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Abstract
In this paper, we describe an in-situ non-destructive technique to identify areas within
zircon crystals that have experienced fluid exchange. We show that Raman spectroscopy
combined with electron microprobe trace-element analysis can be used to pinpoint areas
in altered, complexly zoned, and metamict zircon that record the original magmatic
compositions. These techniques are developed on a suite of Paleoproterozoic zircon
crystals from the Scourie dyke swarm in the Archean gneiss terrane of NW Scotland that

are known to be anomalously low in & '*O.
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We show that zircons from the Scourie dykes record extremely low & '*O isotopic
compositions down to ~ —3 %o which reflect their magmatic values. Zircon populations
from the dykes have a range in & 'O from low values (<O %o) up to ~5 %o with no
obvious relationship between oxygen isotopic composition and cathodoluminescence.
Raman spectra from the zircons show evidence for fluid interaction in some areas of the
grains because of partial recrystallization and atypical radiation damage properties.
Electron microprobe analysis in the same areas documents high (>1000 ppm) U
concentrations and high (>1000 ppm) abundances of non-formula Ca. When the
combined Raman and electron microprobe data are used to filter the oxygen isotopic data,
the fluid altered areas of the grains show consistently higher & '*O values than the areas
without evidence for fluid alteration. The low & '®O values therefore reflect the original
magmatic composition of the grains and indicate that the Scourie dyke magmas were low
in "%O. We suggest that these non-destructive techniques should be used prior to SIMS

analysis of complex zircons to target the least disturbed areas of the grains.

Introduction
In magmatic systems, oxygen isotopes are used to probe the origin of magmas, evaluate
inter-mineral equilibrium, and calculate the temperatures of mineral pairs (e.g. Valley et
al. 1986; Valley and Cole, 2001). The oxygen isotopic composition of a rock can be
altered through geological processes, such as metamorphism, where increased
temperatures and fluid-rock interaction enhance isotopic exchange between minerals via

grain boundary and volume diffusion (see Valley, 2001). Hydrothermal alteration may
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also significantly alter the oxygen isotopic composition of a rock through exchange
between the minerals and the fluid, thereby reducing the ability to obtain meaningful

geological information about its origin.

Zircon is one of the most robust recorders of the oxygen isotopic composition of a
magmatic rock as it may retain the original isotopic signature through high-grade
metamorphism and even anatexis (see Valley, 2003). Both experimental and natural
samples suggest that oxygen isotopic diffusion in crystalline zircon is extremely slow
even at high temperatures (Muehlenbachs and Kushiro, 1975; Cherniak and Watson,
2003; Page et al. 2007; Bowman et al. 2011). However, damage to the zircon crystal
structure can occur through several processes, including radiation damage due to the
presence of elevated concentrations of radioactive elements U and Th (Booth et al. 2005).
Enhanced radiation damage creates amorphous domains and a porous structure that is
susceptible to fluid infiltration and oxygen isotopic exchange (Valley et al. 1994; Geisler

et al. 2003a).

Zircon that has experienced fluid exchange may be indirectly identified because the
exchanging fluid causes disturbance in other geochemical properties of the crystal, not
simply oxygen isotope systematics (e.g. Valley, 2003; Valley et al. 2005; Cavosie et al.
2005, 2006; Booth et al. 2005;). Zircons that have experienced fluid exchange typically
have disturbed U-Pb isotopic systematics, recognized by discordance in their **°Pb/**U
and “Pb/”°U dates (e.g. Krogh, 1982; Valley et al. 1994; Geisler et al. 2003b.c;

Breeding et al. 2004), alteration of zoning seen in cathodoluminescence (CL) and back-
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scattered electron images (Corfu et al. 2003; Geisler et al. 2007), elevated trace element
contents (Geisler et al. 2002, 2003b; Rayner et al. 2005), as well as disturbance of the

oxygen isotope systematics (Valley et al. 1994; Valley, 2003).

Populations of fluid-altered zircon can produce highly variable U-Pb ages and oxygen
isotopic compositions that are difficult to interpret, clouding the true geologic history
(e.g. Nemchin and Pidgeon, 1997; Pidgeon et al. 2013). In these cases, numerous
analyses, and often multiple techniques, are required to “see through” the effects of the
fluid alteration in order to determine the original age and oxygen isotopic composition of
the zircon and host rock (e.g. Liu and Zhang, 2013). Even so, the original magmatic

composition of a fluid-altered zircon may still be unclear.

Here we show that recognizing the oxygen isotopic disturbance in zircon may be better
evaluated through a combination of Raman spectroscopy and trace element analyses, as a
compliment to U-Pb dating and CL imaging. We describe a non-destructive technique
that can be used to determine which zircon grains or areas of grains record the original, or
near-original oxygen isotopic composition of a zircon population. This is especially
useful in scenarios where the whole rock (WR) oxygen isotopic composition has been

modified by secondary processes.

The technique is applied to complex zircon populations from nine mafic Paleoproterozoic

Scourie dykes from NW Scotland, and confirms that these zircons originated from low-0

0 magmas as previously shown by Cartwright and Valley (1991). We are able to
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identify areas in the grains that have experienced the least amount of fluid exchange and

therefore approach magmatic values.

Metamictization and structural recovery

Zircon (ZrSiOy4) is the most common U- and Th-bearing accessory mineral in upper
crustal rocks and therefore, the primary target for U-Pb geochronology (see Hanchar and
Hoskin, 2003). Over time, U and Th decay to different isotopes of Pb via a sequence of
decay reactions ejecting either an alpha particle or a combination of a beta and an
antineutrino particle from the nucleus. The prolonged accumulation of alpha fission track
and alpha recoil (radiation) damage can cause zircon to change from a crystalline to a
metamict state, with alpha recoil causing the majority of the radiation damage (Holland
and Gottfried, 1955; Weber et al. 1994; Ewing et al. 2003). During alpha recoil, the
heavy nucleus (daughter isotope) expends its energy in short-range elastic collisions
causing ~1000 atomic displacements creating a completely amorphous domain with a
diameter of ~5 nm (Ewing et al. 1987, 2003; Geisler et al. 2003a). These amorphous
domains have a unique structure with a matter-depleted core surrounded by a SiO,
polymerized high-density rim (Trachenko et al. 2001, 2002, 2004; Geisler et al. 2003a).
Accumulation of these amorphous domains over time within zircon causes shear
deformation (Rios and Salje, 1999), swelling, and volume expansion (Murakami et al.
1991; Weber et al. 1994), all of which result in a reduction in density (Holland and

Gottfried, 1955).
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Once zircon has reached a state of metamictization such that the amorphous domains
overlap and create an interconnected network (the percolation point from Salje et al.
1999), its low density and porous nature result in an increase in the diffusion coefficient
of water by ~10 orders of magnitude from the original crystalline state (Geisler et al.
2003a). Interestingly, experimental and natural evidence suggests that highly metamict
zircon can be partially recrystallized in the presence of ~200-400 °C fluids infiltrating
through a diffusional process into the crystal (Geisler et al. 2003b,c). Geisler et al.
(2003b) suggest that the partial structural recovery (recrystallization) of zircon is
catalyzed by the diffusion of hydrous species into the grain, which also introduce non-
formula solvent cations such as Ca and Al (Geisler et al. 2002; Hoskin and Schaltegger,
2003; Rayner et al. 2005), and expel non compatible radiogenic Pb which builds up in
metamict areas resulting in Pb loss (Table 1; Pidgeon, 1992; Geisler et al. 2003c; Rayner

et al. 2005). This process is referred to as diffusion reaction.

Recovery from a metamict state via diffusion reaction is not favored in all studies. Putnis
(2002); Tomaschek et al. (2003); Putnis et al. (2005) and Hay et al. (2009) suggest that
metamict zircon can also be dissolved during interaction with fluids and new zircon re-
precipitated epitaxially in its place. This model results in crystalline but highly porous
new zircon growth, pseudomorphing the parent crystal. The newly grown zircon is
devoid of radiogenic or common Pb, has very low contents of solvent cations (U, Th, Ca
etc), has completely reset isotopic systematics, and often contains mineral inclusions
(Table 1). Both the diffusion reaction and dissolution re-precipitation models are end

members of the structural recovery process, and although both models require the
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involvement of a hydrous phase, each model produces distinct features in zircon (Table 1;

Geisler et al. 2007).

Radiation damage and structural recovery is further complicated by the overall
temperature of the hydrothermal system since structural damage due to o radiation can

only be retained in zircon at temperatures below ~250 °C (Murakami et al. 1991;
Meldrum et al. 1999; Geisler et al. 2001; Davis and Krogh, 2000; Moser et al. 2011;

Pidgeon 2013).

In addition to the chemical differences described above, structural recovery through
diffusion or dissolution re-precipitation produces distinctive Raman spectroscopic
responses (Geisler et al. 2001, 2003b,c; Fig. 1). However, the connection between fluid
mediated recrystallization recovery, Raman spectroscopy and oxygen isotopic

disturbance has not previously been established

Raman response to metamictization and structural recovery

Detailed discussions of the Raman response to metamictization in zircon (Nasdala et al.
1995, 1998a, 2001; Zhang et al. 2000a), along with thermal annealing (Zhang et al.
2000b; Geisler et al. 2001a, 2002; Nasdala et al. 2002) and hydrothermal alteration of
zircon (Geisler et al. 2007) have been previously provided, and only the most relevant

aspects are reviewed here.
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Raman spectrometry measures the phonon frequency of a molecular vibration in a crystal.
Phonon modes in crystalline solids have frequencies that relate to the short-range angle
and length of a particular bond, whereas the band-width (full width at half max —
FWHM) is related to long-range order (e.g. Dillon et al. 1984). Therefore, the Raman
properties of zircon are perfectly suited to studying metamictization since both short-
range bond damage (e.g. Frenkle defect pairs) and long-range damage (fully amorphous

domains) build up over time (Fig. 1).

The band-width and frequency of the Raman vs (SiO4) band at ~1000 cm™ are one of the
best indicators of the degree of metamictization in zircon (Nasdala et al. 1995, 1998a,b,
2001; Zhang et al. 2000a). This particular Raman mode measures the degree of order, or
crystallinity in one particular stretching mode of the silica tetrahedra. It retains a degree
of order (producing a measureable peak) even in extremely metamict zircon when all of
the other Raman active modes have been reduced to background.  During
metamictization, the peak of the vs (SiO4) band becomes broader, changing from a band-
width of ~3 cm™ for fully crystalline zircon (position A in Fig. 1) to >30 for extremely
metamict grains (Fig. 1). At the same time, the band becomes less intense and reduces in
frequency from ~1008 cm™ for fully crystalline zircon, to ~995 cm™ for the most
metamict grains (Nasdala et al. 1995; Wopenka et al. 1996; Nasdala et al. 1998a, 2001;
Zheng et al. 2000, Geisler et al. 2003c). The change in parameters follows a linear trend,
which has been referred to as the radiation damage trend (Fig. 1; Geisler et al. 2003c¢).

When the zircon becomes highly metamict, the phonon frequency for the v; (SiO4) band
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stops decreasing but the band-width continues to increase as the zircon moves towards a

completely amorphous state (Fig. 1).

Both types of fluid assisted structural recovery (described above) produce distinct Raman

signatures, which are described below.

Diffusion-reaction. A highly metamict zircon (position B in Fig. 1) will experience a
recovery of short range disorder (e.g. Frenkel defects) after exposure to low temperature
fluids (~200 °C), and this results in the recovery of the frequency of the v; (SiO4) phonon
mode with little recovery in the band-width (Geisler et al. 2002). The band-width of the
v3 (Si04) band can be completely recovered through exposure to higher temperature
fluids, which have higher crystallization kinetics enabling recovery of amorphous
domains. Once a zircon has experienced partial recovery of its radiation damage through
the diffusion-reaction process, the Raman band parameters should significantly deviate
from the radiation damage trend (see blue arrow in Fig. 1); under these conditions, it is
not clear how the Raman band parameters will respond to further metamictization
(perhaps follow the grey dashed arrow to C in Fig 1). The diffusion reaction trend for
structural recovery in zircon is similar to the trend produced through thermal annealing of

radiation damage, however, only recovery through fluid interaction is covered here.

Dissolution-precipitation. Zircon that newly crystallizes from metamict zircon (B in

Fig. 1) through dissolution-precipitation reactions should have a Raman response similar

to crystalline zircon (A in Fig. 1). The parent grain will have a distinct boundary between
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the newly crystallized sections and the old metamict areas. Over time the newly
crystallized zircon should accumulate radiation damage along the radiation damage trend
(move to D in Fig. 1), although the U content of the new zircon is typically low and so it

is unlikely to accumulate damage quickly.

Geological history of the samples
The zircons in this study were extracted from nine dolerite and norite dykes from the
Scourie dyke swarm, Lewisian gneiss complex, NW Scotland (Fig. 2). All but two of the
dykes have been previously dated by the U-Pb TIMS technique (Davies and Heaman,
2014, the ages are shown in Fig. 2) with the remaining two dykes, the NAPI and JD09-2
dykes dated by U-Pb laser ablation inductively coupled plasma mass spectrometry (LA-
ICP-MS) during this study (see Sup. Table 1; Sup. Fig. 1). The zircons fall broadly into
three age categories; 1) ~2.5 Ga, zircons from the North Assynt and Loch a’Choin dykes,
which are interpreted to be xenocrysts rather than primary igneous zircons, 2) ~2.4 Ga,
zircons from JD09-2, Poll Eorna, Badcall Bay, Graveyard, Loch na h, and Lochan Fearna

dykes, and 3) ~2 Ga zircons from the NAPI dyke (Fig. 2).

All of the zircon within the dykes experienced a major Pb-loss event at ~430 Ma, thought
to be related to movement along the Moine thrust belt during the Caledonian orogeny
(Goodenough et al. 2011; Davies and Heaman, 2014). Basement rocks bounding the
fault zone contain metamorphic actinolite replacing hornblende and recrystallization of
feldspar phenocrysts, both of which suggest syntectonic temperatures of 350-400 °C

(upper greenschist) (Holdsworth et al. 2007). Many of the dykes also contain secondary
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epidote group minerals and saucerization of plagioclase (Davies and Heaman, 2014),

which is consistent with fluid alteration of the dykes during the Caledonian.

Previous oxygen isotopic studies of the Scourie dykes have indicated that the Poll Eorna
and Graveyard dykes around the town of Scourie are anomalously low in 8'°0 with WR
(whole rock) values of ~2 %o (Cartwright and Valley, 1991). The isotopically light
signature is thought to be primary and not related to contamination by the Lewisian
gneisses since the surrounding gneisses have §'°O values of >6 %o (Cartwright and
Valley, 1991, 1992). Dykes containing more amphibole have 8'*0 compositions of 5-6
%0, which was thought to indicate interaction with crustal fluids during the Laxfordian
metamorphic event between 1950-1800 Ma (Cartwright and Valley, 1991). However, U-
Pb lower intercept ages of ~430 Ma from the dykes suggest that fluid alteration and Pb

loss likely occurred at ~430 Ma during the Caledonian (Davies and Heaman, 2014).

Analytical techniques

Secondary ion mass spectrometry (SIMS)

SIMS measurements were conducted using a CAMECA IMS1280 multicollector ion
microprobe at the Canadian Centre for Isotopic Microanalysis (CCIM), University of
Alberta. A 1 inch epoxy grain mount containing ~120 Scourie dyke zircons, along with
two aliquots of Mudtank and Temora reference zircons was prepared. After mechanical
grinding and polishing of the mount to ensure a perfectly flat surface, the mount coated
with 5 nm of Au prior to imaging with a scanning electron microscope (SEM). A further

25 nm of Au was subsequently deposited on the mounts prior to SIMS analyses.
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The SIMS analytical conditions for O-isotopes used in this study broadly followed those
described by Ickert and Stern (2013) for garnet. Details of the specific instrument
conditions for the analytical session IP13048 are briefly described here. A '**Cs” primary
beam with ~12 pm diameter probe was rastered slightly during acquisition forming
rectangular shaped sputtered areas ~15 x 18 um across and ~1.5 um deep. A normal
incidence electron gun was used for charge compensation. The transfer conditions for
negative ions from the sample included a 120 um entrance slit, 5 x 5 mm pre-ESA (field)
aperture, and 100x image magnification at the field aperture with the energy window set
at full transmission. Faraday cups were used to simultaneously measure the oxygen
isotopes. Mass resolution (Am/m) was typically 1950 and 2250, for '°0O and 'O
respectively. The stability of the Faraday cup baselines was checked at the beginning of
the day and the baseline was found to be sufficiently stable and low that no further
corrections or analysis was necessary. Secondary ion count rates for '°0O” were ~1.5 - 3 x
10° ¢/s. A single analysis took 4.5 minutes and comprised rastering the probe for 30 - 60
s over a 20 x 20 pm area to clean and implant Cs’, followed by automated secondary ion

tuning, and 100 s of measurement.

Analyses of the reference materials (RM) were processed collectively for long-term drift
and spot-to-spot statistics for the entire analytical session (see Ickert and Stern, 2013).
Instrumental mass fractionation (IMF) was monitored by repeat analyses of the reference
materials in a 1:4 sequence (RM: unknowns) using RMs S0022 (TEM2 Temora) zircon

with 8"* Ovsmow = +8.2 %o (Black et al. 2004) or S0081 (UAMT!1 Mudtank) zircon with
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8" Ovsmow = +4.87 %o (Stern R., unpublished data). Individual spot uncertainties for
8'%0 at 95 % confidence are typically £ 0.2%o, and include within-spot (counting) and

between-spot (geometric) errors.

Scanning Electron Microscopy (SEM) and Electron probe micro-analysis (EPMA)

Scanning electron microsocopy was carried out before EPMA analysis since the
microprobe at the University of Alberta is not equipped with a cathodoluminescence (CL)
detector. The SEM used at the University of Alberta is a Zeiss EVO MAI1S5 instrument,
which operated at 15 kV and ~3 nA. Cathodoluminescence was detected with a high-
efficiency parabolic mirror coupled to a detector (ETP Semra, Pty. Ld., Australia) using a

broadband, high-sensitivity photomultiplier.

EPMA analyses of the zircons were conducted using a JEOL 8900 at the University of
Alberta. EPMA analyses was conducted after SIMS oxygen isotopic analyses and care
was taken to analyze within ~10 wm of the SIMS spots (and Raman spots) to ensure good
spatial correlation between the techniques. Three wavelength dispersive spectrometers
were used, with each spectrometer assigned to two elements. Counting times of 600
seconds on the U-MP and Th-Ma. peaks and 300s on the background were used along
with 60 seconds on the Zr-Lo, Si-Koo and Ca-Ko peaks and 30 seconds on the
background. An accelerating voltage of 15 kV and a 200 nA beam current were used
along with a 2 um beam diameter. Counting statistics yielded lower limits of
quantification of 21 ppm for Ca, 82 ppm for U and 106 ppm for Th (6c above

background; calculated using the formula of Potts, 1992 with the ZAF modification by
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John Fournelle from the University of Wisconsin, Madison). Two secondary standards
(the Mud Tank and Temora zircons) were analyzed 9 times throughout the analytical
session to check for machine drift. Averaged secondary standard values are presented in
Table 2. Measured U content for the Temora zircon (260 = 70 ppm) is in good agreement
with the published values of 228 + 56 ppm (Black et al. 2004). The published Th
abundance is ~100 ppm (Black et al. 2004) which is at the limit of quantification in this

study (6 ¢ above background).

The U content of the Mud Tank zircon is ~30 - 80 ppm (Yuan et al. 2008) which is at the
lower limit of quantification for U in this study. The Th content of Mudtank is ~7 ppm
(Yuan et al. 2008), significantly below the limit of quantification obtained here. The U
content obtained for Mud Tank zircon during this study is 146 + 30 ppm, which is

slightly higher than the U content measured during the study of Yuan et al. (2008).

Raman spectroscopy

Laser Raman spectra were collected at the MacEwan University, Edmonton, using the
532 nm line of an Ar" laser and a Bruker Senterra Raman spectrometer. The scattered
Raman light was analyzed by a charge-coupled device (CCD) detector after being
dispersed by a grating of 1800 groves per mm. A 50x objective lens was used to focus

the laser beam resulting in a spot diameter of 2.5 um, a depth resolution of 5 um and a

3 . 1.
. The spectral resolution was ~3 cm™ with a wavenumber

spatial resolution of <10 um
accuracy of £ ~0.5 cm™', which was determined by analyzing the same spot multiple

times throughout the analytical session. A laser power of 10 mW was used, which has
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been shown to occasionally cause color changes in some strong light adsorbing zircons
(typically black and brown colored grains) at the location of the spot, and melting of the
surrounding epoxy due to heating of the zircons (Nasdala et al. 1998a). However, since
zircons in this study were all transparent, no light absorbed temperature increases were
observed. Also, analysis of the same spot multiple times during the analytical session
indicated that the 10 mW laser was causing no detectable structural changes. Detector
drift was also monitored by analyzing the same sample location multiple times
throughout the session and was determined to be negligible. Spectral data were collected
over a range of 50 - 1500 cm™, to ensure good counting statistics, a sequence of 10
second exposures were collected over a 2 minute period and summed to achieve the final
spectrum. A background measurement conducted prior to every analysis was subtracted
from the spectrum for each sample. Also each sample was inspected to document any
interference from the surrounding epoxy grain mount, as the small size (<~100 pm) of the
zircons resulted in phonons from the epoxy occasionally interfering with the sample
phonons. The interference was monitored by the presence of the characteristic epoxy
peak at ~821 cm™. SIMS analytical pits have been shown to cause no Raman detectable
damage to the crystal structure (Nasdala et al. 1998a). Therefore, to ensure direct
correlation between the Raman spectra and the oxygen isotopic composition, all of the

Raman analyses were conducted inside SIMS pits.

All Raman data was corrected for the effects of the finite slit width on the measured

band-width. The equation
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T =Tu[1-(S/Tw)’] )

was used to correct the peak broadening associated with the finite slit width (Tanabe and
Hiraishi, 1980). Where I', Ty, and S are the corrected band-width, measured band-width,

and spectral slit width respectively.

The alpha dose is the number of atomic displacements caused by the decay of uranium

and thorium per gram of zircon was calculated using:

M3 -10 M5 -10 M3, 10

Da=
where cU and cTh are the concentrations of U and Th in ppm, NA is Avogadro’s number,
Ma3s, Mass and Mas3; are the molecular weights, A235, A235 and Ay3; are the decay constants

232

for each parent isotope (*°U, ***U, ***Th) and t is the amount of time radiation damage

has been accumulating.

All uncertainties reported at the 26 confidence level unless stated otherwise. Analytical
techniques and results for laser ablation inductively coupled plasma mass spectrometry

(LA-ICP-MS) and whole rock oxygen isotope analyses are in supplementary information.
Results

Fluid alteration of zircon can be identified by many different techniques. First we use

SIMS oxygen isotopic analysis, CL imaging, U-Pb dating, and elemental composition to
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indicate interaction between zircon and secondary fluids. We then report the new Raman
spectroscopy results and demonstrate how this technique provides similar and
complimentary information quickly and in a non-destructive manner. Elemental, isotopic

and Raman band parameter data are provided in Table 2.

Oxygen isotopes and CL images

The oxygen isotopic compositions of the zircons from the Scourie dykes are shown
relative to the WR oxygen isotopic compositions in Fig. 3. The high temperature
equilibrium oxygen isotopic fractionation between basalt and zircon is also shown and it
is clear that many samples contain zircon that is dis-equilibrated with the whole rock.
Three samples, Graveyard, NAPI and Loch a’Choin are the most homogeneous; where-as
the other samples have heterogeneous SISOzirC values. Loch na h zircons are the most dis-
equilibrated with the whole rock and have SISOm values as low as —3.7 %o with a range
of ~3.5 %o. It is important to note that only one 8'°O analysis was conducted for each
WR sample and therefore all of the zircon analyses are compared to this one value. In
cases where there is a large variation in SISOm values, the WR 5'%0 value measured

from these altered rock is unlikely to record the original magmatic composition.

CL images of representative zircon samples with the 5'*0 values and SIMS spot locations
are shown in Fig. 4. All grains show a weak CL response with some grains darker than
the epoxy, indicating that they have a high degree of metamictization (Koschek, 1992;

Hanchar and Miller, 1993). The zircons can be divided into three broad groups based on
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their CL properties: 1) zircon showing some igneous oscillatory zoning — Poll Eorna,
Graveyard, Badcall Bay and NAPI; 2) zircon with core and rim type zoning — Loch
a’Choin, North Assynt and JD09-2; and 3) highly altered/metamict zircon — Loch na h,

and Lochan Fearna.

Group 1 grains, with normal grain morphologies (~4:1 length-width ratio; Heaman et al.
1990), show divergent patterns of oxygen isotopic variation with consistent intergrain
values obtained for Graveyard and NAPI dyke zircons; the other samples contain inter
grain differences (Fig. 4). Group 1 grains typically show oscillatory CL zoning
suggestive of igneous growth, although there are some more complexly zoned grains
(highlighted with a star in Fig. 4). The complex CL zoning could be the result of
recrystallization of the zircon along anastomosing cracks (e.g. Ashwal et al. 1999) or
possibly diffusional re-crystallization associated with fluid exchange (Geisler et al. 2002;
2003b; 2007; Rayner et al. 2005). The recrystallization features in the Poll Eorna zircons
correspond to the maximum (8'*0 = 4.93 %o) and minimum (5'*0 = 3.41 %0) 5'°0 values
in the sample, suggesting the features may be related to fluid exchange. For the Group 1
zircons, those from the Poll Eorna dyke are the most disequilibrated with the WR (Fig.
3), consistent with a complex CL response when compared with the Graveyard and NAPI

zircons.

Group 2 zircons have core-rim type textures that suggest they have experienced partial re-

crystallization (e.g. Corfu et al. 2003). Zircons from JD09-2 show convoluted zones at

the center of the grains, with rims of more homogeneous material, whereas Loch a’Choin
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and North Assynt both show similar patterns of dark (metamict) cores with lighter (less
metamict) rims. The JD09-2 zircons are disequilibrated with the WR oxygen isotopic
composition by up to 3 %o and have variable §'*0 values between grains (Fig. 3). It is
difficult to distinguish whether the different zones seen in CL in JD09-2 have distinct
80 values since the zones are typically thinner than the diameter of the SIMS spots.
However, the darker, more metamict zones appear to have higher 8'*0 values ~1 %o,
whereas the lighter, more crystalline zones have lower 8'°0 values of <0 %o (Fig. 4). The
darker CL zones in JD09-2 also contain quartz inclusions, whereas the lighter areas do
not. Loch a’Choin zircons show evidence for recrystallization along cracks similar to
Poll Eorna (see stars, Fig. 4f), however the §'°0 values show no evidence of disturbance
(Fig. 3, Table 2). The North Assynt zircons appear very similar to the Loch a’Choin

zircons in CL images, however they show more oxygen isotopic variation (Fig. 3; 4).

Group 3 zircons from Loch na h and Lochan Fearna dykes, are the most metamict, and
have highly heterogeneous 8'*O values (Fig. 4). The CL images for these grains are very
dark, contain abundant cracks (Lochan Fearna) and only faint evidence of igneous
oscillatory zoning. There does not appear to be a relationship between the CL zoning and

580 values, however all of the zircons are disequilibrated with the WR (Fig. 3).

Elemental composition of the zircon, constraining the alpha dose
In order to better constrain the alpha dose experienced by each zircon, their chemical
compositions have been determined by electron microprobe analysis (Table 2). They

have close to stoichiometric Zr and Si ratios although the more altered grains from
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Lochan Fearna, Loch na h and some Poll Eorna zircons are depleted in SiO, and ZrO,
(Fig. 5a). The grains with Zr and Si depletions are also anomalously rich in U and Ca,
with values reaching up to 5000 ppm for Ca and 1500 ppm for U. These trace-element
enriched samples also display a dull CL response and more intense alpha dose, indicating
a high degree of radiation damage (Fig. 5b,c). Low elemental totals for all of the samples
(<99.5 wt%), suggests enrichment in non-formula cations or hydrous species that were
not analyzed (Al, Fe, HREE), and may also reflect Si mobility under the high current

electron beam (Morgan and London, 1996).

Alpha doses for each of the grains were calculated assuming that radiation damage has
been accumulating since the formation of the zircon (Fig. 5b; equation 2). The alpha
dose shows a positive correlation with the band-width of the v; (SiO4) band, although the
alpha dose amounts are very high. Nasdala et al. (2001) report band-widths of 20 cm™
for alpha doses of ~1.5 x10'® a/g, whereas these zircons have alpha doses an order of

magnitude larger at ~10 x10'® o/g for the same band-width.

There is a clear relationship between alpha dose and Ca content (Fig. 5d). After the alpha
dose reaches a threshold dose of ~7 x10'™ o/g, the Ca (and U content) dramatically
increase, whereas below this dose the Ca and U contents are always low. There is no
obvious relationship between the CL patterns, trace element contents and oxygen isotope

compositions.

Raman spectra
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Most of the Scourie dyke zircons have v; (Si04) band parameters that follow the radiation
damage trend (Fig. 6). The Loch a’Choin samples have the most crystalline zircons with
the lowest band-width and highest frequency, which is consistent with the low alpha
dose, low trace-element (U, Th and Ca) contents, relatively bright CL response, and
equilibrium oxygen isotopic compositions (Figs. 3; 4; 5). All other zircons have band-

widths and frequencies that classify them as either metamict or highly metamict (see Fig.

).

The Raman results were split into two groups based on the Ca contents of the zircons.
The dominant group from the low-Ca grains are metamict, but at relatively low degrees,
with band-widths of ~10-15 cm™ and frequencies around 1000 cm™. All of the grains in
the low-Ca group are either overlapping with the radiation damage trend, or close to
overlapping. Since the trend is only a guide based on published and unpublished Raman
measurements of various zircons (Nasdala et al. 1998b, 2001; Zheng et al. 2000a; Geisler
et al. 2003b,c), analyses that lie very close to the line are considered to conform to the

radiation damage trend.

The high-Ca grains have much greater degree of within-sample spread in Raman spectral
band-widths and frequencies than the low-Ca grains (Fig. 6). For example, the Poll
Eorna grains have band-widths and frequencies that range between ~15-32 cm” and ~998
- 1002 cm’', respectively, that is a wider range than any other sample. The most

prominent feature of the high-Ca zircons is that they do not plot on the radiation damage
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trend with highly metamict zircons showing higher frequencies for the vs; (SiO4) band

than the band-width suggests.

Discussion

Evidence for fluid exchange

There is strong evidence for 8'°0 disequilibrium between the WR and zircon in Poll
Eorna, Lochan Fearna, JD09-2, Loch na h, North Assynt and to some extent the NAPI
dykes (Fig. 3). The oxygen isotopic disequilibrium is coupled with U-Pb discordance
(Sup Fig. 2, Davies and Heaman, 2014) and high Ca contents (Fig 5), all of which point
towards hydrothermal alteration of the zircon. Also, the altered zircons are from dykes
containing abundant epidote- group minerals (Davies and Heaman, 2014), characteristic
of fluid alteration. However, CL imaging of the zircon do not show the distinctive
reaction rim patterns or copious mineral inclusions, which are typically associated with
hydrothermal alteration of zircon (Geisler et al. 2007; Putnis 2002; Putnis et al. 2005;

Tomaschek et al. 2003).

It is possible that the Scourie zircons could have obtained their seemingly altered
composition through magmatic processes. For example, contamination of the dyke
magmas by continental crust or the entrainment of xenocrystic zircon could create the
apparent disequilibria between the WR and zircon oxygen isotopic compositions,

however this is highly unlikely based on the following points.
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Concentrations of the large ion lithophile (LIL) trace elements Rb, Th, U and K are up to
50 times higher in the dykes than in the gneisses, whereas the gneisses contain
enrichments in Ti and Sr relative to the dykes (Weaver and Tarney, 1981; Rollinson,
2012). Bulk contamination of the dykes by the gneisses would significantly reduce the
LIL contents of the dykes while increasing Ti and Sr, which is not observed (Tarney and
Weaver, 1987; Rollinson, 2012). Entrained xenocrystic zircons (presumably from the
surrounding gneisses) are likely to be distinctive in CL images, either as a core within
magmatic grains or as discrete crystals. Zircons from Loch a’Choin, North Assynt and
JDO09-2 all have core and rim type zoning. Loch a’Choin and North Assynt zircons were
previously interpreted as xenocrystic by Davies and Heaman, (2014) based on U-Pb ages
similar to the surrounding gneisses. Zircon from tonalitic or basic gneiss surrounding the
dykes should have a 8'*0 of >6 %o (Cartwright and Valley, 1992), which is consistent
with the North Assynt and Loch a’choin zircons but none of the other samples. The
presence of zircon xenocrysts also does not explain the elevated Ca in the zircons, and is
not consistent with the un-zoned zircon from Poll Eorna, Graveyard, Lochan Fearna,
NAPI and Badcall Bay dykes. In studies of other dyke swarms, for example the Jurassic
Independence dyke swarm of California, trace element and isotopic data suggest that
crustal contamination of mafic magmas is not significant even when enclaves of country

rock are present in the dykes (Glazner et al. 2008).

The high-Ca content of some of the Scourie zircons suggests that hydrothermal fluids

have altered the grains. Ca is not partitioned into zircon during growth (see Hoskin and

Schaltegger, 2003). A coupled substitution mechanism has been suggested for Ca in

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5221 4/1

zircon, through the hydrogrossular substitution [Ca*" +2H'] <> [Zr*"] (Geisler et al.
2001), indicating that Ca may only partition into zircon in the presence of Ca rich brines.
We therefore reject the hypothesis that the oxygen isotopic features are related to

magmatic processes and concentrate on elucidating the nature of fluid alteration.

Mechanism for fluid alteration

Experimental studies, outlined below, investigating the interaction between metamict
zircon and hydrothermal fluids have shown that the main parameters controlling the
levels of exchange between the fluid and zircon are: composition of the fluid, temperature

of the fluid, and degree of metamictization.

Pidgeon et al. (1995) investigated the X-ray diffraction properties of amorphous zircon
under different hydrothermal conditions. They discovered that pure water had very little
effect on the structure of the zircon even after 11 hours at 500 °C, whereas experiments
under the same conditions using 2M NaCl and HCI solutions revealed significant
recovery of crystallinity, and also loss of Pb. Interestingly, during experiments
investigating the effect of sodium carbonate solution at 400 °C on metamict zircon,
Rizvanova et al. (2000) found that the structurally recovered metamict zircon did not
contain a reaction rim, which, at least in appearance is similar to the zircon in this study.
However, during the reaction with sodium carbonate solution, some of the zircon was
dissolved and replaced by baddeleyite and a Zr-Na phase, which is not seen in the
Scourie zircons. In experiments using natural brines, Hansen and Friderichsen (1989),

discovered that the presence of small amounts of cations like Ca’” in water has a
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significant effect on the leaching of Pb from metamict zircon as well as structural

recovery.

Detailed experimental studies by Geisler et al. (2001, 2002, 2003b) revealed that the
relationships between structural recovery, temperature and composition of the fluid are
complicated. They concluded that the amount of metamictization has a strong impact on
the structural recovery, with temperature of the fluid playing more important a role than
composition (as long as it is not pure HO). Experiments at low temperature (175 - 350
°C) caused small degrees of structural recovery, and did not anneal amorphous domains
within the crystals, however fluids leached trace elements from the zircon. They
attributed low temperature recovery to repairing of Frenkel defects and short-range
disorder in the crystal structure. As the temperature of the fluid increased, fluids diffused
further into the crystal and caused recrystallization of longer-range disorder and
amorphous domains. The increased penetration by higher temperature fluids was
attributed to the kinetics of fluid diffusion, and the relationship between the kinetics of
diffusion, and the kinetics of recrystallization. Geisler et al. (2007) also demonstrated
that the first percolation point (Salje, et al. 1999), where amorphous domains form
infinite clusters within the crystal, is the critical point where extensive fluid alteration and

recrystallization can occur.

The Raman signature of diffusion recrystallization is distinctive (Fig. 1), and Raman

results from the Scourie zircons suggest they have undergone this process (Fig. 6).

Geochemical data (Fig. 5) also are in agreement with the critical point model of Geisler et
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al. (2003c, 2007), because Ca content shows a distinct increase above a critical alpha

dose.

There is a strong relationship between radiation damage, band-width, distance from the
radiation damage trend and Ca content in the zircon (Fig. 5; 6). This trend suggests that
the most metamict zircons experienced the greatest degree of fluid exchange, as well as
the most recrystallization. It is apparent that small degrees of fluid interaction, which
increase the Ca content to <~100 ppm in zircon, have not caused significant
recrystallization. This finding is in agreement with the experimental and natural results

of Geisler et al. (2007).

Geological data suggest that mylonitization along the Moine thrust nappe reached
temperatures of 300-400 °C (Holdsworth et al. 2007), and movement along the fault has
likely initiated hydrothermal fluid circulation (e.g. Travé et al. 1997). However, the
effects of post recrystallization radiation damage on the Raman properties of zircon are
not well understood (it could potentially follow line C in Fig. 1). If it is assumed that
recrystallization occurred at the time of the Caledonian orogeny, coinciding with the
timing of Pb-loss, high-Ca and high U zircons have experienced ~400 Ma of damage
since recrystallization. We suggest that the levels of recrystallization shown by the
present-day Raman properties include radiation damage, and therefore during the fluid
event the degree of structural recovery experienced by the high-Ca zircons was probably

much higher.
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Timing of radiation damage accumulation

Two main properties control the accumulation of radiation damage in zircon. First, the
abundance of the radioactive elements within the crystal, essentially U and Th in zircon;
and, second, the amount of time the zircon has spent at a temperature low enough to
allow radiation damage to accumulate without being thermally annealed (~150 - 250 °C;

Meldrum et al. 1999; Davis and Krogh, 2000; Moser et al. 2011; Pidgeon 2014).

The time that the sample has been accumulating radiation damage (t, equation 2) is not
necessarily known, especially with old grains that have a complex history such as the
Scourie zircons. However, t can be estimated by comparing the alpha dose with the
FWHM of the v; (Si04) band and iteratively changing t until the samples plot along the
same trajectory as zircons with known thermal histories (e.g. Nasdala et al. 2001; Palenik
et al. 2003; Pigeon 2014, Fig. 7). The alpha doses, when calculated at emplacement age,
are too high compared with the expected FWHM of the v; (SiO4) band (Fig. 5b). Alpha
doses at these high levels (>5 x10"® o/g™") would also result in aperiodic and amorphous

zircon (Rios et al. 2000; Pidgeon, 2014).

To estimate the amount of time that the Scourie zircons have been accumulating damage,
we varied the t parameter in equation (2) and compared the results to zircons from the
Saxonian rhyolite (Nasdala et al. 1998b) and lunar zircon (Wopenka et al. 1996). The
Saxonian rhyolite and lunar zircon are good models for how zircon should accumulate
radiation damage over time, since they are thought to have stored all of their radiation

damage since crystallization. Since the Scourie dyke zircons have a complicated history
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involving diffusional-reaction annealing, only the grains that haven’t been annealed can
be used to constrain the time of damage accumulation. Linear regression lines for
different ages are plotted through the zircon analyses that have the lowest Ca, Th and U
contents and therefore are unlikely to have been recrystallized. These grains are then
compared to zircon from the Saxonian and lunar samples (Fig. 7). It is apparent that the
Scourie dyke zircons have not been accumulating radiation damage since their formation
in the Paleoproterozoic. The scatter in the Saxonian and lunar samples (and also the
Scourie zircons) makes determining a precise age of damage accumulation difficult. An
age of ~520 Ma fits the Saxonian and lunar zircon radiation damage profile the best,
although the calculations allow any age between 440 and 620 Ma. If the 520 = 100 Ma
age is approximately correct, it would mean that the dykes cooled below ~250 °C at this
time, the zircon then began to accumulate radiation damage for ~100 Ma before coming
into contact with fluids causing Pb-loss and Ca-gain possibly during the emplacement of

the Moine thrust at 430.7 Ma (Goodenough et al. 2011).

What can we say about the oxygen isotopic composition of the rock?

The main benefit of combining trace element and Raman analyses to study the fluid
history of a zircon population is that together they can identify which zircons/areas of
zircons are not affected by fluid alteration. Separating the oxygen isotope analyses into
those which show evidence of fluid alteration (those with high Ca contents) and those
that are unaltered provides information about the original oxygen isotopic composition of
the zircon. Fig. 8 shows that the fluid altered zircon is generally isotopically heavier than

the fresh zircon. An exception is one high-Ca analysis from JD09-2, which is
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isotopically lighter than the low-Ca analyses in this sample. One explanation for this
could be the temperature of the hydrothermal fluid. Using the Keiffer (1982)
calculations, zircon — water 880 fractionation should be > 5.7 %o at <100 C and smaller
at higher temperatures. If the JD09-2 zircons exchanged with hotter hydrothermal fluids

than the other zircons, they would have lower 8'0 values.

Since the fluid alteration has caused the zircons to obtain higher 8'%0 values, the lowest
8'%0 values recorded by the zircon are likely to be the least altered and therefore closest
to the magmatic value. Poll Eorna and North Assynt zircons appear to corroborate this
hypothesis since low-Ca zircons are closest to high temperature isotopic equilibrium with
the WR (Fig. 8). The low-Ca zircons from Loch na h, Lochan Fearna and to some extent,
NAPI dykes are all far out of equilibrium from the WR, which appears at first glance to
disprove the hypothesis. However, the Loch na h, and Lochan Fearna zircons crystals are
highly altered, therefore it is very likely that the WR 8'®0O isotopic composition has been
significantly altered as well. These rocks contain epidote group minerals, and highly
saussuritized plagioclase, visible in thin section (See Davies and Heaman, 2014). In
these examples, the zircon grains are much lower in '®O than the WR. Fluid-rock
exchange is kinetically easier than fluid-zircon exchange (Valley, 2003) therefore the
isotopically heavy WR values are likely to have been overprinted by the fluid (see
Grimes et al. 2010 where mafic zircon from oceanic gabbros record §'*O values in
equilibrium with the mantle, whereas the WR samples which host the zircons contain
8'%0 values which range in 'O from 1.4 to 10.2 %o). In these cases, the lowest §'°O and

least altered zircon values may be used to estimate the original 5'*0 composition of the
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rock assuming equilibrium zircon-magma fractionation (using the Keiffer, 1982
calculations). Calculated in this way, the unaltered 8'*O Scourie dyke WR values are as
follows: NAPI (~5 %o), Lochan Fearna (~2.3 %o), JD09-2 (~0.5 %0), and Loch na h
(~—3.7 %o), these values are calculated from average 880 values from the lowest 8'°0
zircons from each dyke (Fig. 8). The implication of this result is that all of the ~2.4 Ga
Scourie dyke magmas had §'*O values much lower than the mantle value of 5.3 + 0.5 %o
(Valley, 2003). These zircons have some of the lowest oxygen isotopic compositions
recorded (see Spencer et al. 2014), and this study provides evidence that these low §'*0
values are reflective of low-5'*0 primary magmatic compositions. Cartwright and Valley
(1991) first identified that some Scourie dykes had low 8'*0 compositions, although there
data indicated relatively consistent WR values of ~2 %o. These new low-8'"O zircon data
indicate that the low-8'0 signature for Scourie magmas is variable, and is potentially as

low as —3.7 %o.

Implications
This study shows how a combination of spatially-resolved methods, including Raman
spectroscopy, electron microprobe analysis, and CL imaging can be used to understand
complex altered zircon populations and identify those that retain their original isotopic
composition. These techniques are recommended for all zircon populations that have
experienced fluid alteration, the combination of methods may be particularly useful in
detrital zircon studies where unidentified fluid alteration causes Pb loss and complicates
the interpretation of U-Pb ages (e.g. Liu and Zhang, 2013) or in studies of complex old

zircons e.g. the Jack hills zircons (Mojzsis et al. 2001). These non-destructive techniques
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can be applied before SIMS analysis to target unaltered domains of complex zircon,

potentially significantly simplifying the results.

Zircons from the ~2.4 Ga Scourie dykes have very low 8'®0 compositions, as low as
—3.78 %o. These low values are most representative of the magmatic value and have
rarely been found on Earth especially in the Precambrian outside of Karelia, Russia (e.g.
Bindeman et al. 2010, 2014; Bindeman and Serebryakov, 2011). These data require a
new interpretation of the geological history of the Scourie dykes from the Lewisian high-

grade gneiss terrain of NW Scotland.
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Figure captions

Figure 1

Zircon Raman model showing how the band-width and frequency of the v3 (Si04) band
respond to the accumulation of radiation damage, and how annealing of radiation damage
either thermally, or catalyzed by fluids influences these parameters. For an explanation
of the numbers and arrows see the text. The radiation damage trend is mainly based on
data from Sri Lankan zircons and zircons from a Saxonian rhyolite which encompassed
data from Nasdala et al. (1998b; 2001); Zheng et al. (2000a); Geisler et al. (2003b,c);
Geisler unpublished. The Thermal annealing trend shown by the red arrow is from
Geisler et al. 2001a, and the diffusional recovery trend is based on experimental and

natural data from Geisler et al. (2003b,c¢).

Figure 2

Simplified high-resolution geological map of the Loch Assynt area on the Scottish
mainland. The map is modified from a 1:25,000 scale geological map from the BGS and
figure 2b from Goodenough et al. (2010). The dyke samples are located along with their

emplacement age and 2c error (Davies and Heaman, 2014).
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Figure 3

880 Zircon vs 80 whole rock (WR) for the Scourie dykes. The lines represent
equilibrium fractionation between zircon and WR with a fractionation factor (o)) of 0.88.
The darkest line, represents equilibrium fractionation at 1200 °C, each lighter colored line
represent the larger fractionations associated with lower temperatures, each lighter line
represents a 100 °C drop in temperature down to the lightest grey line which represents
equilibrium fractionation at 600°C. The symbols are bigger than the 2c errors for each

analysis.

Figure 4

CL images of zircons from the Scourie dykes with SIMS analysis spots and the oxygen
isotope values located. Oxygen isotopes are all '°0 values with 26 uncertainties of 0.2
%o or less. The WR oxygen isotopic composition of each sample is also given, these are
also 8'°0 values with 26 uncertainties. The white bar in the bottom left of each image is
a 20 um scale bar. The white stars indicate grains with a complicated CL structure within

a zircon population of typical igneous oscillatory zoning.

Figure 5

Geochemistry of the Scourie zircons. A) SiO, vs ZrO; all values are in percentage B)
Alpha dose accumulation since zircon formation age vs the band-width of the v3 (Si04)
band, note the black squares close to the y-axis, these represent the expected relationship

between band-width and alpha dose, and are from the Saxonian rhyolits and lunar zircons
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(Nasdala 1998b; Wopenka et al. 1996). C) Ca and U elemental compositions of the
Scourie zircons in ppm. D) The relationship between Ca content and the apha dose, note
the abrupt change in Ca content once a threshold alpha dose has been reached, this
threshold is interpreted as the first percolation point in the crystalline-amorphous

transition, see discussion for details. All 26 errors are smaller than the symbol sizes.

Figure 6

Band-width for the v3 (SiO4) band vs frequency. The upper graph contains raman results
from zircon spots with less than 100 ppm Ca. The lower graph contains raman results for
the zircons spots with higher than 100 ppm Ca. The Grey shaded field is the Radiation
Damage trend from Geisler et al. 2003c which encompassed data from Nasdala et al.

1998b; 2001; Zheng et al. 2000b; Geisler et al. 2003c; Geisler unpublished)

Figure 7

Different models for the radiation damage accumulation age of the low Ca zircons. The
models are compared to the expected relationship between band-width and frequency of
the v3 (Si0O4) band and age. The black squares are from the Saxonian rhyolites and lunar
zircons (Nasdala et al. 1998b; Wopenka et al. 1996) and the black line represents a robust

linear regression through these data.

Figure 8

8'%0 Zircon vs 8'*0 whole rock (WR) for the Scourie dykes separated by Ca abundance

in the zircon. Ca is used to separate the zircons; it is a non-formula element that

Always consult and cite the final, published document. See http://www.minsocam.org or GeoscienceWorld



1116

1117

1118

1119

1120

1121

1122

1123

1124

1125

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
(DOI will not work until issue is live.) DOI: http://dx.doi.org/10.2138/am-2015-5221 4/1

accumulates in zircon during fluid alteration. The large diagonal lines through both of
the graphs represent high temperature (1200 °C) equilibrium between zircon and mafic
melt. The small lines attached to individual analyses in the High Ca graph represent Ca

analyses >1000 ppm.
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