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Abstract  

 

SIMS measurements of discordant Th-U-Pb systems in ancient zircons from the Jack Hills in 

Western Australia have been shown to have high concentrations of U and Th and common Pb 

and appear to have been recently isotopically disturbed. Whereas discordant U-Pb systems of 

Jack Hills zircons have been explained by many authors in terms of Pb loss, the conclusions 

of our previous study have shown that the main discordance mechanism in the Jack Hills 

population is U and Th gain from the transport and deposition of trace elements in fractures 
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in the zircon grains by invading weathering solutions. In this contribution we use electron 

microprobe and SIMS element mapping to demonstrate the distribution of trace elements 

including U, Th and common Pb in fractures and zone boundaries in the Jack Hills zircon 

population. SIMS analysis spots that overlap mineralized fractures and zones are seen to have 

excess U, Th and common Pb and discordant U-Pb and Th-Pb ages with an ~ zero age 

disturbance. Anomalously light and heavy oxygen isotope measurements are also observed to 

be correlated with overlapping fractures and mineralized zones or zone boundaries. 

Elemental additions are accompanied by a decrease in zirconium and silicon suggesting the 

fractures and zone boundaries are mainly filled by oxides and hydroxides 

 

1 Introduction 

 

The interpretation of discordant zircon U-Pb ages has been a problem since the first 

U-Pb age measurements were made in 1950’s when milligram aliquots of separated zircon 

grains were required for an analysis. For instance Tilton et al (1957) reported that a common 

type of discordance in their work was where the 
207

Pb/
206

Pb zircon age was equal to the K-Ar 

and Rb-Sr ages of the micas in the same rock while the U-Pb and Th-Pb ages were 

substantially lower. They comment that “these results require that the zircons either lose lead 

or gain uranium and thorium, while at the same time the K-Ar and Rb-Sr ratios in the micas 

are not affected”. They further remark that “the fact that the zircons which have discordant 

ages are generally the ones which contain common lead is suggestive that other cations such 

as thorium and uranium might be added to the samples along with common lead, leading to a 

lowering of the uranium lead and thorium-lead ages with the Th-Pb ages being most 

affected”. However, Tilton et al. (1957) dismissed the possibility of Th and U addition with 

the comment that “ it is felt that the arguments supporting lead loss have a more factual basis 
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than those concerning uranium and thorium addition and that lead loss, or loss of uranium, 

thorium, and lead with loss of lead predominating, is the more probable cause of the low age 

values”. This conclusion was reinforced by early experiments  where zircons, heated in hot 

aqua regia, lost more 
208

Pb than 
206

Pb (Tilton, 1956) supporting a Pb loss model and 

explaining the tendency for the Th-Pb ages to be the most discordant. Another puzzling 

aspect of the studies from the 1960’s was that in many cases discordant zircon U-Pb ages, 

when plotted on a concordia plot (Wetherill, 1956), fell on a discordia which intersected 

concordia at approximately zero million years. The problem with this was that while these 

data indicated a recent isotopic disturbance no metamorphic or igneous event could be 

identified that could act as the cause ( e.g. Tilton, 1960; Steiger and Wasserburg, 1969 ). A 

number of models were proposed to explain this. Possibly the most prominent at the time was 

the proposal that radiogenic Pb was lost from the zircon by a process of slow continuous 

diffusion (Nicholayson, 1957; Tilton et al., 1960). A number of discordant U-Pb data, plotted 

on a concordia plot, were found to fall on model Pb diffusion curves. However, other 

researchers found cases where discordant data points did not fit a continuous Pb loss 

trajectory but could be explained by a model of episodic Pb loss (Catanzaro and Kulp, 1964;  

Silver and Deutsch, 1963). The reality of episodic Pb loss was demonstrated by hydrothermal 

experiments on a metamict zircon by Pidgeon et al. (1966). As an alternative explanation for 

the approximately zero lower intersection ages Catanzaro and Kulp (1964) interpreted 

discordant U-Pb ages of Archaean gneisses as due to bulk loss of radiogenic Pb by diffusion 

during leaching of metamict zircon by ground water. Stern et al. (1963) also proposed that 

discordant U-Pb ages zircons from the ~ 3.54Ga Morton gneiss were caused by leaching of 

Pb during relatively recent weathering and Black (1987) interpreted a recent disturbance of 

the U-Pb systems of zircons from a Proterozoic granite and pegmatite from Antarctica as due 

to Pb loss induced by incipient weathering.  
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An excellent example of zircon grains with Th-U-Pb systems that have been strongly 

disturbed by an event at approximately zero million years is provided by the ancient detrital 

zircons from the Jack Hills of Western Australia (Compston and Pidgeon, 1978; Maas et al., 

1992; Wilde et al., 2001). These authors explained the approximately zero age discordance as 

due to Pb loss although no igneous or metamorphic events have been identified that could be 

responsible for this disturbance.  However, in a further explanation Pidgeon et al. (2017) 

showed that the zero age U-Th-Pb discordance is the result of U and Th gain from interaction 

between the zircon and weathering solutions during weathering processes that have affected 

the Yilgarn Craton since at least the Permian (Anand and Paine, 2002; Anand and Butt. 

2010). Weathering solutions were shown to have penetrated into the zircons through fractures 

depositing U and Th and common Pb, increasing the Th/U ratios and strongly reducing the 

208
Pb/

232
Th and 

206
Pb/

238
U ages. These authors also found that zircons had experienced a 

disturbance of their oxygen isotopic systems as a result of the addition of water in the form of 

OH during weathering. They reported that in some grains affected by weathering, 
18

O can 

become progressively lighter with increasing OH content and with further increase in OH this 

trend is seen to reverse and 
18

O becomes progressively heavier. This behaviour of the O-OH 

system has also been observed in zircons from 2650 Ma granites from the Darling Range in 

Western Australia (Pidgeon et al., 2013). The reason for the trends to lighter and then heavier 

oxygen are not understood but are attributed to a process where initial inflow of ground water 

into the fractures occurs without fractionation and is followed by slower hydrolysis exchange 

reactions between ground water and radiation damaged zircon that causes strong oxygen 

fractionation resulting in a heavier 
18

O (Pidgeon et al., 2017). Pidgeon et al. (2017) reported 

electron probe traverses across two grains (grains 6 and 65 also investigated in this report) 

where analyses were made every 10m and reported that, for grain 6, analyses that fell on 

fractures were low in Zr but exceptionally high in U and Th, with Th up to 39680 ppm and U 
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to 2020 ppm. An analysis on a fracture along the traverse on grain 65 had a low Zr and a Th 

of 22400 ppm and U of 2436ppm. These high U and Th values, with accompanying 

anomalously high Th/U ratios, were attributed to the addition of these elements into fractures 

by penetrating weathering solutions. This addition of U and Th resulted in strongly 

discordant U-Pb and Th-Pb ages, explaining the trend in discordant U-Pb systems in Jack 

Hills zircons towards zero Ma. The deposition of materials into fractures in zircon by 

weathering solutions has been described previously by Delattre et al. (2007). These authors 

report the presence of periodic to amorphous phases, with varying proportions of Si, Al and 

Fe but no Zr, in the fractures. They describe the boundaries of fractures with surrounding 

zircon as sharp or rough, where their photos of rough contacts show possible halos of 

fracture-fill materials dispersing into surrounding zircon. They also describe high 

concentrations of trace elements such as Al, Th, Ce and Fe in U rich, highly radiation 

damaged, percolating domains within the zircon. The potential for a metamictization-induced 

interconnected fracture network to admit elements such as U and Pb as a result of fluid 

penetration has also been mentioned in the classic zircon fracture study by Lee and Tromp 

(1995). The addition of U, Th and common Pb into fractures was described by Pidgeon et al ( 

2017) but the distribution of these and other elements into fractures in the Jack Hills zircons 

was not explored by these  authors.  Our purpose in the present contribution is to use 

electron/ion microprobe analysis techniques and imagery to describe in detail the distribution 

of trace elements in fractures and other structural features in these zircons and to consider the 

implications for SIMS Th-U-Pb and stable isotope studies of Jack Hills and other zircon 

populations from rocks subjected to weathering.  

 

2 The investigated grains 
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 The four zircon grains described in this report are from a sample of quartz 

conglomerate from the W74 site in the Jack Hills of Western Australia (Compston and 

Pidgeon, 1987). U-Th-Pb and O-OH isotopic analyses of the grains and preliminary electron 

probe analyses of grains 6 and 65 have been reported by Pidgeon et al. (2017). Of the present 

grains Grain 65 is euhedral, consisting an irregular shaped truncated multiple zoned core 

surrounded by a weakly zoned outer core and then by a finely, euhedrally zoned zircon rim (se 

CL image on Fig.4). Grain 46 is euhedral and consists of a nebulous center surrounded by 

euhedral zones (see CL image on Fig.4) indicating formation by crystallization in a felsic 

magma. Grains 6 and 57 are ellipsoidal with modified or absent euhedral zoning (Cl images on 

Fig.2 and 4) indicating strong modification or formation in a high-grade metamorphic 

environment (e.g. Pidgeon and Aftalion, 1972). The presence of a faint euhedrally zoned 

residual core in grain 57 (Figs. 1 and 3) suggests that the grain was originally euhedral but has 

been resorbed to an oval shape and then overlain at least once with secondary zircon, 

concentrated towards the terminations, during an episode of high-grade metamorphism. Grain 

6 is also an oval shaped grain that has a rounded light-grey CL center surrounded by an inner 

rim of dark CL zircon which in turn is surrounded by an outer rim of clear bright CL zircon 

with faint “cross bedding structure”. This grain shows no evidence of an igneous origin and we 

interpret it as having formed in a high-grade metamorphic environment or having been 

completely reconstituted during high-grade metamorphism. The contrasting history of these 

grains gives some indication of the complex origin and histories of zircons in the Jack Hills 

detrital zircon suite. The system of fractures in these grains are shown on the BSE and 

transmitted light images on Figs.1,2 and 3. 

  

 

3 Analytical methods 
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3-1 Element maps from the electron Probe 

Element maps were acquired on a JEOL JXA8530F hyperprobe equipped with 5 tuneable 

wavelength dispersive spectrometers. Operating conditions were 40 degrees take-off angle, 

and a beam energy of 25 keV and a beam current of 80 nA. Elements reported here, Zr, Si, 

Al, Ca, Fe, U, Th, Y , were analysed using TAP, LiFJ, LiFH and PETj  crystals and a suite of 

proprietary metals, oxides, silicates and phosphates standards for instrument calibration. 

Mean Atomic Number (MAN) background correction was used throughout (Donovan & 

Tingle, 1996) and unknown and standard intensities were corrected for deadtime. Interference 

corrections were applied as appropriate using the method of Donovan et al. (1993). The 

quantitative map acquisition was performed using the Probe Image® software for X-ray 

intensity acquisition. The beam current used for mapping was 80 nA with a 150 msec per 

pixel dwell time and a 0.5 x 0.5 m pixel dimension. Image processing and quantification 

was performed off-line with the CalcImage® software and output to Surfer® for further 

handling and presentation. Detection limits at 3 sigma for the elements determined here are 

Hf, 0.24 wt %, Y, 0.26 wt %, Fe, 0.06 wt %, Ca, 0.05 wt %, U, 0.23 wt % and Th, 0.23 wt %. 

 

3-2 U-Th maps with the CAMECA IMS1280 

SIMS secondary ion image (SII) element maps for selected areas on grains A6 and 

A46 were made with the  CAMECA IMS1280 large-geometry ion microprobe located at the 

NordSIMS facility, Swedish Museum of Natural History, Stockholm, Sweden. The analytical 

method has been described by Bellucci et al. (2018) who reported U and ThO area maps for 

grain 6, referred to as grain 46 by these authors.   

For each SII analysis, an area of 80 Å~ 80 μm was sputtered for 10 min using a ~20 

μm, ~10 nA O2
−
 primary beam to effectively remove surface gold coating and minor residual 
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surface contamination. To obtain high spatial resolution for the ion images of the standards 

and unknowns, a 50 μm primary beam aperture was used, resulting in a projected beam 

diameter of ~5 μm on the sample surface and a beam current of ~250 pA. This spot size, 

which corresponds to a surface area of 20 μm
2
, defines the minimum spatial resolution at 

which the technique can confidently resolve individual, non-mixed zircon chemical domains. 

The secondary ion beam from the rastered area was processed using the dynamic transfer 

optical system (DTOS), a synchronized raster in the transfer section of the instrument that 

deflects the ions back onto the ion optic axis of the instrument regardless of their original 

point of sputtering from the sample, allowing both image acquisition and collection of 

secondary ions at high mass resolution, in this case 4860 M/ΔM. Oxygen was introduced into 

the sample chamber increasing its pressure to ~ 2 x 10-5 mbar to double Pb sensitivity 

(Schuhmacher et al., 1993). All ion-counting detectors used in this study were low-noise 

discrete dynode Hamamatsu R4146-04 electron multipliers, with typical backgrounds of< 

0.005 cps, which precluded the need for any background correction. Prior to image 

acquisition the secondary ion beam was centered in the field aperture, optimized for 

maximum energy distribution in a 45 eV energy window, and mass calibrated using the 

zircon matrix 
90

Zr2
16

O signal. Count times for the ions of 
238

U, 
232

Th
16

O, and 
238

U
16

O2 were 

5, 2 and 2 s, respectively, and images were integrated over 60 scans, resulting in a total 

analysis time of 34 min. Images were processed using the CAMECA WinImage2 software 

package.  

 

3-3  SIMS U-Th-Pb  spot analyses 

U-Th-Pb spot analyses in table 1 have been reported earlier in Pidgeon et al. (2017) 

and the U-Th-Pb analytical methodology has been descried by Whitehouse et al. (1999), 

Whitehouse and Kamber (2005) and Pidgeon et al. (2017). Briefly, a molecular oxygen beam 
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(O2
-
 at -13 kV) was imaged to give a ca. 6 nA current in an elliptical, ca. 20 m spot on the 

polished surface of the grain. Secondary ions were extracted from the sample at +10 kV and 

admitted, via high-magnification transfer optics, to the mass spectrometer operating at a mass 

resolution (M/M)  

of 5400. Oxygen flooding of the sample chamber was used to enhance the Pb
+
 yield. At the 

start of each analysis, a 70 second pre-sputter raster of 25 m was used to remove the Au 

coating and minimize surface contamination. This was followed by automated centering of the 

beam in the field aperture, optimization of the mass calibration using the matrix Zr2O species 

and optimization of secondary ion energy in the 45 eV energy window. Analyses involved a 

peak-hopping data collection routine that consisted of 16 cycles through the mass stations, with 

signals measured on an ion counting electron multiplier with a 44 ns electronically gated dead 

time. Pb/U ratios were calibrated using an empirical correlation between Pb
+
/U

+
 and UO2

+
/U

+
 

normalized to the CZ3 standard (Pidgeon et al., 1994).   

 

3-4 SIMS Oxygen and OH isotopic analyses  

Oxygen isotopes were measured on spot locations on the samples using the CAMECA 

IMS1280 ion microprobe of the NordSIMS Facility, Swedish Museum of Natural History, 

using a method similar to that described by Nemchin et al. (2006b) with the exception that, for 

data  shown on Fig.4 , (which are reported in more detail in Pidgeon et al., 2017),
 16

O
1
H 

(referred to in the paper as OH) )  was  measured concurrently with  
16

O and 
18

O , as described 

y Pidgeon et al. (2014, 2017). Briefly, a 20 keV Cs
+
 primary beam (+10 kV primary, −10 kV 

secondary) of ca. 1.5 nA was used in critically focused (Gaussian) mode to sputter a ca.10 μm 

rastered sample area, with a normal incidence electron gun providing charge compensation. 

Fully automated runs comprised a pre-sputter period with a raster of 20 μm, field aperture and 

entrance slit centering, using the 
16

O signal, followed by 96s of data acquisition using two 



 

 10 

Faraday detectors in the multi-collector system operating at a common mass resolution of ca. 

2500 to measure 
16

O and 
18

O and an axial Faraday operating at a mass resolution of 6000 to 

separate 
16

O
1
H from 

17
O. During the analytical session the secondary magnetic field was 

locked at high precision using an NMR sensor operating in regulation mode. Data from Jack 

Hills zircons are presented in Table 1 with uncertainties reported at the 2 level. Oxygen 

isotope data were normalized to measurements of the CZ3 zircon standard and are reported 

with reference to SMOW assuming a δ
18

O value of 15.4 ± 0.4 ‰ (2SD) for this standard 

(Cavosie et al., 2011).  We report measured 
18

O values with reference to SMOW and OH as 

OH/O, determined as counts of 
16

O
1
H over counts of 

16
O. 

 

4 Results and Observations  

 

4-1 Electron probe element mapping of grains A46, B65 and B57. 

Grain maps showing the elemental concentrations of U, Th, Fe and Y in zircon grains 

46, 57 and 65 are presented in figure 1. Element concentrations are reported as log weight % 

with concentration levels ranging from at or below the detection limit (blue, green) to higher 

values expressed semi-quantitatively as a progressive change from orange to red to white. 

(Fig.1).  All grains show major and minor fractures that are mineralized with a range of trace 

elements. Euhedral Grain 65, consisting of concentric, euhedral zones, has a major fracture 

connecting the center to the outermost layer on the rim (Fig.1). Weathering fluids carrying 

trace elements have penetrated this fracture precipitating trace elements in the fracture ( 

Fig.1) and  also in the fractured and zoned inner core. The width of element concentrations 

shown on Fig.1 indicates lateral movement of elements away from fractures and into the 

surrounding zircon.  Elsewhere in the grain the trace elements have concentrated in fine 

expansion fractures. In addition, it is most notable that concentrations of trace elements are 
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also present in some of the euhedral zones (Fig.1).  In particular, the trace element 

concentrations are seen to occur in specific, narrow, euhedral zones or zone boundaries that 

form euhedral shells within the grain (Fig.1 and 3). In Fig,3 the concentration of trace 

elements in the stacked pyramidal zones towards the termination of the grain is shown in 

greater detail. Euhedral grain 46 (Fig.1), consisting of an indistinct central domain ( CL 

image on Fig. 4) overlain by a series of euhedral zones (Fig.1), has a number of transverse 

fractures and a network of radiation damage expansion fractures that are  interconnected and 

extend to the surface of the grain, permitting fluid penetration and deposition of transported 

elements  (Fig.1). In addition, trace elements have concentrated in short sections of favorable 

zones (Fig.1) in the pyramid section of this grain. Oval-shaped grain 57 consists of a residual 

now rounded, euhedrally zoned core, unconformably overlain by a metamorphic zircon rim 

(Figs1, 3) and has a network of fractures. Concentrations of trace elements U, Th, Al, Ca, Fe 

and Y occur in transverse fractures that extend across the grain, expansion fractures that 

occur in the low CL zircon at the grain terminations and boundary weaknesses that mark the 

contact between the low CL center of the grain and inner rim of dark CL zircon (Fig.4).  The 

prevalence of fractures increases in the dark CL inner rim, particularly towards the 

terminations (Fig. 3). The concentration of introduced trace elements is particularly evident 

in the highly fractured dark CL zone at the base of the grain (Fig.1, 4). In this grain there is 

no evidence that relic zoning in the zircon core has been susceptible to fluid penetration.  

 

4-2 Th – U maps of parts of grains 6 and 46 using the Cameca 1280 

Element concentration maps for U and Th, determined on the Cameca 1280, were made on 

parts of zircon grains 46 and 6 as shown on fig 2. Concentrations, given as counts of ThO and 

U. are shown on a colour scale on Fig. 2, ranging from black (low counts corresponding to 

about 1ppm) to orange-red (count rate of 500 counts/sec or more corresponding to 
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concentrations over 1000ppm). Where the Cameca 1280 has the advantage of a higher 

sensitivity for analyses of Th and U compared to the electron probe a disadvantage is the spot 

size of about 5 m which can produce a tail in element concentration traverses across 

fractures, and this needs to be taken into account in interpreting the extent of lateral 

movement of elements away from fractures.  

In area A on grain 46, U and Th concentrations show a complex network of elongate 

concentration patches centered on fractures and zone boundaries. This is very similar to the 

pattern of secondary trace elements shown on the electron probe image in Fig.1.  However, 

on taking into account the spot size the Cameca image shows a broad dispersion of U and Th 

away from the mineralized fractures and zones indicated by the light green shading around 

element concentration patches in the sections. This shows a lateral diffusion of trace elements 

way from fractures. A high concentration of secondary U and Th in fractures is evident in the 

maps recording U and Th concentrations over section B and is in general agreement with the 

electron probe trace element maps of the same areas on Fig.1. The concentrations of trace 

elements in the main fractures and zones is evident in the electron probe maps on Fig. 1, but 

details of these distributions  in broad  patches, thickened zones and minor  fractures  and the  

lateral dispersion of these elements from fractures into the body of the grain is better revealed 

in the SIMS images on Fig 2. 

  Grain 6. is an oval shaped grain with a tear-shaped grey-CL centre which has been 

corroded and then surrounded by a dark CL oval shaped inner rim which in turn is overlain  

by a bright CL outer rim (Fig.2). The presence of radiating expansion fractures in the bright 

CL rim (Fig.2) indicates that the dark CL centre has expanded as a result of radiation damage 

swelling, fracturing the low radiation damaged outer rim. Th and U maps of two areas of the 

dark Cl center are shown on the CL image of the grain in Fig.2. In Area A the Th and U 

concentration images show a relatively homogeneous, low U and Th, rounded centre 
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surrounded by a curved band of higher U and Th corresponding to the boundary with the dark 

CL inner rim on the CL image (Fig.2).  This may be radiation damage swelling-induced 

boundary fractures (fig 2 CL image of grain 6). In section B (Fig.2). Th and U are seen to be 

concentrated in a network of weak fractures and elongate patches in a fragmented low U-Th 

matrix (particularly evident in the U image), in the dark CL inner rim   

 

5 Discussion 

5.1 Trace element distribution 

 The penetration of weathering fluids into fractures in zircons from the Jack Hills 

metaconglomerate has been described by Pidgeon et al. (2017) and the present observations 

confirm the widescale deposition in the fractures of Fe, Ca, Al, Y, U and Th and other trace 

elements. The Eh-pH conditions of weathering solutions permeating the fractures of the 

zircons are not known, but probably varied over time and trace elements may have undergone 

cycles of precipitation and dissolution in and from the fractures with periodic changes in the 

water table and climate.  Precipitation of these elements in fractures indicates changes in the 

external versus internal Eh-pH conditions as solutions entered the grains. For example 

reduced Fe in solution might be oxidized on entering a fracture. Kober (1987) and Kramers et 

al. (2009) argued that -recoil damaged areas in the zircons are highly oxidising, suggesting 

oxidising conditions extend across zoned zircons resulting in oxidation and precipitation of 

ferrous iron carried into the zircon by the percolating groundwater. It is possible further 

information on precipitation conditions can be gained by studying the elemental species 

present in the fractures.  

 

In addition to the presence of secondary trace elements in fractures our trace element 

maps (e.g. Fig.1) show significant concentrations of the same trace elements in specific, 
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concentric primary zones in the package of oscillatory zones that comprise grains 46 and 65.  

This is a surprising observation and  whereas it could be proposed that these trace element 

concentrations are primary features representing unusually high incorporation of trace 

elements in selected zones during  crystallization of the zircon, the high Th/U 

(measured/calculated), zero age discordance, presence of OH and anomalous 
18

O recorded 

by SIMS analyses on these zones provides strong evidence that the anomalous trace elements 

in these zones are secondary and are the result of interaction with low temperature 

weathering fluids. The nature of these mineralized zones is illustrated on the expanded 

stacked pyramidal section of Grain 65 shown on Fig.3. The mineralized areas are clearly 

shown on the Ca and Y images on the figure and it is evident that the mineralization 

corresponds with the dark euhedral linear pattern on the BSE image in this figure. The further 

observations that Zr and Si concentrations (images on Fig.3) are low relative to the main 

body of the grain suggests that that removal of these elements by dissolution into percolating 

weathering solutions has occurred at the same time external trace elements have been 

deposited.   

The susceptibility of specific zones, represented by euhedral lines on Figs 1 and 3, to  

penetration by and interaction with ground waters, similar to what is observed in fractures, is 

most unexpected  and raises the question of what is the nature of these zones that makes them 

selectively  available for penetration by weathering solutions?  An important feature of these 

zones is that they are plainly visible in back-scattered electron images of grains 65 and 46  

(Fig.1) and in particular the BSE image of the pyramid section  of grain 65 shown on Fig. 3.   

In the BSE images of grains 65 and 46 (Fig. 1 and 3) the altered areas are seen as fine 

continuous concentric lines that follow the zone structure throughout the crystal. These BSE 

lines appear to be grooves on the polished grain surface and are explained as channeling of 

the fine zones by abrasion during polishing of the mount. It follows that the fine zones are 
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composed of softer material than the main body of the zircon and more easily abraded. One 

possible explanation is that the narrow channels consist of highly radiation damaged “ 

amorphous” zircon that has reduced hardness and has been preferentially abraded during 

polishing.  The grooves correspond to fine black lines on the CL image in Fig.3 and the lack 

of CL emission marked by these lines could be interpreted as support for the presence of a 

thin zone of highly amorphous zircon (Geisler and Pidgeon, 2001). Alternatively, the lack of 

CL emission could be due to the groves themselves or the amorphous fill-material 

concentrated in these narrow zones.  It might be expected that a thin, highly metamict zone 

would expand relative to surrounding zones inducing expansion fractures in the surrounding 

zircon, but no such fractures are evident (e.g. Fig.3). 

Another explanation for the soft bands in the euhedral zones is that they are not actual 

zones but represent the boundary between adjacent zones with different degrees of radiation 

damage. The differential expansion of the adjacent zones might result in strain along the 

plane of contact that resulted in an incipient parting which formed a channel-way for  

percolating fluids. An argument against this is the lack of a consistent pattern of dark against 

light CL zones in the adjacent zone structure along a channel (Fig.3. CL) and also the lack of 

any accompanying expansion fractures.  A third more speculative explanation is that the thin, 

euhedral, mineralized zonal structures represent boundary planes between adjacent zones that 

form planes of weakness susceptible to the movement of fluids and abrasion during 

polishing.  The softness and access to fluids along the boundary planes could be explained by 

the degree of bonding across the plane. The possibility that incomplete bonding across the 

boundary plane between adjacent zones forms a channelway susceptible to fluid access will 

need further investigation but would explain the mineralization and the uniformly narrow 

channeling during polishing. The extent of cross boundary bonding could be variable for 

zones within a zircon, from low, where abrasion has uniformly eroded the boundary as in 



 

 16 

Grain 65, to higher, where a boundary has been less abraded and fluid access less extensive 

as suggested in the zonal structure of grain 46. The BSE image of grain 46 (Fig.1) shows 

variable abrasive channeling along the euhedral zones and patches of element accumulation 

occur in pyramid stacks at the termination of the crystal. Only anomalous Fe is evident in the 

weakly abraded zonal structure that crosses the grain (Fig.1). Detection limit limitations of 

the electron probe analyses may mask the penetration of other trace elements along this zonal 

structure.   

 While the addition of trace elements along fractures and planar structures in the 

zircons is now established an important question that needs to be addressed is the extent of 

movement of trace elements from these structures into the body of the zircons. The pattern of 

trace elements in grains on Fig.1 shows what we refer to as trace element concentration 

domains. The occur in angular pyramidal areas and appear to be the result of a combination 

of mineralized boundary planes and localized fracturing. This is well shown in the element 

concentration zone in the center of Grain 65 and also the trace element concentration zone in 

the area beneath the pyramidal zone termination in grain 46 (Figs. 1 and 2). The distribution 

of Fe in grain 46 (Fig.1) is particularly suggestive of movement away from fractures and 

euhedral planes. The movement of U and Th into concentration patches in fractures around 

the core of grain 6 and in sections of Grain 46 on Fig. 2 also suggests that trace elements can 

migrate from fractures into the surrounding zircon under favorable conditions.  Further study 

is needed to establish the mechanisms and controls for the movement of elements from 

mineralized fractures and zones into surrounding zircon during weathering.   

 

5-2 The Th-U–Pb systems 

The effects of fractures on the U-Th-Pb and oxygen isotope systems has been a 

concern of a number of researchers who have avoided overlapping fractures in making SIMS 
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U-Th-Pb and oxygen isotope measurements on zircons (Cavosie et al., 2004, Valley et al., 

2005). This concern is fully justified by the results of our observations on the effects of U, Th 

and common Pb deposited into fractures from percolating weathering solutions on U-Th-Pb 

ages and oxygen isotope results (Pidgeon et al., 2017). Our purpose here is to look in more 

detail at the effects of fractures and mineralized zones on the result of  U-Th-Pb  and oxygen 

isotope analyses of  zircon grains 46, 57 and 65,  by comparing the location of SIMS  

analysis spots shown on  grain images on Fig.4 to corresponding  U-Th-Pb data on Table 1 

and 
18

O / OH analytical results on Fig.5. 

The locations of U-Th-Pb SIMS spots are shown on the CL images of grains 46, 57 

and 65 on Fig.4.  Of the four SIMS U-Th-Pb analysis spots on Grain 65 (Fig.4, Table 1) 

analyses 2 overlaps the mineralised zoned and fractured central area and has high U and Th, 

high (Th/U)meas./(Th/U) calc. (Table 1) and discordant U-Pb and Th-Pb ages, clearly 

demonstrating the effect of overlapping the SIMS analyses with mineralised fractures and 

zones. Analysis 1, located on a dark CL zone, is not near any fractures (see the reflected light  

image Fig.4) but straddles a strongly mineralised zone, (see Fig.1) resulting in little changed  

U concentration but  anomalously high Th, and measured Th/U ratio. Analysis 3 is also not 

on a fracture but located on the stacked, mineralised pyramidal zones towards the termination 

of the grain and has strong enhancement of Th  and U, high common Pb, anomalously high 

(Th/U)meas. and strongly discordant U-Pb and Th-Pb ages (Table 1).  On the other hand, 

analysis 4, located away from fractures and not on a mineralised zone (Fig.4), is concordant, 

has no significant common Pb and has an undisturbed Th/U (calculated and observed Th/U 

values are identical).   

Three SIMS U-Th-Pb analysis spots on euhedral Grain 46 are shown on Fig. 3 and the 

Cameca maps on Fig.2. Analysis 1, in the nebulous CL center of the grain, does not  overlap 

a fracture or mineralized zone (see reflected light and electron probe  images on Fig.3), 
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although on the more sensitive Cameca U and Th concentration image for location 46 B on  

Fig.2  the analysis spot appears to overlap  minor zones and small fractures with enhanced  U 

and Th concentrations.  The measured Th and U and Th/U of this analysis appear little 

affected but the Th-Pb age is discordant indicating that this analysis spot has experienced a 

small enhancement in Th with little change to U or common Pb.  Analysis 2, which falls on a 

part of the grain free of mineralized fractures or zones as shown on Fig.3, is nearly 

concordant with no indication of interaction with weathering solutions. SIMS analysis 3 

overlaps mineralized zones, as shown on the electron probe image on Fig. 1 and the Cameca 

U/Th scanned area on Fig.2 and has high U (3743 ppm) and Th (7718ppm), high common 

Pb, high Th/U (meas)/Th/U (calc), and extreme discordance of the U-Pb and Th-Pb ages 

(Table 1).   

Four SIMS U-Th-Pb analyses were made on oval shaped Grain 57. Analysis 1 

overlaps a highly fractured dark CL trace element concentration area in the inner zone of this 

grain (Fig.3) and has extreme U and Th contents, 59% common Pb (Table 1) , and extreme 

discordance and represents an extreme example of  the effect of  the accumulation of trace 

elements through weathering impregnation. Analyses 2,3 and 4 also overlap mineralized 

fractures (see images on Fig.3) and have high U and Th contents, anomalous Th/Umeas. and 

strongly discordant U-Pb and Th-Pb ages (table 1).    

  The four U-Th-Pb analyses made on the dark Cl core of grain 6 (Fig.2) are all 

strongly discordant. Analyses 1,2 and 3 (Table 1) fall on fractures (Fig.2) and have 

anomalously high Th and U concentrations and measured Th/U well in excess of calculated 

values indicating recent Th-U addition (Table 1). Analysis 4 is within the Cameca analysis 

area 6B where it overlaps a network of fractures showing anomalous U but has no indication 

of enhanced Th. On Table 1 the analysis is strongly discordant and has anomalous 

concentrations of U and to a less extent Th. The measured Th/U of only 0.3 suggests that at 
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this location the deposition of weathering derived U exceeded Th (see Fig.2) which is the 

reverse of that generally observed. 

 Except for this analysis it is generally observed (Pidgeon et al., 2017) that Th is 

accumulated in the mineralised fractures and zones to a greater extent than U and that the 

measured Th/U is generally in excess of the calculated Th/U value. This is not well 

understood and is possibly related to the Eh-pH conditions during transport and precipitation 

of these elements. These conditions may vary from one region to another and it remains to be 

seen as to whether high Th/U values are general indicators of weathering action. Weathering 

effects on zircons from the ~2.65 Ga Darling Range Granites (Pidgeon et al. 2013) suggest 

that under weathering interaction U has accumulated in the zircons in preference to Th.   

Present results indicate that the effects of weathering on the zircon structure and 

chemistry are distinct from those observed under hydrothermal conditions. Fluid 

temperatures during weathering are estimated to be between 0 and 50
o
C and there is no 

evidence that the interaction of zircons with weathering solutions has resulted in annealing of 

radiation damage, such as is observed in low temperature hydrothermal experiments (e.g. 

Geisler et al., 2002) and there is no evidence that interaction with weathering solutions has 

resulted in the loss of radiogenic Pb as reported  in hydrothermal experiments on radiation 

damaged zircon ( e.g. Pidgeon et al., 1966; Geisler et al., 2002). Leaching of radiogenic Pb 

during weathering, might occur from highly radiation damaged, essentially amorphous, 

domains, but this has not been demonstrated. Trocellier and Delmas (2001) reported that Si 

and Zr are released from zircon after one month in demineralised water at 96
o
C.  These 

authors give no description of their experimental zircons but their observations suggest zircon 

can be dissolved in pure water at very low temperatures.  We have not observed evidence for 

this and further research on the structural, chemical and isotopic stability of radiation 

damaged zircon under weathering conditions is needed.   
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5-3 Structural controls of   
18

O – OH 

 Pidgeon et al. (2017) reported anomalous O-OH (
18

O – 
16

O
1
H) isotopic systems in 

the Jack Hills zircons where analyses overlap fractures.  As demonstrated in the present 

contribution penetration of weathering solutions and deposition of transported materials has 

occurred in fractures but also in favourable zones in Jack Hills zircons (Fig.1). With this in 

mind we have re-examined the question of the controls of weathering effects on the 
18

O 

values by comparing analytical results, given on Fig.5, to the precise locations of SIMS 

analytical spots on reflected light images, that clearly show mineralised fractures and zones 

(Fig 4).  

Three 
18

O O – OH analyses on grain 46 (Fig.4) have 
18

O values of ~  5.5 ‰ ,  

which is within the mantle range of Valley et al (1998), and an OH concentration not 

significantly different from background, indicating that these analyses have not been affected 

by weathering solutions. As shown on the reflected light image on Fig., 4, SIMS analyses 1 

and 2 were located on parts of the grain free of fractures (Fig. 2 ) while analysis 3 appears to 

overlap a mineralized expansion fractures (Fig. 2). This analysis is located within Cameca  

1280 map area 46B (Fig. 2), where it overlaps  minor U and Th mineralised  fractures and 

zones. Nevertheless, the SIMS O-OH analyses shows no evidence of being altered by ground 

water interaction (Fig.4).   

This compares with the six SIMS O-OH isotopic analyses on grain 65. O-OH 

analyses of spots 1, 5 and 6 overlap mineralized zones (Fig.3) and  have 
18

O of  4.5 – 4.9 ‰ 

and OH within the background (Fig.4). Analysis spot 4 overlaps the package of mineralized 

pyramidal zones (Fig. 4) and also has background OH but a lighter 
18

O  of 3.9 ‰ (Fig.4).  

Spot analyses 3 and 2 overlap mineralised zones similar to those overlapped by analyses 1 

and 6 but have elevated OH contents and heavier 
18

O values of 5.6 and 6.1 ‰, (Fig.4). Any 
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trend in the O-OH of analyses 1, 4, 5, and 6 on Fig. 4 is masked by the background, but the 

low (light) and decreasing 
18

O values, suggests they fall on a stage 1 trend of Pidgeon et al. 

(2017). The move to a heavier 
18

O for analyses 2and 3, correlating with increasing OH, can 

be explained as a stage 2 trend (Pidgeon et al., 2017). These authors proposed that the two 

trends reflect different processes in the interaction between ground water and the host zircon. 

Taken overall it appears that the three analyses (1,4, 5 and 6) from the northern and western 

end of the grain (Fig.4) trend to anomalously light 
18

O with a low OH anomaly (stage 1 

trend) whereas analyses on the south eastern end of the grain ( 2, 3) follow a trend to heavy 


18

O  and anomalously high OH (stage 2 trend). These results confirm that the O-OH system 

in this grain has been affected by the location of analysed spots on mineralized zones 

although the question of why the analyses on this grain follow different trends has not been. 

resolved.   

 Eight SIMS O-OH measurements made on grain 57 (Pidgeon et al. 2017) are plotted 

on the reflected light image on Fig.4. Analysis 8 is situated in the middle of the dark CL 

highly fractured, probably strongly metamict domain in the bottom-right of the grain (Fig.4). 

This analysis has an extremely anomalous heavy 
18

O of 14.5 ‰ and anomalously high OH 

(Fig.5) indicating strong interaction with weathering fluids and a stage 2 trend (Fig.4).  

Analysis 1, overlaps the dark CL domain at the top end of the grain (Fig.4). The actual spot 

position on an area of fine fractures (Fig.4) and the analysis has an anomalously heavy 
18

O 

of 7.8 ‰ and anomalous OH (Fig.5). Analyses 3, and 7 overlap mineralised fractures (Fig.4) 

and have anomalous OH values and heavy 
18

O (analysis 7).  In contrast analysis spots 2 ,4, 

and 5 are situated in un-fractured parts of the grain (Fig. 4) and have 
18

O values of ~ 5.6 ‰ 

and background OH, indicating that zircon at these locations in the grain have not interacted 

with weathering solutions (Fig.5).  The dark CL domains appear to be highly radiation 

damaged and the extremely anomalous 
18

O and OH values could reflect preferential 
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penetration of low temperature weathering solutions into the metamict zircon. Four O-OH 

analyse were reported for Grain 6 (red rings on Fig.2; Pidgeon et al.2017) (Fig.5). O–OH 

analysis 1 on the bright CL rim at the pointed termination of the grain has a 
18

O of ~ 6.2‰ 

and background OH indicating that weathering solutions have not penetrated the bright CL 

rim.   Also, analysis spot 2 in the “blue” unaltered part of the core (Fig 2A) has a 
18

O value 

of ~ 5.3 ‰ and background OH suggesting  no significant interaction with weathering 

solutions.  However, analysis spots 3 and 4, which overlap fractures in the dark CL core 

(Fig.2 grain 6, map area B and B) have heavy 
18

O of  >7.0 ‰ and anomalously high OH. 

(Fig.5 ) defining a type 2 trend.    

On this evidence it is conclusive that SIMS  O-OH isotopic analyses that overlap 

mineralised fractures and zones can be significantly disturbed. This suggests that the fractures 

and zones contain a significant hydroxide or hydrated mineral component. There is also some 

indication that a water species has diffused into highly radiation damaged zircon adjacent to 

mineralised fractures and zones. These findings should be taken into account in interpreting 

oxygen isotope results for zircons from rocks from within a weathering environment.   

Further understanding of the effects of weathering on zircon will require a detailed 

investigation of the nature of materials deposited in the fractures and zones and a study of the 

microstructure of the mineralised zones. 

 

6 Conclusions 

 

Element distribution maps of four detrital zircons from the Jack Hills show 

anomalous concentration of trace elements U, Th, Fe, Al, Y and  
18

O -OH  in fractures and 

euhedral  zones (or zone boundaries) resulting from the penetration of low temperature 

weathering solutions. The most striking of the present observations is the concentration of 
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trace elements and water interaction (
18

O -OH) in selected euhedral zones or zone 

boundaries. In some examples the movement of secondary elements away from fractures and 

zones indicates that secondary trace elements have migrated into surrounding radiation 

damaged zircon under weathering conditions. The addition of trace elements, including U, Th 

and common Pb, to fractures and specific zone boundaries by transport and deposition from 

percolating weathering solutions is believed to be a general process that can explain 

discordant zircon U-Pb systems that have approximately zero age lower intersection ages but 

no apparent causative metamorphic or igneous events. Likewise, oxygen isotope analyses that 

overlap fractures or mineralised zones are likely to be unrepresentative of the host zircon.  

The presence of significant OH is a strong indication that 


O values have been disturbed by 

interaction with weathering solutions and it is recommended that OH is measured routinely 

when undertaking oxygen isotope investigations of zircons in rocks from a weathering 

environment.  The weathering effects on the U-Th-Pb and O-OH isotopic systems and trace 

elements in the Jack Hills zircons reported here represents a benchmark for interpreting the 

behaviour of these isotopic systems in all zircons affected by weathering.    
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Figure Captions 

 

Figure 1.  Shows backscattered electron  (BSE) images and Fe, Th, Ca and Al 

concentrations for  polished sections of zircon grains 65, 57 and 46.  Grains are between 300 

and 400 m in length. Colors represent element concentrations in log Wt% . Concentrations 

below the detection limit are shown as black-blue while colors from yellow to red show 

increasing element concentrations. Fractures and mineralized zones are shown in the BSE 

images 

 

 

Figure 2.  Shows cathodoluminescence (CL) images of polished sections of grains 46 

and 6, with marked areas (A and B) corresponding to U and Th element maps made on the  

CAMECA 1280  ion microprobe of the Swedish Museum of Natural History.  The color 

patterns on the map sections show a logarithmic scale of ion counts of U and Th from zero ( 

black) to over 1000 counts (red). U-Th-Pb SIMS analysis spots (yellow) and O-OH spots ( 

red) are shown on the Cl images of both grains. Numbers refer to analytical data presented on 

Fig.5 and Table 1. 

 

Figure 3 Shows Zr, Si Y and Ca concentration and BSE and CL images of the polished 

pyramidal section of grain 65.   

 

Figure 4  shows reflected light, CL and Y concentration  images for polished  sections 

of grains 46, 65 and 57.   The location of SIMS O-OH isotopic analyses are plotted on the 

reflected light images and SIMS Th-U-Pb analyses are plotted on the CL images. The 

numbered analysis can be cross referenced to data presented in Fig.5 and Table 1. 

 

Figure 5 Shows 
18

O versus OH plots for grains 46,65, 57 and 6.   The numbers on the 

analyses correspond to analysis spot positions shown on the reflected light images on fig.4. 
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