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in garnet, which are argued to be largely dependent on the 
interplay between element fractionation, mineral reactions 
and partitioning, and the length scales of intergranular 
transport. Samples from the Peaked Hill shear zone, Reyn-
olds Range, central Australia, exhibit contrasting trace ele-
ment distributions that can be linked to a detailed sequence 
of growth and dissolution events. Trace element mapping 
is thus employed to place garnet evolution in a specific 
paragenetic context and derive absolute age information by 
integration with existing U–Pb monazite and Sm–Nd gar-
net geochronology. Ultimately, the remarkable preservation 
of original growth zoning and its subtle modification by 
subsequent re-equilibration is used to ‘see through’ mul-
tiple superimposed events, thereby revealing a previously 
obscure petrological and temporal record of metamor-
phism, metasomatism, and deformation.

Keywords  Garnet zoning · Trace element · Rare-earth 
element · LA-ICP-MS · Diffusion · Metasomatism

Introduction

Garnet holds a unique place in metamorphic petrology as a 
singularly useful mineral to reconstruct the pressure–tem-
perature–time (P–T–t) evolution of Earth’s crust. This is 
largely due to its ubiquity in medium- and high-grade met-
amorphic rocks, its occurrence in mineral assemblages of 
interest for thermobarometry, its utility as a geochronom-
eter, and most importantly its ability to preserve chemical 
zoning representing the history of dynamic changes expe-
rienced by a rock mass (e.g., Kohn 2003; Ague and Carl-
son 2013; Baxter and Scherer 2013; Caddick and Kohn 
2013 and references therein). Where rock-wide chemical 
equilibration is achieved, garnet growth zoning reflects 
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geochemistry is that the consideration of major elements 
alone excludes a wealth of information preserved by trace 
elements, particularly the rare-earth elements (REEs). 
This is despite the fact that trace elements are generally 
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dissolution of accessory minerals. We outline a technique 
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ment maps by LA-ICP-MS, and introduce an extension of 
the software package XMapTools for rapid processing of 
LA-ICP-MS data to visualise and interpret compositional 
zoning patterns. These methods form the basis for inves-
tigating the mechanisms controlling geochemical mobility 
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progressive crystallisation coeval with changes in P–T 
conditions or bulk rock chemistry. It is therefore particu-
larly useful to unravel the thermobarometric evolution of 
open systems, the development of mineral parageneses, 
and the crystallisation mechanisms involved (e.g., Hol-
lister 1966; Cygan and Lasaga 1982; Loomis and Nimick 
1982; Spear and Selverstone 1983; Konrad-Schmolke et al. 
2005). In the case of kinetically-controlled crystallisation, 
it can also reveal detailed information about the rates and 
length scales of partial chemical equilibration (e.g., Spear 
and Daniel 2001; Yang and Rivers 2001; Skora et al. 2006; 
Carlson 2011).

However, growth zoning in major elements is commonly 
altered by volume diffusion, which is particularly efficient 
at high temperatures for elements with high diffusion coef-
ficients, such as Fe and Mg (e.g., Chakraborty and Ganguly 
1992; Carlson 2002, 2006; Ganguly 2010). In such cases, 
geochemical information relating to the conditions and 
mechanisms of garnet growth (particularly its prograde 
evolution) is either totally or partially obliterated (e.g., 
Florence and Spear 1991; Kohn 2003; Caddick et al. 2010; 
Ague and Axler 2016). To maximise the amount of infor-
mation retained despite this modification process, trace ele-
ments (particularly REEs) can be a more robust geochemi-
cal archive because of their lower diffusion coefficients 
compared to major elements. They can also provide insight 
into parts of the mineral reaction history that exclude the 
major elements, such as the growth and dissolution of 
accessory minerals, including zircon and monazite (Lanzi-
rotti 1995; Pyle and Spear 2003; Kelsey and Powell 2011; 
Carlson 2012; Moore et al. 2013).

Common instrumentation used to interrogate trace ele-
ment distributions in geological samples includes elec-
tron probe microanalysis (EPMA), transmission electron 
microscopy (TEM), scanning electron microscopy (SEM), 
secondary ion mass spectrometry (SIMS), and synchrotron 
X-ray fluorescence or diffraction analysis (XRF/XRD). 
Each technique has its inherent strengths and limitations, 
whether they relate to detection limits, analytical volumes, 
sample preparation, and/or instrument cost and acces-
sibility. Traditionally, laser ablation–inductively coupled 
plasma–mass spectrometry (LA-ICP-MS) has been used 
to quantify major and trace element (wt%‒ppb) content 
in a wide variety of geological materials via spot analysis 
(Jackson et  al. 1992; Norman et  al. 1996; Günther et  al. 
1997; Heinrich et al. 2003). However, its utility as an imag-
ing tool has recently emerged to allow 2D mapping with 
excellent detection limits (ppb) over a wide isotopic range 
(7Li to 238U), with minimal sample preparation required. 
This is achieved by rastering of the focused laser beam in 
linear transects, which are then stitched together by post-
acquisition processing to form a quantified image of the 
trace element distribution (Woodhead et  al. 2007; Ulrich 

et al. 2009; Rittner and Müller 2012; Paul et al. 2012, 2014; 
Ubide et al. 2015). Large suites of isotopes can be collected 
concurrently, including multiple isotopes of the same ele-
ment (detection limits and instrument interferences permit-
ting), providing access to substantially increased geochemi-
cal information from analysed samples.

In this contribution, we demonstrate use of the LA-ICP-
MS imaging technique to reveal complex trace element 
zoning patterns in garnet affected by fluid‒rock interaction 
in a mid-crustal shear zone. Garnet‒staurolite‒kyanite‒bio-
tite‒muscovite schists from Peaked Hill, Reynolds Range, 
central Australia, are characterised by two distinctive gar-
net varieties with contrasting textural and compositional 
characteristics. High-resolution trace element maps are 
combined with existing EPMA major element and SIMS 
oxygen isotope data sets, along with U‒Pb monazite and 
Sm‒Nd garnet geochronology, to investigate the record of 
geochemical mobility during a prolonged sequence of high-
grade metamorphism, deformation, and metasomatism. A 
principal focus of this study is the length- and time scales 
across which intragrain zoning is preserved, and the pro-
gressive development of mineral assemblages in response 
to these superimposed events.

Outcrop relationships and sample descriptions

Peaked Hill is located at the south-eastern margin of the 
Reynolds Range, central Australia, approximately 18  km 
north of the township of Aileron (Fig. 1). It consists of a 
series of low hills mostly composed of megacrystic gra-
nitic gneiss (Boothby Orthogneiss), with small exposures 
of pelitic granulite (Aileron Metamorphics). The outcrops 
are dissected by an array of steeply-dipping NW/SE-trend-
ing shear zones up to 20 m in width, many of which form 
prominent bladed rocks that wrap around the base of each 
hill. A thin (1–2 m wide) shear zone dissecting the domi-
nant granitic wall rocks is discussed by Cartwright and 
Buick (1999). A parallel structure approximately 2  km 
north of this location transects one of the minor metapelitic 
lenses, and is described in detail by Raimondo et al. (2012).

The granulite wall rocks comprise a thinly interlay-
ered pelitic/psammitic gneiss containing garnet–silliman-
ite–cordierite–K-feldspar–biotite–quartz assemblages, 
similar to that described by Morrissey et  al. (2014) and 
Howlett et  al. (2015) from adjacent parts of the Reynolds 
Range. In a steeply-dipping shear zone, approximately 
10 m in width, the gneissic precursor is altered to a gar-
net–staurolite–kyanite–biotite–muscovite schist. Broad, 
open folds and irregular compositional layering that char-
acterise the gneiss are truncated by the schistose shear 
fabric, with a sharp strain gradient matching the boundary 
of strong mineralogical alteration. Peak P–T conditions 
associated with shearing are estimated at 500–600 °C and 
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5.0–6.5 kbar in this area, following a trend of increasing 
metamorphic grade towards the south-eastern margin of 
the Reynolds Range (Dirks and Wilson 1990; Dirks et  al. 
1991; Cartwright and Buick 1999; Hand and Buick 2001; 
Raimondo et al. 2011).

Two garnet-bearing samples from the existing study of 
Raimondo et  al. (2012) were selected for further charac-
terisation by LA-ICP-MS to investigate the trace element 
record of fluid–rock interaction: PH2-E and PH4, located 
within 5 m of each other from the same shear zone outcrop. 
These samples were chosen on the basis that they exhibit 
contrasting textural and compositional features that reflect 
different paragenetic histories and geochemical changes 
indicative of complex grain-scale interactions during meta-
somatism. Such features include substantial differences in 
garnet size, morphology, and microstructure, along with 
variable records of major element and oxygen isotope 
exchange measured by EPMA and SIMS diffusion profiles.

Petrographic descriptions of both shear zone samples 
and their immediate wall rocks are provided in Raimondo 
et  al. (2012), and only essential details are repeated here. 
Sample PH2-E contains coarse (1–5 mm) staurolite poikil-
oblasts and smaller (0.5–2  mm) euhedral garnet porphy-
roblasts associated with thick seams of aligned biotite and 
muscovite, recrystallised quartz ribbons and minor plagio-
clase (Fig.  2a, b). Garnet is largely inclusion-free except 
for minor quartz, biotite and ilmenite, and shows little 
evidence of fracturing or corroded grain boundaries. Lin-
ear trails of monazite included in matrix biotite (Fig.  2b) 
record a U–Pb age of 354 ± 3 Ma (Raimondo et al. 2012), 
consistent with deformation and metasomatism during the 
Ordovician–Carboniferous (450–300  Ma) Alice Springs 

Orogeny (Haines et  al. 2001; Buick et  al. 2008; McLaren 
et  al. 2009; Raimondo et  al. 2014). An Sm–Nd isoch-
ron age of 333 ± 20  Ma has also been obtained from this 
sample by Raimondo et al. (2012), although these authors 
raised a concern regarding its analytical precision that this 
study addresses in more detail.

Sample PH4 features elongate aggregates of large 
(0.3–1.5  cm) garnet porphyroclasts (Fig.  2c, d) that form 
‘stringy’ grain shapes reminiscent of its gneissic precursor 
(Fig. 2e). The garnet aggregates are dissected by multiple 
fractures that create a closely-spaced mosaic pattern, and 
are segregated into thick seams enclosed by muscovite and 
biotite foliae that define the schistose shear fabric. Fibrous 
sillimanite inclusion trails are continuous across adjacent 
garnet fragments (Fig.  2d), and again match similar fea-
tures in garnet from the wall rock (Fig. 2e). Staurolite and 
kyanite occur as coarse (0.5–3  mm) porphyroblasts asso-
ciated with biotite, whereas quartz occurs in the matrix 
as fine recrystallised ribbons. Similar to PH2-E, monazite 
grains are arranged in distinctive linear arrays in matrix 
biotite, and record a U–Pb age of 360 ± 3 Ma (Raimondo 
et al. 2012).

Methods

Data acquisition

LA-ICP-MS trace element maps were acquired using a 
Resonetics M-50-LR 193  nm excimer laser coupled to 
an Agilent 7700x Quadrupole ICP-MS housed at Ade-
laide Microscopy, University of Adelaide. Instrument 
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Fig. 1   Generalised geology of the Reynolds Range, central Aus-
tralia, showing the distribution of major rock types and shear zones. 
The location of all samples presented in this study is indicated by a 
yellow circle immediately north of the Peaked Hill locality. Map area 

corresponds to the red box indicated on the inset panel of the Arunta 
Region. ASZ Aileron Shear Zone. Figure modified from Raimondo 
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Fig. 2   Transmitted light photomicrographs and a rock block scan of 
key mineral textures from the Peaked Hill samples. a Euhedral gar-
net porphyroblasts from sample PH2-E, wrapped by quartz ribbons 
and seams of intergrown biotite and muscovite. b Staurolite and gar-
net porphyroblasts and linear inclusion trails of monazite from sam-
ple PH2-E. c, d Elongate aggregates of fractured garnet fragments 
from sample PH4, forming an interlinked mosaic texture enclosed by 
muscovite and biotite foliae defining the schistose shear fabric. In d, 

note the fine sillimanite inclusions that continue across several garnet 
fragments and match similar features in elongate garnet grains from 
the adjacent wall rock (PH09-1) shown in e. The wall rock comprises 
an interlayered pelitic/psammitic granulite characterised by garnet–
cordierite–sillimanite–K-feldspar–biotite–quartz assemblages. Image 
a is in cross-polarized light; images b–e are in plane-polarized light. 
Bt biotite, crd cordierite, gt garnet, incl. inclusion, kfs K-feldspar, mnz 
monazite, mu muscovite, sill sillimanite, st staurolite, qtz quartz
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conditions and mapping protocols similar to that 
employed in this study are outlined in several previous 
contributions from our laboratory, mostly pertaining 
to sulfides (e.g., Cook et  al. 2013; Ingham et  al. 2014; 
Lockington et  al. 2014; George et  al. 2015) and various 
silicates (e.g., Ismail et  al. 2014; Kontonikas-Charos 
et  al. 2014; Sharrad et  al. 2014; Xu et  al. 2016). Simi-
lar laser ablation imaging by other laboratories has also 
been performed on silicates by Ulrich et al. (2009), Paul 
et al. (2014), Ubide et al. (2015) and Petrelli et al. (2016). 
Details specific to the trace element analysis of garnet are 
provided in the following.

The Resonetics M-50 uses a two-volume laser ablation 
cell designed by Laurin Technic Pty that facilitates fast 
washout of ablated material (five orders of magnitude in 
3 s, with no signal smoothing device used). Mapping was 
performed on standard 30 μm-thick polished thin sections 
mounted in a spring-loaded holder designed for 25  mm 
glass slides. Imaging was achieved by ablating a series of 
parallel rasters across the sample surface to form a square 
or rectangular grid (Fig.  3). Pre-ablation of each raster 
was completed to minimise the effect of redeposition, and 
30  s of background measurement was also acquired prior 
to each scan. Ablation was performed in an atmosphere 
of UHP He (0.70 L min–1), mixed with Ar (0.93 L min–1) 
immediately after the ablation cell. A beam diameter of 
16  μm coupled with a laser repetition rate of 10  Hz pro-
duced an energy density of ~7  J  cm–2 at the target, and a 
scan speed of 22 μm s–1 and line spacing of 16 μm were 
employed. High fluence ensured that count rates were suf-
ficient at the small spot sizes required for optimal spatial 

resolution, and trench depths were maintained at <5  μm 
given the scan speeds involved (Fig. 3).

Data acquisition was performed in time-resolved analy-
sis mode as a single continuous experiment. Each analysis 
comprised a suite of 33 elements (Online Resources 1 and 
2); dwell times for major elements were 0.005 s (to reduce 
excessive count rates) and all other masses were 0.008  s, 
giving a total sweep time of 0.31  s. Standards were ana-
lysed in duplicate at the start and end of each mapping run, 
and included reference glasses NIST 610 and 612 (Pearce 
et al. 1997; Jochum et al. 2011) and garnet standard MON-
GT (Harris et  al. 2000; Harris and Vogeli 2010). The 
total analysis time was approximately 4.5 h for an area of 
1.4 × 1.4 mm on sample PH2-E and 21.5 h for an area of 
3.8 × 5.4  mm on sample PH4, roughly comparable to the 
duration of typical EPMA X-ray maps of equivalent size.

Data reduction and quantification

Post-acquisition processing was performed using the 
software Iolite (Woodhead et  al. 2007; Hellstrom et  al. 
2008; Paton et al. 2011), an open source add-in for Igor 
Pro (WaveMetrics) developed by the Melbourne Isotope 
Research Group at the University of Melbourne. Data 
reduction procedures followed those outlined by Ubide 
et  al. (2015). Instrument drift and mass bias were cor-
rected by applying a linear fit between sets of standards 
analysed at the start and end of each mapping run, and the 
average background was also subtracted from each ras-
ter. Background count rates for REEs are typically zero, 
requiring the calculation of detection limits following the 

Fig. 3   Secondary electron (SE) images of garnet from a sample 
PH2-E and b, c sample PH4 taken subsequent to analysis, showing 
laser ablation rasters that were stitched together to form the com-
posite trace element maps in Figs. 4, 5, 8, and 9. Note the thin white 

ridges caused by redeposition adjacent to ablation trenches; these fea-
tures are <1 μm wide in each case, and the trench depth is <5 μm. 
The direction of laser scanning is from left to right in all images, and 
individual laser pulses are visible as curved trails in c
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Limit of Quantification (LOQ) procedure of Howell et al. 
(2013). LOQ values are used as the minimum detection 
limit when extracting data from maps, either to create 
line profiles or apply the various image processing func-
tions outlined in the following.

Quantification was performed using 29Si for internal 
calibration based on a weighted average of EPMA wt% 
SiO2 values across each garnet grain, and all rasters were 
stitched into a two-dimensional numerical array (matrix) 
containing the background- and drift-corrected ppm val-
ues for each element. Note that all maps have been quan-
tified using SiO2 calibration data for garnet alone. Hence, 
map areas corresponding to all other minerals present are 
indicative of relative changes in abundance only, as indi-
cated by comparison with raw counts per second maps, 
and true compositional information will vary according 
to the degree of mismatch in SiO2 content.

Image and data processing – XMapTools

Iolite saves the stitched images as individual files 
(‘Waves’) with quantified ppm data for each element 
presented as a numerical matrix that can be exported as 
delimited text. These data were imported into the MAT-
LAB-based graphical user interface XMapTools 2.3.1 
(Lanari et al. 2014), freely available online at http://www.
xmaptools.com. This software enables simple applica-
tion of a range of image and data processing tools such 
as contrast enhancement, colourmap editing, line profile 
creation, local bulk composition calculations, binary and 
ternary compositional plots, and phase identification/
masking (e.g., Lanari et  al. 2013, 2014; Mészáros et  al. 
2016). We have also incorporated several new functions 
specific to the processing and manipulation of LA-ICP-
MS data that are available in the latest release. These 
include modules for multi-element RGB image stacks, 
trace element ratio calculations, and normalised REE dia-
grams (‘spider plots’). Figures 5 and 9 contain composite 
RGB images constructed by assigning the Ce, Gd, and Lu 
maps to the red, green, and blue channels, respectively. 
Any alternative combination of the available trace ele-
ment maps is also possible. Figures  6 and 10 illustrate 
use of the line mode sampling function to generate quan-
tified compositional profiles in any orientation. Figure 11 
demonstrates use of the Chem2D module to create binary 
scatter plots and corresponding pixel identification maps 
of garnet REE concentrations. Finally, Fig. 12 shows nor-
malised REE diagrams constructed from map data using 
the Spider module. The reader is referred to Lanari et al. 
(2014) and the XMapTools user guide (available online at 
http://www.xmaptools.com) for a more detailed descrip-
tion of these functions and their application.

Results

From the suite of 33 elements collected for each mapping 
run, a subset of the most indicative elements and multi-ele-
ment RGB stacks are shown in Figs. 4 and 5 for PH2-E and 
Figs. 8 and 9 for PH4, with existing major element EPMA 
X-ray maps from Raimondo et al. (2012) provided for com-
parison. The remaining elements not shown are available in 
Online Resource 1 (PH2-E) and Online Resource 2 (PH4). 
Line profiles extracted from the image data are shown in 
Figs. 6, 7, and 10.

Sample PH2‑E

LA-ICP-MS major element maps from PH2-E (Fig.  4) 
show good correspondence to EPMA X-ray maps from 
the same sample, with Fe, Mg, and Mn displaying smooth 
radial zoning. Ca shows a progressively decreasing trend 
that is slightly patchy and irregular, a feature more appar-
ent on the EPMA map. A thin zone of Mn enrichment at 
the garnet rim is matched by sharp decreases in Fe and Mg. 
Ilmenite inclusions appear as bright spots on the Fe maps, 
whereas quartz inclusions appear as dark spots on all major 
element maps, features that are again better resolved on the 
EPMA maps.

The smooth zoning patterns for Fe, Mg, and Mn are 
noticeably decoupled from that of most trace elements 
(Fig. 5). Cr displays a convoluted distribution that is some-
what analogous to the EPMA Ca map, with a ‘spiral’ struc-
ture of successive peaks and troughs from core to rim. 
Heavy rare-earth elements (HREEs) show an irregularly-
shaped core domain that is succeeded by roughly concentric 
decreasing trends from core to rim, punctuated by a series 
of successive peaks and sharp depletions that mark succes-
sive annuli. Zr shows a similar decreasing trend, whereas 
Ti is largely flat except for isolated inclusions. Along line 
A–B (Fig. 6), note that the HREE-enriched inner core has 
the steepest gradient for the heaviest masses such as Lu and 
Yb, becoming increasingly shallow for lighter masses such 
as Dy and Ho, although superimposed peaks occur in the 
same radial position for all elements along the entire length 
of the profile (Fig. 7). All HREEs and Zr also feature two 
distinctive satellite peaks at the outermost rim that are 
separated by a thin trough; this pattern encircles the entire 
grain boundary, except where the inner satellite peak is 
truncated at an embayed section directly adjacent to matrix 
biotite (white arrows on Er and Ho maps in Fig. 5).

Light rare-earth element (LREE) zoning is difficult to 
detect in the core domain, where most ppm values approach 
or are at detection limits, but appears as an increasing trend 
towards the rim for more abundant medium rare-earth ele-
ments (MREEs) such as Sm, Gd, and Tb. There are occa-
sional bright spots that correspond to monazite and zircon 

http://www.xmaptools.com
http://www.xmaptools.com
http://www.xmaptools.com
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inclusions (see Ce, Zr, Th, and U maps in Fig. 5), but the 
most significant feature is a dramatic LREE enrichment at 
the grain boundary coincident with a spike in Mn. This is 
particularly apparent on the Ce map and in the LREE line 
profiles (Fig. 6), with concentrations reaching ~800 ppm for 
Ce and ~100 ppm for La and Nd. Ce ‘hotspots’ in the rim 
domain are matched by peaks in Th (60–115 ppm); this is 
also true of a linear fracture in the upper part of the grain 
that extends from core to rim (white arrows on Ce and Th 
maps in Fig. 5). Finally, ilmenite inclusions apparent on the 
Fe map are also highlighted by Ti hotspots.

The variable distribution of REEs in different intragrain 
domains of PH2-E is further highlighted by the composite 
RGB image (Fig. 5). This comprises Ce as the red channel 
(representing LREEs concentrated in rim areas and along 
fractures), Gd as the green channel (representing MREEs 
concentrated in outer annuli), and Lu as the blue channel 
(representing HREEs concentrated in central and satellite 
peaks).

Sample PH4

Similar to PH2-E, LA-ICP-MS major element maps from 
PH4 (Fig.  8) show good agreement with EPMA X-ray 
maps from the same sample. The distinctive garnet mosaic 

texture is highlighted by concentric core-to-rim varia-
tions in Mg and Mn across large grain fragments, whereas 
smaller fragments are more homogeneous. Fe exhibits less 
pronounced zoning, only visible at the margins of the larg-
est grain fragments, whereas Ca is essentially flat across 
all fragments regardless of size except for thin zones of Ca 
enrichment along fracture networks. Note that the broad 
gradient in the EPMA Fe map is due to a geometry effect 
related to electron beam defocussing, caused by slight tilt-
ing of the sample surface over a large area, and hence is not 
apparent on the LA-ICP-MS map.

To an even greater extent than PH2-E, the trace element 
zoning patterns of PH4 (Fig. 9) appear dissimilar to that of 
the major elements. The most noticeable contrast is the dis-
tribution of HREEs, which show continuous trends unin-
terrupted by the grain boundaries of adjacent fragments to 
create a smoothly varying radial pattern across the entire 
garnet mosaic. As shown along line C–D (Fig.  10), PH4 
does not exhibit the same annular structure as PH2-E, with 
evenly distributed decreasing trends for all REEs. Never-
theless, there is some evidence of HREE enrichment at the 
outer margins of grain fragments that is matched by a spike 
in Mn, LREEs, and MREEs, a feature most prominent 
where they are in direct contact with matrix biotite (e.g., 
white arrow on Tm and Yb maps in Fig. 9; right-hand edge 

Fig. 4   Comparison between EPMA and LA-ICP-MS major ele-
ment maps from sample PH2-E. EPMA maps (top) indicate counts 
per second (cps) X-ray abundances (see Fig.  8 of Raimondo et  al. 
2012). Quantified LA-ICP-MS maps (bottom) show ppm abun-
dances. Warmer colours represent higher concentrations, and colour 
scales have been adjusted to highlight intragrain variability in garnet. 

Dashed line represents the grain boundary outline of the garnet crys-
tal. LA-ICP-MS data extracted parallel to line A–B are presented in 
Figs. 6 and 7, and dash–dot line represents the position of the core–
rim REE profile shown in Fig.  12. Note that the direction of laser 
travel is from left to right in all images, and pixel sizes are approxi-
mately 7 × 16 μm
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of line E–F in Fig. 10). Fragments adjacent to other matrix 
minerals (primarily quartz) show no HREE spikes (e.g., 
line C–D in Fig. 10). Isolated HREE hotspots correspond to 
zircon grains concentrated along fracture networks as indi-
cated by comparison with the Zr map.

LREE and MREE patterns are partially obscured by sig-
nificant spikes along fracture networks, many of which host 
monazite grains (see hotspots in Ce map; Fig.  9). Broad 
areas of elevated values around such accessory minerals are 
caused by smearing effects (see “Discussion”). However, 
whereas most LREE maps have ppm values near zero and 
appear generally flat, there remain subtle intragrain zon-
ing profiles adjacent to grain boundaries for MREEs such 
as Sm, Gd, and Tb (white arrows in Fig.  9; line C–D in 
Fig.  10). Importantly, the increases in Sm and Gd do not 
occur along the margins of all fragments that comprise the 
garnet mosaic, but rather are confined to regions that prob-
ably constituted the grain boundary of the originally con-
tiguous garnet fragments prior to fracturing. These features 
are largely mimicked by the Tb map, which also exhibits 
a subtle core and rim structure reminiscent of the remain-
ing HREEs, and highlighted further by the composite RGB 
image comprising La (red channel), Gd (green channel), 
and Lu (blue channel). Finally, significant intragrain vari-
ations in trace elements such as Zr and Ti are essentially 
absent across the entire garnet mosaic.

Discussion

General comments on the acquisition of LA‑ICP‑MS 
trace element maps

Signal smearing

Before interpreting the significance of zoning patterns 
revealed by LA-ICP-MS mapping, it is important to con-
sider several factors that influence the quality of data 
acquired by this technique. Perhaps the most obvious short-
coming is the lateral smearing of features in the direction 
of scanning (from left to right in the present case). For 
example, note the smearing of ilmenite inclusions on the 

Ti map of sample PH2-E (Fig. 5), and similarly, the slightly 
sharper appearance of the left-hand edge of each annulus 
compared to its right-hand edge on the HREE maps. Sam-
ple PH4 most noticeably shows a smearing effect adjacent 
to zircon and monazite grains, coincident with a dramatic 
spike in Zr and Ce abundance (Fig. 9).

There are two major factors that contribute to signal 
smearing, both ultimately due to the problem of redepo-
sition. First, ablated material can accumulate in linear 
ridges at the margins of raster trenches (Fig. 3), causing it 
to become incorporated into subsequent rasters and con-
taminate the sample volume. This issue can be effectively 
reduced by pre-ablation of each scan to remove excess 
material not originally evacuated from the cell, eliminating 
cross-raster contamination. However, it cannot combat con-
tinuous redeposition in front of the advancing ablation zone 
during each scan; signal smearing in the direction of travel 
can still occur even if lateral smearing onto adjacent rasters 
is eliminated by pre-ablation. Second, refractory elements 
(e.g., REEs, Ti, and Zr) that are significantly above back-
ground can cause large spikes with slow signal decay due 
to the washout characteristics of the sample cell. Their high 
melting points cause the formation of large aerosol droplets 
that become redeposited and prevent rapid cell evacuation.

The overall impact of smearing artefacts is to exagger-
ate the size of inclusions, grain boundaries, or intragrain 
domains, and to blur interfaces characterised by sharp 
changes in abundance. Consequentially, some caution 
needs to be exercised when interpreting the spatial proper-
ties of such features, particularly the precise length scales 
of compositional profiles across interfaces or the false 
‘halo’ effects around accessory minerals. This is especially 
true for line profiles constructed parallel to the raster direc-
tion. Signal smearing is also more pronounced for low-
abundance refractory elements than major elements. The 
latter are thus better choices to define the true composi-
tional profiles and spatial extent of intragrain interfaces and 
grain boundaries (particularly their right-hand margins), 
bearing in mind that any redeposition inherently produces 
partial decoupling across the entire suite of analysed ele-
ments depending on their specific ablation characteristics.

Spatial resolution and accuracy

A second deficiency of LA-ICP-MS mapping is the com-
promise involved in pixel creation. All trace element maps 
presented in Figs. 5 and 9 have rectangular pixels that are 
approximately twice as long in the y-direction (perpendicu-
lar to the raster) as the x-direction (parallel to the raster). 
The former is dependent on the laser spot size and line 
separation, which are kept equal to avoid overlap or mis-
match between successive rasters and create a seamless 
image. In contrast, the latter is dictated by the laser scan 

Fig. 5   Quantified LA-ICP-MS trace element maps from sample 
PH2-E. All maps show log ppm abundances to accentuate zoning, 
excluding Cr and U (ppm abundances). Warmer colours represent 
higher concentrations, and colour scales have been adjusted to high-
light intragrain variability in garnet. Dashed line represents the grain 
boundary outline of the garnet crystal. LA-ICP-MS data extracted 
parallel to line A–B are presented in Figs. 6 and 7, and dash–dot line 
represents the position of the core–rim REE profile shown in Fig. 12. 
White arrows refer to features described in the text. Note that the 
direction of laser travel is from left to right in all images, and pixel 
sizes are approximately 7 × 16 μm

◂
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speed and integration interval used for data processing. 
Iolite generates discrete data from the time-resolved inte-
gration of each signal, as determined by the time required 
for the mass spectrometer to sweep through the entire mass 
range being measured. Hence, the pixel size in the x-direc-
tion is determined by the relationship between the sum of 
the dwell times on individual isotopes and the distance tra-
versed along the raster during this interval.

Competition between the increased mass range of the 
LA-ICP-MS technique and the time required for sequential 

acquisition of large element suites has important implications 
for the spatial resolution and referencing of maps acquired by 
this method. First and foremost, LA-ICP-MS maps are inher-
ently different to conventional EPMA X-ray maps, because 
all masses are not measured simultaneously on separate spec-
trometers. Rather, they are measured successively with the 
extent of signal decoupling determined by the cumulative 
dwell time (i.e., in the present case, a low mass element is 
measured 0.31 s before a high mass element on the same mass 
sweep). Combined with the potential redeposition effects dis-
cussed previously, this implies that successive masses do not 
share precisely the same spatial reference. If more masses are 
added to the sweep or dwell times are increased to improve 
total counts, the extent of decoupling becomes greater; hence, 
this parameter needs to be optimised to balance the elements 
of interest with the spatial resolution required.

Nevertheless, for the sweep times used in this study, 
such differences are small enough to produce meaning-
ful maps given the high sensitivity of modern mass spec-
trometers and the fast repetition rates employed. Of greater 
concern for map accuracy are the following: (1) zoning 
features or interfaces can incorrectly appear as mixed com-
positions where the length scale of change is smaller than 
the spatial resolution of adjacent pixels; and (2) the conti-
nuity of data between successive rasters is dependent on 
the precision and reproducibility of stage positioning. For 
the instrument conditions used in this study (16  μm spot 
size, 22  μm  s–1 scan speed, 0.31  s total sweep time), the 
pixel sizes are approximately 7 × 16  μm. Although infe-
rior to the spatial resolution of typical EPMA X-ray maps, 
this is satisfactory to distinguish gradational zoning transi-
tions larger than two successive pixels (i.e., > 14 μm lat-
erally and > 32 μm vertically; note the fine satellite peaks 
resolved in REE maps of sample PH2-E in Fig. 5). Greater 
numbers of successive pixels will be required to define 
chaotic or patchy zoning patterns and avoid compositional 
mixing. Smaller spot sizes enable greater resolution and 
image pixels to become approximately equidimensional, 
but at a cost of poorer count rates and hence decreased 
detection limits. For detecting REE distributions in garnet, 
our experience shows that typical mafic rock compositions 
may require larger spot sizes due to generally lower counts, 
whereas pelitic rocks such as those used in this study pro-
duce acceptable results at smaller spot sizes.

Origins and timing of major and trace element 
distributions in garnet

Sample PH4: retention and resetting of inherited growth 
zoning during metasomatism and resorption

The Peaked Hill samples provide several insights into the 
origins of contrasting trace element distributions in garnet 
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and their geological significance. Perhaps most strikingly, 
PH4 demonstrates the complete decoupling of major and 
trace element mobility through superimposed events. As 
illustrated in Fig. 2 and outlined by Raimondo et al. (2012), 
the garnet mosaic comprises originally contiguous frag-
ments that were fractured during shearing, whilst retain-
ing elongate grain shapes and fibrous sillimanite inclu-
sions diagnostic of garnets inherited from the adjacent wall 
rocks. Granulite facies metamorphism of the wall rocks is 
attributed to the 1600–1530  Ma Chewings Orogeny (Vry 
et al. 1996; Williams et al. 1996; Rubatto et al. 2001; Mor-
rissey et  al. 2014), whereas later overprinting and meta-
somatism is dated at c. 360  Ma (Alice Springs Orogeny) 
by monazite inclusions in matrix biotite (Raimondo et  al. 
2012). Despite (1) an approximately 1200 Myr age differ-
ence between the sheared rocks and their gneissic precur-
sor; (2) the complete flattening of major element zoning in 
granulitic garnets (see Fig. 7 of Raimondo et al. 2012); and 
(3) their subsequent disintegration and diffusional resetting 
to produce radial major element zoning in individual grain 
fragments, the record of original prograde growth zoning is 
still preserved by a bell-shaped REE distribution that tran-
sects the entire garnet mosaic (Fig. 9).

Such remarkable retention of PH4’s trace element 
archive demonstrates its overall lack of responsiveness to 
high-grade metamorphism and deformation. The Chewings 
Orogeny sustained high-T, low-P suprasolidus conditions 
for >80 Myr, with peak conditions in excess of 850 °C at 
6.5–7.5 kbar (Anderson et al. 2013; Morrissey et al. 2014; 
Huston et  al. 2016). The Alice Springs Orogeny involved 
multiple episodes of deformation and metamorphism over 
a duration of 150 Myr from 450 to 300 Ma (Haines et al. 
2001; Buick et  al. 2008; McLaren et  al. 2009; Raimondo 
et  al. 2014), with widespread fluid–rock interaction at 
conditions of 550 °C and 5.0–6.5 kbar during its terminal 
phase represented by the c. 360  Ma Peaked Hill samples 
(Cartwright and Buick 1999; Raimondo et al. 2011, 2012; 
Schoneveld et  al. 2015). The pervasive fracturing and 
communition of rigid garnet porphyroclasts during Alice 
Springs shearing requires high differential stress to over-
come its high yield strength (e.g., Whitney et  al. 2007; 
Zhang and Green 2007), which may promote geochemical 
mobility by increasing dislocation density and surface to 
volume ratios (Austrheim et al. 1996; Terry and Heidelbach 
2006). Similarly, the production of sub-grain boundaries 

through dissolution processes should also promote dif-
fusive element exchange (Konrad-Schmolke et  al. 2007). 
Yet, through all of these superimposed events involving 
prolonged and intense metamorphism and deformation, 
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and notwithstanding the wholesale diffusional relaxa-
tion and later rock-wide intergranular re-equilibration of 
major elements, the original REE growth zoning is largely 
unaffected.

Nevertheless, some evidence remains of limited REE 
mobility. Modified HREE zoning is apparent at grain 
boundaries in direct contact with matrix biotite, coinci-
dent with elevated δ18O values identified by in situ SIMS 
analyses (Raimondo et  al. 2012). A strong correlation 
with spikes in Mn, LREEs, and MREEs (Fig.  10) sug-
gests that local enrichment was facilitated by intragran-
ular back-diffusion during garnet dissolution. The exist-
ence of broad, linear zones marked by discrete shifts in 
Sm, Gd, and Tb along the former garnet rim (Figs. 9, 10) 
also attests to modification of the inherited REE distri-
bution via a similar mechanism. The continuity of Sm, 
Gd, and Tb peaks across several grain fragments indi-
cates that dissolution initiated prior to fracturing of the 

relict garnet, and hence deformation was comparatively 
late in the metamorphic sequence. Importantly, the exist-
ence of Mn spikes encircling the individual mosaic frag-
ments of PH4 (Fig. 8), along with similar Mn enrichment 
at the outermost rim of PH2-E (Fig. 4), demonstrates the 
occurrence of an additional resorption event that post-
dates deformation. We therefore speculate that the initial 
(pre-deformation) breakdown of relict garnets such as 
PH4 may have scavenged HREEs for the growth of new 
porphyroblastic garnets such as PH2-E (Fig. 11), whereas 
subsequent resorption produced inward diffusion of all 
REEs at matrix biotite interfaces.

Sample PH2‑E: equilibrium growth zoning with changes 
in the major mineral assemblage

Despite being part of the same shear zone and sampled 
within metres of each other, garnets from sample PH2-E 

Fig. 8   Comparison between EPMA and LA-ICP-MS major element 
maps from sample PH4. EPMA maps (top) indicate counts per sec-
ond (cps) X-ray abundances (see Fig.  7 of Raimondo et  al. 2012). 
Quantified LA-ICP-MS maps (bottom) show ppm abundances. 
Warmer colours represent higher concentrations, and colour scales 

have been adjusted to highlight intragrain variability in garnet. LA-
ICP-MS data extracted parallel to lines C–D and E–F are presented 
in Fig. 10, and core–rim REE profile parallel to line E–F is shown in 
Fig. 12. Note that the direction of laser travel is from left to right in 
all images, and pixel sizes are approximately 7 × 16 μm
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are evidently not inherited from the adjacent granulite 
wall rocks in the same way as sample PH4. Rather, their 
euhedral shape and lack of sillimanite inclusions (Fig. 2), 
coupled with concentric major and trace element zoning, 
suggest that they grew in response to metasomatism dur-
ing the Alice Springs Orogeny. This interpretation is con-
firmed by an Sm–Nd isochron age of c. 330 Ma (Raimondo 
et al. 2012), and enables a comparison between major and 
trace element mobility associated with prograde growth as 
opposed to dissolution and disaggregation of relict grains.

Convoluted Cr zoning in PH2-E highlights an irregu-
larly-shaped core domain that appears to be overgrown by 
a euhedral rim (Fig. 5). This internal structure is also evi-
dent in the REE maps (particularly Lu, Yb, and Tm), which 
show a series of asymmetric annuli. Vague patchiness in 
the EPMA Ca map appears to be the only correlative to 
the ‘spiral’ structure seen in Cr, perhaps indicating that 
their distributions are linked to coupled cation substitution. 
Importantly, each of these features is largely absent from 
the EPMA major element maps and would be easily missed 
by the conventional 1D trace element profiles, demonstrat-
ing the considerable improvements to paragenetic context 
that are gained via 2D LA-ICP-MS mapping.

Radial REE zoning in PH2-E follows the distribution 
predicted by reaction-controlled matrix equilibration during 
garnet growth (Hickmott and Spear 1992; Pyle and Spear 
2003; Konrad-Schmolke et  al. 2008), where dominant 
central peaks for HREEs are followed by less pronounced 
peaks and annular maxima for MREEs, and high annular 
maxima for LREEs (Figs.  5, 6). This model is analogous 
to the diffusion-limited mechanism proposed by Skora et al. 
(2006), but with two key differences: (1) a narrow central 
peak is absent for LREEs and some MREEs; and (2) there 
is no REE peak displacement towards the rim with decreas-
ing atomic number. Whereas the former may be caused by 
non-central section failing to intersect the true garnet core 
(or alternatively eradicated by volume diffusion), the latter 
condition eliminates any appeal to variable diffusion veloc-
ities to explain the REE distribution. Rather, it is indicative 
of relatively fast intergranular mobility and approximately 
rock-wide thermodynamic equilibrium.

Strong correlation between the radial positions of all 
superimposed peaks shown by PH2-E (Figs. 6, 7) suggests 
that sequential changes in nutrient availability affected all 
REEs simultaneously. Consistent with the model of Kon-
rad-Schmolke et  al. (2008), this argues for REE uptake 
being controlled by continuous adjustments to the garnet-
forming reaction during prograde growth, without signifi-
cant diffusional limits as is usually indicative of hydrous 
conditions (Skora et  al. 2006; Moore et  al. 2013). As the 
reaction path is followed, matrix minerals are progressively 
depleted in HREEs and enriched in LREEs relative to gar-
net due to differences in element compatibility. Bell-shaped 

HREE distributions are thus controlled by bulk rock deple-
tion and Rayleigh fractionation into the growing garnet. 
In contrast, as later mineral breakdown reactions liber-
ate increasing amounts of LREEs according to predicted 
garnet/matrix partition coefficients, there is a transition to 
bowl-shaped zoning profiles where annular maxima reflect 
equilibration with the evolving matrix assemblage.

Note that this REE distribution is subtly different to 
that of PH4 (Figs. 9, 10), which contains smooth core-to-
rim variations and no annular maxima regardless of atomic 
number, typical of Rayleigh fractionation (Hollister 1966; 
Otamendi et al. 2002; Tirone et al. 2005). This is consistent 
with nucleation at high temperature, where rapid intergran-
ular diffusion for all REEs relative to crystal growth pre-
vents the development of diffusion gradients in the matrix 
and thus local fluctuations in REE uptake (Moore et  al. 
2013). Importantly, the absence of annular maxima sug-
gests that the matrix assemblage was essentially unchang-
ing during garnet crystallisation, and thus the effective bulk 
rock REE composition was continuously depleted by frac-
tionation processes alone. The differential uptake of REEs 
according to Rayleigh fractionation vs reaction-controlled 
matrix equilibration is highlighted by scatter plots of REE 
concentrations illustrated in Fig. 11, and normalised REE 
diagrams shown in Fig. 12.

Relationship between garnet zoning and changes 
in the accessory mineral assemblage

Along with zoning characteristics influenced by major 
mineral reactions, the existence of several superimposed 
REE spikes in rim domains of PH2-E (Figs.  5, 6) indi-
cates that the latter stages of garnet growth and dissolution 
were influenced by successive changes in the accessory 
mineral assemblage. The most prominent features are the 
double satellite peaks marked by significant enrichments 
in HREEs. The inner satellite peak is matched by a spike 
in Zr, suggesting that it represents the breakdown of zircon 
grains inherited from the granulite wall rock. As shown in 
Fig.  5, the whole-rock Zr budget is dominated by zircon, 
with a single grain producing the broad smear evident in 
the lower right-hand corner of the Zr map, and similar 
hotspots littering the Zr map of sample PH4 (Fig. 9). The 
breakdown of major matrix minerals is thus an unlikely 
source of Zr + HREE enrichment.

The inner satellite peak is succeeded by a dramatic 
increase in LREE abundance at the outermost rim. LREE 
enrichment is most pronounced at embayed sections of 
the grain boundary in direct contact with matrix biotite 
(Figs.  5, 6). Coincident Ce, Th, and Mn spikes suggest 
that the outer satellite peak represents monazite break-
down during garnet resorption, and truncation of the 
inner satellite peak along the embayment suggests that 
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this feature represents earlier zircon breakdown prior to 
resorption. Equivalent to the ubiquitous LREE hotspots 
evident in PH4 (Fig. 9), the whole-rock LREE budget of 
PH2-E is dominated by monazite, as illustrated in Fig. 2b. 
Plagioclase breakdown may be an alternative explana-
tion for LREE availability, but concomitant increases in 
feldspar-hosted LILEs such as Sr are not observed, as 
opposed to marked increases in incompatible HFSEs such 
as Th (Fig. 6). Reduction of the negative Eu anomaly is 
also absent despite a strong increase in the positive Ce 
anomaly (Fig.  12). Hence, given that core domains of 
monazite grains return an age of 354 ± 3 Ma (Raimondo 
et  al. 2012), it is interpreted that coupled monazite and 
garnet breakdown commenced subsequent to this time 
during the waning phases of the Alice Springs Orogeny. 
Similar to PH4, this argues for enhanced mobility of 

REEs (and O) during retrograde dissolution–reprecipi-
tation reactions, most likely promoted by alkali-bearing 
metasomatic fluids that increase monazite and zircon 
solubility and permit Ce oxidation to its more compatible 
tetravalent state (Rubatto et al. 2008; Putnis 2009; Heth-
erington et al. 2010; Harlov et al. 2011; Ayers et al. 2012; 
Wilke et al. 2012).

Finally, PH2-E shows some evidence for enhanced 
LREE mobility along fracture networks. The Ce map 
reveals two linear features with elevated values (white 
arrows in Fig.  5) that correspond to penetrative frac-
tures on the EPMA major element maps (Fig. 4). There 
is also a noticeable streak extending from the upper 
grain boundary to the centre of the grain, again marked 
by LREE enrichment that is apparent as a red stripe on 
the composite RGB image (Fig. 5). Discrete channelling 
along open fractures suggests that spatially restricted 
LREE exchange occurred via a similar mechanism to 
coupled oxygen-cation interdiffusion, as a consequence 
of increased fluid access, chemical potential gradients 
and reactive surface areas along these pathways (e.g., 
Erambert and Austrheim 1993; Hames and Menard 
1993; Whitney 1996; Konrad-Schmolke et al. 2007; Put-
nis and Austrheim 2010).

Fig. 9   Quantified LA-ICP-MS trace element maps from sample PH4. 
All maps show ppm abundances. Warmer colours represent higher 
concentrations, and colour scales have been adjusted to highlight 
intragrain variability in garnet. LA-ICP-MS data extracted parallel 
to lines C–D and E–F are presented in Fig.  10, and core–rim REE 
profile parallel to line E–F is shown in Fig. 12. White arrows refer to 
features described in the text. Note that the direction of laser travel 
is from left to right in all images, and pixel sizes are approximately 
7 × 16 μm

◂

Fig. 10   LA-ICP-MS ppm val-
ues across lines C–D and E–F 
indicated in Figs. 8 and 9 for 
sample PH4. Gaps along line 
C–D represent excluded data 
due to either the presence of 
inclusions or grain boundaries 
being crossed between adjacent 
garnet fragments. Profiles are 
extracted from the stitched 
raster data using the XMapTools 
line mode sampling function
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Implications for U–Pb, Sm–Nd and Lu–Hf 
geochronology

LA-ICP-MS trace element mapping provides a powerful 
means to directly link garnet evolution to temporal con-
straints provided by accessory mineral geochronometers. 
The interpretation of U–Pb geochronology is assisted by 

the identification of changes to key geochemical reservoirs 
that host REEs and other trace elements, manifested as 
dramatic increases or decreases in the availability of these 
nutrients to garnet nucleation sites and/or domains under-
going diffusional exchange. As described above, the super-
position of spikes and satellite peaks can be correlated with 
either the growth or breakdown of zircon and monazite, 
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with similar principles applying to any other mineral of 
use for geochronology (e.g., rutile, titanite, apatite, allan-
ite, etc). Furthermore, the ability to measure a large suite 
of REEs and trace elements such as U, Th, Pb, Zr, P, and 
Ti means that the discrimination of multiple accessory 
minerals is readily achieved. Combined with petrographic 
observations, P–T pseudosection modelling and additional 
microanalytical data sets (e.g., EPMA major element maps 
and SIMS oxygen isotope traverses), detailed paragenetic 
sequences can thus be constructed to reveal in new detail 
the step-by-step evolution of mineral assemblages (e.g., 
Pyle and Spear 2003; Yang and Pattison 2006; Corrie and 
Kohn 2008; Konrad-Schmolke et  al. 2008; Kelsey and 
Powell 2011; Raimondo et al. 2013; Dumond et al. 2015).

Further temporal information can also be provided by 
direct dating of garnet itself through the application of 
Sm–Nd and Lu–Hf geochronometers. Both isotope systems 
can yield precise ages to constrain the duration of mineral 
growth and/or diffusional modification, with improved 
sampling resolution via micromill or microsaw techniques 
in some cases allowing the differentiation of events <1 Ma 
in duration (e.g., Pollington and Baxter 2011; Dragovic 
et al. 2015; Schmidt et al. 2015). However, the validity of 
age estimates provided by garnet geochronology is crucially 
dependent on an understanding of the REE distribution 
and its impact on 176Lu/177Hf and 147Sm/144Nd ratios (e.g., 
Lapen et  al. 2003; Skora et  al. 2006; Konrad-Schmolke 
et al. 2008; Kohn 2009; Kelly et al. 2011). Many workers 
have emphasised this point repeatedly, but recent studies 

have revealed in greater detail the potential for dramatic 
age differences caused by the interplay between growth 
and diffusion rates during nucleation, or due to post-growth 
modification via resorption (Anczkiewicz et al. 2007, 2012; 
Cheng et al. 2008; Dutch and Hand 2010; Kelly et al. 2011; 
Smit et  al. 2013). In addition, REE zoning has a crucial 
impact on isochron precision, and REE abundance may 
influence the preferential retention of daughter vs parent 
nuclides due to faster diffusion at low net concentrations 
(Bloch and Ganguly 2015; Bloch et al. 2015).

The above points re-emphasise the value of LA-ICP-MS 
mapping to properly consider REE zoning in garnet and 
screen for samples likely to give meaningful ages. Whereas 
REE spot analyses are now considered essential for inter-
preting Sm–Nd and Lu–Hf isochrons, trace element maps 
offer a more robust method for examining their 2D spatial 
distribution and correlating with features such as overprint 
zoning, annular maxima, or satellite peaks (cf. Moore et al. 
2013). These principles are aptly demonstrated by PH2-
E, which exhibits a substantial spike in LREEs (including 
Nd) at its bottom edge (Figs. 5, 6, 12) that could easily be 
missed by linear traverses positioned closer to the top edge. 
Despite the narrow width of this zone (~100 μm at its wid-
est), its position at the outermost rim means that it occupies 
a comparatively large portion of the total garnet volume. 
In effect, the accumulation of non-radiogenic Nd produces 
unusually low 147Sm/144Nd ratios, with the majority being 
<0.15 (Raimondo et  al. 2012). This makes the apparent 
age younger and dramatically reduces isochron precision, 
as evidenced by an age uncertainty of ±20 Ma (95% con-
fidence). Importantly, as noted by Raimondo et al. (2012), 
the identification of LREE peaks at the garnet rim is con-
sistent with both leached and unleached fractions being in 
isotopic equilibrium, and rules out Nd enrichment being 
caused by unequilibrated mineral contaminants (Zhou and 
Hensen 1995; Scherer et al. 2000; Thöni 2002).

Summary and conclusion

The contrasting elemental distributions revealed by LA-
ICP-MS mapping highlight the complexity of geochemical 
mobility in garnet through multiple superimposed events. 
This study examines the variable uptake and resetting of 
major and trace elements by processes ranging from high-
temperature metamorphism and intense deformation to per-
vasive metasomatism and retrograde resorption. Our key 
observations are as follows:

•	 Growth zoning at high temperature and with an 
unchanging matrix assemblage is characterised by 
radial REE distributions independent of atomic number, 
produced by rapid intergranular diffusivities relative to 

Fig. 11   Binary scatter plots of Yb, Ho, and Gd concentrations plot-
ted against Lu for a–c sample PH2-E and d–f sample PH4, show-
ing the variation in REE zoning characteristics according to atomic 
number. Density maps calculated from each scatter plot for PH4 
are shown in g–i; equivalent density maps for PH2-E are not shown 
because they exactly replicate their corresponding scatter plots. Note 
the strong correlation between Lu vs Yb in PH2-E that becomes pro-
gressively weaker for Lu vs Ho and Lu vs Gd, consistent with vari-
able REE availability due to reaction-controlled matrix equilibration 
and garnet/matrix partitioning relationships. In contrast, PH4 shows 
a broadly linear correlation for all REEs that approximates Rayleigh 
fractionation, with progressive broadening and anticlockwise rotation 
of the scatter corresponding to an incremental reduction in HREE 
(Lu) vs MREE (Gd) concentrations as garnet grows with an unchang-
ing matrix assemblage. Smooth variations in REE concentrations 
from core to rim indicate gradual depletion of the REE reservoir as 
temperature increases along the prograde path. Coloured shading in 
plots a–f corresponds to the intragrain domains indicated in the pixel 
identification maps below: diagrams a–c relate to map j, diagrams d, 
e to map k, and diagram f to map l. The blue box in f is the same 
width as the green box directly above but largely obscured by data 
points. Note the discrete cluster of points where Gd is decoupled 
from Lu in PH4, corresponding a zone of garnet resorption prior to 
fracturing highlighted by green pixels in l. MREEs such as Gd are 
back-diffused into the pre-existing granulitic garnet resulting in a 
concentration increase, whereas HREEs such as Lu are available to 
newly-grown garnet porphyroblasts such as PH2-E resulting in a con-
comitant concentration decrease

◂
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crystal growth that enable equilibrium with the matrix 
to be approached. This is exemplified by the smooth 
core-to-rim zoning shown by sample PH4, with central 
and approximately coincident maxima for all REEs typ-
ical of a Rayleigh fractionation process.

•	 Growth zoning under reaction-controlled matrix equi-
libration is marked by radial REE zoning that shows 
a transition from bell- to bowl-shaped profiles with 
decreasing atomic number. Strong correlation between 
the radial positions of superimposed peaks suggests 
that nutrient supply and diffusion velocities are essen-
tially equivalent for all REEs, most likely indicative of 
hydrous conditions. Sample PH2-E exhibits this charac-
teristic pattern, produced as a result of changes in ele-
ment availability dictated by sequential garnet-forming 
mineral breakdown reactions, with annular maxima 
formed according to garnet/matrix REE partitioning 
relationships.

•	 Superimposed on these primary growth zoning patterns 
are satellite peaks correlated with changes to the acces-
sory mineral assemblage. Growth or breakdown of REE 
reservoirs such as zircon and monazite produce large 
fluctuations in the availability of nutrients to nucleation 
sites. For PH2-E, specific accessory minerals are identi-
fied by coincident trace element peaks (Zr and HREEs 
for zircon; Ce, Th, and LREEs for monazite), allowing 
garnet evolution to be placed in a specific paragenetic 
context and integrated with temporal constraints pro-
vided by geochronometers. 2D mapping of REE distri-

butions also provides a more robust screening method 
for Sm–Nd and/or Lu–Hf dating, combined with a pow-
erful means to assess the precision and significance of 
such ages once they are obtained.

•	 Satellite peaks are also linked to a reduction in gar-
net mode during retrograde dissolution. Typically, this 
results in intragranular back-diffusion of elements with 
negligible concentrations in matrix minerals relative 
to garnet, marked by sharp spikes in elements such as 
Mn and REEs at the outermost rim that progressively 
decline towards the core. This feature is found at the 
margins of both PH2-E and PH4.

•	 The continuity or discontinuity of resorption features 
across garnet fractures allows the timing of dissolution 
to be constrained with respect to deformation. We argue 
that two dissolution events are captured by the major 
and trace element zoning patterns of PH2-E and PH4. 
The first initiated prior to fracturing of PH4, character-
ised by the preservation of contiguous back-diffusion 
zones for elements such as Sm, Gd, and Tb. Subse-
quent major element re-equilibration and local REE 
enrichment at the outermost rims of individual garnet 
fragments in PH4 and newly-grown porphyroblasts in 
PH2-E indicates a second dissolution event that post-
dates deformation.

Ultimately, the above points illustrate the complex and 
parallel controls on geochemical mobility in garnet. On 
the one hand, the preservation of growth zoning inherited 
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Fig. 12   Chondrite-normalised rare-earth element (REE) patterns for 
samples PH2-E and PH4, showing the variation in REE concentra-
tions from core to rim across each garnet grain. For PH2-E, note the 
progressive HREE depletion from core to rim, a subdued negative 
Eu anomaly, and dramatic REE enrichment at the rim that produces 
a pronounced positive Ce anomaly. For PH4, note the more restricted 
spread of HREE depletion from core to rim, along with a strong nega-
tive Eu anomaly that weakens at the outermost rim coincident with 
sharp Gd and Tb enrichment. The ‘see-saw’ pattern of inversely cor-
related LREEs vs HREEs from core to rim in PH2-E is diagnostic of 

garnet crystallisation under reaction-controlled matrix equilibration, 
as opposed to the general positive correlation in PH4 indicative of 
Rayleigh fractionation. Data are extracted from individual pixels of 
the LA-ICP-MS trace element maps and processed using the Spider 
module of XMapTools. LREE values show increased scatter where 
they approach the chondrite-normalised limit of quantification (LOQ) 
for each element (dashed grey line). Core–rim profile for PH2-E 
extends along the radius of line A–B indicated in Figs. 4 and 5, and 
PH4 profile is positioned parallel to line E–F in Figs. 8 and 9. Nor-
malisation follows Taylor and McClennan (1985)
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from the granulite precursor to sample PH4 demonstrates 
the remarkable resilience of REEs to resetting during sub-
sequent metamorphism, metasomatism, and deformation. 
On the other hand, the modified zoning shown by both 
PH2-E and PH4 demonstrates that REEs can be responsive 
to dissolution and re-equilibration processes under certain 
conditions. These apparently conflicting records, revealed 
in new detail by LA-ICP-MS mapping, are reconciled by 
the balance between element fractionation, mineral reac-
tions and partitioning, and the length scales of intergranular 
transport.
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