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A B S T R A C T   

Rutile is a robust heavy mineral that can survive multiple sedimentary cycles. It is common in high-grade 
metamorphic rocks and hydrothermally-altered rocks. Hence, it can be a recorder of either the deep crust or of 
ores and fluids. In this review paper we cover a range of different topics concerning the use and application of 
detrital rutile as a means of retrieving these records and highlight some important recent advances. We discuss 
the occurrence of rutile formed at different pressures and temperatures and how we can use it to fingerprint 
metamorphic processes, with a focus on the use of combined Zr-thermometry and mineral inclusion geo-
thermobarometry. We then present a review and discussion on the approaches made using detrital rutile trace 
element and isotopic geochemistry in provenance studies. We present some of the strengths and limitations of 
combining trace element and U–Pb isotopic dating to detrital rutile, including a discussion on U–Pb detrital rutile 
dating and different trace element diffusivities with an evaluation of potential decoupling between these. We 
then discuss some of the applications of detrital rutile in unravelling large scale geodynamic or tectonic pro-
cesses. We also summarise the main features of rutile associated to ores and how these may be used using detrital 
rutile as an ore mineral vector. We finish with some considerations regarding the stability of detrital rutile in the 
upper crust, either by means of metamorphic or fluid-related processes, and how this may affect studies relying 
on detrital rutile.   

1. Introduction 

In this article, we present a review on the state-of-the-art of detrital 
rutile studies, following increased interest in rutile as a mineral that 
records deep crust, ore formation and fluid-rock interaction processes. 

The exceptional value of rutile has long been recognised, meriting 
some mineral-specific reviews (Meinhold, 2010; Zack and Kooijman, 
2017). Early work from Force (1976) and Goldsmith and Force (1978) 
highlighted the ubiquity of rutile in metamorphic rocks, with particular 
focus on its distribution in higher pressure and higher grade meta-
morphic rocks, and in placer deposits. The interest in placer rutile is tied 
to its obvious economic relevance, since approximately half of all tita-
nium that is mined comes from such deposits (ilmenite, rutile and 
related oxide minerals) (U.S. Geological Survey, 2021). Together with 
its economic relevance, rutile has also found increased interest in Earth 
Sciences as a petrochronometer (Cutts et al., 2019; Dunk et al., 2019; 
Fumes et al., 2022; Gao et al., 2014; Kooijman et al., 2010; Mezger et al., 
1989; Warren et al., 2005; Zack et al., 2011), as a petrogenetic indicator 
(Agangi et al., 2019; Carruzzo et al., 2006; Hart et al., 2018; Meinhold 

et al., 2008; Pereira et al., 2019; Scott and Radford, 2007; Zack et al., 
2002) and in provenance studies (Agangi et al., 2020; Avigad et al., 
2017; Be’eri-Shlevin et al., 2018; Bracciali et al., 2013; Bracciali et al., 
2015; Bracciali et al., 2016; Meinhold et al., 2011; Morton and Halls-
worth, 1994; Triebold et al., 2011, 2012; Zack et al., 2004b; Zhou et al., 
2020; Zoleikhaei et al., 2021). 

The ubiquity of rutile in sediments and sedimentary rocks is partially 
explained by a) being commonly present in many different crustal rocks, 
and b) its resistance to mechanical and chemical weathering. With a 
Mohs scale hardness between 6 and 6.5, rutile is comparable to some 
extent to quartz (7), tourmaline (7–7.5) and zircon (7.5), and due to its 
chemistry, TiO2, it is very unlikely to significantly react with other 
available chemical components at the Earth’s surface, even during 
burial and diagenesis (Morton and Hallsworth, 2007). Indeed, the 
popular trio Zircon-Tourmaline-Rutile (ZTR) is used as a maturity index 
for sediments (Hubert, 1962). Their proportion increases with transport 
against softer transparent minerals such as feldspars, and thus mature 
sediments have higher concentrations of these heavy minerals, surviving 
through diagenesis (Garzanti and Andò, 2007). This is, of course, subject 
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to source fertility (e.g. Flowerdew et al., 2019). 
With erosion and diagenesis, less robust minerals break down (am-

phiboles, pyroxenes, aluminosilicates), and significant source informa-
tion is lost (Garzanti and Andò, 2007; Andò et al., 2012). Therefore, an 
important aspect in provenance studies is to retrieve useful information 
from detrital heavy minerals that persist and are more easily found in 
sedimentary rocks, such as zircon and rutile. For instance, the ratio of 
rutile against the total number of rutile and zircon grains in a sample can 
be used as an index to distinguish igneous from metamorphic source 
rocks (Morton et al., 2005; Morton and Hallsworth, 1994; Whitham 
et al., 2004). Because zircon is more prevalent in felsic igneous rocks, the 
resulting ratio is low when compared to source areas where meta-
morphic rocks are exposed and where rutile is more prevalent. This 
approach has some limitations as it is dependent on these minerals 
having the exact same hydraulic behaviour and on the intrinsic fertility 
of certain rocks. To acquire an improved overview of source geology, the 
use of a multiproxy approach, including a complete suite of heavy 
detrital minerals and geochemical tools is preferable, as demonstrated 
recently by Guo et al. (2020), Zhou et al. (2020) and Joshi et al. (2021). 

Concerning detrital rutile, a combination of sediment maturity 
indices with rutile U–Pb dating and source-discriminant indeces that 
include mineral chemical fingerprinting, such as the well-established 
Cr–Nb source discrimination index (Meinhold et al., 2008; Zack et al., 
2004b), results in a more robust provenance toolkit. Triebold et al. 
(2012, 2011, 2007) further contributed to the development of this 
toolkit. They showed how trace element uptake is not influenced by 
grain size fractions (Triebold et al., 2007) and confirmed the suitability 
of the log(Cr/Nb) discrimination diagram applied to provenance studies 
(Triebold et al., 2012). Also, these authors demonstrated the use of Cr, V, 
Fe, and Nb concentrations as proxies to distinguish the different TiO2 
polymorphs (Triebold et al., 2011) and also confirmed the retentivity of 
both Zr and U–Pb signatures of rutile grains at lower than amphibolite 
facies conditions, thus making detrital rutile a reliable witness of past 
tectonometamorphic cycles (Triebold et al., 2012). These studies set the 
stage for a wider range of studies using detrital rutile. 

In the following sections, we will discuss some of the main advances 
that have been achieved due to the increased ability to microanalyse 
detrital rutile (Fig. 1). These include assessing P-T conditions using Zr- 
in-rutile thermometry and mineral inclusions (Section 2), probing the 

continental crust to understand crustal and tectonic processes (sections 3 
to 5) and as a vector associated to ore-forming processes (Section 6). We 
also include an analysis on secondary processes that disturb detrital 
rutile, presenting original EBSD-EPMA data (Section 7), and discuss 
some future directions for detrital rutile studies (Section 8). 

2. Metamorphic rutile: a P-T-X capsule 

Rutile is predominantly formed in metamorphic rocks and in 
hydrothermally-altered rocks associated with ore deposits. It is rarely 
formed in magmatic rocks but is a common constituent in mantle ul-
tramafic rocks (e.g. Meinhold, 2010). Recent work using trace-element 
geochemistry to discriminate metamorphic from other potential sour-
ces (e.g. Agangi et al., 2019; Pereira et al., 2019) have demonstrated that 
metamorphic-derived grains can be readily discriminated from hydro-
thermal and magmatic grains using Nb/Ta and Zr/Hf ratios, or a com-
bination of other trace elements (see Section 6 for more details). Mantle- 
derived rutile is readily discriminated from crustal-derived rutile based 
on Al vs Mg concentrations (Smythe et al., 2008 in Meinhold, 2010). In 
principle, detrital metamorphic rutile can therefore be determined 
easily by trace-element screening, as established by Pereira et al. (2021). 
This means that we can access the metamorphic record of eroded 
metamorphic basement in clastic sediments and can apply a variety of 
tools to provide insight into the P-T-t conditions of that basement. As a 
first guiding principle, having established that the rutile is metamorphic 
in origin, the P-T stability of rutile will generally be medium- to high- 
pressure in origin (Angiboust and Harlov, 2017; Liou et al., 1998). 

Bulk rock composition exerts a strong influence on phase stability of 
rutile, particularly through CaO and TiO2 (e.g. Angiboust and Harlov, 
2017). However, there are few thermodynamic modelling studies using 
specific bulk compositions as, until very recently, Ti was not commonly 
incorporated into pseudosections. One such study incorporating TiO2 
activity in pelitic rocks to assess implications for the Ti-in-quartz ther-
mobarometer (Ashley and Law, 2015) has been made and encourages 
further effort. However, there are other approaches that can help 
constrain P-T conditions, even for detrital grains, based on Zr-in-rutile 
geothermometry and the use of mineral inclusions. Although no single 
mineral rutile geobarometer has yet been developed (despite attempts 
using Al; Hoff, 2019), there are other plausible approaches, which are 
discussed below. 

2.1. Zr-in-rutile geothermometry 

Based on the observation that Zr concentrations in rutile increase 
with metamorphic grade, Zack et al. (2004a) calibrated this relationship 
empirically as a single mineral geothermometer. This was then subse-
quently experimentally calibrated by others (Tomkins et al., 2007; 
Watson et al., 2006). The geothermometer is based on the net transfer 
reaction ZrSiO4 = SiO2 + ZrO2, which is temperature sensitive. Over the 
years, with the evolution of this geothermometer, it became clear that 
α-quartz and t-ZrO2 activities lower than 1 influence temperature esti-
mates (Ferry and Watson, 2007) and that there is a non-negligible 
pressure dependency (Tomkins et al., 2007; Watson et al., 2006). The 
Tomkins et al. (2007) formulation was entirely experimental, based on 
high temperature experiments averaging 1150 ◦C. Watson et al. (2006) 
and the more recent and extensive Kohn (2020) calibrations used 
empirical data from lower temperature settings along with published 
higher temperature experimental data to produce what is considered to 
be a more robust approach that also takes into account pressure, which 
was missing from the original Zack et al. (2004a) calibration. For 
instance, assuming a pressure of 1 GPa (e.g. using Watson et al., 2006), 
rutile grains that actually grew at higher pressures (e.g. 3 GPa) would be 
skewed towards a lower temperature estimate (about 80 ◦C lower than 
actual crystallisation temperature; Tomkins et al., 2007). The geo-
thermometer is highly precise and, increasingly as calibrations improve, 
accurate. There is a requirement for zircon, quartz and rutile to be in 

20 µm

Fig. 1. Multiple microanalytical techniques that can be applied to detrital rutile 
to obtain petrogenetic information, including U–Pb, O and Hf isotopes, and 
trace-element geochemistry. Additional constraints can be made using mineral 
inclusions trapped in rutile and whose characterisation can be made by EPMA 
and/or Raman spectroscopy. 
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equilibrium, which is generally demonstrated by their presence together 
in the rock. There are separate calibrations for the different polymorphs 
of SiO2, which need to be considered based on whether alpha quartz 
(lower pressure) or coesite (ultrahigh pressure) is present (Kohn, 2020). 
Pressure estimates can be achieved from independent geobarometers or 
from a best guess based on paragenetic relationships, in which case 
maximum and minimum temperatures can be calculated by considering 
the envelope of pressure estimates. This approach has been successfully 
applied in many studies (Fumes et al., 2022; Moore et al., 2020; Tual 
et al., 2018). Moreover, a U–Pb age can be measured directly from the 
same grain which reduces uncertainty in assigning the age to an event, 
which can sometimes hamper direct metamorphic reaction dating using 
other accessory phases, particularly zircon. As long as care is taken in 
determining whether the rutile represents cooling (i.e. stayed above its 
closure temperature for sufficient time depending on grain size as dis-
cussed later in Section 4.2) or peak conditions, then the interpretation of 
P-T-t can be accurately inferred. An obvious pitfall to this approach is in 
the case of detrital rutile where the context of the host rock has been 
removed. In these cases, elemental mapping using Zr, Nb and Pb, and the 
use of mineral inclusions may help. 

2.2. Mineral inclusions 

Rutile, often being a dark, translucent to opaque, high relief mineral, 
does not lend itself well to examination for mineral inclusions using 
optical microscopy. This has consequently been overlooked as a possible 
tool, unlike translucent zircon where easily identifiable inclusions have 
helped to constrain P-T-t conditions of discrete domains (e.g. review of 
UHP mineral inclusions in zircon; Liu and Liou, 2011). We define a 
mineral inclusion as being monomineralic, rounded and completely 
surrounded by the crack-free host and, as such, unable to communicate 
directly with phases outside of the host grain (i.e. in the rock’s matrix). 
Hart et al. (2016) studied mineral inclusions in rutile from HP and UHP 
rocks and were able to demonstrate that rutile is a robust container of 
mineral inclusions. They studied HP-LT rocks from Syros in the Greek 
Cyclades and the Sesia Zone of the western Alps and demonstrated that 
rutile crystals contained inclusions of high-pressure phases that were 
also stable in the surrounding matrix of the rock and hence grew in 
equilibrium with rutile. These phases included most commonly glau-
cophane, phengite, albite and quartz, but also less commonly garnet, 
paragonite, omphacite, zircon and apatite. A comparison of inclusion 
mineral chemistry vs matrix demonstrated that these phases were 
similar. A further notable discovery of Hart et al. (2016) was finding 
monomineralic coesite in rutile from the UHP rocks of Dora Maira in the 
western Alps. Using the Zr-in-rutile geothermometer and the coesite 
calibration of Tomkins et al. (2007), accurate T estimates, with mini-
mum P from coesite presence, were achieved by Hart et al. (2016). 
Although this approach does not necessarily constrain accurate P esti-
mates, it can provide further constraints and at least can ensure that the 
Zr temperatures are accurate. 

Hart et al. (2018) also studied mineral inclusions in rutile form UHT 
rocks of the Archaean Napier Complex and Palaeozoic Rauer Group in 
Antarctica. They demonstrated that even at metamorphic temperatures 
in excess of 900 ◦C rutile can retain not only UHT minerals (sillimanite 
and corundum) but also prograde kyanite and muscovite which was no 
longer present in the matrix. This is an enticing discovery since often the 
prograde P-T evolution from UHT rocks has been obliterated. Care is 
cautioned since some of the kyanite grains occur as intergrowths con-
nected to the edge of the rutile grains and might be retrograde in origin. 
However, some inclusions of both kyanite and muscovite are completely 
isolated from the host grain edges and appear to be bona fide inclusions 
that are best explained as being relicts of the prograde P-T path. In terms 
of Zr inferred temperatures, there is much variability as might be ex-
pected from a slow cooled UHT terrane, with many estimates (80% in 
the case of the Archaean Napier Complex but only 2% in the case of the 
Rauer Group paragneisses) ca. 200 ◦C lower than the peak estimates. 

Rutile shielded within orthopyroxene were found to retain the highest Zr 
concentrations. In contrast, those in close proximity to zircon or con-
taining zircon inclusions or exsolution lamellae yielded the lowest T 
estimates due to chemical communication with zircon during retro-
gression (Hart et al., 2018). With care, it is possible to gain useful P-T 
insight from UHT rutile, but caution should be taken with detrital rutile 
grains that are from UHT terranes since single grains without the extra 
context of petrography of the host rock could yield erroneous results. 
Another important finding is prograde HP-LT inclusions in eclogites 
from Monviso, Italy, whereas in the rock’s matrix all trace of this lower T 
hydrous event have been obliterated (Hart et al., 2016 unpublished PhD 
thesis). Here, Fe–Ti rich metagabbros contain inclusion-rich rutile grains 
that were found to contain not only eclogite-facies inclusion phases 
(omphacite), but also (more rarely) lawsonite, glaucophane, phengite 
and talc. This offers a new way of examining the prograde history of HP 
rocks, where often the colder subduction stage has not been preserved. 

A recent study of rutile in diamondiferous kyanite gneisses from the 
Kokchetav massif of Kazakhstan by Rezvukhina et al. (2021) has further 
discovered that rutile can contain inclusions of microdiamond, along 
with other HP/UHP phases (garnet and kyanite) and phases presumably 
from different parts of the P-T path (graphite, fluorapatite, staurolite, 
muscovite/phengite and carbonate). This careful study using Raman to 
identify phases further demonstrates that rutile can be an important host 
of inclusions and can elucidate more fully the P-T path of high-grade 
metamorphic rocks than simply relying on the rock-forming matrix 
phases. 

While these advances for rutile petrochronology are exciting, to 
more widely apply this tool in combination with Zr-in-rutile thermom-
etry and U–Pb dating, mineral inclusions need to be present. At the 
moment, it is not very clear how abundant mineral inclusions are in 
rutile, with studies reporting several inclusions per grain (Hart et al., 
2016) but often we have found fewer or none. Rutile in granulite-facies 
rocks seldom shows similar abundances to those from LT-HP rocks (see 
Hart et al., 2018; Kooijman et al., 2012). For instance, a LP-HT granulite 
from Madagascar where 542 rutile grains were picked, only 4% of the 
grains had inclusions (> 4 μm big), of which only 2 grains had more than 
one inclusion (unpublished). This observation bears on the question of 
whether mineral inclusions in rutile are very abundant and if they may 
be used more widely, especially for detrital studies. Is there an influence 
of mineral-reactions (and thus timing of mineral growth), the presence 
of water or of peak metamorphic conditions behind the enclosure of 
minerals as inclusions in rutile? What controls the presence and abun-
dance of inclusions? Once we have answers to these questions, we may 
be able to predict if certain types of rutile may be more prone to 
encapsule mineral inclusions and if this approach should be more widely 
applied. 

3. Detrital rutile: covering up zircon’s blind spots 

3.1. Age records 

The strengths of using the age records of other accessory minerals 
such as rutile, instead of/ and/or complementary to zircon, relies much 
on the fact that although zircon is the ideal candidate for very precise 
and robust U–Pb dating, it mostly provides information about high- 
temperature processes, namely felsic magmatism/HT metamorphism. 
Quite often, only very thin zircon rims are formed during consecutive 
metamorphic events, making it challenging to determine the age of such 
events. This implies that i) lower-temperature rocks, and ii) mafic 
magmatic rocks, barren of zircon, will be underrepresented in studies 
relying on detrital zircon dating (Moecher and Samson, 2006). It has 
long been recognised that other detrital accessory minerals provide 
significant provenance information (Hietpas et al., 2010; Morton and 
Chenery, 2009; von Eynatten and Dunkl, 2012). For instance, O’Sullivan 
et al. (2016) clearly demonstrated that very little detrital zircon is found 
in fluvial sediments from the French Broad River (USA) of Appalachian 
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age, with only very minor metamorphic zircon rims, although clearly the 
terranes that this river drains endured metamorphism at that time. In 
this study, both detrital apatite and rutile found in these sediments 
reveal coherent ages with this tectonometamorphic cycle and thus are 
key minerals to unravel, together with detrital zircon, the complete 
tectonothermal terrane evolution, covering “zircon’s blind spots” (Fig. 2). 

3.2. Rutile trace-element chemistry in provenance studies 

Due to its mineral chemistry, rutile can incorporate significant 
quantities of various trace elements. The main trace elements found in 
rutile are Fe, Nb, Cr, V, Zr and Ta (up to 1000 or even 6000 ppm at 
times), and, at extreme conditions, W can also be incorporated up to a 
few thousand ppm in concentration (Agangi et al., 2019; Hart et al., 
2018; Kooijman et al., 2012; Luvizotto and Zack, 2009; Pereira et al., 
2019; Zack et al., 2002). Because the uptake of some of these elements 
might be intimately controlled by the protolith composition (Cr, Nb, V, 
W; Clark and Williams-Jones, 2004; Zack et al., 2004b) or by meta-
morphic conditions (Zr; Zack et al., 2004a; Tomkins et al., 2007; Nb/V; 
Pereira et al. in review), determining the composition of detrital rutile 
offers valuable information about the types of rocks in the source area. 
This has inspired recent provenance studies to include detrital rutile 
mineral chemistry as a discriminating tool (e.g. Zoleikhaei et al., 2021). 
By adopting such an approach, a better assessment of the approximate 
proportion of granitic or ore-rich, metamafic and metapelitic source 
rocks and the crustal levels that are/were exposed (medium vs high 
grade rocks) can be made. 

An assessment of the availability and/or proportion of metamafic 
(metamorphic rocks with a mafic protolith) and metapelitic (meta-
morphic rocks with a pelitic protolith) source rocks was originally 
proposed by Zack et al. (2002, 2004b) using the Nb and Cr compositions 
of individual rutile grains. While the term metapelitic was initially pro-
posed as data had been derived from metapelites, Nb-rich rutile is 
commonly derived from SiO2-rich rocks, either granites or metapelites, 
and thus metafelsic can be used instead. A thorough assessment of the 
reliability on applying this discrimination tool using detrital rutile trace- 
element compositions was made by Triebold et al. (2007). Sand and rock 
samples were collected by these authors in the Erzgebirge area, carefully 
sampling sands where a clear association with the source rock/exposure 
could be made. Examining the data using a log(Cr/Nb)-Nb diagram 
(Fig. 3A) highlights that i) with the exception of one mafic eclogite 
sample, the discrimination works well for metamorphic rutile grains 
collected from the exposed units in the Erzgebirge Eclogite-rich Gneiss 

Unit (EGU); ii) the majority of the sand samples show rutile grains with 
similar compositions to the source rocks, but a group of rutile grains, 
from 3 different sand samples, exhibits very low log(Cr/Nb) values 
combined with low Nb contents, which are unlike any available source 
rocks that were sampled; iii) there is a higher proportion of metamafic- 
derived than metapelitic-derived rutile grains, reflecting the proportions 
found in the source area. The mafic eclogite rock with rutile grains with 
unusually high Nb contents also yielded an unusually high Nb/Ti ratio 
(Triebold et al., 2007). Since Nb is preferentially taken up by rutile in 
eclogites (Spandler et al., 2003; Zack et al., 2004b), this explains the 
mismatch between the classification using the Cr–Nb diagram and the 
nature of this sample. An alternative approach to better assign a meta-
mafic or metapelitic protolith, but that requires further testing, is to 
measure the Hf isotopic composition of detrital rutile, which has been 
shown to reflect the nature of the protolith (Ewing et al., 2011). For 
instance, Ewing and Müntener (2018) have used rutile Hf isotopic 
compositions (LA-MC-ICP-MS) to infer the presence of an enriched 
mantle as the source of the Cretaceous-Paleogene island arc magmatic 
rocks of Pakistan. However, these measurements are analytical chal-
lenging due to the low Hf concentrations in low to medium T rutile. In 
Ewing et al. (2011), relatively large spot sizes (250 μm) were used, 
which would prevent applying this to most detrital rutile grains. How-
ever, analytical developments have improved, with 160 μm spot sizes 
being used in more recent studies, while attaining a similar or even an 
improved precision (Ewing and Müntener, 2018; Zhang et al., 2020), 
and thus more applicable. 

An important aspect of examining the proportion of metamafic- 
derived and metapelitic-derived rutile grains in sediments is to under-
stand if this is a faithful probe of proportions of rocks in the source area. 
Due to extreme protolith compositions, occasionally some metamafic- 
derived rutile grains might be classified as metapelitic-derived, and 
the reverse, which may influence this assessment. Additionally, factors 
such as grain size and texture may also strongly influence the abundance 
of detrital rutile shed from each lithotype. Geochemical data from 
detrital rutile from the Erzgebirge collected and analysed by Triebold 
et al. (2007) were grouped into those mainly derived from metamafic 
sources and metapelitic sources based on field observations (Triebold 
et al., 2007; Fig. 3B). Only two sands were sampled closer to source areas 
where mafic eclogite are more predominant, while the other four sands 
come from micaschist-predominant source areas. In the case of the 
latter, metapelitic-derived rutile in the sands can be as high as 93 to 94% 
of the detrital population, while this value clearly decreases for one of 
the samples derived from the metamafic-rich micaschist unit (66% 

Age [Ma]

FBR_zr

FBR_rt

main orogenic events

Fig. 2. Detrital zircon and rutile age distribution for sediments collected in the French Broad River (FBR), USA (data from O’Sullivan et al., 2016 and Hietpas et al., 
2011). Main orogenic events ages were taken from Karlstrom et al. (2001) and McLelland et al. (2013). 
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Fig. 3. Log(Cr/Nb)-Nb discrimination dia-
gram systematics; A. modified after Triebold 
et al. (2007) and Meinhold et al. (2008) to 
compare detrital rutile from sands with 
probable source rock rutile. Crosses are rutile 
grains from sand samples, squares are rutile 
from metapelitic source rocks and triangles 
are rutile from metamafic source rocks. B. Pie 
chart diagrams showing the different pro-
portions of metamafic-derived and 
metapelitic-derived rutile grains in sand 
samples derived from i) upper row, mafic 
eclogite-rich in a micaschist unit; ii) lower 
row, from a micaschist unit. Numbers in the 
pie chart are normalised to 100. Data are from 
Triebold et al. (2007).   

Fig. 4. Comparison of rutile trace-element compositions (Fe, Cr, Zr, Nb and W) between bedrock and sand samples. Data is from Triebold et al. (2007) and 
correspond to the EGU1 zone, an Eclogite-Gneiss Unit from the Erzgebirge. Bedrock includes both eclogite and gneiss rutile, combined. Labels for the boxplot are 
placed in lighter grey. 
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metapelitic; Fig. 3B). In the only other sand that was sampled close to 
this latter unit, a higher proportion of metamafic rocks did not translate 
to a higher proportion of metamafic-derived detrital rutile in the derived 
sands (11% metamafic; Fig. 3B). In this case, a quartzite unit crops out 
not far from where this sand was collected (Triebold et al., 2007). The 
quartzite might contribute larger amounts of rutile to the streams, and 
therefore change the expected proportions of metamafic-derived rutile 
found in those sand samples. The example we have discussed here 
supports that, as a general principle, a higher proportion of metamafic- 
derived rutile is indicative of metamafic source rock availability, but a 
direct correspondence to proportion of basement exposures might be 
precarious. 

To see how representative detrital rutile are of the source area, we 
explore trace-element compositions of rutile grains from eclogites and 
gneisses, and closely related sand samples (Fig. 4). These data come 
from samples collected in the Eclogite-Gneiss Unit (EGU) by Triebold 
et al. (2007) corresponding to 351 detrital rutile grain analyses (6 
different samples) and 92 metamorphic rutile spots, from 7 distinct 
samples. These data were grouped into bedrock and sand and discussed 
together as representing the EGU area. Rutile grains from each popu-
lation show nearly identical compositions. However, from Fig. 4, it is 
evident that rutile grains from the sand samples yield lower Fe than 
rutile found in either eclogite or gneisses (bedrock). Additionally, the 
average and median Nb values between source rocks and detrital rutile 
also differ by nearly 1000 ppm (Fig. 4). These differences may be due to 
a lower proportion of rutile grains very enriched in Nb (these data might 
be skewed by an excess number of measured rutile grains in Nb-rich 
gneisses that do not correspond to a high proportion of these rutile- 
bearing gneisses) and aspects related to Nb-rich rutile survivability in 
the sedimentary environment (e.g. grain shape, grain size). 

Finally, rutile Zr concentrations compared between source rocks and 
sand, although quite similar, with identical medians, show on average 
that rutile grains in the sands yield slightly lower concentrations than in 

the bedrock. Comparing their third quartile, it becomes clear that the 
greater part of the detrital rutile population yields maximum Zr con-
centrations lower than the ones found in rutile from the bedrock (Fig. 4). 
Only a few outliers yielding higher Zr are found in the detrital popula-
tion, some even higher than the maximum Zr concentrations found in 
the bedrocks. 

In recent years, Zr-in-rutile thermometry (see Section 2.1 for details 
about the thermometer) has been widely applied to detrital rutile 
(Cédric et al., 2022; Meinhold, 2010; Morton and Chenery, 2009; Rösel 
et al., 2018; Zoleikhaei et al., 2021). There are two main challenges in 
applying this technique to detrital grains: i) establishing the activity of 
α-quartz and t-ZrO2 activities and ii) estimating growth pressures. For 
instance, using the calibration at α-quartz of 1 applied to rutile that grew 
in undersaturated silica conditions (activity of α-quartz of 0.5) can lead 
to an overestimation of about 65 ◦C (Ferry and Watson, 2007). The 
pressure dependency of the geothermometer (Tomkins et al., 2007; 
Section 2.1 for details) is illustrated in Fig. 5 for a detrital rutile dataset 
(from Pereira et al., 2021) plotted using the Kohn (2020) mixed model 
calibration at 0.7 and 2 GPa. Temperatures estimated using either 0.7 or 
2 GPa are outside calibration and analytical uncertainties of each other 
(Fig. 5). The variation of using either pressure estimate can have an 
impact of about 50 to 75 ◦C and with implications for interpreting 
possible rock sources and metamorphic facies. 

It is important that detrital rutile U-Pb-TZr studies provide more 
constraints regarding choice of pressure estimates (and propagate this 
uncertainty), and include a separation of metamafic- from metafelsic- 
derived rutile estimates, to allow an easier evaluation of possible 
α-quartz and t-ZrO2 activities impacting on the resulting temperature 
estimates (e.g. Pereira et al., 2021). While some studies use what they 
consider an appropriate pressure estimate, occasionally they do not 
provide many arguments to support such choices (e.g. Zoleikhaei et al., 
2021). Often, the practice is to assume 1 GPa pressure (e.g. Rösel et al., 
2018), taken as a reference of a common rutile stability pressure, or use 
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the Watson et al. (2006) calibration which is equivalent (e.g. Flowerdew 
et al., 2019; Zhou et al., 2020). Knowing how much more abundant 
rutile is in eclogite-facies rocks than in amphibolites (as discussed in 
Section 2), these low-pressure estimates applied to detrital rutile are i) 
skewing datasets to lower temperature estimates, outside the Zr-in-rutile 
thermometry uncertainties; ii) resulting in overinterpreting rutile as 
sourced from amphibolite-facies rocks. Assuming a pressure estimate to 
detrital datasets is often a huge source of uncertainty as the mineral is 
out of petrological context. This is where mineral inclusions and trace 
element-based discrimination proxies are very promising. As discussed 
in Section 2, mineral inclusions found in rutile are robust monitors of 
rutile growth P-T conditions (e.g. kyanite, coesite, omphacite in-
clusions). Despite some efforts in testing datasets to discriminate rutile, 
the best advances have been made on discriminating metamorphic, from 
magmatic and fluid-related rutile (e.g. Agangi et al., 2019; Pereira et al., 
2019) and from other TiO2 polymorphs (Triebold et al., 2011), but not 
between different metamorphic conditions. Yet, an important aspect 
when discussing thermometry data and considering a calibration and 
related assumptions is to take rutile stability into account, in either 
metamafic or metapelitic rocks/compositions (e.g. Angiboust and Har-
lov, 2017; Liou et al., 1998). It should be noted that at low temperatures 
(T < 600 ◦C), most rutile is unstable at lower than 13 ± 1 kbar, and thus, 
detrital rutile grains yielding lower than 600 ◦C must be proportionally 
mostly derived from HP-LT metamorphic rocks. Exceptions to this sta-
bility apply (see Luvizotto and Zack, 2009), even if due to the very fine 
or xenoblastic textures of rutile crystals at medium-grade conditions, 
weathering survivability should be fairly low. 

A fair and more conservative approach in applying Zr-thermometry 
to detrital rutile is to assume an average pressure of 13 kbar and use 
an uncertainty of 5 kbar (providing a range of 8 to 18 kbar), which is a 
reasonable pressure range for the occurrence of rutile in metamorphic 
rocks, depicting both the mean value and a plausible uncertainty. 

4. Combining trace-element geochemistry with U–Pb isotopes: 
strengths and caveats 

4.1. U–Pb rutile dating: some considerations 

Since it is not the primary purpose of this study to review all the 
dating techniques applied to rutile, we just review some of the main 
considerations to be aware of about rutile dating that are relevant from 
detrital rutile dating studies. For more complete reviews about U–Pb 
thermochronology including rutile dating we refer readers to Smye et al. 
(2018) and Bracciali (2019). 

Rutile incorporates U from the ppb level up to 100 ppm, with the 
typical range being 1–20 ppm (Meinhold, 2010; Zack and Kooijman, 
2017). Importantly, the closure temperature for Pb is considered to be 
substantially lower than for zircon and depends on grain size and ther-
mal history (see Smye et al., 2018). For our purposes, we consider that 
rutile ages either represent a peak metamorphic and/or hydrothermal 
age if cooling rates are fast and/or peak temperatures are low, or a 
cooling age if cooling rates are slow and peak temperatures were high. 
Given that the experimental results by Cherniak (2000) indicate possible 
closure temperatures as high as 600 ◦C, under a wide range of geological 
conditions, we use this cut-off value as representing “growth tempera-
tures” above which temperatures are considered “high”. This is just 
intended as an approximation, as this value depends on other external 
variables as we discuss below. Unlike many other accessory minerals 
used for dating, however, it does not contain appreciable quantities of 
Th (usually only at ppb level with some notable exceptions). In many 
cases, rutile is suitable for either ID-TIMS or in-situ U–Pb dating, but the 
U concentration (and thus radiogenic Pb) and the analytical technique 
(i.e., SIMS; LA -Q-ICP-MS, -SF-SC-ICP-MS or -SF-MC-ICP-MS) will dictate 
the spot size that is required to achieve an acceptable precision, 
permissible by the given analytical technique. For instance, larger spot 
sizes for LA-ICP-MS analysis are required than for zircon, with spot sizes 

also dependent on the analytical technique employed. Especially for LA- 
Q-ICP-MS, grain size must be a consideration before undertaking a 
study. Ideally, U concentration should be measured independently 
before deciding on the best approach, but in practice most LA-ICP-MS 
labs would simply try U–Pb analysis and ascertain suitability based on 
signal response, optimizing the protocol as appropriate (spot size, flu-
ence, repetition rate). This also avoids unwanted bias of just analysing 
higher U content grains (Bracciali et al., 2013). SIMS is suitable for in- 
situ U–Pb dating but few studies have used this technique, presumably 
because there are fewer labs available, and it is a more expensive 
technique. For ID-TIMS work, concentration data becomes increasingly 
important as smaller grain fractions are required, i.e. if single grains or 
parts of single grains are required. Another consideration, often over-
looked, is the presence of mineral inclusions. As discussed in Section 2.2, 
these can be common and overlooked because rutile is commonly dark 
or semi-opaque. BSE imaging should be performed prior to analysis, as a 
first-order approach, just as should be the case for all minerals. Mineral 
nano- to micro-inclusions could add to the U, Th or Pb budget and lead 
to spurious ages. These can be screened in in-situ time-resolved analysis 
(i.e. in LA-ICP-MS), monitoring for isotope spikes in one or more of the 
isotopes being measured that may highlight the presence of inclusions, 
and discarding some segments of the analysis from the final integration. 
Alternatively, if using SF- or LASS- ICP-MS methods, other trace ele-
ments can be measured to assist in this assessment and data treatment. 
Importantly, the requirement for carefully assessing and possibly cor-
recting for common Pb (non-radiogenic Pb incorporated into rutile at 
the time of crystallisation rather than from ingrowth from U-decay, or 
Pb incorporated as a secondary process during alteration along cracks) 
in rutile is paramount. Fractions of common 206Pb reported from three 
detrital rutile studies (n = 268, 617 and 1041 rutile grains) are on 
average 10.5, 19.6 and 8% of the total 206Pb, with between 25 and 50% 
of the grains yielding >10% common Pb (Avigad et al., 2017; Be’eri- 
Shlevin et al., 2018; Morag et al., 2021). The low U concentration and 
potential incorporation of some common Pb means that the effect can be 
severe. As a guide, 206Pb/204Pb ratios in rutile are likely to be in the 
hundreds to a few thousand, whereas in zircon it is mostly in the several 
thousands. Different strategies can be employed to deal with non- 
radiogenic Pb in rutile, which were reviewed in Bracciali et al. (2013). 
In LA-ICP-MS, the measurement of 204Pb is hampered by an isobaric 
interference from Hg, which is extremely difficult to remove (e.g. Chew 
et al., 2014). It is possible to reduce the Hg background to decrease the 
interference on 204Pb or to subtract the contribution by 204Hg to the 
measured 204(Pb + Hg) by measuring one of the other Hg isotopes (e.g. 
201Hg or 202Hg). This is a well-established practice that is followed by a 
correction based on natural abundance (e.g. Storey et al., 2006 for 
titanite, but the same approach stands for rutile, e.g. Bracciali et al., 
2013). More recently, the use of a collision gas in a collision cell in a LA- 
ICP-MS/MS has been shown to strip away the Hg interference on the 
204Pb (e.g. Gilbert and Glorie, 2020) enabling a proper assessment of the 
common Pb present in a crystal. Another conventional approach that can 
be applied to rutile is termed the 208Pb correction, which utilises 208Pb to 
make a common Pb correction assuming that there was no Th in rutile at 
the time of crystallisation, and therefore all 208Pb is common Pb (Zack 
et al., 2011). This requires knowledge or an estimate of the common Pb 
composition in order to make the correction to the U/Pb ratios. A further 
approach, the 207Pb correction, is based on the assumption of concor-
dance and that the less abundant 207Pb isotope is more sensitive to 
common Pb presence (Chew et al., 2014; Smye and Stockli, 2014); this 
also requires knowledge or an estimate of the 207Pb/206Pb composition 
of the common Pb. In metamorphic rocks and in the case where multiple 
rutile analyses are made, if the grains are all the same age and they have 
incorporated different concentrations of common Pb upon crystal-
lisation, the analyses should all fall on a regression line on a Tera- 
Wasserburg (TW) diagram, with the lower intercept being the age and 
the Y-intercept being the common 207Pb/206Pb composition. This situ-
ation is useful because no assumptions are required about either 

I. Pereira and C.D. Storey                                                                                                                                                                                                                     



LITHOS 438-439 (2023) 107010

8

common Pb composition or U-Pb concordance. However, this strategy is 
not easily applicable to detrital grains, as it is very unlikely that the 
grains will come from the same source rock and therefore the analyses 
will not form a linear regression, hampering the ability to extract a 
reliably accurate and/or precise age. Given all of the above, precise and 
accurate detrital rutile dating, although more common now, is not al-
ways easily attainable (to the level of precision commonly applied to 
metamorphic rutile; e.g. Bracciali et al., 2013). Low-U rutile or very 
young rutile translates into very small concentrations of radiogenic Pb. 
In such cases, if some initial Pb is present, the fraction of common 206Pb 
(f206Pbc) can become too large, imparting an elevated common Pb 
correction and thus large uncertainty into the final age (Fig. 6A). This is 
when no common Pb correction should be employed (e.g. Bracciali et al., 
2016). In the case of being able to properly measure the common Pb 
composition (either by 204Pb; e.g. Gilbert and Glorie, 2020, or 208Pb; e.g. 
Zack et al., 2011) and in grains with high radiogenic 206Pb, even for 
relatively high f206Pbc, corrections can be applied with more restricted 
uncertainties (Fig. 6A). Naturally, with the increase of initial Pb but 
similar U concentrations, concordance of U–Pb isotopic systems departs 
from 100%. Assuming that no disturbance other than initial Pb is 
causing discordance, as f206Pbc increases, discordance should concom-
itantly decrease (Fig. 6B). However, as the number of counts per second 
(proportional to spot size and concentration) of total 206Pb decreases, 
assessment of f206Pbc is less well constrained, yielding larger un-
certainties, and making it difficult to correct with a good level of con-
fidence (Fig. 6B, smaller circles with higher f206Pbc). 

Plotting rutile data in a T-W diagram may enable the correct deter-
mination of age and initial 207Pb/206Pb, but this approach should not be 
used for detrital rutile datasets. In cases with high f206Pbc and poten-
tially with evidence for Pb loss (Pb isotopic zoning across the grains; 
Kooijman et al., 2010) the problem becomes unsolvable and these data 
should be discarded. For instance, in Kooijman et al. (2010), the authors 
decided to apply common Pb corrections only when f206Pbc was <0.01, 
while in detrital rutile studies, higher f206Pbc (0.2) grains are considered 
for corrections and to be included in the dataset (Avigad et al., 2017). 
Alternatively, data exclusion can be made after common Pb corrections, 
discarding data with large uncertainties, with variable filters for 
different age ranges (e.g. for ages older than 100 Ma, only when un-
certainty is smaller than 25%, but up to 100% when ages are younger 
than 10 Ma; Guo et al., 2020). 

A number of natural rutile samples have been developed as reference 
materials for U–Pb in-situ studies over the years. The latest reviews are 
presented by Bracciali (2019) and Zhang et al. (2020). 

4.2. Elemental diffusion in rutile: can we have element decoupling? 

Elemental diffusion is another key aspect in studies combining 
coupling of U–Pb dating to trace-element geochemistry. An important 
consideration in U–Pb geochronology of detrital rutile is the closure 
temperature, which in the classic sense is the temperature below which 
Pb will no longer diffuse out of the lattice. Fig. 7 illustrates the range of 
closure temperatures for rutile compared with some other common 
minerals. This discussion of closure temperature assumes that Pb is lost 
by volume diffusion and that thermal energy is the main driver of this 
diffusion. Because of cooling, based on rates along with grain size, 
volume diffusion may be partial to complete and thus a range of PTs 
within which Pb may be partially retained can be referred to as the 
“partial retention zone” (Smye et al., 2018). It is also known that Pb 
diffusion can vary based on parameters such as dislocation density and 
crystallinity (i.e. metamict grains may be more disordered or even 
amorphous) and whether grains have undergone secondary growth and/ 
or recrystallisation (Smye et al., 2018). However, a more simplistic 
approach is taken here for detrital grains, and thus grain size and tem-
perature are the main factors considered, with these caveats in mind. As 
an aside, there is scant information on crystallographic effects on Pb 

A B

Fig. 6. Uranium-Lead isotope composition from a subset of detrital rutile data from Pereira et al. (2020). A. fraction of common-206Pb versus total (common and 
radiogenic) 206Pb counts. Symbols are sized according to common-206Pb counts. B. isotopic age concordance as a function of the fraction of common-206Pb. Symbols 
are sized according to total 206Pb counts. Fraction of common-206Pb determined using the 204Pb-method after subtracting 204Hg. 
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diffusion or indeed on sub-structure, as EBSD studies have largely 
overlooked this mineral to date (but see Section 7.2 to highlight the 
potential importance of combining trace-element to EBSD analyses). 
Uranium concentrations are not typically high enough for metamicti-
sation to be a serious concern either. A pioneering study by Mezger et al. 
(1989) measured rutile from slowly cooled high-grade terranes of 
different sizes by ID-TIMS and demonstrated Pb closure temperatures in 
rutile based on grain size and cooling rate. Subsequently, Cherniak 
(2000) experimentally determined Pb closure temperatures. The range 
of closure temperatures shown in Fig. 7 reflects both the grain size and 
cooling rate effects and hence is rather large, from ca. 450 to 600 ◦C. It is 
therefore important to take into account these two variables as they will 
affect age interpretations. 

Due to the lower Pb diffusion temperature of rutile compared to that 
of zircon (Fig. 7), during exhumation, rutile generally undergoes partial 
or complete U–Pb resetting (e.g. Gao et al., 2014; Kooijman et al., 2012; 
Mezger et al., 1989). This is the main reason why rutile ages differ from 
those of zircon, especially during slow cooling conditions. While zircon 
ages provide constraints on the magmatic or high-temperature evolution 
of the crust, rutile informs about medium and low grade tectonometa-
morphic events, either peak or cooling ages (e.g. Kooijman et al., 2010; 
Fig. 7). 

Once rutile is shed into a fluvial system, much of the petrogenetic 
information on its source rock is lost. Inferring P-T-t-X from detrital 
rutile will depend on i) the tools we apply to obtain such information, 
and ii) how well rutile retained such information. While our ability to 
measure elemental concentrations and isotope ratios more precisely and 
at higher spatial resolution can be improved, and novel methods to 
discriminate rutile grains progresses, we will always be constrained by 
the information that each grain can retain. Two main processes impact 
significantly the ability of rutile to retain its original chemical signa-
tures: polymetamorphism and slow cooling of terranes/retrogression. 
Rutile can incorporate significant amounts of many different trace 

elements, but with variable diffusivities: Zr//Hf < Pb < Ta//Nb < Sc <
Cr < Fe (Fig. 8A). Upon slow cooling during retrogression or during a 
second metamorphic cycle, rutile subjected to medium- or high-grade 
metamorphic conditions can be fully or partially reset, depending on 
grain sizes, peak temperatures and heat duration/cooling rate (Fig. 8B). 
Note here that we are necessarily using only experimental data to 
illustrate this point and that this may deviate in natural systems. 

Regional metamorphic events vary in duration, typically on the order 
of a few tens of millions of years. For example, in the protracted meta-
morphic evolution found in East Laurentia, HP-HT metamorphism of 
Grenvillian age lasted for about 30 Myr, similar to medium-pressure and 
temperature metamorphism which lasts less than or about 30 Myr, while 
typically LP-HT metamorphism persists for longer timescales, on 
average for about 50 Myr (Weller et al., 2021). Zirconium is generally 
less diffusive than Pb in rutile (Cherniak et al., 2007), and therefore it 
requires higher peak temperatures to diffuse compared to Pb in rutile. 
However, in Fig. 8B, experimentally-determined time-temperature 
curves of Zr and Pb cross each other at longer heating event durations. In 
this way, rutile grains of about 50 μm diameter subjected to 650 ◦C 
during a medium-temperature metamorphic cycle that lasts between 10 
or 30 Myr will equally reset Pb and Zr. We note here that this is only in 
the case of comparing experimental data and that this relationship may 
not hold under all natural circumstances where differential partial 
retention may occur (e.g. Smye et al., 2018). In larger rutile grains (500 
μm in diameter), Zr and Pb will not significantly diffuse. However, at 
higher-grade metamorphic conditions even those grains will reset. If 
peak temperatures reach 850 ◦C, at a minimum duration of 1 Myr, Pb 
will diffuse much more readily than Zr from those larger rutile grains 
(Fig. 8B). However, HT metamorphic events last, on average, for 30 or 
50 Myr (Weller et al., 2021). Under those timescales and peak condi-
tions, then all Zr and Pb are expected to be reset (Fig. 8B). In a broader 
perspective, and based on these experimental data, because orogenic, 
medium- to high-grade metamorphic events last for >30 Myr, relatively 

A B

Fig. 8. Element diffusion data for rutile. A. Arrhenius plot of diffusivities of several elements in rutile (Akse and Whitehurst, 1978; Cherniak, 2000; Cherniak et al., 
2007; Dennis and Freer, 1993; Marschall et al., 2013; Moore, 1998; Sasaki et al., 1985). B. Time-temperature curves of Zr and Pb diffusivity for rutile grains with 50 
and 500 μm sizes. Modified from Cherniak et al. (2007). High- and medium-temperature metamorphism upper limits (t-T) are illustrated with coloured stars and 
corresponding coloured fields indicate the range of conditions when Zr and Pb will diffuse from rutile subjected to those metamorphic events. 
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insignificant decoupling between Zr and Pb should be observed within 
single grains, again with the caveat of comparing experimental data 
only, and with possible natural exceptions. 

4.3. Implications of the decoupling of U–Pb and other trace elements 

In order to obtain useful and reliable source information, multiple 
proxies are required. Because some of these proxies rely on elemental 
concentrations or ratios, they may be affected by thermal diffusion. This 
may take place after the geological event that led to rutile crystallisation 
or later on, in a subsequent tectonometamorphic event affecting either 
the source or even the host metasedimentary rock. 

Different elements have different diffusivities in rutile. Some are very 
slow diffusing (Zr, Hf, Nb), especially when compared to other elements 
(Cr, Fe, Co; Fig. 8). This may result in decoupling of these elements that 
may impact the accuracy of the geochemical tools that we use. One of 
these tools is the Nb–Cr discrimination diagram (Zack et al., 2002; Zack 
et al., 2004b). Since Cr is more diffusive than Nb in rutile, thermal 
diffusion can affect Cr more readily than Nb, leading to alteration of an 
original signature. This decoupling may explain why at amphibolite 
facies conditions this discrimination occasionally fails (e.g. Meinhold 
et al., 2008), as Cr is diffusive while Nb is retained. Additionally, as more 
petrogeochemical tools are applied to rutile, this post- rutile growth 
modification can amplify the uncertainties in applying these tools to 
discriminate magmatic- from metamorphic-related and from other set-
tings as discussed later in Section 6. One of the main impacts of these 
potential element decoupling occurrences is our ability to probe large- 
scale phenomena affecting the crust, that require handling larger data-
sets (Fig. 9). Even if diffusion may not easily decouple U–Pb from Zr, 
interpretations based on a combination of these data are often shadowed 
by that possibility. In the case of combining TZr and rutile U–Pb ages 
(Fig. 9) it impacts the level of certainty regarding the existence of age 
resetting, i.e., if ages are reset during subsequent geological events, then 
the estimated temperatures based on Zr may correspond to older events. 

In the case of element decoupling, incorrect data interpretations can 
be made (e.g. assigning low T/P metamorphism to a wrong time period; 

misidentifying a metapelitic-derived rutile from a metamafic-derived 
one, with implications for applying Zr-in-rutile thermometry), hinder-
ing a more in-depth understanding of how, where and when a wide 
range of metamorphic conditions have shaped the Earth’s crust. 

5. Global geodynamics 

Although rutile can form over a potentially protracted subduction 
history under HP-UHP conditions, the final exhumation and preserva-
tion of the rutile-bearing units usually takes place during the collisional 
stages of supercontinent formation (e.g. Agard et al., 2009) and thus 
rutile ages typically record this collisional stage. Pereira et al. (2020) 
showed that the age distribution of detrital rutile in a sedimentary 
detrital sequence can be used to provide information on the tectonic 
nature of the basin in which it was deposited. Cumulative distribution 
function (CDF) curves of detrital rutile ages are a reflection of the tec-
tonic nature of the basin (Fig. 10). 

Convergent basins are formed whilst the crust is enduring deforma-
tion and metamorphism, and therefore a greater proportion of rutile 
grains yield the same age as the deposition age, although this implies 
exhumation of deeper parts of the crust during the convergent stage. 
Typically, this gives rise to CDF curves with an “r” shape. Similar CDF 
curve shapes can be produced in a collisional basin, but as different 
segments of the orogen are being exhumed, multiple rutile grains 
become available and are shed into the basin, resulting in more complex 
“r” shaped patterns. On the contrary, extension-related, rift and passive 
margin sequences show detrital rutile CDF age curves with a “sigma” 
shape. This shape is a consequence of there being no significant meta-
morphic/orogenic activity present during or immediately before sedi-
ment deposition. The more mature the continental crust segment is, the 
greater the interval between deposition age and the age of the rutile 
grain (Fig. 10). 

If rutile ages are genetically linked to the orogenic cycle, and more 
particularly provide constraints on the collisional stages, a global 
compilation of detrital rutile ages is in truth a record of collisional 
metamorphism throughout the geological past. In Fig. 11, a compilation 

Fig. 9. Detrital rutile age-Tzr distribution from Pereira et al. (2021). Tzr were calculated using the combined model for alpha quartz of Kohn (2020). Sources of 
detrital rutile include in NW Scotland, eastern Laurentia (Grenvile Province) and eastern Greenland (Nagssugtoqidian Orogen), while Others*, from the literature, 
include N Gondwana terranes, Halls Creek/Pine Creek Orogen, Norwegian Caledonian, Trans-North China Orogen, Hercynian peri-Gondwanan basement, and 
heterogeneous source in the Pilbara craton. More details in Pereira et al. (2021). Facies boundaries temperatures are taken from Bucher and Grapes (2011). 
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of detrital rutile ages (Table S2 of Supplementary data) is overlain on the 
distribution of detrital zircon ages through geological time. 

While the main difference between detrital rutile and zircon datasets 
arises from an incomplete coverage of terranes and ages concerning 
detrital rutile (e.g. orogenic sources from Pangea or Rodinia assemblies), 
some general comments can be made. Archean detrital rutile ages have a 
similar distribution to Archean zircon ages, with a main age peak at ca. 
2.7 Ga and another one at 2.5 Ga. Between ca. 1.9 and 1.6 Ga there is a 
large overlap between detrital rutile and zircon ages with a discernible 
main peak shift of rutile in respect to zircon ages (Fig. 11). These dif-
ferences may be linked to the different Pb closure temperatures of these 
geochronometers. Ages corresponding to the assembly of Rodinia are 
largely lacking in the detrital rutile dataset (Fig. 11). These rutile ages 
come from a single region (NW Scotland), that had sources from East 

Grenville terranes during Rodinia’s collision stage. A main rutile age 
peak is found between 0.7 and 0.5 Ga, not nearly as pronounced as the 
detrital zircon equivalent. These ages correspond to the tectonometa-
morphic events that took place during the Panafrican orogeny, and that 
are very pronounced in the source areas of Cambro-Ordovician quartz-
ites from Gondwana-affinity terranes and some modern sands. Differ-
ences between the detrital zircon and rutile records in this time slice may 
be due to an underrepresentation of Pangea-related rutile in the current 
dataset, which may explain a lack of a single zircon age peak, but rather 
a cumulative peak together with those of Pangea and of modern orogens 
(Fig. 11). 

Since this is still a limited dataset, care must be taken in interpreting 
any trends. However, similarly to what the detrital monazite age record 
has shown (Mulder and Cawood, 2022), significant correlation between 

Fig. 10. Cumulative probability detrital rutile age curve fields for rift to passive margin type sequences (3; 4- affecting older continental blocks; 5- developed 
immediately after continental collision) and for convergent to collisional type sequences (1,2) from Pereira et al. (2020). Detail on the particular scenario of rift 
sequences developed immediately after collision and in close proximity to suture zones, that despite plotting close to the fields of convergent-collisional type se-
quences, the cumulative probability age curves change up sequence, into typical rift-type cumulative probability age curve shapes (sigma-shape). 

Fig. 11. Detrital age distribution histograms of rutile 
(red) and zircon (empty). With current limitations on 
the number of existing detrital rutile analyses, and the 
volume of U–Pb rutile ages from only a few regions in 
the world, some artifacts in the current compilation 
are difficult to resolve. However, the direct compari-
son of detrital rutile ages to zircon ages shows that 
their global records are very similar. These results are 
interesting since these minerals provide constraints on 
different stages of the supercontinent cycle, when 
zircon is largely produced during felsic magmatism 
while rutile is formed in eclogite and granulite and 
taking into account their very different Pb closure 
temperatures. Detrital zircon data is from Puetz et al. 
(2018) and detrital rutile data was updated from 
Pereira et al. (2020).   
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rutile and zircon ages can be used to provide stronger constraints on the 
meaning of those zircon ages; i.e. is it a reflection of the true continental 
crust growth record or rather an issue of continental collision preser-
vation bias (Hawkesworth et al., 2009)? Rutile has lower Pb closure 
temperatures than monazite (Parrish, 2001) and thus its age record may: 
i) indicate orogen cooling rather than main collision events, or ii) be 
reset during younger tectonometamorphic events, shifting the propor-
tion of ages towards younger ages. 

6. Rooting out ores: detrital rutile as a vector in mineral 
exploration 

Rutile is an economic mineral, that together with ilmenite, mined 
from placer deposits, provides most of the titanium ore that we consume. 
Conversely, rutile has also been investigated for its potential as a mineral 
exploration tool (Agangi et al., 2019; Clark and Williams-Jones, 2004; 
Plavsa et al., 2018; Porter et al., 2020; Schirra and Laurent, 2021; Sciuba 
and Beaudoin, 2021; Scott and Radford, 2007). 

Rutile trace-element chemistry provides clues on potential proximity 
to ore mineralisation. However, it has been pointed out that it is 
important to properly discriminate rutile from TiO2 polymorphs anatase 
or brookite to avoid “false negative” results (Plavsa et al., 2018). The 
easiest and most robust polymorph discrimination is through Raman 
spectroscopy or X-ray/electron diffraction techniques. However, in the 
absence of access to such instruments, trace element-based discrimina-
tion diagrams using V–Cr and Cr-Al-Fe have been developed (Triebold 
et al., 2011; Plavsa et al., 2018; Fig. 12). While they might be equivocal, 
they can provide a first-order approach to filter out possible anatase and 
brookite from a detrital dataset, and reduce polymorph-induced bias. 

Elevated W contents (W > 1000 ppm) in rutile from gold mineralised 
rocks has long been recognised as a distinctive feature (Clark and 
Williams-Jones, 2004; Rice et al., 1998)(Fig. 13A), but other studies 
have shown that W alone can be misleading (Agangi et al., 2019; Plavsa 
et al., 2018). Indeed, these studies have shown that rutile coming from 
barren rocks can also yield elevated W values, namely magmatic-derived 
rutile that is derived from evolved, peraluminous granites. Conversely, 
W-rich rutile is also common in W-ore deposits (Carocci et al., 2021; 
Mateus et al., 2020). In this way, other elements like Sn, but more so Sb, 
have shown more promise in discriminating rutile precipitating together 
with Au from barren magmatic or metamorphic-derived rutile (Agangi 
et al., 2019)(Fig. 13B). More recently, Schirra and Laurent (2021) 

demonstrated that As–Sb is a promising trace-element tool to discrimi-
nate orogenic gold from porphyry copper-related rutile. Due to the 
increasing availability of published rutile trace-element chemistry, more 
advanced statistical analyses are now possible. A cluster analysis by 
Porter et al. (2020) illustrated that Cr, Mo, Sb and W were the strongest 
vectors in discriminating ore-related from igneous- and metamorphic- 
related rutile, and elevated Nb, Ta and Sn values were associated with 
rutile crystallised in pegmatites. However, it seems evident that rutile 
from distinct ore deposits, including different orogenic gold deposits, 
have significant trace-element content variability (Agangi et al., 2019; 
Sciuba and Beaudoin, 2021). For this reason, elemental ratios may 
provide a more robust approach, such as using Sb/V (Agangi et al., 
2019), Nb/Sb or Sn/V (Sciuba and Beaudoin, 2021)(Fig. 13C). 

Rutile from Au or Au–Cu deposits is frequently zoned in trace ele-
ments, with variable enrichments in V, Fe and W (Mateus et al., 2020; 
Scott et al., 2011; Scott and Radford, 2007), and thus electron imaging 
may also provide relevant clues to properly determine rutile crystal-
lisation contexts. Sulphide and sulfosalt inclusions are frequently found 
in ore-related rutile (Pereira et al., 2019; Sciuba and Beaudoin, 2021; 
Scott et al., 2011), while in W-mineralisation, nano- to micro-inclusions 
of wolframite have been reported (Carocci et al., 2021). 

Additionally, rutile found as inclusions in diamonds (more common 
in eclogite-type diamond) and in diamond-bearing xenoliths also yield 
particular enrichments in Al and Mg (Sobolev and Yefimova, 2000). 
Very elevated Al values (> 1 wt%) may be linked to corundum or 
ilmenite exsolution lamellae, interpreted as having formed during 
decompression from UHP conditions. This study thus implies that Al- 
rich rutile can be indicative of UHP conditions and can potentially be 
used as a vector for placer diamond. This approach needs to be taken 
with care, because ilmenite-exsolution in rutile is frequent from 
orogenic HP conditions (Kylander-Clark et al., 2008; Zhang et al., 2010) 
and also upon replacement of rutile by ilmenite at HT conditions. 

Applying these trace-element discrimination proxies and recording 
mineral inclusions found in detrital rutile in provenance analyses may 
improve our ability to identify more Au, Au–Cu and W deposits in a 
relatively fast and inexpensive way. 
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Fig. 12. TiO2 polymorphs trace element-based discrimination diagrams using a. Cr and V, curves including 1 and 2 sigma probability, from Triebold et al., 2011; b. 
using 100Cr-Al-Fe, and 2Al defining the divide between anatase-brookite and rutile; modified from Plavsa et al., 2018. 
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7. Testing detrital rutile robustness 

7.1. Rutile behaviour during low-temperature, fluid interaction processes 

Little is known about the behaviour of rutile during fluid interaction 
processes, especially at relatively low temperature (< 500 ◦C). Solubility 
experiments in rutile have shown that despite rutile having usually quite 

low solubility, it becomes more soluble in the presence of alkalis 
(Antignano and Manning, 2008) or aqueous fluids rich in Cl or F (Ayers 
and Watson, 1993;Rapp et al., 2010; Tanis et al., 2016). Indeed, ex-
periments show that fluid composition exerts a higher impact than 
temperature on rutile solubility (Rapp et al., 2010; Tanis et al., 2016). 
Because rutile can incorporate significant concentrations of Nb, Zr, Cr, 
Fe and W, up to and exceeding 1000 ppm at times, upon dissolution 
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Fig. 13. Trace element-based discrimination diagrams applied to rutile, especially for distinction of Au-mineralisation related rutile. a. ternary diagrams after Clark 
and Williams-Jones (2004), modified using Plavsa et al. (2018) data for rutile from mesothermal gold and associated to base metals ore rocks; b.binary diagrams 
using Sb–W and W-Sb/W modified from Agangi et al. (2019); c. discrimination of orogenic gold, Cu-Mo-W greisen, granite and metamorphic related rutile using Sn/V 
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this article.) 

Fig. 14. Backscattered electron (SEM-BSE) micrographs of a selection of rutile grains from the Moeda Fm. showing BSE zoning, variable porosity, and mineral 
inclusions from Pereira et al. (2019). On the left, prevalence of sulphide and sulfosalt inclusions, while at the center and right the prevalence of oxide inclusions rich 
in U, Pb and Cr, and zircon. In all grains, quartz, muscovite or illite were also identified. 
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these elements become available, potentially creating concentration 
gradients in the carrying fluids and at the fluid-solid interface. 
Dissolution-precipitation experiments offer great insight into the fluid- 
solid interface, and further consequences between competing 
dissolution-precipitation-diffusion kinetics (Putnis, 2009). Porous 
development along grain boundaries and fractures have been linked to 
replacement reactions in monazite and apatite induced at low pressure 
and temperature in the presence of fluids (Grand’Homme et al., 2018; 
Harlov et al., 2005). 

Rutile grains previously reported by Pereira et al. (2019), found in 
quartz-arenites metamorphosed under sub- to chlorite zone conditions 
from the Palaeoproterozoic Moeda Formation (Quadrilátero Ferrífero, 
Brazil) contain highly variable concentrations of W, Nb and Cr. Addi-
tionally, they yield variable initial Pb compositions and very low Nb/Ta 
and Zr/Hf ratios, below those commonly found in metamorphic rutile. 
These grains exhibit variable but pervasive porosity, strong BSE zoning 
and the existence of submicron- to micron-size inclusions (Fig. 14). 
These inclusions consist primarily of zircon or zirconium oxide, followed 
by pyrite. Monazite, oxides (Cr-, Fe-, Pb-, U-, Th- oxides) and many 
different sulphides and sulfosalts (e.g. arsenopyrite, chalcocite, tetra-
hedrite and berthierite) are also common. The nature of these inclusions 
is complex, as protogenetic, syngenetic and epigenetic inclusions are 
present in most grains (Pereira et al., 2019). The absence of certain 
sulfosalts as detrital minerals in the sandstones suggest these had to be 
brought by rutile to the basin. The presence of Cr-, U-, Pb- and Th-oxide 
micro-inclusions (Fig. 14), on the other hand, are more suggestive of 

element exsolution from rutile during dissolution and reprecipitation. 
Due to the complex nature of these rutile grains, and since the quartz- 

arenites are only affected by very low, sub- to chlorite zone meta-
morphism, we investigated them combining EPMA X-ray elemental 
maps with point analysis and SEM-EBSD microstructural analysis. We 
present new data for one grain, which is illustrative of the elemental 
relationships that are found in many other rutile grains from this unit, 
due to the interaction with aqueous fluids. 

Rutile grain S18_2_gK14 (from Pereira et al., 2019) reveals very 
patchy domains in BSE images, but also very fine linear features 
(Fig. 15A). While linear features correspond to the common twinning 
planes of rutile, patchy zoning reflects strong variations in Cr, Fe and Nb 
concentrations (around 4000, 2000, and 6000 ppm, respectively; 
Fig. 15B-D). In this particular grain, Nb behaves similarly to Fe, sug-
gesting that the uptake of pentavalent Nb by rutile is compensated with 
trivalent Fe, but also that these behaved similarly during the process 
affecting these rutile grains. Conversely, Cr uptake is frequently opposite 
to that of Nb and Fe, with Cr enrichments in domains of Nb and Fe 
depletion (Fig. 15B-D). 

Links between trace-element mobility/variation and microtexture 
are tenuous (Fig. 15). SEM-FSD-EBSD maps (Fig. 15-E,F) provide evi-
dence for the existence of multiple domains with variable orientations 
within this single rutile grain. These domains are frequently rotated 
about 62◦ from one another through high-angle boundaries, and only 
very occasionally by low-angle, subgrain boundaries. Strikingly, trace- 
element variation is often present within domains sharing the same 

Fig. 15. X-ray and scanning electron maps of a rutile grain (S18_2_gK14) collected from the Moeda Formation. A. Basckscatter electron image, showing BSE zoning; 
B–D. EPMA X-ray element maps of Cr, Fe and Nb, stacked on top of the BSE image, showing domains with variable compositions. Colours represent different 
concentrations at Wt% calculated using Probe Image (CalcImage) and Surfer. Very bright BSE on the Fe map are mineral inclusions that are enriched in Fe (such as 
sulphides). Variations close to these inclusions are not used in quantification of elemental variations. E. Forward scattered diffraction (FSD) image highlighting 
domains with variable diffraction and F. Electron Backscattered Diffraction image stacked on top of the FSD image, coloured according to the inverted pole figure 
projected down the normal direction (Z) plane. Indexed planes are shown as determined by Tango from Channel5 software. Method description and more details in 
Table S3. 
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orientation, and thus the high concentration variations seen are not 
constrained by these boundaries. This suggests the absence of recrys-
tallisation controls over trace-element mobility and thus requires 
another plausible mechanism. 

Additional EPMA point analyses of W and Zr were made, targeting 
domains with variable Nb and Cr compositions (Fig. 16). These elements 
were chosen due to being highly immobile, highly compatible in rutile in 
the presence of fluids, and also due to their petrogeochemical signifi-
cance (W frequently as a proxy for ore-derived or granite-derived rutile, 
Zr due to its temperature-dependency in rutile). Without exception, Nb- 
rich domains show the highest values for W and Zr, in comparison with 
the Cr-rich domains, which are depleted in these HFSEs (Fig. 16). Due to 
the more immobile behaviour of Nb, W and Zr with respect to Cr, we 
reconcile this behaviour as proof that high Nb domains correspond to 
relic cores of detrital rutile grains that were originally shed into this 
basin. 

Overall, these relict cores enriched in Nb are surrounded by areas 
with decreasing Nb but in crystallographic continuity, i.e., with the 
same orientation (Fig. 15.D, F). This suggests that these grains endured 
partial or total dissolution, resulting in trace-element loss. Due to the 

highly immobile nature of Ti and many other elements (e.g. Th, U), new 
rutile formed by re-precipitation, nucleating after topotactic replace-
ment of precursor rutile and aggregating these multiple domains 
(Fig. 17). As this new rutile coalesced, it enclosed some syngenetic/ 
epigenetic minerals, formed at the expense of rutile and dissolution of 
oxides (such as U-, Th- and Cr-oxides) and other rock-forming minerals 
(quartz, illite, muscovite) that were part of the matrix (Fig. 17). 

The variable initial Pb compositions of these grains must be derived 
from the break down of common Pb-bearing mineral phases, such as 
sulphides and sulfosalts, which were present in the system and affected 
by the dissolution event. Their Pb ended up being incorporated by this 
new authigenic rutile. In this way, this process is interpreted to have 
disturbed the U–Pb system, as seen in Pereira et al. (2019), and due to 
the fine microtexture, it is nearly analytically impossible to untangle 
detrital from authigenic generations. 

7.2. Rutile behaviour under medium-grade metamorphism overprinting 

Early work from Goldsmith and Force (1978) had already high-
lighted that rutile stability throughout a metamorphic sequence is highly 
dependent on the protolith composition and rock-forming minerals 
present. This happens due to the redistribution of Ti into biotite, 
amphibole and garnet during increasing metamorphic conditions, and 
therefore the presence or absence of such minerals, and the total TiO2 of 
the rock exerts great controls on rutile stability. Because in the chlorite 
zone temperatures may not be high enough to decompose rutile, detrital 
rutile is quite often found in metamorphic rocks up to those conditions 
(Goldsmith and Force, 1978; Henry and Dutrow, 1992; Liu et al., 2014; 
Pereira et al., 2020). During metamorphism of quartzarenites, detrital 
rutile has been found at higher grades, in the biotite zone (500–550 ◦C, 
7–12 kbar; Luvizotto and Zack, 2009). Even then, rutile is found over-
grown by ilmenite that is already replacing it. This illustrates the rela-
tively low stability of rutile at quite low temperature and pressures, 
easily overgrown by other Ti-bearing minerals. Indeed, in arkoses, even 
during sub-chlorite zone metamorphism, detrital rutile grains start to be 
replaced by ilmenite (Fig. 18). This implies a higher instability of detrital 
rutile under terrestrial oxygenated environments in relation to sub- 
marine settings. Despite the higher proportion of preserved detrital 
rutile grains with respect to those fully or partially replaced by ilmenite, 
as per observation of thin sections under SEM-BSE, it is highly illustra-
tive of how early in the metamorphic reaction sequence detrital rutile 
becomes unstable. 

7.3. Survival of rutile grains with mineral inclusions: A source of bias? 

Since trace-element based geochemical tools to discriminate variable 
metamorphic conditions are not yet very conclusive, mineral inclusions 
may constitute the sole independent evidence for pressure entrapment 
conditions (as demonstrated by Hart et al., 2016). Yet, in order to 
expand the application of this tool to the detrital record, mineral in-
clusions need to be systematically retrieved from rutile grains. In Table 1 
we show the statistics of detrital rutile grains in terms of the percentage 
that preserves mineral inclusions for a group of 9 samples. These sam-
ples correspond to arkoses and sandstones from two stratigraphic groups 
with different ages and depositional settings. Except for one sample 
(ScoNn05), systematically there are fewer than 10% of rutile grains 
yielding primary mineral inclusions (i.e. excluding potential zircon 
formed after Zr-exsolution, ilmenite lamellae and other alteration-type 
secondary minerals). 

Although this is only a limited dataset, it illustrates one of the main 
challenges of applying inverse, mineral equilibria P-T modelling using 
mineral inclusions in detrital rutile, which is finding inclusions. Indeed, 
in Hart et al. (2016) the ubiquity of mineral inclusions was impressive, 
as nearly all rutile grains yielded several mineral inclusions per grain. 
The abundance of inclusions in rutile may not always be as shown in 
their study. As we move forward, understanding what controls mineral 

Fig. 16. EPMA X-ray elemental concentrations of a rutile grain (S18_2_Gk14) 
from the Moeda Formation. A. Combined W–Zr concentration profile, with 
horizontal lines showing detection limits for W (orange) and Zr (purple); B. 
EPMA X-ray elemental map of Nb with the location of EPMA spots to obtain W 
and Zr contents. Two spots are placed in high Nb zones (orange-red) and two in 
low Nb domains (dark blue). Data can be found in Table S3 in the Supple-
mentary data. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Fig. 17. Schematic model illustrating events behind rutile growth at low temperature due to dissolution and re-precipitation. A. Rutile detrital grains (light grey) are 
transported to the Moeda basin together with other heavy minerals; B. Due to interaction with saline fluids, rutile grains undergo dissolution, while new phyllo-
silicates form in the sandstone. Some grains are only partially affected by dissolution (medium grey); C. Precipitation of new rutile (dark grey) follows, binding these 
different domains together, and entrapping silicate minerals from the matrix. In this case, the newly, authigenic rutile represents topotactic growth on relic rutile, 
which displays variable orientations. 
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Fig. 18. Fig. 6. SEM-BSE micrographs of rutile grains from arkoses of A-B. Bay of Stoer Formation, Stoer Group; and C–D. Diabaig Formation, Torridon Group, both 
having undergone very low, sub- to chlorite zone metamorphism. A. Preserved detrital rutile; B. Rutile grain that is being replaced topotatically by ilmenite; C. 
Detrital rutile and zircon sitting between quartz and feldspar grains and zoom in to D. a former detrital rutile grain that is almost fully replaced by ilmenite. 
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entrapment by rutile during metamorphism will become paramount, as 
well as placing better constraints on the survivability of inclusion- 
bearing rutile grains during weathering. For instance, it has been iden-
tified in the literature that during weathering, rocks become weaker due 
to mineral alteration, disruption of the rock structure and due to 
increased microfracturing (Basu et al., 2009). Mineral inclusions in 
other grains, especially when entrapped at higher pressures, upon 
relaxation may cause stress on the host, especially when the host is stiff, 
as with rutile (Zaffiro et al., 2019). This can impart microcracks (often 
observable under the microscope) that may work as weakness planes 
upon weathering. This process would bias the sedimentary record to-
wards fewer rutile grains with mineral inclusions. 

8. Brief summary and future directions 

We have reviewed some of the tools that are now at our disposal to 
study detrital rutile. There are multiple geochemical tools that can be 
used to discriminate igneous from metamorphic and ore-related rutile, 
using Nb/Ta-Zr/Hf or elements such as Sn, Sb, W and V, or isotopic tools 
to determine rutile dates. We reviewed some of the applications using 
these tools, either for provenance studies or from a geodynamic point of 
view. By combining these different tools, some assumptions need to be 
made when using detrital rutile as a tracer of geological processes. These 
can come from common Pb corrections, from equating element decou-
pling or even assuming α-quartz and t-ZrO2 activities when the original 
host rock is gone. In this aspect, little attention has been given to the use 
of Hf applied to detrital rutile, mostly due to the relatively large spot 
sizes that are required for a precise measurement, but that could provide 
a more robust assessment on the nature of the protolith. 

It is encouraging that the limited detrital rutile U–Pb age database 
correlates closely with the expansive zircon one. More detrital rutile 
data are needed to test the veracity further on a global scale. In partic-
ular, the current rutile database lacks many younger-aged orogenies 
associated with Pangaea formation, which is primarily a consequence of 
the available studies, which have so far been regional in extent. We do 
also encourage further regional studies across specific orogenic age 
profiles to further test the KDE approach to resolving tectonic settings. 

We have demonstrated the potential of mineral inclusion studies to 
unravel hidden parts of the P-T evolution of orogenies, particularly the 
prograde path but also UHP and UHT metamorphism. We have also 
demonstrated that mineral inclusions in rutile can survive intact in 
sedimentary deposits. We strongly recommend further studies in both 
high-grade metamorphic rocks and in the detrital record to further 
elucidate on potentially hitherto unseen metamorphic events. 

Hydrothermal activity can provide a means of recrystallisation and 
mobilisation of certain trace elements and the effects can best be 
resolved by careful microstructural analysis using EBSD. This is an area 
that requires more effort as increasing numbers of studies attempt to use 
rutile as an exploration tool for economic mineralisation. There is much 
information to be gained from careful linking of EBSD, trace-element 
geochemistry and U–Pb data and we recommend that approach in 
areas that have been hydrothermally altered. Altogether, in this 
contribution we have illustrated how detrital rutile can be utilised as a 
recorder of the deep crust, ores and fluids. 
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