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ARTICLE INFO ABSTRACT

Handling Editor: M Mapeo In-situ laser ablation quadrupole inductively coupled plasma mass spectrometry (LA-Q-ICP-MS) analyses of
zircon grains from the ca. 2635-2620 Ma Chilimanzi and Razi granite suites along the southern margin of the
Zimbabwe Craton in Zimbabwe reveal that a majority of zircons experienced post-magmatic chemical alteration.
A minority (5 %) of the analyses show unaltered (Type-1) patterns. Type-1 zircons show low abundances of light
rare earth elements (LREE) relative to heavy rare earth elements (HREE) and they preserve igneous zoning
textures. The majority of the grains analysed exhibit altered (Type-2) patterns indicated by overabundance in
LREE concentrations and such grains are partially or completely metamict (radiation damaged). Type-2 grains
experienced radiation damage due to high initial contents of radioactive elements including U and Th incor-
porated at the time of crystallization. The structurally defective zircons experienced pervasive chemical alter-
ation from Type-1 to Type-2 compositions via susceptible regions such as fractures under fluid-mediated
conditions. Lack of analyses with Th/U < 0.08, which is a diagnostic feature of zircons precipitated from
hydrothermal-melts supports the view that Type-2 compositions derived from alteration of Type-1 zircons. LREE
overabundance in the zircon suites is also explained by inadvertent analysis of mineral inclusions and/or con-
taminants such as Fe, Ti, and Mn oxides along fractures.

Our study established a LREE index, LREE-I = 32 as a discriminant for altered and unaltered zircon analyses.
LREE-I < 32 (altered compositions) correlates with known alteration features such as cathodoluminescence dark
core domains, partial or complete overprint of igneous textures in fluid-mediated conditions, overabundance in
LREE, and high contents of non-structural elements in zircon such as Ti, Li, Th and U. The Ti-in-zircon ther-
mometry on unaltered analyses of the Chilimanzi Suite’s Great Zimbabwe granite constrains the crystallization
temperature at 698-738 °C, consistent with temperatures at zircon saturation for felsic magmas. Our study
emphasizes that zircon chemistry is a pre-requisite data layer that should be incorporated in analytical protocols
to complement conventional, discordance-based data filter for effective screening of U-Pb analyses for age
determinations.

1. Introduction

The southern margin of the Zimbabwe Craton (ZC) comprises Meso-
and Neoarchaean greenstone belts (Fig. 1) that are in tectonic contact
with a ca. 3.5-2.8 Ga tonalite-trondhjemite-granodiorite (TTG) suite
(Taylor et al., 1991; Wilson et al., 1995; Hofmann and Chagondah, 2019;
Hofmann et al., 2022). The greenstones and granitoids are intruded and
surrounded by ca. 2635-2620 Ma syn— to late-tectonic potassic granites
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of the Chilimanzi and Razi suites (Fig. 1; Mkweli et al., 1995; Frei et al.,
1999; Horstwood et al., 1999; Chagondah et al., 2023). Globally,
granites are characterized by diverse geochemical signatures that reflect
variations in chemistry of the magma sources, geodynamic settings and
petrogenetic processes (Barbarin, 1999; Robb et al., 2021; Rollinson,
2023).

Zircon (ZrSiO4) is a ubiquitous accessory mineral in igneous, sedi-
mentary and metamorphic rocks. Oscillatory zoning, also called growth
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zoning, is the predominant texture of magmatic zircon (Corfu et al.,
2003; Hoskin and Schaltegger, 2003; Zhang et al., 2010; Bell et al.,
2019). In igneous rocks, zircon can preserve a wealth of geochrono-
logical, isotopic, geochemical and petrogenetic information on the
conditions of growth and composition of the melt from which it crys-
tallized (Belousova et al., 2002, 2006; Hoskin and Schaltegger, 2003;
Gardiner et al., 2017). Through coupled substitutions into the Zr lattice
site, zircon is known to incorporate an assortment of incompatible trace
elements (e.g., Y, Th, U, Ta, Nb, Hf and (in small amounts) Ti and rare
earth elements (REE)) into its structure (Belousova et al., 2002, 2006;
Hanchar and Watson, 2003), which has resulted in it being widely used
in geochemical studies including investigations on the evolution of
Earth’s crust (Hoskin and Schaltegger, 2003; Hoskin, 2005; Vervoort
and Kemp, 2016; Andersen and Elburg, 2022). The Ti content of zircon is
a proxy of the zircon crystallization temperature, as other minerals may
crystallize at different temperatures, and is thus widely used as a
petrological tool and geothermometer in granitic zircons (Watson et al.,
2006; Ferry and Watson, 2007; Schiller and Finger, 2019).

Zircons commonly reveal a large variation in internal structure and
chemical composition from sample to sample, from grain-to-grain
within individual samples, and from site to site within individual crys-
tals, a phenomenon attributed to heterogenous distribution of trace el-
ements and alteration (Bowring and Williams, 1999; Hoskin and Ireland,
2000; Wilde et al., 2001; Corfu et al., 2003; Hoskin and Schaltegger,
2003; Rayner et al., 2005; Fu et al., 2008; Claiborne et al., 2010). Studies
on detrital and igneous zircons have demonstrated that disturbed
oscillatory zoning in cathodoluminescence (CL) imaging, complex age
spectra and non-magmatic 5'%0 values indicate presence of altered
compositions in zircon population (Cavosie et al., 2004, 2005, 2006; Bell
et al., 2019; Andersen and Elburg, 2022). Altered zircons typically
reveal LREE enrichment, also called LREE overabundance, which is a
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widely observed feature, particularly in ancient terrestrial zircons (Peck
et al., 2001; Wilde et al., 2001; Whitehouse and Kamber, 2002; Geisler
et al., 2003b; Rayner et al., 2005; Bell et al., 2016; Bolhar et al., 2021;
Andersen and Elburg, 2022). Chemical alteration in zircons is
post-magmatic and is localized along lattice defects that easily allow ion
exchange under fluid-mediated conditions (Cavosie et al., 2006; Bell
et al., 2019). Occasionally, ingress of fluids into the zircon structure
could also be through textural discontinuities (e.g., zoning) and in-
terfaces between zircon and other mineral inclusions (Corfu et al.,
2003).

Felsic rocks of the Northern Marginal Zone (NMZ) and adjacent areas
of the ZC have elevated levels of radiogenic elements such as Th, U, and
other elements including Rb and K (Berger et al., 1995; Berger and
Rollinson, 1997; Kramers et al., 2001; Rollinson, 2023). Thus, high U +
Th content in the zircons could potentially create conditions conducive
to zircon alteration and enrichment in trace elements through interac-
tion of fluids with metamict (radiation-damaged) regions of the zircon
lattice (Whitehouse and Kamber, 2002; Corfu et al., 2003; Hoskin, 2005;
Bell et al., 2016, 2019). Another potential source of LREE enrichment in
zircon is caused by incorporation of sub-surface mineral inclusions and
crack mineralization of Ti, Fe, P and Mn oxides that contaminate in-situ
analyses due to accidental overlap (e.g., Geisler et al., 2003b; Cavosie
et al., 2006; Bell et al., 2016, 2019; Pidgeon et al., 2019). Chemically
altered zircons are unsuitable for isotopic analysis (Krogh, 1982;
Andersen and Elburg, 2022).

In the last three decades, there has been much progress in in-situ
analytical and imaging techniques with high spatial resolution, such
as laser ablation quadrupole inductively coupled plasma mass spec-
trometry and CL, for the analysis of zircon. The in-situ techniques can
minimise inadvertent analysis of crystal imperfections such as visible
surface mineral inclusions (e.g., apatite, titanite, monazite, allanite) and
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Fig. 1. Simplified geological map of the southern margin of the ZC (modified from Hofmann and Chagondah, 2019). Insert map shows the location of the study area
and approximate boundaries of the ZC. Map units are UTM meters (zone 36 K) in WGS84 datum.
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radiation-damaged domains that affect the analysis (Hoskin et al., 1998;
Hoskin and Schaltegger, 2003). Despite this technological advancement,
there has been no attempt to characterize zircon geochemistry of gran-
itoids of the ZC and infer their geologic history. Trace element analysis is
also increasingly becoming an important layer of information in
resolving ambiguity in filtering isotopic data for age determinations
(Hoskin and Schaltegger, 2003; Andersen and Elburg, 2022).

In this study, we use LA-Q-ICP-MS geochemical data to evaluate the
integrity of zircon geochemistry as tracers of primary melt compositions
and chemical alteration processes (e.g., Rayner et al., 2005; Hoskin,
2005; Andersen and Elburg, 2022). Our ultimate objective is to integrate
the zircon chemical record with existing geochronological and
whole-rock based models to characterize the geologic history of the
granite suites along the southern margin of the ZC. We also employ
Ti-in-zircon geothermometry on unaltered zircons to constrain crystal-
lization temperatures of the magmas in the respective granite suites.

2. Geological setting

The southern part of the ZC is a Palaeo-to Mesoarchaean granitoid-
greenstone terrain that is in tectonic contact with the NMZ of the Lim-
popo Belt that has been subjected to thrusting and high-grade meta-
morphism in the Neoarchaean (Fig. 1; Blenkinsop et al., 2004; Rollinson
and Whitehouse, 2011; Hofmann and Chagondah, 2019). Metal-
uminous, I-type potassic granites of the ca. 2635-2620 Ma Chilimanzi
and Razi suites intruded the area, prior to and concomitant with incip-
ient thrusting of the NMZ (Fedo and Eriksson, 1996; Chagondah et al.,
2023).

The Chilimanzi Suite consists of thick sub-horizontal sheets of
granite, which were emplaced at shallow crustal levels throughout the
ZC, with the magmatism accompanying its cratonization (Wilson et al.,
1995; Jelsma et al., 1996; Blenkinsop and Treloar, 2001; Chagondah
et al., 2023). Along the southern margin of the ZC it is represented by the
oval-shaped Chibi, Chikwanda and Great Zimbabwe plutons (Fig. 1).
The Kyle Granite of Robertson (1973)) is part of the Chilimanzi Suite
(Frei et al., 1999; Chagondah et al., 2023); it consists of a series of
coarse-grained to porphyritic granodiorites-granites which are distrib-
uted within the ZC (Fig. 1). The boundary between the ZC and the NMZ
is intruded by a series of porphyritic granodiorites of the Razi Suite. The
suite formed through crustal anatexis accompanying thrusting of the
NMZ onto the ZC (Mkweli et al., 1995; Blenkinsop et al., 1995).

Both suites formed by intracrustal melting of TTGs in the lower-
middle crust, with no mantle contribution (Blenkinsop, 2011; Roll-
inson and Whitehouse, 2011; Rollinson, 2023; Chagondah et al., 2023).
This proposition is given credence by evolved isotopic systems such as
relatively high initial Sr isotopic ratios of 0.704-0.706, "¢82ve eNd
values, unradiogenic Hf isotopic signatures and the presence of xenoliths
and inherited zircons in the younger granite suites (Hickman, 1978;
Berger et al., 1995; Mkweli et al., 1995; Kramers et al., 2001; Rollinson
and Whitehouse, 2011; Chagondah et al., 2023).

The NMZ is a granulite-facies terrain consisting of magmatic quartzo-
feldspathic gneisses (enderbites and charnockites) of the TTG-suite
(Berger and Rollinson, 1997; Blenkinsop et al., 2004). The NMZ is
regarded as a lower crustal section of the ZC entity (Mkweli et al., 1995;
Rollinson and Blenkinsop, 1995; Rollinson and Whitehouse, 2011;
Rollinson, 2023; Chagondah et al., 2024).

2.1. Mineralogy and petrography of the Razi and Chilimanzi suites

2.1.1. Razi Suite

The mineralogy and petrography of the Razi Suite is summarized
from previous whole-rock studies by Chagondah (2022) and Chagondah
et al. (2023). The Razi Suite exhibits two facies including the ubiquitous
porphyritic variety and the fine-grained type that is hosted within the
former. On outcrop scale, the porphyritic variety has aligned K-feldspar
megacrysts of up to 30 mm. The alignment is a result of magma flow and
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syn-tectonic emplacement. This study concentrates on the fine-grained
facies of the Razi Suite, which occurs as a microgranite hosted within
the porphyritic Razi Pluton. The Razi Suite comprises K-feldspar,
plagioclase, quartz, biotite and minor hornblende and orthopyroxene.
Accessory phases include magnetite, titanite, zircon, garnet, apatite,
allanite, and rutile. Hydrothermal activity in the genesis of the micro-
granite is exhibited by presence of micro-quartz veins that truncate
earlier formed grains (Chagondah et al., 2023). The Razi Suite plagio-
clase exhibits myrmekite and anti-perthite textures.

2.1.2. Chilimanzi Suite

The Chilimanzi Suite consists of light-grey, homogeneous and
medium-to coarse-grained plutons. The mineralogy and petrography of
the Chilimanzi granite is summarized from Chagondah et al. (2023). The
suite comprises equigranular alkali feldspar, plagioclase, quartz, biotite,
and muscovite. Magnetite, zircon, chlorite (after biotite), apatite,
titanite, monazite and allanite constitute the accessory phases. The suite
is characterized by higher degrees of metasomatic alteration (albitisa-
tion and sericitization) compared to the Razi Suite. Similarly, to the Razi
Suite, plagioclase shows myrmekite and perthitic textures.

The Kyle Granite comprises coarse-grained to porphyritic granite.
Alkali feldspar, quartz and plagioclase are the main mineral phases.
Biotite and hornblende constitute minor phases. Accessory minerals
include magnetite, titanite, zircon, apatite, garnet, allanite, and rutile.

3. Previous zircon U-Pb-Hf isotopic analysis

The Chilimanzi and Razi suite samples studied here were previously
characterized for zircon U-Pb and Lu-Hf isotopic compositions by Cha-
gondah et al. (2023). Locations, field photographs and descriptions of
samples from which zircons were extracted is presented in Fig. 1, Sup-
plementary Fig. S1 and Supplementary Table 1. CL imaging of zircons
reveals a combination of preserved patterns, and partial to complete
overprints on oscillatory and sector zoning patterns. All analyses reveal
Th/U ratios >0.08 which affirms their magmatic origin (e.g., Hoskin and
Ireland, 2000; Kramers and Mouri, 2011). However, a large number of
grains are metamict, with CL-dark core and bright rim domains. The
grains exhibit lattice defects indicated by fractured domains. Generally,
zircon analysis document mostly discordant and few concordant (>90 %
concordance) dates.

The studied zircon suites yielded a large spectrum of 2°7Pb,/2%pb
dates from 3206 to 2533 Ma, that represent inherited, magmatic and
metamorphic ages. Lu-Hf analyses yielded unradiogenic compositions
that reflect anatexis of pre-existing crustal protoliths (Chagondah et al.,
2023). In this study, the grains were analysed with the consideration
that some measured compositions could represent altered zircons.

4. Methods
4.1. Zircon LA-Q-ICP-MS trace element analysis and data reduction

In-situ LA-Q-ICP-MS was used for trace element measurements on
zircon grains extracted from eight samples representing the Chilimanzi
and Razi suites. Zircon grain mounts used in this study were previously
prepared for U-Pb and Lu-Hf analyses by Chagondah (2022) and Cha-
gondah et al. (2023) at the University of Johannesburg’s Spectrum
Analytical Facility (see Fig. 1 for sample locations). These zircons have
not been previously characterized for mineral or melt inclusions.

The zircon chemical composition in this study was determined over
four analytical sessions. Different regions in the same grains that
resembled each other in CL were analysed for chemical composition (e.
g. Fig. 2) and U-Pb and Lu-Hf isotopic compositions by Chagondah
(2022) and Chagondah et al. (2023). Thus, the domains ablated in this
study could be of different ages to the previously analysed sites. Apart
from sample BKT-07 (Chikwanda Pluton) that had one grain analysed,
an average of seven crystals, selected from grains that had given
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Fig. 2. CL images for representative zircon crystals from the Chilimanzi and Razi suites that were analysed for their geochemical composition using LA-ICP-MS.
Analytical locations are such that 20 pm diameter red circles = 2°’Pb/?°°Pb ages and 30 ym diameter orange broken circles = trace element chemical composi-
tions. C = inherited core. All scale bars are 50 pm. Fig. 2 (a) and (b) zircons gave the most typical type-1 pattern: (a) — Well-formed oscillatory zonation (BKT-02,
gr63-1), (b) — Pronounced oscillatory zonation (BKT-16, gr50-1), (¢) — Euhedral prism with obliterated zonation (MSV11, gr55-1), (d) — Cracked grain with
growth zonation (BKT-01, gr20), (e) — Distinct oscillatory zonation enveloping a dark, inherited core (MSV-08, gr7), (f) — Partially preserved growth zonation (to
centre) in a largely zonation obliterated prism (BKT-07, gr39), (g) — Growth zoning partially obliterated. Note cracking from dark ore domain (SN27, grl), and (h)
— Inherited dark core domain enveloped by distinct rim oscillatory zoning. Note radial fracturing away from core (BW4, gr17). Dates are from Chagondah (2022)

and Chagondah et al. (2023).

concordant dates ranging from 3.21 to 2.53 Ga but dominated by ca.
2.63 Ga ages, were analysed per sample. Previously determined zircon
U-Pb crystallization ages of the plutons from which zircon samples were
extracted are given in Table 1 (Chagondah et al., 2023). A combination
of CL reflected and transmitted light imaging were used prior to analysis
to select flawless, unaltered, crack- and inclusion-free sites as much as
possible. Typically, single spot analysis was done on regions showing
seemingly unaltered magmatic zoning, as they are regarded to document
zircon primary chemical compositions (e.g., Fu et al., 2008; Bell et al.,
2016, 2019). As these were the same criteria used for selecting our U-Pb
spots, it is likely that the trace element data match the U-Pb data ac-
quired previously.

The LA-Q-ICP-MS analyses were done in-situ using a 193 nm ArF
RESOlution SE excimer laser (Australian Scientific Instruments, Fysh-
wick) coupled to a Thermo Fisher iCAP RQ ICP-MS. The analytical
operating conditions were as follows: RF Power 1550 W, coolant gas
flow 14.0 L/min, auxiliary gas flow 0.80 L/min, nebuliser gas flow 0.98
L/min and laser He gas flow 0.35 L/min. Isotopes measured and dwell
times (s) are: 'Li = 0.05, *'P = 0.07, **Ca = 0.01, **Ti = 0.01, ®*Cu =
0.04, "'Ga = 0.02, ®Rb = 0.03, #Y = 0.01, *°Zr = 0.005, *>Nb = 0.02,
13913 = 0.04, 1%Ce = 0.01, '*!Pr = 0.04, 1*°Nd = 0.02, ¥Sm = 0.02,
151Ey = 0.04, '5%Eu = 0.04, ¥Gd = 0.02, "*°Tb = 0.02, '%°Gd = 0.02,
163py — 0.01, 1%°Ho = 0.01, '%7Er = 0.01, %°Tm = 0.01, 73yb = 0.01,
17514 = 0.01, 78Hf = 0.005, 81Ta = 0.04, 82w = 0.04, 2°°T1 = 0.03,
206pp = 0.005, 27Pb = 0.01, **2Th = 0.005 and ***U = 0.005.

Trace element measurements were done on following conditions: 30
pm spot size, 7 Hz repetition rate, fluence of 4.0-4.2 J/em?, 25 s
acquisition of the gas blank signal and 70 s sample ablation. Previous U-
Pb analysis utilized a 30 pm beam spot size.

NIST610 glass was used as a primary reference material for external

calibration, with reference values reported by Jochum et al. (2011). 07y
was used as internal standard, with an assumed concentration of 49
6007 ppm, which is the amount of zirconium in a stoichiometrically
perfect zircon crystal. The error introduced by the presence of other
elements (e.g., Hf) would not add significantly to the uncertainty
inherent in LA-Q-ICPMS trace element analyses. GJ-1 (Piazolo et al.,
2017), and USGS glass standard BCR-2G were used as secondary stan-
dards to evaluate accuracy. A bracketing approach was followed to
correct for laser-induced elemental fractionation and mass bias, with
analyses of standard reference materials conducted before and after
every 10 batches of unknowns. In all analytical sessions, the laser
ablation element analyses are such that zircon GJ-1 varies from 0.3 to 5
%, and the BCR-2G glass is between 0.75 and 1 % of analytical error of
recommended values (Piazolo et al., 2017). All quality control data are
included in Supplementary Table 2.

GLITTER (GEMCOC Laser ICPMS Total Element Reduction) 2008
v.4.5 software (Griffin et al., 2008) was employed for off-line data
reduction. The software was used to inspect and evaluate the time
resolved background and sample signal, drift calibrations and calcula-
tion of trace element concentration through its dynamic graphics and
analysis tables. For background correction, contributions for each mass
analysed prior to ablation was subtracted from sample signal.

4.2. Ti-in-zircon thermometry

Ti-in-zircon content is strongly dependent on temperature and ac-
tivities of silica (aSiO-) and titanium (aTiO5) in the melt at the time of
crystallization (Ferry and Watson, 2007; Schiller and Finger, 2019).
Titanium concentration in zircon is an indicator of zircon minimum
crystallization temperature (Watson and Harrison, 2005; Watson et al.,
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2006). The Ti-in-zircon thermometer is used in systems containing rutile
(Watson and Harrison, 2005). However, many silicic magmas are satu-
rated in a Ti-bearing phases such as titanite, ilmenite and titaniferous
magnetite, thus there is high apparent TiO, activity close to unity
(Watson et al., 2006; Ferry and Watson, 2007). Although the Razi and
Chilimanzi suites show rutile in places, titanite is a common accessory
phase (Chagondah et al., 2023), which renders the application of
Ti-in-zircon thermometry in determining crystallization temperatures of
the granite suites. We used the model of Watson et al. (2006) to predict
the crystallization temperatures for the studied granite suites:

7 5080 + 30 —
zircon — (60] =+ 003) - 10g(T1)

T(°C) 273

where T is temperature in degrees Celsius, Ti is element’s concentration
in ppm, and the uncertainties are 2c.

Schiller and Finger (2019) observed that granitic melts display
subunity aSiO, ranging from 0.9 to 1.0. Granites are typically emplaced
at depths of 1-30 km (ca. 0.1-1.0 GPa) at crystallization temperatures of
690-880 °C (Scaillet and MacDonald, 2001; Storm and Spear, 2005;
Schiller and Finger, 2019), which is consistent with natural zircons
crystallization at upper crustal pressures (0.7-3 GPa) and temperature
(580-1070 °C) calibration used in Ti-in-zircon thermometer by Watson
et al. (2006). The Ti-in-zircon thermometer calibration shows little
sensitivity to pressure effect over the range of conditions relevant to the
Earth’s crust (e.g., Ryerson and Watson, 1987; Watson and Harrison,
2005; Watson et al., 2006). Assessment of the Ti-in-zircon thermometry
was based on unaltered magmatic compositions of zircons from the
various samples.

5. Results
5.1. Zircon morphology and internal structures

Morphologies and internal structures of representative zircon crys-
tals are presented in CL images (Fig. 2; Supplementary Figs. S2-S8). The
grains reveal a wide range of variation in size, internal textures and CL
characteristics. The zircons are generally homogeneous prisms that
exhibit a wide range of sizes up 170 pm in length. The crystals reveal
complex internal structures such as well-preserved to weak oscillatory
zoning bands, superimposed sector zoning, resorption features and
radial or irregular cracks. The growth zoning patterns in the studied
granite suites resemble those from other igneous zircon textures such as
in the Boggy Plain aplite, south-eastern Australia (Hoskin and Schal-
tegger, 2003; Hoskin, 2005; Ickert et al., 2011). The Boggy Plain aplite is
well-documented for hosting unaltered crustal magmatic zircons with
typical unaltered REE patterns (Hoskin, 2005). Furthermore, similarly to
the studied granites, the intrusion is an I-type granite. A number of
grains are altered, as indicated by partial preservation to complete
overprint of growth zoning textures (Fig. 2b, ¢, f & g; Supplementary
Figs. S2-S8). In places, evidence of uncharacterized mineral and/or melt
inclusions are revealed as bright, un-zoned sectors within oscillatory
zoning regions (Fig. 2a-d, g & h; Supplementary Figs. S2d & e, S4e, S5a
& d, S6a & ¢, S7a &b and S8c¢).

Some of the grains display inherited dark core domains devoid of CL
zoning surrounded by oscillatory brighter rims (Fig. 2c and h; Supple-
mentary Figs. S2c, S3b-c, S4c, S5a & ¢, S6a & b and S8c). Based on
Chagondah et al. (2023), some of the CL-dark core domains in zircons
are variably metamict between different growth zones. Similar studies in
the Boggy Plain aplite observed that CL-dark zones are characterized by
U and Th enrichment (Ickert et al., 2011). A large number of crystals
show fracturing (Fig. 2b-d & h).

5.2. Geochemistry of the zircons

Zircon trace element concentrations of representative samples from
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the Chilimanzi and Razi suites are presented in Table 1. Three grains
from the Great Zimbabwe Pluton including BKT-02 gr6-1, BKT gr63-1
and BKT-16 gr50-1 show lower concentrations of 0.02, 0.07 and 1.42
ppm La compared to 3.7-502 ppm La in rest of the analyses (Table 1;
Fig. 2).

See attached excel file.

Note: Light rare earth element index (LREE-I = Dy/Sm + Dy/Nd)
(using concentrations rather than chondrite-normalized values) (Bell
et al., 2016, 2019). Ce/Ce* = Cecn/(Lacy * Pren) 0.5 and Eu/Eu* =
EHCN/(SHICN GdCN)AO. 5 (Trail et al. 5 201 2). CN
Chondrite-normalized.

5.2.1. Trace element variations

Zircons in the studied granite suites reveal a wide range in REE, Li,
Ti, U and Th abundances (Table 1). Ti abundances span a 6-14242 ppm
range, with 17 % of zircons exhibiting high (>25 ppm) Ti values. In
other studies, it is observed that zircon with primary igneous composi-
tions typically reveal <25 ppm Ti (e.g., Hoskin, 2005; Watson and
Harrison, 2005; Fu et al., 2008; Schiller and Finger, 2019). The Chili-
manzi and Razi suite zircon show U and Th contents of 79-4820 and
81-3545 ppm, respectively. Li versus U + Th contents show a positive
correlation (Fig. 3).

5.2.2. Chondrite-normalized diagrams

Chondrite-normalized diagrams for zircons from the two granite
suites (Fig. 4) reveal REE patterns depicting Type-1 (unaltered) and
Type-2 (altered) compositions (e.g., Hoskin, 2005; Cavosie et al., 2006).
In order to visualize and evaluate the difference between unaltered and
altered zircons, our REE data is plotted alongside igneous zircon popu-
lation data from the Boggy Plain aplite which shows typical Type-1 REE
patterns of magmatic zircon (Hoskin, 2005).

The Boggy Plain aplite REE pattern is characterized by a steep in-
crease in normalized concentration from La to Lu, with occurrence of
distinct positive Ce and negative Eu anomalies (Fig. 4), that are typical
signatures of magmatic zircons derived from crustal igneous rocks (e.g.,
Hinton and Upton, 1991; Belousova et al., 2002; Hoskin and Schalteg-
ger, 2003; Hoskin and Ireland, 2000; Bell et al., 2019). The LREE are
depleted relative to heavy rare earth elements (HREE) concentration.
Among the studied granites, only three zircon analysis (BKT-02 gr6-1,
BKT-02 gr63-1 and BKT-16 gr50-1) from the Great Zimbabwe granite
show (Type-1) REE patterns that are similar or overlap with zircon from
the Boggy Plain aplite (Fig. 4a and b).

The majority of the analysed zircon samples from both granite suites
are altered and show Type-2 patterns (Fig. 4c-h). Type-2 analyses display
flat, high abundance of LREEs ranging from 10s to 100s times chondritic
values, with weak to absent Ce and Eu anomalies compared to Type-1
patterns. Type-2 analyses exhibit low (Sm/La)cy values, ranging from
0.6 to 7.2, avg. = 2.1 vs. 57-119 for magmatic zircon (e.g., Hoskin et al.,
2000) and weak Ce (Ce/Ce*) of 1.2-6.8, avg. = 2.7 vs. 39-40 for
magmatic zircon (e.g., Hoskin et al., 2000) and slightly high Eu
(Ew/Eu*) of 0.2-0.9, avg. = 0.4 vs. 0.2-0.3 for magmatic zircon (e.g.,
Hoskin et al., 2000) anomalies (Fig. 4; Table 1). Similar Type-2 patterns
are reported in terrestrial zircons by Hoskin (2005) and Cavosie et al.
(2006). The HREE abundances define a slight concave-down curvature
and are in some cases lower than Type-1 abundances. Type-2 analysis
show lower average (Lu/Gd)cy value of 12, with nearly 80 % of the
analyses revealing an average of 8 vs 16 for Type-1 analyses.

5.2.3. Ti-in-zircon thermometry

Among the studied granites, Ti-in-zircon thermometry was only
evaluated for three analyses from the Chilimanzi Suite’s Great
Zimbabwe Pluton (samples BKT-02 and BKT-16) that represent unal-
tered (Type-1) magmatic zircon compositions (Fig. 4a and b). The Great
Zimbabwe Pluton is quartz saturated and contains titanite (Chagondah
et al., 2023) which suggests relatively high activities of aSiO, and aTiO,
(e.g., Claiborne et al., 2010; Ickert et al., 2011). Ti-in-zircon
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temperatures were estimated using Watson et al. (2006) model. The
Great Zimbabwe Pluton magmatic zircons, with 6.0-9.7 ppm Ti
(Table 1) reveal crystallization temperatures of between 698 and 738 °C.

6. Discussion
6.1. Magma source for the parental granite suites

CL imaging of zircons reveal complex internal structures such as
inherited CL-dark cores overgrown by bright rims and metamict zircons
(Fig. 2c and h: Supplementary Figs. S2¢, S3b-c, S4c, S5a & ¢, S6a & b and
S8c) that indicate that parental magmas for both granite suites assimi-
lated pre-existing rocks during magma ascent or that partial melting of
the source was incomplete (e.g., Hofmann et al., 2020; Robb et al., 2021;
Rowe et al., 2022). Multi-population U-Pb age data coupled with xen-
ocrystic relationships confirm the structural complexity of these zircons
(Chagondah, 2022; Chagondah et al., 2023).

6.2. Zircon chemical compositions

Cavosie et al. (2006) emphasized in their study of Jack Hills zircons
that Type-1 (unaltered) and Type-2 (altered) categories (see Fig. 4) refer
to REE patterns in analysed spots within a grain domain, and not
necessarily across the entire grain. The authors observed that at least
one zircon crystal from their study exhibits both types of patterns.
Similar observations are corroborated in studies of zircons from a
granitic dyke from the Acasta Gneiss Complex, Canada (e.g., Bowring
and Williams, 1999; Corfu et al., 2003; Rayner et al., 2005) who used
back-scattered electron microscopy and reflected light microscopy im-
ages to recognize altered and unaltered domains with contrasting REE
patterns within a single grain.

Despite our effort to focus trace element spot analyses on zircon in
regions with seemingly magmatic zoning textures, flawless and inclu-
sion free domains (Fig. 2: Supplementary Figs. S2-S8), the results yiel-
ded only three unaltered compositions and a majority of chemically
altered compositions (Fig. 4). This is not surprising, as the work by
Chagondah et al. (2023) also yielded predominantly discordant U-Pb

dates for the same zircons. However, even altered and discordant zircons
are still likely to provide reliable Hf isotope data, provided the Lu/Hf
ratios remain low (Andersen and Elburg, 2022). High-LREE in zircons
may be a result of multiple factors, including localized fluid-assisted
alteration of radiation damaged parts of grains and inadvertent anal-
ysis of crack mineralization and hidden mineral inclusions (e.g.,
Whitehouse and Kamber, 2002; Hoskin and Schaltegger, 2003; Hoskin,
2005; Bell et al., 2016). In the following sections, we evaluate the po-
tential causes of alteration in zircons from the studied granite suites.

6.2.1. Chemical alteration of zircons under fluid-flow

Previous characterization of the zircons from the Razi and Chili-
manzi suites for U-Pb isotopic compositions reveal that more than 84 %
of the analyses are discordant and this is pronounced in grains with dark
core and fractured rim domains (Chagondah, 2022; Chagondah et al.,
2023). Similar observations are made in this study that despite some
grains showing growth zoning textures, crystals with CL-dark core and
brighter rim zones likely experienced radiation damage and became
metamict (Fig. 2c and h: Supplementary Figs. S2¢c, S3b-c, S3c, S5a & c,
S6a & b and S8c). Metamict crystals suffer structural lattice damage
from the decay of radiogenic elements (U and Th incorporated at the
time of crystallization), typically develop amorphous domains and
metamictization-induced fractures (e.g., Pidgeon et al., 1966; Ordonez
et al., 1989; Whitehouse and Kamber, 2002; Corfu et al., 2003; Bell et al.,
2015). Fluid-alteration leads to partial or complete resetting of the
zircon age record due to disturbance of the U-Pb system (Mezger and
Krogstad, 1997). During interaction with aqueous fluids, metamict
zircon commonly loses radiogenic Pb causing normal U-Pb discordance
(Pidgeon et al., 2019; Andersen and Elburg, 2022). Textureless zircons
Supplementary Figs. S3, S4b-c, S5b-c, S6,& S8c) are interpreted to have
experienced overprint by aqueous fluids. The presence of remnant
oscillatory zoning in altered zircon supports the view that Type-2 ana-
lyses represent altered Type- 1 compositions.

Partially metamict or metamict grains have lattice defects that are
susceptible to chemical alteration through ingress of aqueous fluids
(Belousova et al., 2002; Geisler et al., 2003b; Bell et al., 2016, 2019;
Andersen and Elburg, 2022). There is a positive correlation between Li
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vs U + Th contents (Fig. 3), with high U and Th abundances causing
metamictization of zircon and allowing incorporation of elements that
are normally incompatible in the zircon lattice. This causes preferential
incorporation of REE and non-structural elements such as Li, Ti, Mn and
Fe-oxides during subsequent geological events (Whitehouse and Kam-
ber, 2002; Corfu et al., 2003; Cavosie et al., 2006; Bell et al., 2016). Ti-,
Mn- or Fe-oxides or hydroxides could be precipitated along cracks
(Cavosie et al., 2006; Pidgeon et al., 2019). Loss of HREE (Fig. 4c-h) and
other heavy trace elements relative to magmatic zircons has been
documented in other studies (e.g., Geisler et al., 2003a; Hoskin and
Schaltegger, 2003). Whitehouse and Kamber (2002) proposed that if
LREE enrichment in zircon (Fig. 4c-h) is a result of radiation damage of
the crystal lattice, a correlation is expected in the U + Th vs Lagy plot.
Indeed, our data shows a positive correlation (R? = 0.60) (Fig. 5) across
both granite suites and supports the proposition that LREE enrichment
in the studied granite zircons is attributed to metamictization. Our study
suggests a Lacy < 4 value as a discriminant for unaltered and altered
magmatic zircon compositions (Table 1; Fig. 5).

In summary, this study shows that zircons with high LREE concen-
trations are correlated with structural markers of alteration features
shown in CL images such as metamict regions, fractures, remnant
magmatic zoning and partial to complete fluid overprint of oscillatory
zoning (Table 1; Fig. 2; Supplementary Figs. S2-S8). Furthermore,
altered analysis have high contents of non-formula elements such as Ti,
U, and Th (Table 1; Fig. 5).

Hoskin (2005) proposed fields to discriminate zircons of magmatic
and hydrothermal origin using La vs. chondrite normalized Sm/La dia-
gram (Fig. 6). Our zircon data show that only two grains plot within the
magmatic field whereas a majority of the analyses either plot inside or
near the hydrothermal field (Fig. 6). A number of analyses are inter-
mediate between magmatic and hydrothermal zircons. Unlike the hy-
drothermal zircon described by Hoskin (2005), which has blurred zones
or porous structures, altered zircons from this study exhibit preserved
oscillatory zones typical of magmatic zircons. Thus, we interpret that
Type-2 analysis are products of chemical alteration of Type-1 zircons
under fluid-mediated conditions.

6.2.2. Inadvertent analysis

Zircon, titanite, allanite, apatite and monazite are some of the main
reservoirs of LREE (Bea, 1996; Smithies et al., 2018; Rollinson and
Pease, 2021). Although due care was taken to select flawless and in-
clusion free grain domains using CL, reflected and transmitted light
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Fig. 5. U + Th vs Lacy diagram showing discrimination of altered and unal-
tered zircon analysis at a cut-off value of Lacy = 4 which is consistent with low
(<1.42 ppm) La contents shown in Table 1. Dotted horizontal line represents
Lagy = 4. Symbols as shown in Fig. 3.
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imaging, it is possible that some analyses incorporated hidden mineral
inclusions and crack mineralization into the analysed volume, with the
signal spreading over the entire analysis (e.g., Hoskin et al., 2000;
Whitehouse and Kamber, 2002; Geisler et al., 2003a; Cavosie et al.,
2006; Zhang et al., 2010; Bell et al., 2019). Unintentional analysis is
inherent to the LA-Q-ICP-MS technique because it ablates a larger vol-
ume compared to SIMS. The analysed grains show more cracks
compared to inclusions (Fig. 2; Supplementary Figs. S2-S8). Minerali-
zation along cracks causes incorporation of exotic materials such as Fe,
Ti, and Mn oxides (e.g., Corfu et al., 2003; Watson et al., 2006; Bell et al.,
2015; 2016; Pidgeon et al., 2019) and potential adsorption of LREE to
the oxides. Thus, even zircon with seemingly magmatic oscillatory
zoning could have yield Type-2 abundances after analyses of sub-surface
LREE-bearing mineral inclusions and crack mineralization during sam-
pling (Figs. 2 and 4c-h; Supplementary Figs. S2 to S8).

Whitehouse and Kamber (2002) proposed that exotic elements (e.g.,
Th, U, P, Ti) vs (La/Sm)cy diagram may be used to investigate a corre-
lation and thus establish if overabundance in the exotic materials is due
to contaminants or otherwise. There is no correlation both in the P and
Ti vs (La/Sm)cy plots (Fig. 7a and b) suggesting that the overabundance
in the exotic elements is not caused by analysis of contaminants such as
P and Ti oxides along structurally defective zircons. The plots also test
for unintentional analysis of P-bearing minerals (e.g., monazite &
apatite) and Ti-bearing phases (e.g., titanite, ilmenite or titaniferous
magnetite). In Fig. 7b, the analyses with the highest Ti do not have the
highest chondrite normalized Sm/La. That would more likely suggest a
role for a mineral that contains Ti but no LREE.

6.3. Quantitative criteria for recognizing altered analyses using LREE-
based alteration index

In zircon analyses, abundances of LREE are a good alteration indi-
cator (Hoskin, 2005; Hoskin and Schaltegger, 2003; Cavosie et al., 2006;
Andersen and Elburg, 2022). Other qualitative discriminants for altered
zircons includes Ce > 50 ppm (Hoskin and Schaltegger, 2003),
(Sm/La)cy ratio of 1.5-4.4 (Hoskin, 2005) and Lacy > 10 (Zhang et al.,
2010) and Prcy > 10 (Cavosie et al., 2006). Cavosie et al. (2006) pointed
out that the Lacy > 1 and Prcy > 10 for Type-2 (altered zircons)
composition is generally intermediate between magmatic and hydro-
thermal fields of Hoskin (2005). In most cases, qualitative discrimina-
tion of unaltered and altered samples is ambiguous. Bell et al. (2016,
2019) proposed a quantitative criterion for discriminating altered and
unaltered zircon compositions. The authors suggested the light rare
earth element index (LREE-I = Dy/Sm + Dy/Nd) (using concentrations
rather than chondrite-normalized values). According to these authors,
the LREE-I tracks the changes in LREE pattern due to either interaction
with hydrothermal fluid or contamination of zircon by exotic materials
such as Ti-, Fe- and Mn-oxides. In a study of Jack Hills detrital zircons,
Bell et al. (2016) suggested that LREE-I < 30 represent altered zircon
compositions, whereas pristine (unaltered) magmatic zircon composi-
tions show LREE-I > 30. With the uncertainty if the LREE-I > 30 values
derived from detrital zircon are representative of magmatic zircon
compositions worldwide, Bell et al. (2019) analysed granitic suites with
ages of 15-730 Ma from the USA and defined an even higher LREE-I >
60 for magmatic compositions.

Our data reveal that a LREE-I vs. Ti and Ce/Ce* diagrams indicate a
break in slope at LREE-I value of about 32 and Ce/Ce*> 10 suggesting
that this could be the value that discriminates unaltered and altered
zircons (Fig. 8). The LREE-I = 32 cutoff value in this study is in agree-
ment with LREE-I = 30 of Bell et al. (2016) on their
Palaeoarchaean-Hadean zircons. This similarity suggests similar magma
composition or contaminants and hydrothermal fluids effecting alter-
ation conditions unlike in the Neoproterozoic-Phanerozoic granitoid
zircons which yielded higher LREE-I value of 60 (Bell et al., 2019).
LREE-I = 32 corresponds to maximum concentrations of ca. 300 ppm U
and 9.7 ppm Ti, with inferred Ti-in-zircon crystallization temperature of
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ca. 698-738 °C. Type-2 grains with LREE-I < 32 are associated with
known indicators of alteration and contamination in zircon such as
disturbance to oscillatory zoning, low Ce/Ce*, high-LREE, U, Th, Ti, and
common Pb abundances (Fig. 4c-h, 7 & 9).

The LREE-I > 32 value is in agreement with chondrite-normalized
plots (Fig. 4a and b) which show that only three grains from the Great
Zimbabwe granite have igneous, Type-1 REE patterns. Other alteration
indicators including moderate magnitude Ce/Ce* value of 4.5, Prcy < 10
(e.g., Cavosie et al., 2006), Lacy < 10 (e.g., Zhang et al., 2010) and
reasonable magmatic concentration values of <16 ppm Ti (e.g., Fu et al.,
2008; Schiller and Finger, 2019) (Table 1) support this proposition.
Therefore, based on LREE-I, Ce/Ce*, Prcy and Lacy values, it is likely
that one of the zircons from the Kyle Granite is only slightly altered.

6.4. Th/U ratio as a discriminant of magmatic and metamorphic-melt
zircons

Apart from few crystals exhibiting partial to complete overprint of

igneous textures, the majority of studied zircons are characterized by
euhedral to subhedral morphologies, with well-preserved to weak
oscillatory zoning which suggests magmatic origin (Fig. 2; Supplemen-
tary Figs. S2-S8; Hoskin and Schaltegger, 2003). However, this study
reveals that a large proportion of such grains are altered (Fig. 4c-h, 7, 8,
9 & 10). Th/U ratio is widely used as a first order discriminant between
zircons of igneous and metamorphic-melt origin (e.g., Hoskin and
Ireland, 2000; Hoskin and Schaltegger, 2003). Typical Th/U ratio of
magmatic zircon is between 0.4 and 1 (Hoskin and Ireland, 2000),
whereas zircons originated from metamorphic-melt have a Th/U <
0.08-0.01 (Rubatto, 2002; Kramers and Mouri, 2011).

Our data displays Th/U ratios of 0.14-2.57 (Fig. 9; Table 1) which
indicates that all grains are magmatic. Hoskin (2005) pointed out that
oscillatory and sector zoning reflect heterogeneous trace elements dis-
tribution in zircon, and this may explain variations in Th/U ratio
(0.7-1.0) in unaltered zircon domains of the Great Zimbabwe Pluton.
There is a conspicuous absence of zircons with Th/U < 0.08 which
implies the absence of metamophic crystals (e.g., Rubatto, 2002).
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Instead, the altered zircons experienced fluid-assisted alteration from
Type-1 to Type-2 compositions as suggested in other studies (e.g., Hoskin
and Schaltegger, 2003; Cavosie et al., 2006; Bell et al., 2016, 2019).
High Th/U of >1.0 shown in some altered zircon, indicates more
introduction of Th relative to U into radiation-damaged zircons (e.g.,
Pidgeon et al., 2019; Andersen and Elburg, 2022).

6.5. Inversion modelling of the unaltered zircons

We used the compositions of the unaltered zircons from the Great
Zimbabwe Pluton and partition coefficient data from Sano et al. (2002)
and Chapman et al. (2016) to calculate the REE composition of the melt
(s) from which the zircons crystallized. These are illustrated on a
chondrite-normalized REE plot in Fig. 10, relative to values in the whole
rock samples. There are some differences in the results between the two
different sets of partition coefficient data, notably for Eu and the middle
REE, although the overall similarity between measured and calculated
compositions validates this approach. It is assumed that since zircon is
an early-crystallising phase in a granitic melt, the melt compositions
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Fig. 10. Chondrite normalized melt compositions for REE in the Great
Zimbabwe Pluton at the time of zircon crystallization calculated from the
composition of unaltered zircons using the partition coefficient data of Sano
et al. (2002) — green lines and Chapman et al. (2016) — red lines. The results are
compared with REE in the measured whole-rock compositions (black lines
designated BKT-16 wr and BKT-02 wr) and with the full range of compositions
found in the Chilimanzi granite suite (grey field). Abbreviation: wr = whole
rock. Whole-rock data for samples BKT-16, BKT-02 and entire Chilimanzi Suite
is after Chagondah et al. (2023).

calculated here represent the composition of the parental melt, prior to
any fractional crystallisation, whereas the composition of the
whole-rock reflects the composition of the evolved melt after any frac-
tional crystallisation. For this reason, it is worth investigating the small
differences between the measured and calculated melt compositions.
First however it is important to recognize that the discrepancies in the
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light REE La, Ce and Pr may in part be due to the effects of alteration
noted in other zircon grains, particularly for La in BKT-16 gr 50-1. The
difference between measured and calculated concentrations for Eu are
thought to be real (although the partition coefficient quoted by
Chapman et al. (2016) may be in error) and reflect feldspar fraction-
ation, most probably K-feldspar, which took place during the cooling of
the melt and gave rise to the negative Eu-anomaly in the whole-rock
samples. In addition, since the middle to heavy REE are highly incom-
patible in both plagioclase and K-feldspar it is likely that feldspar frac-
tionation would also drive melt concentrations to higher values for the
middle and heavy REE as observed.

6.6. Crystallization temperature of the granite suites

To predict a reliable crystallization temperature, the geological
meaning of Ti concentrations in zircon should be understood. Granitic
zircons typically contain <25 ppm Ti (Watson and Harrison, 2005;
Harley and Kelly, 2007; Fu et al., 2008). Unreasonably high Ti values
have limited geological meaning as they are associated with chemical
alteration signatures or contaminants and are thus not used in
Ti-in-zircon thermometry (e.g., Hoskin, 2005; Zhang et al., 2010).

Ti-in-zircon thermometer of Watson et al. (2006), predicts a narrow
crystallization temperature range from 698 to 738 °C for the three
magmatic zircons from the ca. 2629 Ma Great Zimbabwe Pluton that
show 6.0-9.7 ppm Ti (Table 1; Fig. 4a and b). Whole—rock composi-
tions in the Great Zimbabwe Pluton samples BKT-02 and BKT-16 which
contain unaltered analyses reveal TiO, content of 0.20 wt % (Chagondah
et al., 2023). Following the model of Hanchar and Watson (2003), this
corresponds to Ti saturation temperatures of 771 °C, consistent with the
range of Ti-in-zircon temperatures. Both the Ti-in-zircon and whole-rock
Ti saturation temperatures are within 690-880 °C range of zircon
saturation for felsic magmas in granitic systems (e.g., Schiller and
Finger, 2019).

Experimental data from the Qz-Ab-Or-An system and phase equi-
librium modelling by Rollinson et al. (2024) show that melts for the
Chilimanzi Suite formed at > 900 °C. Our upper range value of ca.
738 °C for the Ti-in-zircon crystallization temperature is consistent with
minimum anatexis temperature of 900 °C suggested by Rollinson et al.
(2024).

6.7. Implications for zircon geochronology

Previous characterization of the Chilimanzi and Razi suite samples
for zircon U-Pb and Lu-Hf isotopic compositions showed that a majority
of concordant or semi-concordant U-Pb dates were not used for deter-
mination of igneous crystallization ages for the granite suites
(Chagondah, 2022; Chagondah et al., 2023). The excluded analyses
reflect inherited ages from known magmatic events and younger meta-
morphic overprint age groups. Younger metamorphic age clusters of ca.
2600-2533 Ma are characterized by high contents of U, Th, and common
Pb (Chagondah et al., 2023). Thus, only a few analyses from the zircon
U-Pb and Lu-Hf isotopic compositions study were available for deter-
mination of crystallization ages, based on qualitative filtering of ana-
lyses based on U, Th, and common Pb concentrations. Our study shows
that only three analyses from the Great Zimbabwe granite preserve
magmatic compositions and show <300 ppm U and <200 ppm Th
(Fig. 4a and b; Table 1). These values could provide maximum con-
centration, that may be useful data filters for screening analyses for U-Pb
geochronology. It is likely that zircon U-Pb ages of 2517 + 55 Ma and
2540 + 38 Ma reported by Frei et al. (1999) for the Razi Suite’s Mavizhu
Pluton and Kyle Granite’s Rezhura Pluton, respectively, represent
altered analyses. Thus, the pervasive nature of the alteration brings into
question some previous U-Pb analyses on zircon from granitoids along
the southern margin of the Zimbabwe Craton.

Zircon trace element chemistry is useful in discriminating unaltered
(Type-1) and altered (Type-2) spot analyses and should be included in
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analytical protocols to complement conventional, discordance-based
data filter for better screening of U-Pb analyses for age de-
terminations, although this causes a major reduction in useful grains in
the dataset. The altered analyses in this study may conflict with
concordant or semi-concordant status from previous U-Pb and Lu-Hf
analyses (Table 1; Chagondah, 2022; Chagondah et al., 2023), of same
grains, but it is emphasized that the analyses were on different spots.
This phenomenon of a single grain displaying both altered and unaltered
compositions is observed and explained in other studies (e.g., Corfu
et al., 2003; Rayner et al., 2005; Cavosie et al., 2006). We recommend
that the trace element analyses are done concurrently with the U-Pb
analyses, either by using split stream, or by using LA-Q-ICP-MS to
measure trace and U-Pb at the same time. In this study, we note that
fluid-assisted ion-exchange and thermal overprint resulted in chemical
alteration and disturbance to the U-Pb isotope system (e.g., Mezger and
Krogstad, 1997; Geisler et al., 2003a), with only 5 % out of 61 analyses
retaining primary compositions. Altered analyses have limited geolog-
ical meaning.

7. Conclusions

Whilst a majority of the studied zircons are variably chemically
altered as attested by their Type-2 REE patterns, a few grains preserve
igneous zoning textures that are a diagnostic feature of primary
magmatic zircon, and they show Type-1 patterns. The absence of zircon
analyses showing Th/U < 0.08, in the studied zircon suites, suggests that
zircons with Type-2 patterns did not precipitate from hydrothermal-
melts, but instead reflect chemical alteration of Type-1 compositions.
Fluid-mediated chemical alteration by aqueous fluids was localized and
channelled through susceptible regions such as fractures and metamict
(radiation-damaged) zircons that had an initially high content of Th and
U incorporated at the time of crystallization. In some grains, there was
partial or complete metamorphic overprint of primary igneous textures
by ingress of fluids. LREE enrichment in the zircon suites is also attrib-
uted to inadvertent analysis of sub-surface mineral inclusions and/or
contaminants such as Ti, Fe and Mn oxides along fractures.

This study established an LREE-I cutoff value of 32 as a discriminant
for altered and unaltered zircon analysis. LREE-I < 32 (altered compo-
sitions) correlates with known alteration features such as partial or
complete overprint of magmatic textures, enrichment in LREE, Ti, U and
Th. Thus, the LREE-I is a useful data filter as it removes the majority of
chemically altered zircon. The turnover value of 32 is in agreement with
a value of 30 published in literature. The Ti concentrations in magmatic
zircon from the Great Zimbabwe granite constrain the crystallization
temperature of the Chilimanzi Suite at between 698 and 738 °C, which is
within range of zircon saturation for felsic magmas in granitic systems.
Our study demonstrates that zircon chemistry is a pre-requisite data
layer that must be included in analytical protocols to compliment con-
ventional, discordance-based data filter for effective screening of U-Pb
analyses for age determinations, although this results in a major
reduction in useful grains in the dataset.
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