the present, it is therefore difficult to differentiate true compositionl
heterogeneity from crystallographic orientation effects in the Elsemore cassiterite at a
precision less than 2%.. Future work needs to identify suitably homogenous natural
reference materials or develop methods to synthesize cassiterite crystals, which has

proven particularly challenging (e.g. Shimada et al., 1982).

5.3. Causes of crystallographic orientation effects: cassiterite vs. rutile

The documented occurrence of large crystallographic orientation effects in rutile (Li et
al. 2010, 2011; Taylor et al. 2012; Schmitt & Zack 2012; Shulaker et al. 2015) but not
the isostructural cassiterite (this study) indicates that a fundamental difference
unrelated to crystallographic structural parameters may contribute to crystallographic
orientation effects, During SIMS analyses, the interaction between an incoming ion
and a target sample is highly complex, involving numerous variables including the type
of primary ion, impact angle and energy, and the composition, bond strength and
structure of the sample matrix. Many models for the origin of orientation effects focus
predominantly on the crystallographic structure of the target minerals (Huberty et al.
2010; Taylor et al. 2012; Schmitt & Zack 2012). This is particularly warranted for rutile
and cassiterite as Lumpkin et al. (2010) show that both minerals maintain their crystal
structure and are not amorphised under ion bombardment more intense than that
experienced in SIMS. Below we briefly discuss the possible mechanisms that might
contribute to crystallographic orientation effects in relation to key structural and mineral

physics parameters that differ between cassiterite and rutile.

Primary ion channelling is a well-documented process, describing the implantation of
primary ions along particular crystallographic planes. Primary ions entering the target
mineral directed parallel to a crystallographic plane will travel deeper into the structure,
whilst primary ions directed perpendicular to a crystallographic plane will interact with
the top layers. lons implanted deep into the target surface resultin much less sputtered
material (Benninghoven 1994). Secondary ion focussing occurs when collisional
cascades are focussed along or between crystals planes, imposing a preferred
orientation on secondary ions ejected from the sample (e.g. Huberty et al. 2010).
There is, however, no unifying model for crystallographic orientation effects, with

primary ion channelling the preferred mechanism in U-Pb studies (Schmitt & Zack
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2012; Taylor et al. 2012) and secondary ion focussing in light stable isotopic studies
(Huberty et al. 2010), despite a comparable relative mass difference (e.g. 0 is 12.5%

heavier than 80 and 28U is 15.5 % heavier than 2°5Pb).

Taylor et al. (2012) showed that much of the variation in SIMS U-Pb analysis of rutile
occurs over a ~5° rotation between the 010 and 110 cleavage planes. As in cassiterite
(Figure 6B), these planes are parallel to the major axis of the crystal and if exposed
after crushing and/or milling provide an ideal surface for mounting. Crystallographic
orientation effects may therefore be exaggerated in rutile due to a preference to mount
in these orientations. Conversely cassiterite in this study showed a wide variety of
orientations consistent with the dominant conchoidal fracture noted in the separates.
As we show here the sputtering calibration equations adequately account for much of
the variation seen in UO2*/UQO", resulting in accurate and moderately precise Pb/U
values. We thus conclude that cassiterite does not display the predominant
crystallographic orientation effect documented in rutile and suggest that for cassiterite

there is a compositional control on the calculated Pb/U.

How primary ion channelling leads to variations in calculated Pb/U values is unclear.
Several authors have mitigated some of the effects of crystallographic orientation
during U-Pb analysis by flooding the chamber with oxygen (Schuhmacher et al. 1994;
Li et al. 2010; Schmitt et al. 2010; Schmitt & Zack 2012) with the added advantage of
increasing 2%°Pb* yields. In both rutile and baddeleyite this had the effect of reducing
the range of UO2*/U* values and total sputter yield (Schmitt et al. 2010; Schmitt & Zack
2012). Schmitt & Zack (2012) suggested that increased sputter rates, associated with
less primary ion channelling, progressively deplete the surface layer of oxygen,
resulting in a larger range in UOx"/U* values. This is in agreement with Magee et al.
(2014) who showed that approximately half of the O in the secondary ion beam is
sourced from the sample itself, whilst the rest comes from the primary ions or gas in
the vacuum chamber. Thus the availability of introduced O can affect the production
of UOx™.

A potential contributor to the effects of crystallographic orientation effects is the large
and highly variable dielectric constant of rutile (86-170) which is related to
crystallographic orientation (Diebold 2003). Conversely the dielectric constant for

cassiterite is low and restricted to between 9-14 (Shannon 1993). This contrast is
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thought to be related to the different cell dimensions and electronic structures of the
Sn and Ti oxide matrices (e.g. Kumar et al. 2011; Machesky et al. 2011; Gao et al.
2014). The strong and highly variable dielectric constant of rutile may locally alter the
electronic field gradient, leading to a defocused or misaligned secondary beam
dependent on the crystallographic orientation. Thus secondary beam optimisation
should be undertaken to account for this variation by optimisation on numerous grains
as suggested by Taylor et al. (2012). The variable ionisation of UO™ relative to the
reference mass and 2°°Pb* reported by Taylor et al. (2012) may thus be related to the

variable secondary ion energy distribution of UO™ relative to UO2".

6. CONCLUSIONS

Crystallographically oriented grains of cassiterite were measured for U-Pb and O
isotopic compositions by SHRIMP ion microprobes to assess the possible effects of
orientation on U-Pb and oxygen isotopic measurements. The results indicate minimal,
if any, effects of crystallographic orientation for cassiterite during SIMS analysis, in
contrast to previous studies of the isostructural mineral rutile. Specifically, unlike rutile,
the range in measured UO2*/UQO" ratios and in reference mass cts/s is not sensitive to
crystallographic orientation. Relatively large variations in apparent 60 within
individual grains of the Elsemore cassiterite analysed here highlight the need for in-
situ techniques, particularly for thermometry. In this study, the inferred intra-crystal
heterogeneity of the cassiterite limits the identification of crystallographic orientation
effects to <~2 %o. The physical processes leading to these crystallographic orientation
effects are still unknown, although fundamental differences in the electronic structure

of cassiterite compared to rutile may be influential.
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Figures

Figure 1: Scanning Electron Microprobe (SEM) cathodoluminescence (CL) image of a
Yankee cassiterite grain used in this study. The crystallographic orientation of the
sectors within the grain are represented by the colour coded unit cells and major axes
(red = c, green = a, blue = b). It is common in the Yankee and Elsemore cassiterite for

the CL zoning to be coincident with changing crystallographic orientation.

Figure 2: SHRIMP RG mass spectra of a W-rich Yankee cassiterite grain showing A)
the potential major mass interferences with 2%4Pb) the clearly resolved 2°°Pb peak and
small to non-existent 2°’Pb and 2°8Pb peaks, and C) the increasing signal of U species
from 238U to 2%8U"'60 and 238U'®02. lonised Sn molecules are present adjacent to all
peaks and can be used to specifiy the positions of small U and Pb signals with a trim

offset.

Figure 3: SEM CL images of the Yankee cassiterite (A—D) and the Elsemore cassiterite
(E—H) grains used in this study. White scale bars are 200 um. The Yankee cassiterite
commonly shows concentric zoning (B, C and D) and minor sector zoning (A and C).
Secondary alterations and inclusions are rare but identified by bright CL response (e.g.
A and C). The Elsemore cassiterite typically exhibits concentric zoning (E-F) with
minor alteration along internal cracks (G) and with inclusions (E,F and G) defined by

bright CL response . The bright CL inclusions are Fe- or Ti- oxides.

Figure 4: SEM CL images of the Euriowie cassiterite grains used in this study. White
scale bars are 200 um. Internal textures are curved, discontinuous and diffuse bands
of light and dark features creating an overall mottled appearance. Very bright oxide

inclusions are common to the Euriowie Cassiterite.
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Figure 5: (A) Inverse pole figure representation of all crystallographic orientations of
the Yankee and Elsemore cassiterite used in this study. Cassiterite does not show a
preferred orientation when mounted into epoxy; this is in contrast to isostructural rutile

(e.g. Taylor et al. 2012) B: 3D model of cassiterite with terminating surfaces labelled.

Figure 6: Variation over time between UO2/UO* (A), Relative Sensitivity Factor (B) and
206pp*/238J (C) for the Yankee cassiterite. Variations of these measured ratios on the
single orientated crystal internal reference (red) are comparable with those ‘unknown’

measurements on all crystallographic orientations (blue).

Figure 7: SHRIMP Yankee (A and B) and Euriowie cassiterite (C and D) data used in
this study compared to SIMS rutile data (E and F) of Taylor et al. (2012). Cassiterite
in this study displays linear relationships between 2°6Pb and the measured U species
(A and C) compared to rutile which show variable ionisation of UO* relative to 2%5Pb.
Cts/s on the reference mass in cassiterite do not correlate with UO2/UO values (B and
D), unlike in rutile (F; Taylor et al. 2012).

Figure 8: Logarithmic calibration graph of SHRIMP U-Pb data from the Yankee and
Euriowie cassiterite. The tight cluster of Yankee data defines a slope of 0.697,
however the more variable Euriowie cassiterite, with a slope of 0.780, is less
constrained. To account for the uncertainty due to an offset in UO2/UQ values between
the Yankee reference grains and the Euriowie grains a robust regression analysis is

included.

Figure 9: SHRIMP U-Pb data for cassiterite. A) Cts/s on the reference peak are
correlated with 232Th'®Q* indicating an isobaric interference such that Th
concentrations cannot be directly measured. However, the linear correlations between
207Pp and 2%Pb but not 2°2Pb and 2°Pb indicate that most 2°2Pb originates as common
Pb in the Yankee Cassiterite (B) and the Euriowie Cassiterite (C) and can be used for

common Pb corrections of the 296Pb.
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Figure 10: Cts/s on reference peak Sn202" (A), UO2/UO* (B) and Pb/UO* (C) values
of the Yankee cassiterite relative to crystallographic orientation depicted in an inverse
pole figure. The lack of any correlation between these parameters indicates minimal

effect of orientation on SHRIMP measurements.

Figure 11: All '80vsmow Elsemore cassiterite values, normalised to a singly orientated
crystal, grouped by their crystallographic orientation. Intra-grain variations for a single

orientation can be as large as 1.5 %o.

Figure 12: Cts/s on 'O (A) and 60 (B) for Elsemore cassiterite relative to
crystallographic orientation depicted in an inverse pole figure. A grouping of 4 analyses
(circled) ~15° from the 100 plane and ~80 ° from the 001 plane with high 6O count
rate (A) may indicate ion channelling, however it is not manifested in the U-Pb data or

the 680 values.
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Figure 7
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Figure 9
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Figure 10

x10°

43

4.2

4.1

4.0

0.094
110.09

0.086

0.082
Pb*/UO"

0.078

0.074

37



Figure 11
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Figure 12
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Table 1: Summary of SHRIMP 206Pb/238U age data for the Yankee cassiterite.

Weighted means were calculated for each crystallographic orientation.

Y1.2 2 258 21 259 21
Y1.3 4 244 24 244 24
Y3.1 4 242 13 243 13
Y4.1 2 242 35 242 33
Y5.1 2 241 36 247 32
Y5.2 1 256 13 243 33
Y6.1 2 240 31 244 24
Y6.2 1 255 15 254 15
Y6.3 2 242 28 242 28
Y7.1 2 251 24 253 24
Y7.2 2 232 24 231 24
Y8.1 2 230 26 233 27
Y8.2 2 246 18 246 18
Y9.1 2 229 24 260 13
Y10.1 1 260 13 260 13
Y10.2 1 244 29 249 29
Y10.3 1 262 16 265 16
Y11.1 1 223 12 223 12
Y11.2 1 249 15 250 15
Y13.1 1 233 14 234 14
Y14.1 1 244 33 248 33
Y15.1 1 227 13 226 13
Y15.2 1 249 13 251 13
Y16.1 1 252 13 253 13
Y17.1 2 244 20 245 20
Y18.1 1 230 12 227 12
Total 2429 48 2439 4.8
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Table 2: SHRIMP 207Pb/206Pb age data for the Euriowie cassiterite.

208
Uncorrected corrected

207pb/206pb 207pb/206pb
Crystallographic ~ Age with 10 Age with 10
domain uncertainty uncertainty
E1.1 2251 270 2128 228
E1.2 1692 125 1593 147
E2.1 1737 109 1648 123
E3.1 1687 46 1663 52
E4.1 1595 139 1509 174
E4.2 1423 158 1264 237
E4.3 1649 143 1475 183
E4.6 1645 160 1481 211
E5.1 1807 304 1202 484
E5.2 2375 289 1392 421
E5.3 2143 285 1470 370
E6.1 1633 122 1534 150
E6.2 1641 276 1107 454
E6.3 1798 24 1674 42
E6.4 1612 112 1538 138
E6.5 1644 35 1625 40
ES8.1 1606 28 1547 37
E8.2 1529 48 1512 60
E8.3 1522 52 1457 68
E8.4 1610 53 1567 64
E9.2 1421 127 1306 185
E13.1 2049 185 1886 184
E13.2 1397 147 1337 211

Total 1666 51 1588 42
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Table 3: SHRIMP Sl 6180 average values for each crystallographic domain in
the Elsemore Cassiterite.

Variations reflect isotopic heterogeneity rather than orientation effects.

No. of

Crystallographic analyses Average

domain (rejected) 6180 2SD
E2.1 1 235 0.80
E2.2 3(1) 1.36 0.10
E2.3 1 1.75 0.17
E3.1 2 262 0.16
E5.1 2 3.05 1.30
E6.1 23 (1) 258 0.79
E6.2 2 246 044
E7.1 4 2.21 0.28
E7.2 1 230 0.28
E8.1 4 225 1.00
E8.2 2 294  0.51
E9.1 4 2.27  0.60
E10.1 4 210 0.20
E10.2 2 200 1.25
E11.1 4 263 0.82
E12.1 2 213 0.84
E13.1 5 288 043
E14.1 6 233 0.66
E14.2 2 1.80 0.15
E15.1 4 1.99 0.86
E15.2 2 1.62 0.30
E15.3 1 3.24 027

Total 240 0.97
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